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P recision medicine is a lofty goal, put forth as the pinnacle of 
medical treatment. Boiled down to its essence, precision medi-
cine describes the ability to tailor therapies to a patient’s indi-
vidual needs by examining their particular physiology, genome, 

and environment. The ideal is that individualized treatment will lead to 
lower costs, fewer side effects, and better outcomes.

The term “precision” in precision medicine has come to be used in 
preference to “personalized,” since it is far more difficult (and costly) 
to arrive at truly personalized treatments for each individual, but is 
not beyond our reach simply to treat patients—or groups of patients 
exhibiting similar biomarkers—in a more precise manner.

A central element of precision medicine is accurate, efficient, and 
effective diagnostic testing. This capability enables clinicians to classify 
subpopulations of patients who might better respond to certain 
therapies; much work has been done in the cancer arena to achieve this. 
Accurate diagnosis can lead to more accurate prognosis and improved 
monitoring of disease progression or treatment. The development of 
trustworthy in vitro diagnostic tools and technologies is essential for 
achieving this goal. 

Precision medicine in China, if not in its infancy, is still a long way 
from reaching maturity. However, it shows significant promise. The 
country provides unique opportunities for research, including a varied 
geography and a large population presenting with many different 
diseases, both common and rare. Furthermore, the government 
is clearly a strong proponent of precision medicine, supporting it 
financially through numerous initiatives and also through policy changes 
at a national level. The first chapter of this supplement outlines this 
factor in more detail, as well as providing insight into the development 
of point-of-care testing in China.

The second and third chapters describe how precision medicine 
is currently being applied in China, more specifically for diagnosis 
and treatment of cancers (chapter 2) and other diseases (chapter 3). 
As the population ages and becomes more urbanized, the need for 
more targeted modalities for diagnosis and treatment is becoming 
more critical. Next-generation sequencing is the most frequently used 
methodology for precision medicine applications, although proteomics 
and metabolomics tests are gaining traction as they improve in accuracy 
and ease of use.

Only time will tell whether precision medicine will live up to its 
promise. There is little doubt that China intends to be a leader in this 
area and is counting on success, investing both money and resources. 
Should this venture pay off, the country will be well placed to provide 
top-quality health care for its populace and even to provide advice to 
other nations with less-advanced health care systems.

Sean Sanders, Ph.D.
Editor, Custom Publishing
Science/AAAS

Precision 
medicine 
in the 21st 
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E stablished in 2005 by Dr. Qingwei Ma, 
Bioyong Technologies has dedicated 
itself to developing mass spectrom-
etry (MS) technologies for more than a 

decade. After graduating from the China Agri-
cultural University with his Bachelor’s degree in 
biology, Ma became interested in global busi-
ness trends, leading him to join the China Center 
for Economic Research at Peking University, and 
eventually to pursue a doctoral degree in medical 
devices at the Academy for Advanced Interdis-
ciplinary Studies. His diverse background and 
interests have given Ma a broad understanding of 

the life science industry, and he has led Bioyong Technologies to become 
a respected R&D-based innovation pioneer in this area.

The primary field of expertise at Bioyong Technologies is serum 
peptidomics—the proteomic analysis of polypeptides found in the blood. 
In order to improve recovery efficiency for low-abundance peptides in 
serum and other human-fluid samples, Bioyong Technologies developed 
a nanobead-based peptide extraction kit that has been well received in 
the research community. 

Another technological innovation from the company is the rapid iden-
tification of microbes using matrix-assisted laser desorption/ionization 
time-of-flight (MALDI-TOF) MS. Microorganism identification is usually 
a tedious procedure for researchers and clinicians alike. The Clin-TOF 
MALDI-TOF platform allows researchers to develop rapid MS-based mi-
crobe identification methods. Through collaborations with prominent 
Chinese hospitals and academic institutes, Bioyong Technologies has es-
tablished its own microorganism identification platform and database that 
has helped physicians identify more than 370 genera, 2,200 species, and 
7,900 strains of microorganisms. 

Nucleic acid detection by MS is another area of expertise for Bioyong 
Technologies, for which the company has secured significant intellectual 
property. Often, knowing the mutation status of a patient’s somatic 
cells is not enough to provide an accurate diagnosis. The identification, 
isolation, and analysis of cell-free (cf) and circulating-tumor (ct) DNA 
can yield important information and more specific indications for 
precision medicine applications. Mass spectrometric characterization of 
cfDNA/ctDNA using Bioyong Technologies’ MS equipment is enabling 
researchers and clinicians to more clearly understand a patient’s condition 
and improve treatment choices. In fact, the Clin-TOF mass spectrometer 
was awarded an annual Best Product Award by Frost & Sullivan in 2014, 
exemplifying the company’s contribution to the in vitro diagnostics (IVD) 
industry. Recent international conferences have raised awareness among 
physicians across China regarding the use of MS for IVD. 

All of these technologies can and have been applied extensively in 
the growing field of precision medicine, in an attempt to improve both 
diagnosis and prognosis for patients with a broad range of diseases. 
Journalists from the general media in China have become interested in 
covering this important area and its impact on public health. Reports have 
been published in the Beijing Daily and the Science and Technology Daily 
that have helped the average citizen understand and appreciate how new 
technologies can be applied to improve the delivery of health care.

Bioyong Technologies appreciates the opportunity to sponsor the 
publication of this supplement on precision medicine, and will continue to 
devote all of its efforts to creating a healthier future for patients in China 
and around the world.

Exploring mass 
spectrometry 
in the precision 
medicine field
Recent international 
conferences have 
raised awareness 
among physicians 
across China 
regarding the use 
of MS for IVD. 

Qingwei Ma, founder 
and CEO of Bioyong 
Technologies
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Opportunities and 
advantages for the 
development of precision 
medicine in China

Qimin Zhan1,2,3 and Haili Qian2

 

A s science and society evolve, technology 
has found its way into a wide range of applications 
in the medical field. The history of medicine shows 
that technological advances are the key to controlling 
infectious diseases, achieving breakthroughs in 
noncommunicable diseases, and developing new 
applications for clinical treatment. A cornerstone 
of health care, technological innovation plays a 
critical role in enhancing disease prevention and 
control, and improving the response to public health 
emergencies. The application of new technologies 
has contributed to better accuracy in diagnosis, im-
proved strategies for care, and the discovery of novel 
drugs for customized treatments.

Completion of the Human Genome Project has led 
to extensive advances in research technologies in the 
fields of genetics and molecular biology, giving rise 
to the era of precision medicine. Using the tech-
nologies of modern genetics, molecular imaging, 
and bioinformatics, a patient’s genetic background 
and disease characteristics can be determined and 
placed into the context of that patient’s living envi-
ronment, clinical history, and pathology, to achieve 
both precise classification and diagnosis of diseases 
and an individualized protocol for prevention and 
treatment.

Technological innovation 
and precision medicine

In a world of rapid technological development 
and fierce competition, precision medicine not only 
embodies progress in science and technology and 
fulfills a need in health care, but also constitutes 
the forefront of China’s pursuit of innovation and 
socioeconomic restructuring.

1Laboratory of Molecular Oncology, Peking University Cancer Hospital and 
Institute, Beijing, China 

2State Key Laboratory of Molecular Oncology, Cancer Hospital, Chinese 
Academy of Medical Sciences, Beijing, China
3Peking University Health Science Center, Beijing China
Corresponding Author: zhanqimin@bjmu.edu.cn

At the frontier of medical development
The foundation of precision medicine is built 

on next-generation sequencing technology, but 
also goes beyond it to other molecular levels (RNA 
and proteins) and involves multiple disciplines, 
such as RNA- and protein-level analysis, molecular 
imaging, and microrobotics. The essence of 
precision medicine is twofold: precision diagnosis, 
and precision intervention and treatment. Precision 
diagnosis requires a thorough understanding of the 
disease based on the molecular and morphological 
changes observed in the context of the patient’s 
genetic background. Precision intervention and 
treatment, on the other hand, is required to 
perform functional and even structural correction 
at a molecular level, or at least to provide a valid 
alternative to conventional treatment.

Meeting public health demands
Today, most average citizens have increasing 

expectations of health and quality of life, and it’s only 
natural for them to expect that illnesses will be kept 
at bay, that diseases will be detected early enough 
to prevent progression, and that a cure will inevita-
bly be available. It is such considerations that push 
medical science forward. Currently, however, medi-
cine is not always able to meet these expectations. 
For example, the lack of precise indicators for dis-
ease or the technologies to detect them means that 
certain ailments simply can’t be identified until signs 
and symptoms become conspicuous, often too 
late for effective intervention and treatment. Fur-
thermore, efficacy of treatment is evaluated on the 
basis of sometimes vague macroscopic or molecular 
indicators, making it impossible to precisely predict 
the outcome and prognosis of a disease. Lastly, 
the often small differences between individuals 
add to the difficulty of properly stratifying patients 
for optimal treatment, and increase the risk of side 
effects.

In the current model of clinical medicine, diseases 
resemble an iceberg: What we know from the 
patient’s chief complaints, symptoms, and results 
through physiological, biochemical, immunological, 
and imaging tests only constitutes the tip of the 
iceberg, while the bulk of it—the mechanisms 
and conditions beyond our understanding and 
capability—remains beneath the water. This means 
we are very often ignorant or shortsighted in our 
practices. Therefore, only when the pathogeneses 
of diseases are understood on a molecular level, 
when valid and effective molecular biomarkers are 
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identified, and when molecular analyses are carried 
out based on histological and clinical classifications 
of diseases, can treatments be directed to precise 
targets.

A historic opportunity
The promise of precision medicine has added 

fresh impetus to medical innovation in China and 
offers a unique opportunity for China to catch up 
with those countries leading in medical technology 
R&D. Currently, China is working at the forefront of 
research involving methodologies for genomics and 
proteomics, and is witnessing rapid development 
in technologies for molecular imaging, drug target 
discovery, and big data, all of which puts China on 
an equal footing with the West. Going forward, China 
needs continuing scientific research, technological 
development, clinical translation, industrial 
incubation, and the wide adoption of precision 
medicine so that the optimal conditions for innova-
tion will be created.

Precision medicine is not only an opportunity for 
China to revise its medical research model, but is 
also a test of its capacity to initiate reforms in science 
and technology. Success in the transition toward 
precision medicine will provide a solid foundation 
for China’s approach to the development of science 
and technology writ large. Precision medicine is the 
future of health care and offers a historic opportunity 
to both medical science and science in general. 
It will bring about a paradigm shift in diagnostics, 
disease classification, and clinical procedures, 
standards, and guidelines, and could potentially 
give rise to a number of emerging industries. Its 
model for development and operation will have far-
reaching implications on other sectors of science and 
technology. Seizing this opportunity will give China a 
competitive edge in terms of medical development 
in the world arena, enhance China’s capacity for 
innovation, and create incentives for reform.

China’s advantages in precision medicine
China is different from the West in many ways, so 

precision medicine in the Chinese context has some 
unique features.

Institutional support
The Chinese government attaches great 

importance to precision medicine and has set 
out measures to facilitate its development. It has 
hosted strategic consultations with experts and has 
incorporated precision medicine into the 13th Five-

Year National Science and Technology Innovation 
Plan, with focuses on disease cohort research, 
disease typing and staging on the molecular level, 
individualized clinical treatment, and the collecting 
and mining of big data. Several institutions have 
been selected to carry out pilot projects for the 
clinical use of high-throughput sequencing technol-
ogy in cancer diagnosis and treatment. The National 
Health and Family Planning Commission has issued 
Guidelines on Genetic Testing of Drug-Metabolizing 
Enzymes and Drug Targets (for Trial Implementation) 
and Guidelines on Genetic Testing for Individualized 
Tumor Treatment (for Trial Implementation). These 
measures have laid a solid foundation for the ad-
vancement of health care in China, and will help 
shape its course in the future. Moreover, with 
support from universities, research institutes, and 
local governments, several high-caliber centers for 
precision medicine have already been established.

Through a series of national initiatives, China 
intends to promote precision medicine to address 
issues in health and disease control and stimulate 
growth in related health industries. Apart from the 
13th Five-Year Plan mentioned above, multiple gov-
ernment departments also have development plans, 
and a 15-year outline through 2030 is also expected 
to be released by the Chinese Ministry of Science 
and Technology. Precision medicine involves multiple 
disciplines and government departments and 
brings up unprecedented legal questions, requir-
ing the mobilization of medical and technological 
resources around the country and the cooperation 
and participation of industry. To ensure the success of 
precision medicine, a synergy has to be created be-
tween government, science and technology experts, 
universities, research institutes, and enterprises.

Complete disease spectrum
The Chinese people make up about one-fifth 

of the world population, and the country boasts a 
diversity of geographical and cultural environments—
two factors that contribute to a wide spectrum of 
diseases. China therefore has a sufficient number of 
patients to research both common and rare diseases. 
Such rich resources will drive the precision medicine 
movement, enabling China to quickly advance in 
the medical arena and ultimately contribute to a 
healthier world.

Solid foundation in biomedical technologies
When China proposed its vision for precision 

medicine, it did not do so just to climb on the 
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bandwagon; rather, the decision has been a long 
time in the making. Since the 11th Five-Year Plan, 
research projects relevant to precision medicine 
have been carried out under the National High-Tech 
R&D Program of China (863 Program). These projects 
cover the genomics of disease, disease classification 
on a molecular level, individualized treatment, big 
data, and the building of biodatabases. Currently, 
China is believed to be a leader in genomics and 
proteomics research, and is making great strides 
in research into molecular biomarkers, drug target 
identification, and big data analysis. With abundant 
clinical research samples and highly competitive 
personnel, facilities, and teams, China is well 
positioned to develop precision medicine on a par 
with the West. It behooves the country to mobilize its 
resources and make the best use of the foundation 
laid by previous efforts.

Embodiment of precision medicine in traditional 
Chinese medicine

The essence of precision medicine is embodied 
in the philosophy of traditional Chinese medicine, 
as demonstrated in the ideas of bianzheng, shizhi, 
tongbingyizhi, and yibingtongzhi. In fact, this 
approach to precision medicine can even be found 
in the book Treatise on Febrile and Miscellaneous 
Diseases by Zhang Zhongjing, which dates back over 
2,000 years.

In traditional Chinese medicine, bianzheng means 
to analyze the data collected in all four typical diag-
nostic techniques (observation, olfaction, inquiry, and 
palpation) in order to gain a better understanding 
of the illness in terms of its cause, mechanism, and 
site. This concept also calls for a close watch on 
progression of the disease.

Following on from bianzheng, shizhi means to 
provide the most suitable treatment according to the 
cause, mechanism, site, and stage of the illness. This 
idea is still very much alive today in the context of 
precision medicine.

Tongbingyizhi refers to the fact that treatments for 
what looks like the same disease may differ because 
of variation in time and place of onset, stage of the 
disease, and patient response.

Finally, yibingtongzhi, in contrast to tongbingyi-
zhi, describes how similar treatments can be used 
for different diseases based on the fact that these 
diseases may share the same cause or symptoms.

Moreover, traditional Chinese medicine strives to 
maintain a balance between yin and yang by taking 
into consideration the patient’s gender and internal 

and external environments. In practice, this dem-
onstrates a holistic approach that incorporates the 
concepts of macro- and microenvironments in under-
standing pathogenesis.

Targets and priorities of China’s precision 
medicine program

Targets
In an effort to advance the precision medicine 

agenda in China, we propose the following targets:
(1) Build a world-class research platform and sup-

port system for which China maintains ownership of 
the core technology.
(2) Develop novel drugs, vaccines, devices, and 

equipment with China-owned intellectual property 
rights.
(3) Establish a set of internationally recognized 

guidelines and standards for clinical interventions to 
prevent, diagnose, and treat disease.
(4) Improve prevention and treatment for major 

illnesses and stimulate growth in related industries, 
such as biopharmaceuticals, medical devices, and 
health services.
(5) Contribute to reforming the health care system, 

revising the current model for medical practice, and 
successfully delivering the Healthy China 2030 initia-
tive.

Priorities
In order to ensure the success of precision medi-

cine programs in China, we believe that the follow-
ing priorities need to be followed:
1. Research on technologies and models for preci-

sion prevention and control. Keeping illnesses at 
bay through prevention should be the ultimate goal 
of precision medicine. Prospective studies and pilot 
projects need to be carried out in regions of high 
disease incidence and with susceptible populations 
in order to provide individualized disease prevention 
models that match the unique characteristics of the 
country and its population.
2.	 Identification	and	application	of	molecular	

biomarkers. Disease-specific biomarkers need 
to be identified through genomic, epigenomic, 
transcriptomic, proteomic, and metabolomic 
research in order to develop methods for early 
detection, screening, and diagnosis of diseases; to 
predict patient response, prognosis, and outcome; 
and to inform treatment choice. 
3. Precision diagnosis based on molecular 

imaging and pathology. Precision diagnosis is the 
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foundation of precision treatment and requires the 
development of multimodal imaging technology 
that brings together molecular biomarker-
guided magnetic resonance imaging, computed 
tomography, and ultrasound as well as noninvasive 
or minimally invasive diagnostic techniques.
4. Precision treatment in clinical settings. Precision 

treatment is the goal of precision medicine. It takes 
into account the patient’s molecular characteristics, 
health record, 'omics, imaging results, and big data 
analysis, and employs highly individualized and 
disease-specific protocols, including targeted mo-
lecular therapy, targeted antibody therapy, precision 
immunotherapy, and individualized cell therapy.

Infrastructure needed for development 
of precision medicine in China

Development of precision medicine relies heav-
ily on certain technologies, including computer 
simulation, high-powered computing, and the 
Internet. As an important part of the infrastructure, a 
digital biodatabase and platforms for data collection 
and analysis of genes and proteins will be needed. 
We believe that the Chinese authorities need to 
build the following:
1. A national biodatabase. Having a rich database 

of diverse biological samples will give China 
a competitive edge in the medical field. The 
country needs a database that is compatible with 
international data storage and annotation standards, 
has complete records containing all relevant clinical 
information, is ethically and legally sound, and is 
open and accessible to all.

2. A national center for health data. A central repos-
itory is needed to collect, store, analyze, and utilize 
the massive clinical, 'omics, structural biology, and 
pharmaceutical information generated in the preci-
sion medicine program. This will aid in the identifi-
cation of new tumor biomarkers, molecular targets, 
drugs, and other therapies. In addition, this center 
will be able to consolidate genomic, transcriptomic, 
proteomic, and metabolomic data that can be mined 
for valuable information applicable to biology and 
medicine.
3. Institutional support. The internal structures of 

Chinese institutions and the way in which they inter-
act are critical for the success of precision medicine 
there. Institutional structures should optimize the 
management and support of staff and remove the 
silo effect, increasing communication and interac-
tion at all levels. Mechanisms should be in place to 
protect patient privacy and emphasize informed 
consent. Efforts also need to be made in terms of 
legislation and ethics reviews to explore ways to 
protect information in the biodatabase, while also 
keeping it accessible.

The precision medicine program in China needs 
to meet the medical health and welfare demands of 
the population, making use of both institutional and 
market advantages in the allocation of resources 
and finding the best way to work in concert with 
China’s current health care reform program. A suc-
cessful program will promote emerging industries, 
improve the country’s capacity for indigenous inno-
vation, and enable the development of a world-class 
health care system.

NGS techniques are now rapidly becoming 
widely adopted in routine clinical practice, 
including analyses of solid tumors, hematologic 
malignancies, genetic diseases, and infectious 
diseases; noninvasive prenatal testing (NIPT); and 
preimplantation genetic diagnosis (PGD) and/or 
screening (PGS). 

In response to concerns about this rapidly 
growing field, in February 2014 the China Food 
and Drug Administration (CFDA) and the National 
Health and Family Planning Commission (NHFPC) 

China’s policies regarding 
next-generation 
sequencing diagnostic 
tests

Rui Zhang1,2 and Jinming Li1,2*  

 Over the past decade, DNA sequencing 
has become faster and cheaper than ever before, 
its progress attributable mainly to advances in 
next-generation sequencing (NGS) technologies. 

1National Center for Clinical Laboratories, Beijing Hospital, National Center of 
Gerontology, Beijing, China
2Beijing Engineering Research Center of Laboratory Medicine, Beijing Hospital, 
Beijing, China
*Corresponding Author: jmli@nccl.org.cn
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halted clinical NGS assays (1) and launched a series 
of regulatory requirements for NGS. 

CFDA’s regulatory oversight
The CFDA requires that all components of an 

NGS commercial diagnostic system, including 
the reagents, instruments, and software that are 
packaged together and sold to laboratories, must 
be approved before being used in a clinical setting. 
The first diagnostic products approved by the 
CFDA (on June 30, 2014) were BGI’s sequencers—
BGISEQ-1000 and BGISEQ-100—and its diagnostic 
kits for detecting fetal chromosomal aneuploidy 
(trisomy 21, trisomy 18, and trisomy 13), using the 
methods of semiconductor sequencing and joint 
probe-anchor sequencing (2). NIPT has become 
one of the most extensively utilized NGS tests in 
China, following the results of multiple clinical 
validation studies showing its high sensitivity, 
specificity, and negative predictive values. To 
date, CFDA has approved five NGS instruments: 
BGI’s BGISEQ-100 (based on Life Technologies’ 
Ion Torrent sequencer) and BGISEQ-1000 (based 
on Complete Genomics sequencing technology), 
Berry Genomics’ NextSeq CN500, DaAn’s DA8600 
(based on Life Technologies instruments), and 
CapitalBio’s BioelectronSeq 4000 (based on 
Life Technologies instruments), along with their 
associated noninvasive prenatal assays. However, 
no commercial NGS kits developed for use in other 
clinical fields, such as for tumor-associated genetic 
mutations, genetic evaluations, and PGD/PGS, are 
currently under an approval process. 

NHFPC’s regulatory oversight
NHFPC launched a pilot program in April 2014 

that grants licenses to NGS laboratories. Thus 
far, 9 have been approved for NIPT, 6 for PGD/
PGS, 26 for oncology, and 18 for genetic diseases. 
The laboratories in the pilot program must be 
government-accredited according to the NHFPC 
regulation document, “Medical Institution Clinical 
Laboratories Regulation for Amplification-Based 
Molecular Diagnostics,” and all the clinical tests 
using NGS technology must be conducted under 
the corresponding regulations. The laboratories 
should establish a standard operating procedure 
(SOP), follow all quality control (QC) metrics, and 
document the performance of each test. Based on 
the SOP and QC metrics, the NGS process should 
be validated to establish the expected performance 
characteristics within each laboratory. Internal 

quality control and external quality assessment 
(EQA) are also essential for the laboratories to verify 
the reliability of their NGS results.

To assess the proficiency of those laboratories 
offering NGS-based tests, the National Center for 
Clinical Laboratories (NCCL) of China launched 
a pilot EQA in 2014 for the detection of trisomy 
21, 18, and 13 by massively parallel sequencing. 
The pilot showed that the majority of participating 
laboratories used CFDA-approved reagents and 
provided reliable diagnostic capacities for NIPT 
tests (3). In 2015, a nationwide pilot EQA was 
initiated by NCCL that examined the efficacy of 
NGS technologies for detecting somatic mutations. 
The participants included 26 government-licensed 
laboratories using NGS in oncology, as well as 
laboratories still undergoing validation for NGS 
testing. All the tests offered by the participants were 
laboratory-developed tests. The performance of 
51.6% (33/64) of the responding laboratories was 
deemed to be acceptable, while only 26.6% (17/64) 
of the laboratories correctly identified all the 
mutations within the NCCL’s panel of DNA samples 
(4). This result implied an urgent requirement for 
improved laboratory training in the procedures of 
NGS for somatic mutation testing in tumors, which 
is likely due to the complexity of the process.

Regulatory oversight challenges
With the adoption of NGS technology, clinical 

laboratories can perform analyses using disease-
targeted gene panels, exome sequencing, and 
whole-genome sequencing. NGS tests are very 
different from traditional molecular tests, and create 
several challenges for regulatory oversight.

For the CFDA, NGS-based tests demand novel 
approaches to ensure analytical and clinical validity. 
First, unlike traditional tests that detect only a 
single or a defined number of factors to diagnose 
one or several specified conditions, NGS tests can 
identify an unlimited number of variants in the 
human genome; thus, it is impractical to evaluate 
the analytical validity of every possible variant. 
Although evaluation of representative subsets 
of variant types might be an effective approach 
to demonstrate the analytical performance of 
NGS platforms, it will take time to establish new 
evaluation checklists for specific NGS tests in 
different clinical fields. Second, NGS-based tests 
can identify clinically meaningful variants as well as 
variants of uncertain significance. Thus, the clinical 
validation requirements should be different for each 
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of these claims. Third, the intended use of the NGS 
test may be specific to certain patient populations, 
drugs, or diseases. However, according to the U.S. 
National Cancer Institute’s Molecular Analysis for 
Therapy Choice (MATCH) program (5), the choice 
of a therapeutic agent is based on the specific 
molecular findings obtained using targeted NGS 
analysis rather than on the type of cancer. With 
the rapid development of clinical research, the 
CFDA must reconsider the process for approving 
applications to expand the intended use of 
previously authorized reagents.

The advent of NGS technology has also cre-
ated a great challenge for NHFPC; although the 
pilot laboratories were required to perform NGS-
based testing under the Medical Institution Clinical 
Laboratories Regulation for Amplification-Based 
Molecular Diagnostics, as NGS-based clinical tests 
are much more complex than traditional molecular 
tests, there is an urgent need to develop new regu-
latory standards for laboratories offering these tests. 
In recent years, the U.S. Centers for Disease Control 
and Prevention (6), the American College of Medi-
cal Genetics and Genomics (7), and the College of 
American Pathologists (8) have defined guidelines 
for effective NGS method validation, analytical 
process monitoring, and variant reporting. Never-
theless, it remains a challenge for laboratories to 
translate these requirements into routine practice.

In conclusion, the Chinese government has initiat-
ed regulatory oversight for NGS clinical testing and 
has made great efforts to standardize NGS diagnos-
tic tests. Proper approaches are being sought with 
the goal of assuring safety and effectiveness, while 
enabling innovation in the field and supporting the 
advancement of precision medicine.
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The clinical application of precision medicine 
includes considerations of the safety, effectiveness, 
and economy of treatment as well as issues of 
medical ethics, such as the protection of patients’ 

1China–Japan Friendship Hospital
2Beijing Anzhen Hospital, Capital Medical University
3Beijing Hospital
4Beijing Obstetrics and Gynecology Hospital, Capital Medical University
5Beijing Xiaotangshan Hospital
6Cancer Hospital of Beijing University
7Jiangsu Provincial People’s Hospital (First Affiliated Hospital of Nanjing Medical 
University)
8Mount Qianfu Attached Hospital of Shandong University
9Nanfang Hospital 
10Ruijin Hospital, Shanghai Jiao Tong University School of Medicine
11Shanghai Centre for Clinical Laboratory
12Shanghai Mental Health Center
13Sun Yat-Sen Memorial Hospital, Sun Yat-Sen University
14The Second Affiliated Hospital of Harbin Medical University
15The First Hospital of Jilin University
16The First Affiliated Hospital of Chongqing Medical University
17Tongji Medical College, Huazhong University of Science and Technology 
18West China Hospital, Sichuan University
19The First Affiliated Hospital of Xinjang Medical University
20The First Affiliated Hospital of Lanzhou Medical University
21Renji Hospital, Shanghai Jiao Tong University School of Medicine
22Beijing Children's Hospital, Capital Medical University
23Beijing Friendship Hospital, Capital Medical University
*Corresponding Author: wangchen66366@163.com

http://www.sda.gov.cn/WS01/CL1105/96853.html
http://www.sda.gov.cn/WS01/CL1103/102239.html
http://www.sda.gov.cn/WS01/CL1103/102239.html
mailto:wangchen66366@163.com


12 PRECISION MEDICINE IN CHINA

Quality management of laboratories
Genetic detection results should be trustworthy: 

Instruments and reagents should be obtained 
legally, and all genetic detection operations should 
be accurate. 

Participation in an external quality assessment 
(EQA) for genetic testing provided by a certified 
capacity verification provider (e.g., Shanghai 
Center for Clinical Laboratory or the National 
Center for Clinical Laboratories) is warranted. 

Laboratory quality control should be up to EQA 
standards, and improvements should continuously 
be implemented. Accuracy rates for detection 
methods should reach 99%–100%, while EQA 
results should be perfect. 

Samples for genetic testing 
Genetic detection should be accurate and 

meet the needs of treatment in order to avoid 
partial detection of genes, misdiagnosis, and thus 
incorrect treatment. 

Providing too much genetic information that 
goes beyond the need for diagnosis and treatment 
of the disease should be avoided. 

Genetic testing for unrelated diseases or 
treatments is not recommended.

Clinical evidence sources
To find information on drug efficacy, adverse 

reactions, and treatment protocols, it is 
recommended that staff refer to the drug package 
insert. 

For the diagnosis and treatment of refractory 
disease, it is acceptable to use treatments for which 
evidence is not as strong as for accepted therapies, 
but only when it can be ensured that the patient 
will obtain the maximum benefits. 

Precision medicine treatment regimen 
development

A precision medicine treatment regimen should 
be developed based on the results of the genetic 
test, and adjustments should be made according to 
changes in the patient’s condition, always ensuring 
that the benefits gained by the patient outweigh 
the risks.

The personnel in charge of developing drug 
treatment regimens should be clinical professionals 
who are able to provide precision medicine 
consultation, such as physicians and pharmacists. 

privacy and informed consent. In order to protect 
the rights and interests of patients and to promote 
the development of precision medicine in China, 
we must establish an effective quality management 
system. On December 24, 2015, and January 23, 
2016, working conferences of the China Precision 
Medicine Clinical Research and Application 
Association (CPMCRAA) were held at China–Japan 
Friendship Hospital (Beijing), where a consensus 
was reached on this issue. The details are outlined 
below: 

Laws and Regulations
The clinical applications of precision medicine 

must conform to the principles of medical ethics 
and with all Chinese laws and regulations.

Instruments and reagents certification
Instruments and reagents for genetic testing 

used by precision medicine laboratories shall 
be approved by the national or corresponding 
provincial food and drug administration bureau 
(with the exception of instruments and reagents not 
included in the medical equipment management 
system). 

Genetic testing instruments that do not have 
the approval of the national or corresponding 
provincial food and drug administration bureau, 
and genetic detection reagents made in-house 
by laboratories, may be used only for scientific 
research use; they may not be used for clinical 
diagnosis or reporting. 

Laboratory and personnel certification
Laboratories involved in genetic detection via 

polymerase chain reaction (PCR) amplification 
should be certified by a national or provincial 
center for clinical laboratories, and staff working 
in these laboratories should possess the requisite 
PCR laboratory qualifications. 

Laboratories involved in genetic detection 
through non-PCR amplification (such as in situ 
hybridization, sequencing by hybridization, 
and fluorescence in situ hybridization) shall not 
be managed like laboratories involved in PCR 
amplification. Laboratories and staff do not 
need to obtain laboratory certificates for gene 
amplification. However, laboratory staff should 
be trained and qualified in genetic testing. These 
laboratories should have a suitable management 
system and operating procedures in place. 
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Precision medicine consultation on a 
telemedicine platform

Training is recommended for experts in 
precision medicine consultation using the National 
Telemedicine Network, which is organized by 
CPMCRAA. Trainees should undergo examinations 
and obtain the relevant certifications. 

Only qualified professionals can be registered as 
an expert in precision medicine consultation using 
the national telemedicine platform. 

Requirements for hospitals using 
precision medicine

Hospitals are encouraged to adopt standardized 
technology protocols and treatment regimens 
so that results from other hospitals can be easily 
interpreted, patients can be referred to other 
hospitals, and consultations can be organized 
between physicians at different hospitals. Hospitals 
that have joined CPMCRAA are encouraged 
to provide guidance and consultation to the 
association’s grassroots medical institutions. 

CPMCRAA expert committee
CPMCRAA covers 1,340 Chinese hospitals 

from which members of the expert committee are 
drawn. Academician Chen Wang of the Chinese 
Academy of Engineering is the chairman.

Recommendations on 
the management and 
use of POCT in medical 
institutions (nosocomial)
 

Xuezhong Yu1, Huadong Zhu1, Guangzhong Liu2, 
Hui Yan3, Linong Ji4, Wenmei Li5, Bo’an Li6,  

Taihu Wu7, Zhongjie He8, Jianlong Yang9,  
Xiaoli Yang10, Ruifu Yang7, Yundai Chen11,  

Changqing Lin12, Xiaobo Hu13, Shiping Yao2,  
Rong Geng14, Xixiong Kang15*, Shukui Dong9, 

Yuguang Fu16, Biao Kan17, and Guojun Zhang15

General rules

Article	1.	Definition.	Point-of-care testing (hereaf-
ter referred to as “POCT” or “bedside testing”) is a 
method that uses portable analytical instruments or 
reagents to test the patient and obtain instantaneous 
results. When discussing POCT, the test must be 
clearly defined, whether it involves a medical activity 
or a piece of equipment, and the similarities and dif-
ferences between the particular POCT and a clinical 
laboratory test should also be explained.

Article 2. Applications. POCT in clinical depart-
ments needs approval from hospital management. In 
addition, the following information should be estab-
lished: who is in charge of POCT within the clinical 
department, whether the POCT testing results are 
compatible with the hospital information manage-
ment system, which test results can be included in the 
patient’s medical records, the type and number of 
results needed before a diagnosis can be made, and 
which results can provide useful information for pa-
tient care and monitoring. Most importantly, it needs 
to be determined which POCT results can form the 
basis for a diagnosis.
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Article	3.	Significance. POCT can reduce the 
turnaround time for obtaining results, simplify the 
diagnostic process, provide instant patient informa-
tion, provide a diagnostic workflow that is easier to 
follow than current tests, and improve the quality 
and level of medical care. 

Article 4. Management of POCT staff. POCT 
staff should be properly trained and their work 
regularly inspected, as well as being properly 
supervised by the hospital quality control depart-
ment. They should be required to pass relevant 
POCT-training examinations before being allowed 
to perform POCT tasks.

Organization and management

Article 5. The onus is on the hospital to properly 
integrate POCT into the hospital management 
system, establishing a strict training, management, 
and quality control/supervision system, and setting 
up a POCT management committee or relevant 
management organizations. POCT offices and 
committees should be established under the 
supervision of a medical department, and each 
department using POCT must have full-time or 
part-time POCT coordinators. Representatives 
from relevant departments should participate and 
together establish a coordinated management 
system.

The hospital’s POCT management committee or 
corresponding management organization should 
undertake the following responsibilities:

1. Establish a complete POCT management 
working system and supervise its implementation 
according to relevant state regulations;

2. Accept requests for POCT approval from clini-
cal departments;

3. Organize the training and regular evaluation of 
POCT operators;

4. Organize efficient and sustainable POCT qual-
ity control checks; and

5. Handle complaints and suggestions from 
POCT users, and implement improvements. 

Article 6. Appoint point-of-care coordinators 
(POCCs) under the POCT management organiza-
tion who are responsible for POCT coordination 
among different clinical departments. 

The following qualifications should be required 
for POCCs:

1. They must have pre-job training in POCT and 
hold a relevant work certification. They can be 
departmental staff from the department of quality 

management or clinical laboratory, and either full-
time or part-time.

2. They must obtain training and education from 
the administrative section of the Ministry of Health 
to receive their POCT-related qualifications. 

3. They are responsible for implementing the di-
rectives from the POCT management organization, 
including the following responsibilities:

Coordinating with different clinical departments 
to ensure that POCT are being used correctly, 
including overseeing equipment and reagents that 
meet clinical standards and ensuring that the qual-
ity control requirements for every sample are being 
met and that results are properly generated and 
analyzed;

Overseeing the establishment of each clinical 
departments’ own quality assurance system; and

Supervising theory and skill training for each 
clinical department and ensuring that staff master 
the professional knowledge required. 

Article 7. The POCT management organization 
should appoint experienced doctors or technicians 
to confirm the professional skills and knowledge of 
POCCs.

Article 8. The majority of POCT operators should 
be trained doctors, nurses, or inspectors.

Personnel training
 

Article 9. The management organization should 
arrange basic training, and related courses should 
be implemented by the POCC.

Article 10. Content of the training courses 
should include:

1.  The applications and limitations of POCT, 
as well as interpretation of the results; the 
justifications for choosing a particular POCT 
and the most ideal equipment to use, as well as 
the best applications for that equipment and its 
reagents; and lessons on the reasons for quality 
assurance testing.

2.  Students should master essential precautions 
needed for sample collection and factors that may 
interfere with accurate testing, including clinical 
factors, diet, and methods of sample procurement.

3.  Quality assurance measures, including 
methods and requirements for internal quality 
control and comparison, as well as reasons and 
remedies for errors, should also be addressed.

4.  The courses should also include methods 
for equipment comparison, quality control, 
maintenance, and troubleshooting.
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5.  Students should study procedures for 
preventing exposure to infectious diseases, 
as discussed in Biological Safety Management 
Regulations of Pathogenic Microorganism 
Laboratories, as well as related laws and regulations 
that are stated in Treatment of Medical Waste, 
issued by the Chinese State Council.

Article 11. If operators pass a written exam, an 
operating assessment, and an evaluation, they 
should be provided with certification, and only cer-
tified operators should be authorized to undertake 
POCT work.

Quality assurance

Article 12. A quality management system should 
be an integral part of every POCT.

Article 13. Internal quality controls are essential 
for the implementation of POCT, as they provide a 
measure of the veracity of the results.

Article 14. Each POCT should develop its own 
clinical benchmarking system. Second-tier and 
above hospitals, independent laboratories, and 
medical examination centers can use internal 
benchmarking, while hospitals below the second-
tier level and community health centers should 
regularly benchmark with one of the three institu-
tion types mentioned above. The latter institutions 
may also use internal quality assessment in addition 
to external benchmarking.

Article 15. POCTs should establish a robust 
system for the management and handling of all 
related data. There should be specific requirements 
for sample collection, as well as for the operation, 
calibration, and maintenance of instruments. The 
interpretation and reporting of results should also 
be standardized and properly monitored.

Article 16. Each POCT should establish a quality 
management network and use standardized quality 
management systems.

Article 17. Traceable electronic recordings can 
ensure good quality assurance and are essential to 
successful POCT implementation and use.

Article 18. As network technology has ad-
vanced and societal needs have changed, POCT 
has shifted towards mobile health care and smart 
health care. A distinction should be drawn between 
sports monitoring and specialized instrumentation 
used for medical testing. All products and systems 
used at medical institutions should be approved 
and calibrated.

Expert consensus on 
point-of-care testing

Xuezhong Yu1, Huadong Zhu1, Guangzhong Liu2,  
Hui Yan3, Linong Ji4, Wenmei Li5, Bo’an Li6, 

Taihu Wu7, Zhongjie He8, Jianlong Yang9,  
Xiaoli Yang10, Ruifu Yang7, Yundai Chen11,  

Changqing Lin12, Xiaobo Hu13, Shiping Yao2,  
Rong Geng14, Xixiong Kang15*, Shukui Dong9,  

Yuguang Fu16, and Biao Kan17

Point-of-care testing (POCT) is widely used 
in chronic disease management, antibioterrorism, 
emergency response and medical rescue, surveil-
lance of infectious diseases, customs inspection 
and quarantine, food safety, drug control, and 
other public health fields. Recently, with the rapid 
development of high technology such as micro- 
and nanomanufacturing, biotechnology, new 
materials, and the mobile Internet, POCT continues 
to develop towards real-time quantification and 
miniaturization. 

The definition of POCT
POCT refers to a means to get results quickly by 

carrying out testing at the sampling site using por-
table analytical instruments and related reagents. 
It also refers to the related equipment found in the 
medical industry.

In a hospital setting, POCT means testing right 
at the patient’s bedside, and the test is not always 
carried out by a clinical docimaster (examiner).
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Characteristics and applications of POCT

POCT characteristics
The following characteristics can be expected of 

POCT:
• Quick results that save turnaround time;
• Small, portable instruments;
• Requirement for small sample volumes;
• Easy to handle—nonprofessionals should require 

only basic training or written instructions; and
• Low cost.

POCT applications

In the clinic
POCT medical equipment has been widely 

used in many hospital departments including 
emergency, intensive care, respiratory, and 
cardiology, as well as in operating rooms. This 
technology complements traditional tests in 
timeliness and flexibility; it also makes up for 
insufficient examination resources in some primary 
hospitals. Taking severe cases as an example, POCT 
meets the urgent needs of clinicians to find results 
quickly and accurately in order to make lifesaving 
clinical decisions.

Health management
The widespread use of home blood glucose 

testing meters is an example of the successful 
application of POCT technology in the 
management of chronic disease.

The drive to transform the paradigm for health 
care has become a powerful impetus for the 
development of POCT. In contrast to separate 
family health care, community health care, primary 
health care, and large, center-level hospital health 
care models, the new model is disease-centered 
medical health care. As technology advances and 
the need for individualized health care grows, 
this model is morphing into one that focuses on 
the daily health care of families and communities, 
which necessitates smaller and simpler devices and 
testing methods.

Emergency applications
Over the years, the function and feasibility of 

POCT have been demonstrated through global 
emergencies and disasters. Under emergency 
conditions like epidemic outbreaks, medical 

relief of natural disasters, food safety accidents, 
bioterrorism responses, customs inspection and 
quarantine, and illegal drug screenings, POCT has 
played a science-based role in decision-making. 
POCT provides a basis for the relevant authorities 
to plan for these emergencies, implement first 
aid, and provide early warnings to the public. It 
meets the needs of rapid analysis in a biological 
emergency scenario for quantitatively testing and 
identifying a suspicious sample in the shortest 
possible time, and offers improvement on current 
abilities and standards for handling biological 
emergencies. 

Grassroots applications
Because POCT provides useful results rapidly 

in a convenient and easy-to-operate format, it is 
eminently suitable for rural doctors and primary 
health personnel. This technology can be widely 
applied to emergency preparedness and to the 
treatment and management of chronic diseases 
in remote areas, providing a means to promote 
grassroots medical technology.

Trends in POCT
Emerging POCT technology and its management 

have been developed and applied worldwide in 
the clinic, in biological emergencies, in the medical 
community, and even in family chronic-disease 
management.

Over the past decade, China has witnessed 
very rapid development in these areas. But there 
is still much to learn from more advanced nations 
in terms of scientific ideas, advanced technology, 
and market applications and management policies. 
To promote and support the development of the 
POCT industry, the State Council of China put in 
place the Bioindustry Development Plan (2012), 
the 2011–2013 National 863 Program, and the 12th 
Five-Year Plan for science and technology projects 
(2011–2015).

POCT’s diversity
POCT has been applied in many different areas 

using a variety of techniques and instruments; 
some of these include dry chemistry, multicoating, 
immunochromatography, filtration (currently 
the most widely used application), microfluidics, 
infrared and far-infrared point spectrophotometry 
(continuous monitoring of hemoglobin and blood 
sugar through the skin), selective electrodes 
(used mainly for blood gases and electrolytes), 
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biosensors and biochips, and small microscopes. 
Test targets include biochemical indexes, immune 
indexes, and nucleic acid-level indexes. 

POCT technology—from qualitative to 
quantitative research

More precise analysis is the ultimate goal of 
POCT technology development. With the continual 
emergence of new materials and the integration of 
precision manufacturing, biomedicine, automated 
control, and other new technology elements, 
the new generation of POCT brings precision 
and quantitation comparable to larger, fixed 
equipment. Immunochromatography products, 
which use colloidal gold as a tracer, are successful 
examples of POCT qualitative technology, and 
include the One-Step HCG Pregnancy Test, 
ovulation kits, and other related products. These 
products can have a profound impact on human 
society. In the quantitative technology arena, many 
luminescence techniques have emerged, including 
basic fluorescence, time-resolved fluorescence, and 
electrochemical luminescence.

POCT networking
The development of the Internet, especially 

of mobile wireless technology, has brought 
unprecedented opportunities to POCT. Large 
pieces of equipment were previously the testing 
standard-bearer, but they cannot leave the 
laboratory or be taken into a family home, to a 
patients’ bedside, or to the scene of an accident. 
In contrast, patients can use a portable/wearable 
POCT to test themselves whenever they need, and 
to upload the data synchronously to the medical 
group’s cloud account. Physicians can access these 
results remotely to diagnose and quickly provide 
patients with medication and disease management 
advice.

Data from POCT can be quickly and easily 
analyzed in the cloud, while the integration of 
remote data terminals and cloud medical resources 
can allow for big data analysis, potentially providing 
an effective health warning system. 

POCT’s plight

Lack of administrative management
Although POCT is generally carried out in the 

hospital, there is often not any clear management 
oversight. Experts are calling for the strengthening 
of POCT hospital administrative management.

Underdeveloped policies and regulations
A significant hurdle in the acceptance of POCT is 

the lack of clear, relevant regulations for the indus-
try, particularly with respect to the fee charged for 
POCT services and how this compares with stan-
dard laboratory tests. It is necessary to consider the 
access or lack thereof that doctors in rural com-
munities might have to health care systems and 
technologies, and how new equipment might be 
developed that is easy to use, convenient, economi-
cal, and practical. Improving the quality of diagno-
sis and treatment of primary care patients through 
POCT could encourage the expansion of a poten-
tially huge market for these tests, while also improv-
ing primary health care for Chinese citizens.

Quality of user management systems 
Many clinical departments currently have a need 

to conduct POCT, but quality control and clinical 
management of these tests are still not perfect. The 
oversight of equipment maintenance, reagents and 
consumables, digitization, and information storage 
and analysis still needs much improvement.

Nonconformity of product quality and technical 
requirements

Both community health service centers in urban 
settings and health clinics in small towns use blood 
glucose testing meters more than any other device. 
At present, these types of rapid-result equipment 
and their associated reagents (such as immunity 
analyzers, biochemistry analyzers, hematology 
analyzers, and blood coagulation instruments) have 
many varied quality requirements and associated 
methodologies. This can be a challenge for many 
primary health care workers, especially in township 
hospitals and village clinics, as they need to un-
dertake extensive technical training and may need 
after-sales service that is not easily accessible far 
from urban centers.

Suggestions for POCT management

POCT certification and management
Within the hospital environment, the focus 

should be on strengthening the administration 
of POCT and improving its development and 
management, including putting in place a network 
of POCT coordinators (POCT-Cs) and setting up 
POCT committees in provincial and city hospitals 
that are responsible for finding experts to formulate 
management criteria and regulations, which 
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would be implemented by a clinical POCT-C. 
POCT products would need to be approved by 
the China Food and Drug Administration (CFDA). 
Manufacturers must be required to comply with 
the standards and requirements for the production 
of POCT devices and report any defects found in 
postmarket equipment. CFDA should also inspect 
devices sold within the medical equipment market, 
establish a mechanism to control the quality 
of medical equipment production, and report 
any defects in or adverse side effects resulting 
from use of these devices. Researchers, medical 
professionals, administrative managers, and 
business people should come together to develop 
national POCT policy, quality control standards, 
guidelines, and training programs.

A standardized POCT nosocomial management 
approach

Nosocomial POCT development requires the 
cooperation of many medical departments. Its 
implementation involves hospital quality manage-
ment professionals, professional medical engi-
neers, clinical laboratory professionals, nurses, and 
clinicians, among others. Those carrying out testing 
should be familiar with the objectives, guidelines, 
and principles of POCT technology. A nosocomial 
POCT management committee should be estab-
lished under the guidance of a supervisor within a 
medical department, and with the relevant depart-
ments providing committee representatives. A 
POCT-C should be elected from within the medical 
department or other relevant department who is 
responsible for the management, evaluation, qual-
ity assurance, and future application of POCT.

Implementation of total quality management
The term “total quality management” refers to 

the concept that the most ideal level of quality 
should be regarded as the minimal acceptable level 
when organizing, managing, or using a product 
or service. For POCT, this means that the require-
ments for proper clinical diagnosis, monitoring, 
screening, and prevention are ensured, and that 
internal quality control of equipment and reagents 
is guaranteed, as is the safety of patients and medi-
cal workers.

Categorizing POCT products
POCT products are complex, and there is cur-

rently no clear standard for their classification. 
Based on the degree to which POCT may be a 
hazard to public health, the U.S. Food and Drug 
Administration has divided approval of in vitro di-
agnostic products into three categories: waived 
(simple and accurate; negligible chance of errone-
ous results), moderately complex (minimal expertise 
needed to administer; minimal interpretation of 
results required), and highly complex (specialized 
training and expertise required; extensive interpre-
tation needed). It is recommended that China also 
put in place a similar POCT classification system to 
improve management.

POCT monitoring and procedures must minimize 
the risk of biological hazards to patients and nurses. 
Additionally, procedures should conform with infec-
tion control policies so that the spread of infectious 
agents can be avoided.

China’s POCT development strategy
China should develop its own POCT by stan-

dardizing its application management system and 
enhancing technical innovation.

Implementation of better management principles 
for POCT, more discussion of the technical aspects 
of POCT among experts, and dialogue about the 
application of POCT in other fields are needed to 
allow China’s POCT industry to develop on a strong 
and robust path.

As POCT shifts from qualitative results to more 
precise quantification, many new technologies from 
many different disciplines will inevitably come into 
play, including the use of networking and mobile 
technology to remotely inspect equipment and 
receive quality control test results. POCT technol-
ogy is also shifting from large-scale application 
within hospitals to applications outside of hospitals, 
requiring China to formulate policies about how 
related technologies might be used in this space, 
while still promoting development of POCT and 
protecting intellectual property rights.
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Cancer precision medicine 
in China

Yuankai Shi

Population aging and lifestyle changes have 
contributed to the rise of cancer incidence in China. 
In 2015, new cancer cases and cancer-related deaths 
were estimated at 4.3 million and 2.8 million, respec-
tively (1). Surgery, radiotherapy, and chemotherapy 
remain standards of care for cancer patients, but 
molecular targeted therapy has become a promis-
ing field in cancer treatment for its ability to discern 
which patients would benefit the most from a par-
ticular treatment.

Precision medicine initiatives in China
The field of precision medicine was proclaimed 

in 2015 by the United States and China as herald-
ing a new era in health care (2). It has the potential 
to improve the diagnosis and treatment for complex 
diseases such as cancer and diabetes mellitus, and 
thus to keep patients healthier. Based on personal 
genomics, proteomics, and metabolomics informa-
tion, precision medicine opens the door for us to an-
alyze and identify specific biomarkers and treatment 
targets for diseases. The Chinese Ministry of Science 
and Technology (MOST) held the first national preci-
sion medicine strategy conference in March 2015; 
it announced plans to invest RMB60 billion (US$9 
billion) to support precision medicine between 2015 
and 2030. Soon thereafter, the National Health and 
Family Planning Commission (NHFPC) established 
the first in a series of clinical practice institutions 
focused on cancer gene sequencing and tasked with 
the goal of standardizing clinical gene sequencing. 
The 13th Five-Year Plan for Science and Technol-
ogy includes precision medicine and promises to 
bring a reformation not only to treatment but also to 
scientific investigation and disease diagnosis. Thanks 
to the establishment of large biological databases, 
improvements in molecular biological detection 
methods, and advanced computer analyses, scien-
tists and researchers have been able to establish a 
complete system to integrate and validate results 

from translational research. Yet making precision 
medicine available to all areas of clinical practice still 
remains a challenge.

Promotion of cancer precision 
medicine in China

Recent research into the molecular mechanisms 
critical to carcinogenesis has led to the development 
of a series of novel drugs, as well as the use of per-
sonalized therapy in clinical practice that targets spe-
cific genes. Yet clinical decisions for treatment should 
take into account patient ethnicities, since genetic 
differences exist between different populations. For 
instance, a molecular epidemiology study investigat-
ing epidermal growth factor receptor (EGFR) gene 
mutations showed that EGFR mutation frequency 
was higher in Asian than Caucasian populations (3, 
4). Detection of gene mutation hot spots for colorec-
tal cancer in Chinese patients showed similar KRAS 
and BRAF gene mutation frequencies compared to 
Western populations (5), while neuroblastoma RAS 
viral oncogene homolog (NRAS) mutation rates were 
higher in Chinese patients (6). Based on these dif-
ferences, precision medicine research for Chinese 
patients warrants further investigation.

Standardization of molecular biomarker detection 
occurred prior to the application of precision medi-
cine in China. For example, human epidermal growth 
factor receptor 2 (HER2) expression levels in breast 
cancer might determine whether a targeted therapy 
could be used. A clinical trial that enrolled 3,149 
breast cancer patients from 73 hospitals in China 
compared HER2 levels detected using immunohisto-
chemistry (IHC) or fluorescence in-situ hybridization 
(FISH) (7). This study helped to establish standard 
operating procedures (SOPs) for HER2 detection. 
Many methods are available for biomarker detec-
tion, including Sanger sequencing, real-time PCR, 
the amplification-refractory mutation system (ARMS), 
and next-generation sequencing (NGS). In China, 
Sanger sequencing and ARMS are commonly used, 
and cross-validation can be easily done, if neces-
sary. Circulating tumor DNA (ctDNA) detection is 
under investigation for application in clinical practice. 
For example, analyzing blood-derived ctDNA for 
EGFR mutation status in non-small cell lung cancer 
(NSCLC) patients could help with the selection of the 
optimal EGFR-tyrosine kinase inhibitor (TKI) therapy, 
and ctDNA detection shares a higher specificity 
compared to mutation analysis performed on tumor 
samples (8). In February 2015, the China Food and 
Drug Administration (CFDA) approved gefitinib for 
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use in cases where an EGFR mutation is detected in 
ctDNA and no tissues samples are available. Ad-
ditionally, guidelines and expert consensus have 
been established in China for certain biomarkers, 
including EGFR, KRAS, anaplastic lymphoma receptor 
tyrosine kinase (ALK), and HER2 (9–12). Institutes and 
hospitals involved in molecular biomarker detection 
participate in external quality control reviews held 
annually by the Pathology Quality Control Center of 
NHFPC. These gatherings foster greater data sharing 
and allow better standardization and normalization of 
targeted therapies.

Recently, science and technology projects such as 
the National Science and Technology Major Project for 
New Drug Innovation have provided significant sup-
port for new anticancer drugs and molecular diagnos-
tic reagents. Many domestically developed diagnostic 
reagents and drugs have emerged, including tests for 
common biomarkers like EGFR, KRAS, ROS1, ALK, and 
HER2 (5, 7, 13), while a number of anticancer drugs 
have been approved by CFDA, such as the EGFR 
TKI icotinib hydrochloride (14), the subtype-selective 
histone deacetylase (HDAC) inhibitor chidamide (15), 
and the vascular endothelial growth factor receptor 
(VEGFR) TKI apatinib (16).

The future of cancer precision 
medicine in China

NGS is now widely used in laboratories around the 
world, allowing researchers to detect gene mutations 
quickly and efficiently, and greatly enhancing genom-
ics research. Previous cancer gene mutation tests 
were limited to qualitative analysis, but now correla-
tions between gene mutation abundance and treat-
ment efficacy can be used to better tailor treatment 
to individual patients or tumor types. For example, a 
study published in 2011 reported a better response 
to EGFR TKI in patients with a higher abundance of 
drug-sensitive EGFR mutations (17). 

Novel drugs have emerged that can gradually 
overcome primary and acquired treatment-related 
resistance. Avitinib, a third-generation EGFR TKI, has 
been used to overcome EGFR T790M mutation-
associated drug resistance in clinical trials (Clinical-
Trials.gov Identifier: NCT02274337, NCT02330367). 
A new ALK inhibitor, CT-707, is also in clinical trials 
(ClinicalTrials.gov Identifier: NCT02695550). Im-
munotherapy has become a promising treatment 
for cancer (18), and clinical trials with domestically 
developed programmed cell death protein 1 (PD-1) 
inhibitors have been initiated recently (ClinicalTrials.
gov Identifier: NCT02836834).

MOST declared that the 2016 National Major Re-
search Project in cancer precision medicine will focus 
on the molecular mechanisms involved in the incidence, 
relapse, and metastasis of lung cancer, gastric cancer, 
colorectal cancer, and breast cancer. It is also supporting 
research into cancer prevention and the development 
of intervention strategies, techniques for clinical diag-
nosis and treatment, and the improvement of medical 
treatments through pharmacogenomics. Furthermore, a 
program has recently been launched that uses big data 
analysis to improve the diagnosis and prognosis of Chi-
nese cancer patients. All of these initiatives will serve to 
promote the application of precision medicine in China. 

Conclusions
In the past decade, cancer molecular subtyping and 

targeted therapy have become important areas of 
research and now significantly benefit Chinese patients. 
Extensive work has been done in the fields of screen-
ing and intervention for high-risk cancer populations, 
as well as the molecular subtyping of cancer and the 
testing of different diagnostic models. As new technolo-
gies are developed and improved, cancer precision 
medicine will be more widely applied, with the goal 
of improving diagnosis, stratification, and treatment of 
cancer patients in China.
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The goal of precision oncology is the selec-
tion of a subset of patients with a common biologi-
cal basis of disease who are most likely to benefit 
from a drug or other treatment. It includes precision 
prevention (cancer risk detection and prophylactic 
intervention), precision diagnosis (early detection 
and diagnosis, and molecular classification), and 
precision treatment (targeted molecular therapies, 
treatment response prediction and monitoring, and 
precision surgery). Despite its promise, many chal-
lenges have to be overcome before precision oncol-
ogy can become a routine clinical practice.

Advances in understanding the molecular profile 
of tumor cells have led cancer treatment into a new 
era in which established clinical–pathological indi-
ces, coupled with molecular profiling, are applied 
to create diagnostic, prognostic, and therapeutic 
strategies precisely tailored to each patient’s require-
ments—hence the term “precision medicine” (1, 2). 
Oncology is arguably the clear choice for enhancing 
the near-term impact of precision medicine. One 
obvious reason is the fact that cancer is a genomic 
disease (3, 4). 

The implications of precision oncology 
In a narrow sense, precision oncology aims to indi-

vidualize therapeutic interventions based on 'omics 
data (such as genomics, proteomics, and metabo-
lomics profiling) and histopathological insights into 
tumor type, stage, and grade. In addition, precision 
surgery, which is based on the combination of visual, 
cytology, and pathology reviews, as well as molecu-
lar profiling assessments, can also be an important 
part of precision oncology (5).

For those with a significant genetic susceptibility 
such as a familial cancer, tests for specific genetic 
markers can confirm the possibility of a higher life-
time risk. In many of these cases, prophylactic inter-
ventions are the most effective strategies to reduce 

cancer risk, such as bilateral prophylactic mastectomy 
and oophorectomy for patients carrying BRCA 1/2 
mutations. Besides prophylactic surgical intervention, 
chemoprevention may be considered (5, 6). 

Predicting the risk of metastatic relapse following 
surgical treatment is an important factor to consider. 
Many gene signatures for metastasis risk in solid ma-
lignancies have been determined. Some commercial 
tests, based on a multigene panel of RNA expres-
sion, are available for the prediction of recurrence 
and are beneficial for determining which adjuvant 
therapies could reduce the risk of relapse (5–10). 

Cancer biomarkers are critical when considering 
which patients to recruit for a particular treatment, 
as well as for monitoring the success of therapeutic 
strategies. They can be used to improve the accuracy 
of clinical diagnosis, to monitor disease progression 
and therapeutic efficacy, to clarify disease stages and 
subtypes, and to predict patient outcome (11).

Over the last decade, a steady increase in the 
number of new targeted therapies has occurred. 
One example is angiogenesis inhibitors, a class of 
drugs designed to slow the growth of new blood 
vessels to tumors, which has proven critical for the 
successful treatment of many advanced and aggres-
sive cancers (12). More recently, targeting immune 
checkpoints (such as the PD-1/PD-L1 pathway) have 
shown promising results against advanced melano-
ma, kidney, and lung cancers in clinical trials (13, 14).

Predictive biomarkers are used to assess the prob-
ability that a patient will benefit from a particular 
treatment, which significantly influences treatment 
decision-making. A prime example is breast cancer, 
in which HER2 gene amplification indicates that the 
patient would benefit from trastuzumab (Herceptin) 
treatment. In addition, mutations in the kinase do-
main of the epidermal growth-factor receptor (EGFR) 
gene predict the sensitivity of lung cancers to erlo-
tinib or gefitinib treatment; conversely, mutations in 
the KRAS oncogene indicate that patients with lung 
cancer will fail to respond to these inhibitors.

A novel paradigm for precision surgery has 
been proposed that features optimization of thera-
peutic effectiveness, surgical safety, and minimal 
invasiveness. Apart from several preoperative and 
intraoperative assessments of the extent of tumor 
invasion into surrounding tissue using visual assess-
ment, cytology, and pathology reviews, other newer 
techniques have recently been employed including 
radiofrequency spectroscopy, optical coherence 
tomography, and molecular margin analysis (for ex-
ample, molecular profiling using iKnife). Using these 
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modalities in combination provides an ideal means 
to detect the spread of cancer (5, 6, 15). 

The challenges of precision oncology
The genetic heterogeneity between different 

individuals and even different tumors in the same 
individual is a primary reason why precision oncol-
ogy can be a powerful technique. Major challenges 
to accurately applying precision oncology include 
understanding and characterizing the genetic 
heterogeneity both within the primary tumor and 
in its metastases. During cancer progression, tumor 
cells have increased plasticity, leading to a dynamic 
phenotype. The genotype of a cancer can also 
evolve very differently in each patient. The plasticity 
of cancer cells and their capacity to add new genetic 
aberrations over time leads to one of the most chal-
lenging questions in precision cancer therapy: How 
many targets in an individual cancer are required to 
be treated? (1, 4, 12)

Cancer is a complex disease with multiple pos-
sible genetic aberrations. A deepening understand-
ing of cancer at the molecular level has begun to 
influence risk assessment, diagnostic categories, and 
therapeutic strategies, including the increased use 
of small-molecule drugs and antibodies designed 
to counter the influence of specific molecular driv-
ers. Identifying the genetic abnormalities that drive 
cancer development and growth is at the core of 
precision oncology, enabling the development of 
treatments tailored to the genetic makeup of the 
tumor. Recent massive cancer genomics efforts 
have provided insight into the underlying biologi-
cal features of cancer, including the identification of 
cancer biomarkers and therapeutic targets, and the 
characterization of factors that predispose certain 
cells to follow a tumorigenic pathway. The knowl-
edge derived from these studies is expected to have 
a significant impact on the precision diagnosis and 
treatment of cancer (12, 15, 16). 

A major concern within precision oncology is 
the need for scrupulous attention to the quality of 
the genetic and genomic analyses, which must be 
validated, standardized, and reproducible. Currently, 
the technology for genetic and genomic analysis 
is too complex for routine clinical practice, and the 
bioinformatics and analytical tools are too imprecise. 
Improvements are required in this area before these 
tools can be confidently utilized in a clinical setting.

Another challenge is identifying the genetic aber-
rations that are driving the behavior of individual 
patients’ cancer(s), and whether the genes or protein 

products involved in a particular signaling pathway 
are amenable to therapeutic interventions. Further-
more, the microenvironment in which the immune/
inflammatory response to the tumor occurs also 
plays a critical role in cancer progression and in the 
success or failure of the treatment (12).

There is a significant gap between cancer genom-
ics and its application in the clinic. In many large-
scale genomic sequencing efforts, only the mini-
mum of clinical data, such as tumor type and size, is 
available. The accuracy of the clinical data is limited, 
and key clinical information is often missing, such as 
tumor stage at diagnosis, tumor grade, tissue type, 
relapse type, and survival time (3). Better collabora-
tion is needed among cancer scientists, pathologists, 
and radiologists, as well as medical, surgical, and 
radiotherapy oncologists. Standardization of data 
from genomic clinical research is required so that 
it can be more easily cross-referenced with patient 
medical records (12).

It has been estimated that one individual cancer 
harbors five or six driver genetic aberrations (12), but 
these might differ between individuals and between 
particular tumors. Such complexity in the type and 
number of driver genetic alterations can be a formi-
dable obstacle to the success of precision oncology. 
It is widely questioned whether therapies based on 
targeting a single gene are sufficient to overcome 
a complex disease like cancer; the benefit from 
targeting a single driver genetic aberration is almost 
invariably temporary (16). We currently do not know 
how many driver genes must be targeted simulta-
neously or in succession to eradicate all malignant 
cells in a cancer (16). Using drug cocktails is one 
way to improve therapeutic efficacy, but this raises 
further clinical challenges: Which genetic aberra-
tions or pathways should be targeted, and how can 
increased toxicity to normal cells be avoided (12)? 

Furthermore, there is extensive evidence that 
cancer cells can adapt to and evade targeted drugs, 
either through mutation of the target genes or by ac-
tivating alternative compensatory pathways that can 
bypass the inhibitory effect of the drug. However, 
few of these theories have been fully characterized 
or applied in the clinic to counteract drug resistance 
(12). In addition, the role of the microenvironment 
in drug sensitivity remains a topic in need of further 
exploration.

With the development of cancer genomics, 
it is possible to screen for and identify disease-
associated and/or specific genetic alterations 
(biomarkers) for early detection and diagnosis, 
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molecular classification, and prognostication 
of cancers. Although some genes or molecular 
signatures have been identified, only a limited 
number of cancer patients have been able to benefit 
from these biomarkers for monitoring responses and 
tumor recurrence (3). The ability to select patients 
whose cancers are likely to respond to a particular 
targeted therapy has been hampered by the lack of 
validated genetic and molecular biomarkers (12). 

Conclusions
Although genome sequencing is an important 

aspect of precision oncology, there is more to the 
field than just this one technology; it also includes 
prevention, diagnosis, and treatment. The arrival 
of precision oncology doesn’t indicate the end of 
evidence-based medicine. On the contrary, it is 
hoped that precision oncology will aid in the design 
of better clinical trials, improved clinical diagnosis, 
and more precise treatment.

The ultimate goal of precision oncology, as stated 
earlier, is the selection of a subset of patients with a 
common biological basis of disease who are most 
likely to benefit from a particular drug or other type 
of treatment. Understanding cancer at the molecular 
level is necessary for the effective practice of preci-
sion oncology—and essential if it is to become a 
standard, valuable part of routine clinical decision-
making and practice.
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Nasopharyngeal carcinoma (NPC) is a com-
plex disease involving environmental factors, human 
genetic heterogeneity, and Epstein-Barr virus (EBV) 
infection, and remains endemic in southern China, 
with a peak annual incidence approaching 30 per 
100,000 persons (1). Overall prognosis has dramati-
cally improved over the past three decades because 
of advances in management, including more accu-
rate disease staging, improvement in radiotherapy 
technology, and broader application of chemother-
apy. Although overall survival exceeding 75% at five 
years can now be achieved, 20%–30% of patients 
will develop local or systemic relapse. Clinical TNM 
(tumor-nodes-metastasis) staging is still fundamental 
for prognosis and treatment decisions. There is cur-
rently no effective biomarker to tailor treatment to in-
dividual needs. The genetic landscape of NPC shows 
that typical tumors are characterized as having com-
paratively low mutation rates (2). Among the rare 
mutations, PIK3CA is considered to be a therapeutic 
target. Recently, several fusion genes have been 
identified in NPC, but the targetable fusion gene 
FGFR3-TACC3 was detected in only 4 of 159 (2.5%) 
NPC patients in a 2014 study (3). Nevertheless, 95% 
of NPC in the endemic areas in China is associated 
with EBV, and has a type II EBV latency pattern with 
expression of EBNA1, LMP1, LMP2, EBERs, BART, 
and BARF1 microRNAs. Interestingly, most of these 
genes are consistently expressed and were reported 
oncogenic in NPC (Figure 1). Therefore, to reach the 
ideal of precision medicine for NPC patients, better 
prevention, screening, and treatment targets need to 
be explored.
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lowered the rate of infectious mononucleosis, but 
failed to prevent EBV infection (4). EBV glycopro-
teins gH/gL and gB, but not gp350, are essential 
for EBV infection of epithelial cells, suggesting that 
vaccination using gH/gL or gB might yield better 
results. In addition, virus-like particles (VLPs) as-
sembled from the EBV capsid may also provide a 
promising vaccine (5).

Precision prevention of NPC
Considering the importance of EBV infection in 

the development of NPC, EBV prophylactic vac-
cines may have the potential to prevent this deadly 
disease. Several clinical studies have shown that 
vaccination with glycoprotein 350 (gp350), the 
most abundant glycoprotein in the envelope of EBV 
virions, induced EBV-neutralizing antibodies and 

FIGURE 1. Schematic of Epstein-Barr virus (EBV)-regulated pathways and immune responses in nasopharyngeal 
carcinoma (NPC). EBV exists in NPC with a type II latency pattern and predominantly expresses latent genes EBERs, 
EBNA1, LMP1, LMP2, BARF1, and BART microRNAs (miRNAs). LMP1 and LMP2 activate the NF-κB, JNK/SAPK, 
PI3-K/Akt, ERK-MAPK, PLC/PKC, and JAK/STAT signaling pathways. EBNA1 is required for the maintenance of EBV 
genomes, destabilization of p53, and activation of I kappa B kinases (IKKs); EBERs block protein kinase R (PKR) and 
type I interferons (IFNs); BART miRNAs inhibit apoptosis of NPC cells and activation of EBV lytic cycles; and excreted 
BARF1 possibly modulates the immune system by inhibiting macrophage colony-stimulating factor (MCSF). NPC 
cells harboring these latent genes can be recognized by immune cells such as CD4+ T cells, CD8+ T cells, dendritic 
cells (DCs), and macrophages. EBV infection of NPC cells might be blocked by the EBV glycoprotein gp350 or gH/gL- 
neutralizing antibodies. 
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Precision screening of NPC
The importance of precise screening cannot 

be overemphasized in precision oncology—not 
only do patients with early disease detection have 
significantly better outcomes (6), but they can also 
be spared the financial burden and the toxicities 
associated with additional chemotherapy treat-
ments. EBV serology and the presence of EBV DNA 
are meaningful risk indicators for NPC. Several 
large-scale prospective screening programs to 
assess optimal early detection strategies for NPC 
are in progress. Additionally, a microarray capable 
of screening for single nucleotide polymorphisms 
(SNPs) in NPC susceptibility genes and for EBV sub-
types was recently evaluated to predict the NPC risk 
for a given individual in the endemic area (7). 

Precision treatment of NPC
Chemoradiotherapy with/without adjuvant 

chemotherapy is the standard treatment regimen 
for advanced-stage NPC patients. Irrespective of 
the availability of modern treatments, 20%–30% of 
patients with locoregionally advanced NPC still die 
from complications caused by distant metastasis. 
This is in part due to the current lack of effective 
biomarkers to guide individualized treatment. 
Therefore, precise treatment is a tough clinical 
dilemma that we need to address. Circulating EBV 
DNA is an independent prognostic biomarker for 
patients with NPC and currently considered to be 
the most attractive potential biomarker to comple-
ment TNM classification (8–10). Several clinical trials 
will incorporate serum EBV DNA as a biomarker to 
guide precise treatment for patients with NPC (11, 
12). However, the drawback of plasma EBV DNA as 
a biomarker at present is that its measurement has 
yet to be globally standardized.

The benefits gained from concurrent chemother-
apy are set to plateau, and new treatments should 
be explored to improve the prognosis for NPC 
patients. In view of the consistent presence of EBV 
in NPC, it is possible to exploit molecular agents, 
specific antibodies, therapeutic virus vaccines, and 
immunotherapies to target EBV antigens or EBV-
regulated pathways. 

The extracellular loop domains of EBV latent 
membrane proteins (LMP1 and LMP2) may serve as 
therapeutic targets. An antibody against the TES1 
domain of LMP1 inhibited the proliferation of NPC 
cells in a dose-dependent manner (13). Recent-
ly, agents targeting viral DNA replication protein 
EBNA1 and LMP1 have been explored. A new 

approach targeting EBNA1 proposed a targeted ex-
pression vector pMC.BESPX-oriP (origin of plasmid 
replication) that could carry diversified therapeutic 
genes for EBV-positive NPC (14). 

Regarding the EBV-regulated pathways, other 
treatment approaches may be available. Epidermal 
growth factor receptor (EGFR) and vascular en-
dothelial growth factor (VEGF) are upregulated by 
LMP1 in NPC, and clinical trials of their inhibitors, 
such as cetuximab and sorafenib against EGFR and 
VEGF respectively, show efficacy and tolerance for 
NPC treatment (15, 16). DZ1 is an LMP1-targeted 
DNAzyme that downregulates the expression of 
LMP1, and potentially inhibits proliferation of and 
increases radiosensitivity of NPC cells (17). 

Another promising targeted therapeutic strat-
egy combining induction of EBV lytic cycles and 
antiviral drugs has been proposed. Representa-
tive substances that activate the lytic cycle of EBV 
include drugs affecting host DNA methylation and 
histone deacetylation. Nucleoside analogs, such 
as acyclovir and ganciclovir, can eliminate EBV 
effectively. As several clinical studies have shown, 
combining arginine butyrate with ganciclovir and 
sodium valproate, an inducer of DNA demethyl-
ation, had therapeutic benefits for EBV-associated 
malignancies (18, 19). Further phase 3 clinical trials 
are needed to assess the clinical safety and efficacy 
of these strategies.

Immunotherapies targeting EBV provide a highly 
promising strategy to cure NPC. NPC cells harbor-
ing EBNA1, LMP1, and LMP2 can be recognized by 
cytotoxic T cells, suggesting the potential to pro-
duce EBV-specific therapeutic vaccines by inoculat-
ing patients with EBV-associated latent antigens. 
Several clinical trials have reported that infusions 
of EBV-specific cytotoxic T lymphocytes (CTLs) into 
advanced NPC patients resulted in remissions (20). 
Combining conventional therapies with EBV-CTLs 
in patients with advanced NPC achieved positive 
survival outcomes (21). Chimeric antigen receptor T 
cell (CAR-T) and T-cell receptor T cell (TCR-T) immu-
notherapies are also potentially promising strate-
gies. Immune checkpoint modulators, such as PD-1, 
CTLA4, CD160, TIM3, and LAG3, are reported to be 
upregulated in exhausted cytotoxic T cells in tumor 
and chronic virus infection models (22). PD-L1 is 
reported to associate with NPC and is regulated 
by the LMP1 and interferon (IFN)-γ pathways (23). 
The anti PD-1 drugs pembrolizumab and nivolumab 
have been applied to cancer patients and achieved 
a certain durable objective (complete or partial) 
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response rate of 31%–44% for advanced melanoma, 
19%–20% for non-small cell lung cancer, 22%–25% 
for renal cell carcinoma and 14–25% for head and 
neck cancer (24, 25). Targeting a combination of 
two checkpoints, such as PD-1 and LAG3, could 
theoretically improve NPC outcomes.

In summary, as more low-frequency mutations 
are identified by whole-genome sequencing, inte-
gration of panomics data may help to explore the 
predictive biomarkers that will enable selection of 
patients for a specific therapy. Nevertheless, strate-
gies targeting EBV will be of great value. 

  References
  1. A. Jemal et al., CA Cancer J. Clin. 61, 69–90 (2011).
  2. D. C. Lin et al., Nat. Genet. 46, 866–871 (2014).
  3. L. Yuan et al., Cancer Biol. Ther. 15, 1613–1621 (2014).
  4. E. M. Sokal et al., J. Infect. Dis. 196, 1749–1753 (2007).
  5. S. Pavlova et al., J. Virol. 87, 2011–2022 (2013).
  6. Y. C. Chien et al., N. Engl. J. Med. 345, 1877–1882 (2001).
  7. Q. Cui et al., Oncotarget (2016), doi: 10.18632/oncotarget  
 .11144.
  8. J. C. Lin et al., N. Engl. J. Med. 350, 2461–2470 (2004).
  9. L. Tang et al., J. Natl. Cancer Inst. 108, djv291 (2016).
10. L. Q. Tang et al., Int. J. Radiat. Oncol. Biol. Phys. 91, 325–336 
 (2015).
11. ClinicalTrials.gov, “Individualized Treatment in Treating   
 Patients with Stage II-IVB Nasopharyngeal Cancer Based on  
 EBV DNA” (2014); available at https://clinicaltrials.gov/ct2/ 
 show/NCT02135042.
12. Clinical Trials.gov, “Phase II Trial of TIL Following CCRT   
 in Patients with Locoregionally Advanced NPC (TIL)” (2015);  
 available at https://clinicaltrials.gov/ct2/show/NCT02421640.
13. D. Zhang et al., Viruses 5, 1131–1142 (2013).
14. Y. Zuo et al., Oncol. Rep. 32, 2564–2570 (2014).
15. A. T. C. Chan, J. Clin. Oncol. 23, 3568–3576 (2005).
16. C. Elser et al., J. Clin. Oncol. 25, 3766–3773 (2007).
17. L. Yang et al., Molecules 15, 6127–6139 (2010).
18. K. Jones et al., Int. J. Lab. Hematol. 32, e169–e174 (2010).
19. M. A. Wildeman et al., Clin. Cancer Res. 18, 5061–5070   
 (2012).
20. C. Smith et al., Cancer Res. 72, 1116–1125 (2012).
21. W. K. Chia et al., Mol. Ther. 22, 132–139 (2014).
22. P. A. Ott et al., Chin. Clin. Oncol. 2, 7 (2013).
23. W. Fang et al., Oncotarget 5, 12189–12202 (2014).
24. S. L. Topalian et al., Nat. Rev. Cancer 16, 275–287 (2016).
25. T. Y. Seiwert et al., Lancet Oncol. 17, 956–965 (2016).

Acknowledgments
This work was supported by the National Basic Research Program 
of China (973 Program) (2012CB967003) and the National Natural 
Science Foundation of China (81230045 and 91440106).

CAR T-cell–based 
therapeutic modality 
in solid tumors: How to 
achieve precision

Yang Liu1, 2, Hanren Dai2, Yao Wang2, 
Zhiqiang Wu2, Yi Zhang3, and Weidong Han2*

The clinical successes of CD19-targeted 
chimeric antigen receptor (CAR) T-cell treatment in 
B-cell lineage hematopoietic malignancies in recent 
years (1), especially in acute lymphocytic leukemia 
(ALL), have shown that tumor cells can be precisely 
and efficiently targeted and eliminated by tumor- 
associated, antigen-redirected immune cells. How-
ever, consideration of the significant differences 
between liquid and solid tumors is needed to ascer-
tain rational, feasible, and efficient CAR T-cell–based 
therapeutic modalities in solid tumors. How to pre-
cisely instruct transfused CAR T cells to attack tumor 
cells growing outside of normal circulation is still a 
great challenge. The following considerations and 
opinions may help move us to this end.

Safety
  Unlike CD19, which is expressed solely in B-cell 

lineages, tumor-associated antigens identified thus far 
are not strictly limited to solid tumors. These antigens 
can always be detected in comparatively lower levels 
in several normal cell types and may even be essential 
for maintaining cell homeostasis. Toxicities derived 
from off-tumor effects—also known as the “bystander 
effect”—have to be anticipated when using increasing 
dosages of CAR T-cell infusions. The complete clear-
ance of cells expressing the target antigen can pos-
sibly lead to severe, and even lethal, events. To avoid 
this, one strategy is to modify CAR T cells to recognize 
only cells that express two aberrant antigens (2). Ad-
ditionally, fine tuning the cytocidal activities of CAR 
T cells so that less of a bystander effect occurs may 
broaden tumor-associated antigen targets (3).
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Target selection
Contrary to CD19 expression in nearly all B-cell 

lineage malignant cells, tumor-associated antigens 
identified so far are highly heterogeneous in solid 
tumors. Any one antigen cannot cover all tumor 
cells existing within one single tumor mass, let alone 
those in adjacent and distal metastatic lesions. 
Theoretically, the high heterogeneity inherent in 
solid tumors would inevitably result in tumor recur-
rence if just one antigen was selected as a target for 
CAR T cells. Analysis of CAR T-cell infusions reveals 
a clinical response rate of less than 20%, and the ef-
fect is always transient. As we reported recently, only 
2 out of 10 patients with refractory and advanced 
non-small cell lung cancer experienced partial remis-
sion lasting 2 to 10 months following epidermal 
growth factor receptor (EGFR)-redirected CAR T-cell 
infusion. This was after we demonstrated via tumor 
biopsies that the EGFR-positive tumor cells should 
largely be cleared after cell therapy (4). To target 
>90% of tumor cells, we believe that at least two 
antigens need to be targeted. Recent unpublished 
results from immunohistochemical screening of chol-
angiocarcinoma and pancreatic carcinoma samples 
suggest that approximately 50% of patients with 
epithelium-derived tumors would be suitable for the 
combinatorial targeting of EGFR and EGFR2 using 
the CAR T-cell system. 

There is evidence that a tumor-initiating cell, or 
tumor stem cell, is involved in the processes of tu-
morigenesis, metastasis, progression, and potential 
treatment resistance that occur in most solid tumors 
(5). Prior research has shown that most tumor cells in 
the tumor mass are descendants of rare and senes-
cent stem-like tumor cells. Many molecular pathways 
and signaling events impacting the behavior of 
tumor stem cells have been characterized through 
research on stem cell-enriched tumor cells isolated 
using differential surface markers such as CD44, 
CD133, and ABCG2 (6). Targeting dormant tumor 
stem cells using CAR T-cell–based therapies has pro-
duced promising results (7). CD133 is a particularly 
attractive target because it is the preferred marker 
for epithelium-derived tumor stem cell isolation (6), 
and is also a marker of circulating epithelial progeni-
tor cells (EPCs), which are thought to be the cell type 
that forms the premetastatic niche at distant sites in 
the body (8). A clinical trial utilizing a “double-hit” 
(cancer stem cells and EPCs) CD133-specific CAR 
T-cell treatment in refractory epithelium-derived 
tumors is currently underway.  

Considering the requirement of periodic CAR 

T-cell infusions in solid tumors and the development 
of antimurine single-chain fragment variable (scFv) 
immunity in patients, we have proposed a promising 
treatment regimen involving the sequential admin-
istration of CAR T cells targeting multiple antigens 
(Figure 1) (1, 4, 8, 9).

Trafficking and persistence
Trafficking into the tumor mass and proliferation of 

CAR T cells in situ is a rate-limiting step in this thera-
py. Only CAR T cells migrating outside of the circu-
latory system have the chance to squeeze into the 
solid tumor mass. Modification of CAR T cells that 
focuses on how to improve their trafficking efficacy 
has been explored using experimental animal mod-
els (9). One promising strategy to at least partially 
solve the low efficiency of CAR T-cell trafficking is to 
combine this therapy with other approved agents 
or approaches, such as chemotherapies, radiothera-
pies, immune checkpoint inhibitors or activators, and 
small molecule compounds. 

Some chemotherapies serve not only as cytotoxic 
agents but also as immune adjuvants (10). Nab- 
paclitaxel, an accepted tumor stroma targeting 
agent, may help CAR T-cell homing to the tumor 
mass, and cyclophosphamide can deplete endog-
enous lymphocytes including immune-inhibitory 
cells within the tumor bed, to make room for CAR 
T-cell expansion. In our current trial, EGFR-, HER2-, 
CD133-, and mesothelin-directed CAR T, together 
with Nab-paclitaxel and cyclophosphamide, were 
administered before cell infusion as a preferred neo-
adjuvant conditioning regimen. In addition, fludara-
bine/cyclophosphamide, a commonly used condi-
tioning regimen in hematopoietic malignancies, can 
also be effective as a part of this treatment plan. 

Local radiation can induce an antitumor immune 
response by promoting lymphocyte infiltration, and 
in rare cases, trigger an abscopal effect possibly 
mediated by enhancing antigen presentation and 
tumor immunogenicity, increasing production of 
cytokines and altering the tumor microenvironment 
though a cancer-immunity cycle mechanism (11). We 
have postulated that the trafficking and functional 
activity of CAR T cells would be greatly enhanced by 
using combination therapies that include radiation.  

Alternative assembly
Some laboratories are upgrading to “armed” or 

“robust” CAR T cells (9): To enhance and amplify 
the antitumor efficacy of CAR T cells, an alternative 
“weapon”—such as interleukin (IL)-12 or an oncolytic 
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virus—can be assembled in CAR T cells and released 
in an antigen/CAR T-cell interaction-dependent 
manner. Additionally, CAR T cells can be made more 
robust through a genetic engineering strategy that 
switches inhibitory receptor signaling to activating 
transduction (12). 

CAR T cells generated from T cells enriched with 
tumor neoantigen-specific T-cell receptor (TCR) 
are of great interest, because the antitumor activity 
of T cells produced by this strategy will be greatly 
extended, at least theoretically. So far, the epigen-
etic alterations of tumor cells have been well linked 
to the manifestation of tumor antigens including 
neoantigens and the subsequent antitumor im-
mune response of the host (13). Our previous work 
also showed that the TCR repertoire of peripheral 
blood in patients treated with low-dose decitabine, a 
DNA methyltransferase inhibitor, can be extensively 
broadened (14), further raising the possibility that 
more powerful CAR T cells could be produced in 
patients treated with epigenetic agents.       

Future perspectives
Although several barriers need to be overcome, 

current trials of CAR T-cell treatments in solid 
tumors show promise. Rational and precise integra-
tion of CAR T-cell treatment into other approved 
approaches is an important treatment option in 
the clinic, coupled with careful engineering of CAR 
T cells in the laboratory. Given the heterogeneity, 
hierarchy, antigen shift, and immunosuppressive 
microenvironment seen in solid tumors, we have 

proposed a novel CAR T-cell–based therapeutic mo-
dality (Figure 1), termed a “neoadjuvant condition-
ing-primed CAR T-cell cocktail and combinatorial 
modality.” We are hopeful that using the precision 
of CAR T-cell therapy in this new way will enhance 
the landscape of cancer treatment and patient care 
in the future. 

  References
  1. T. Zhang et al., Oncotarget 6, 33961–33971 (2015).
  2. K. T. Roybal et al., Cell 164, 770–779 (2016).
  3. C. Y. Wu, K. T. Roybal, E. M. Puchner, J. Onuffer, W. A. Lim,  
 Science 350, aab4077 (2015). 
  4. K. Feng et al., Sci. China Life Sci. 59, 468–479 (2016).   
  5. P. Valent et al., Nat. Rev. Cancer 12, 767–775 (2012). 
  6. I. Miranda-Lorenzo et al., Nat. Methods 11, 1161–1169 (2014).
  7. D. Abate-Daga et al., Hum. Gene Ther. 25, 1003–1012 (2014).
  8. A. B. Mak et al., Am. J. Pathol. 184, 1256–1262 (2014).
  9. H. Dai, Y. Wang, X. Lu, W. Han, J. Natl. Cancer Inst. 108,   
 djv439, doi: 10.1093/jnci/djv439 (2016). 
10. L. Galluzzi, A. Buqué, O. Kepp, L. Zitvogel, G. Kroemer, Cancer  
 Cell 28, 690–714 (2015).
11. M. B. Bernstein, S. Krishnan, J. W. Hodge, J. Y. Chang, Nat.  
 Rev. Clin. Oncol. 13, 516–524 (2016).
12. J. A. Figueroa et al., Int. Rev. Immunol. 34, 154–187 (2015).
13. M. M. Gubin, M. N. Artyomov, E. R. Mardis, R. D. Schreiber, J.  
 Clin. Invest. 125, 3413–3421 (2015).
14. J. Nie et al., Oncotarget 7, 37882–37892 (2016). 

Acknowledgments
This research was supported by the Science and Technology 
Planning Project of Beijing City (Z151100003915076 to WDH) and 
the National Natural Science Foundation of China (31270820 and 
81230061 to WDH). 

FIGURE 1. Neoadjuvant 
conditioning-primed CAR T-cell 
cocktail and combinatorial 
modality. (A) Large tumor 
mass debulking, stromal 
loosening, and endogenous 
lymphodepletion by selective 
chemotherapeutics (neoadjuvant 
chemoconditioning) and/or 
radiotherapy are crucial for CAR 
T-cell trafficking into the tumor 
bed and proliferation in vivo. 
(B) Differential antigen-directed 
(antigen A and B) and/or 
cancer stem cell (CSC)-targeted 

CAR T cells are sequentially infused. (C) On the basis of the previous treatments (A and B), tumors can be efficiently 
controlled and even eliminated through intervention with premetastatic niche (PMN)-forming cells and a combination 
of epigenetic agents such as decitabine and/or immune checkpoint inhibitors such as anti-PD1 antibody (13). TME, 
tumor microenvironment. 
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Late recurrence in luminal breast cancer
Luminal breast cancer can be further divided into 

the Luminal A and Luminal B subtypes. Both subtypes 
are associated with high expression of the estrogen 
receptor (ER); they are typically responsive to en-
docrine therapy but are less responsive to chemo-
therapy. Recurrently mutated genes in both subtypes 
include PIK3CA, CDH1, MAP3K1, GATA3, MAP2K4, 
FOXA1, TP53, PTEN, and RUNX1 (6). The Luminal A 
subtype is characterized by a low pathological grade, 
high differentiation, and low proliferation rates. This 
subtype has the highest number of recurrently mu-
tated genes and the lowest total number of mutations 
for each tumor, indicating that these alterations are 
likely to be driver mutations. There are lower pro-
gesterone receptor (PR) and higher Ki-67 expression 
levels in the Luminal B subtype than the Luminal A 
subtype. Luminal B tumors also have higher complete 
remission rates in response to neoadjuvant chemo-
therapy, and they are possibly more sensitive to adju-
vant chemotherapy than Luminal A tumors (8). 

Luminal breast cancer accounts for approximately 
two-thirds of all cases (9). Compared to TNBC and 
HER2-positive breast cancers, luminal breast cancer 
has more therapeutic options, including hormonal 
therapy and HER2-targeted therapy. However, after 
undergoing 5 years of adjuvant hormonal therapy, 
patients with luminal breast cancer have a sustained 
risk of disease recurrence and death for at least 15 
years after diagnosis (10). Luminal breast cancer 
includes a group of highly heterogeneous diseases, 
and the prognosis of each patient is highly variable. 
Therefore, it is important to identify patients with a 
high risk of late recurrence and poor prognosis so 
that further treatments can be applied. The combina-
tion of molecular biomarkers and traditional clini-
copathological characteristics may offer alternative 
routes for further classifying luminal breast cancer 
into subclasses showing different endocrine sensitiv-
ity and therapeutic outcomes.

Resistance to targeted therapy in HER2-
positive breast cancer

HER2-positive breast cancer is characterized by 
high levels of HER2 amplification and low levels 
of ER or PR expression. It also has the highest 
single nucleotide mutation rate and a short list 
of recurrently mutated genes (of which TP53 and 
PIK3CA are most frequently mutated) compared 
to other subtypes (6). These tumors generally have 
a high pathological grade and a high rate of brain 
metastases (11). They are sensitive to adjuvant 
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Breast cancer research 
in the era of precision 
medicine

Yi-Zhou Jiang1 and Zhi-Ming Shao1,2*

A s next-generation sequencing continues 
to reveal new information about the genetic back-
ground of different cancers, novel cancer-associated 
genetic alterations are being identified and their 
functional consequences investigated. It is therefore 
an ideal time to implement precision medicine; but 
despite its exciting potential, there are only a few 
selected diseases and molecular subtypes for which 
effective therapies have been shown. One example 
is anti-human epidermal growth factor receptor 2 
(HER2)-targeted therapy for HER2-positive breast 
cancer (1). 

Breast cancer is the most common cancer 
diagnosed in women, and approximately one 
in eight women living in the United States has 
a lifetime risk of developing the disease (2). 
Breast cancer is also one of the most studied 
solid tumors and has the potential for being 
manageable with a precision medicine approach. 
It has been well established that these tumors 
are extremely heterogeneous (3, 4). According to 
gene expression profiles, breast cancer can be 
divided into several molecular subtypes, including 
luminal breast cancer, HER2-positive breast 
cancer, and triple-negative breast cancer (TNBC) 
(3, 5). For each subtype, there are unique tumor 
biology characteristics and treatment strategies. 
Intrinsic subtypes are associated with different 
gene expression and mutation profiles as well as 
different prognoses and responses to therapies 
(6). In the era of precision medicine, therapies are 
being developed using the framework of molecular 
subtyping (7). Here, we summarize the major 
challenges and possible solutions of treating so-
called “refractory” breast cancer.
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the HER2 kinase domain might be a key mechanism 
of resistance to HER2-targeted therapy, and that 
irreversible tyrosine kinase inhibitors, such as 
neratinib, may offer alternative treatment options. 
Using panomics solutions, researchers are able 
to further identify comprehensive drug resistance 
mechanisms and determine ways to overcome 
resistance to HER2-targeted therapies.

Heterogeneity and lack of druggable 
targets in TNBC

TNBC, which lacks ER and PR expression as well 
as HER2 amplification, accounts for 10%–20% of 
all breast cancers. TNBCs occur more frequently 
in younger patients and in general, the tumors are 
larger in size, have a higher grade, are more likely 
to show lymph node involvement at diagnosis, and 
are biologically more aggressive (17, 18). This breast 
cancer subtype is associated with BRCA1 germline 
mutations, and TP53 is the only recurrently mutated 
gene (6). Chemotherapy is the primary treatment 

anthracyclines and taxanes, and they are typically 
responsive to the (neo)adjuvant trastuzumab 
(HER2-targeted therapy) in combination with 
chemotherapy (1).

While HER2-targeted therapies, such as 
trastuzumab and lapatinib, have considerable 
efficacy in treating HER2-positive breast cancer 
patients (12–14), clinicians and researchers alike 
have increasingly observed primary and acquired 
drug resistance in HER2-positive breast cancer 
patients, undermining the clinical value of these 
HER2-targeted drugs (15, 16). Extensive research 
has been conducted on the molecular mechanisms 
contributing to trastuzumab and lapatinib 
resistance (14), including the overexpression or 
hyperexpression of other HER family receptors and 
their ligands, PI3KCA mutations, AKT mutations 
or amplifications, and loss of phosphatase and 
tensin homolog (PTEN) expression, all of which 
result in amplification of the PI3K/Akt/mTOR 
pathway. Recently, we revealed that mutations in 

FIGURE 1. Challenges 
and possible solutions in 
the precision treatment of 
breast cancer.
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for TNBC. Despite their increased rates of clinical 
response to neoadjuvant chemotherapy, women 
with TNBC have a higher rate of distant metastasis 
and a poorer prognosis than women with other 
breast cancer subtypes. 

According to the Lehmann/Pietenpol 
classification, TNBCs can be further subdivided 
into seven types that display unique gene 
expression patterns and ontologies (19). A 
challenge to TNBC treatment might be the 
disease’s heterogeneity and the absence of well-
defined molecular targets. Similar chemotherapy 
strategies evoke diverse responses and clinical 
outcomes in TNBC patients. At present, no method 
exists for categorizing differences between TNBC 
patients at the time of diagnosis. Thus, further 
classifying this aggressive disease subtype in order 
to better tailor patient treatment is a top priority. 
Meanwhile, identifying effective biomarkers and 
druggable targets specific to TNBC patients would 
significantly enhance personalized treatments. 
Substantial parallel sequencing and other 'omics 
technologies have identified potentially actionable 
molecular features in some TNBCs, such as 
germline BRCA1/2 mutations, high expression of 
the androgen receptor, and several rare genomic 
alterations (20). Recently, using comprehensive 
transcriptome profiling, we have been able to 
develop a novel TNBC classification system and 
also identify subtype-specific long noncoding 
RNAs that may be useful biomarkers and 
therapeutic targets (21).

The challenges noted above are the most 
problematic in the current treatment of breast 
cancer. The implementation of multiomics-driven 
cancer medicine may help to overcome them 
(Figure 1). First, a high-quality, representative 
patient cohort should be established. Second, 
the panomics data profile of the patients’ tumors 
should be characterized using state-of-the-art 
technologies. Third, the 'omics data should be 
filtered using a knowledge base of existing and 
emerging anticancer drugs to identify potential 
targets and predictive/prognostic biomarkers. 
Finally, an annotated list that can be incorporated 
into clinical decision-making should be presented 
to the treating oncologist. Future clinical research 
and patient treatment with targeted agents are 
likely to be more informative when using genetic 
studies performed on specimens and with precise 
preselection of patients.

We are entering an exciting era in which it is 
possible to provide breast cancer patients with 
precision therapy based on the factors driving 
their tumors and using the emerging drug toolkit. 
This therapy may provide the greatest opportunity 
for combating breast cancer to date. With the 
continued progress in developing new biomarker-
based therapies and tests for earlier cancer 
detection, we can anticipate giant steps forward in 
improving patient outcomes in the future.
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Gene expression profiling–
guided clinical precision 
treatment for patients 
with endometrial 
carcinoma
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Endometrial carcinoma (EC), a common gy-
necologic cancer, is the main component of uterine 
corpus malignant tumors (1). In China, uterine cor-
pus malignant tumor incidence in 2014 was 5.84 per 
100,000 individuals, and the disease composition 
ratio was 1.54% (2). The incidence trend has been 
increasing, recently measured at 6.46 per 100,000 
individuals in 2015 (3). Traditionally, the histologi-
cal grading of EC has been based on Bokhman’s 
classification, which divides it into type I and type II. 
Personalized therapy strategies have been based on 
age of onset, International Federation of Gynecol-
ogy and Obstetrics (FIGO) staging, histology types, 
intraperitoneal features, or patient preference (1, 4). 
Most EC patients, especially those with early-stage 
endometrioid endometrial adenocarcinoma (EEC), 
will have a good prognosis (5). However, a 2014 
study showed that similar staging and histology 
results in early-stage EC patients had completely dif-
ferent prognoses postoperatively, with EEC recurring 
in more than 8% of patients (6). Moreover, 14.5% 
of high-risk patients, including those with poorly 
differentiated EEC or uterine papillary serous carci-
noma (UPSC) survived for more than five years after 
surgery in our clinical practice (7).

In a previous study, we found that differential 
surgical management does not contribute to 
these diverse prognoses, and that even similar 

clinical management may result in quite different 
outcomes (5). These results suggest that EC is a 
highly heterogeneous disease (8), and that different 
genetic alterations may exist in tumors exhibiting the 
same histological phenotype, resulting in different 
biological behavior as well as different sensitivities to 
treatment. Additionally, different clinicopathological 
characteristics of molecular subtypes may exist in 
the same histology types of EC, which also suggests 
that some flaws exist in the current therapy strategy 
based on the clinical pathological diagnosis and 
Bokhman’s classification. It is therefore necessary 
to perform tumor genotyping in EC patients 
to properly understand and predict treatment 
responses (9, 10).

We performed a series of gene expression pro-
filing experiments using EC specimens to identify 
the molecular subtypes present in each sample and 
ascertain the individual’s clinical characteristics and 
prognosis. Our aim was to establish a gene expres-
sion profile–guided and clinically precise treatment 
for EC patients (11–13).

In a previous study of EC, we measured the 
expression levels of several routine biomarkers in 
tumor specimens to assess prognosis after surgery. 
These biomarkers included the estrogen receptor 
(ER), progesterone receptor (PR), tumor protein 
p53, phosphatase and tensin homolog (PTEN), 
and the Ki-67 proliferation marker. The results 
showed that only PR expression could be used as 
an independent marker of poor prognosis, and that 
the incidence of PR-negative tumors in the Chinese 
population was 14.5% (14). These results suggest the 
importance of establishing a more comprehensive 
estimation system (including biomarker panel 
typing, age of onset, FIGO staging, histology types, 
and intraperitoneal features, among other factors) 
to predict outcomes of EC patients based on 
intertumor heterogeneity.

UPSC vs. EEC
We selected 492 EC-related genes from the 

National Center for Biotechnology Information 
(NCBI) database, and oligoprobes against these 
genes were then designed using the UniGene 
Database and the Reference Sequence (RefSeq) 
Database to create a 492-gene microarray (11). 
Figure 1 shows the workflow for gene expression 
profiling of these putatively EC-related genes 
(11–13). The gene expression profiles of 37 EC 
samples were tested on this microarray; samples 
were collected from hysterectomies performed at 
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the Department 
of Obstetrics and 
Gynecology at 
Peking University 
People’s Hospital 
from October 1, 
2007, to December 
31, 2008. A 
hierarchical cluster 
algorithm was 
used to sort tumor 
samples according 
to the expression 
patterns of the 
analyzed genes 
(11). Four distinct 
tumor clusters 
(clusters 1–4) were 
present among the 
37 patients, and a 
clear correlation 
existed between 
the histological 
features and clinical 
characteristics of 
the tumors (11). 
UPSC samples 
exhibited distinct 
gene expression 
profiles (cluster 1) 
compared to those of EEC (clusters 2–4) (12). Using 
significance analysis of microarrays (SAM), 46 genes 
that could highly discriminate UPSC from EEC were 
identified. These gene expression patterns were 
further evaluated by an immunohistochemistry 
assay to validate the results, indicating that the 
expression levels of several genes were significantly 
different between EEC and UPSC, including mitotic 
checkpoint serine/threonine-protein kinase BUB 
1 (BUB1), fucosyltransferase 8 (FUT8), kinetochore 
protein Hec1 (NDC80), annexin A4 (ANXA4), and 
bcl-2 binding component 3 (BBC3) (12).

EEC subtypes
Based on hierarchical cluster analysis, EEC cases 

could be divided into three subtypes (clusters 2–4) 
(13). Distinct clinicopathological features appeared 
in each cluster. However, in a pairwise analysis, the 
differences in clinicopathological features between 
cluster 3 and cluster 4 were not significant. The 
distribution of clinicopathological parameters 
among these EEC clusters was also examined, and 

more prognosis-
related high-risk 
factors (including 
high grade, deep 
myometrial invasion, 
and PR-negative 
expression status) 
were observed in 
cluster 2. To identify 
EC prognosis–
related genes, 
the genes that 
were differentially 
expressed between 
cluster 2 and 
clusters 3 and 4 
were identified by 
the SAM method; 47 
differential genes 
were selected 
and defined 
as the primary 
EC prognosis–
related gene 
candidates. Based 
on our previous 
retrospective study 
(14), the grade and 
PR status were 
independent risk 

factors for EC outcomes. The 37 EC samples were 
therefore divided into two groups according to their 
PR expression status and grade. SAM indicated 21 
differentially expressed genes (Figure 1), and these 
genes were defined as secondary EC prognosis–
related gene candidates. When these two sets 
were compared and combined with the 46 genes 
differentially expressed in UPSC and EEC samples, 
21 overlapping genes were identified. These were 
regarded as EC prognosis–related genes.

Unsupervised clustering in 33 EC cases was 
performed with the 21 EC prognosis–related genes 
(including 24 FIGO stage I EEC cases, four FIGO 
stage III EEC cases, and five UPSC cases). The 33 
cases were divided into two clusters (clusters 5 
and 6), with the high-risk prognosis-related factors 
distributed as follows (see Figure 2): (1) Nearly all 
of the recurrent and deceased cases were found 
to be in cluster 6, and only one deceased case was 
present in cluster 5; (2) the only two nonrecurrent 
stage III cases were in cluster 5; (3) all of the ER-
negative, PR-negative, or UPSC cases fell into 

FIGURE	1.	Flowchart	of	gene	expression	profiling–guided,	
EC prognosis–related gene screening. EC, endometrial 
carcinoma; UPSC, uterine papillary serous carcinoma; EEC, 
endometrioid endometrial adenocarcinoma.
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cluster 6; and (4) three of 15 cases with grade 3 
and/or deep myometrial invasion were found in 
cluster 5. These results suggested that EC cases 
were successfully classified into two clusters in 
which outcomes segregated together with defined 
EC prognosis–related genes. These 21 genes may 
therefore be useful in the future for predicting 
outcomes in EC patients and for guiding clinical 
management (15).

To further confirm the correlation between the 21 
EC prognosis–related genes and EC progression, 
the genes and their molecular mechanisms 

were individually analyzed and verified through 
in vivo and in vitro experiments. For example, 
dual-specificity phosphatase 1 (DUSP1) was 
overexpressed in the early stage and nonrecurrent 
stage of the EC samples, while it showed little 
expression in recurrent-stage EC samples (Figure 
3) (16). A stable knockdown of DUSP1 increased 
human EC cells migration and proliferation 
and activated the MAPK/ERK pathway in the 
Ishikawa endometrial adenocarcinoma cell line. 
Medroxyprogesterone acetate upregulated DUSP1 
expression and inhibited the MAPK/ERK pathway as 

FIGURE 2. Hierarchical clustering analysis 
of 21 EC prognosis–related genes in 
33 EC samples. The upper table shows 
high-risk prognosis-related factors in 
each case. Recurrence indicates that the 
patient experienced recurrence within 
an average of 64 months. The “Dead” 
label indicates that the patient died, 
and that death was attributable to EC, 
within an average of 64 months following 
treatment. UPSC, uterine papillary serous 
carcinoma; H. Stage, FIGO stage III or 
IV; H. Grade, grade 3; D.MI, myometrial 
invasion ≥2; ER (–), estrogen receptor 
negative; PR (–), progesterone receptor 
negative. The lower panel shows 
hierarchical clustering. Red indicates 
gene expression above the median; 
green indicates expression below the 
median; black indicates expression equal 
to the median. Gray indicates inadequate 
or missing data.

FIGURE 3. DUSP1 expression in 
nonrecurrent and recurrent stage Ia 
EEC tissues (100×). Scale bars: 100 
μm. EEC, endometrioid endometrial 
adenocarcinoma.
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Glycomics and its 
application potential 
in precision medicine

Youxin Wang1,2†, Eric Adua1†, 
Alyce Russell1†, Peter Roberts1, Siqi Ge1,2, 
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The human genome encodes approximately 
40,000 proteins (1), with posttranslational 
modifications (PTMs) such as phosphorylation, 
ubiquitination, acetylation, lipidation, and 
glycosylation increasing protein complexity by 
several orders of magnitude. Of the numerous 
protein PTMs, glycosylation is the most complex 
and predominant (2). Over half of all human 
proteins are glycosylated (3). Glycosylation is a 
ubiquitous process in which proteins are modified 
by linear or branched carbohydrates known as 
glycans (4). Glycans are structurally diverse, and 
several glycans can bind to the same protein 
on different sites, resulting in multiple different 
glycoforms (5, 6). Glycans are further diversified 
by acetylation, sulfation, and phosphorylation (7). 
The study of the complete set of these complex 
cellular biomolecules in a given tissue or cell 
is termed “glycomics” (8), and entails glycan 
structure characterization, large-scale analysis 
of glycan-structure relationships, and glycan–
protein interactions and their functions in human 
physiology (9).

Glycans are involved in molecular trafficking, 
protein folding, clearance of misfolded proteins, 
intercellular adhesion and cell–cell recognition, 
and mediating protein function when linked to 
proteins such as growth factors, immune receptors, 
cytokines, and enzymes localized in the cell-
extracellular interphase (10). As glycans are large 
and bulky, they alter the chemicophysical properties 
of proteins, including solubility and stability, 

well as slowed EC progression in Ishikawa cells (17). 
These results indicate that DUSP1 may be a target 
for precision treatment and for predicting EEC 
outcomes.

Recently, we committed to developing a 
biomarker panel utilizing these 21 EC prognosis–
related genes with the goal of predicting outcomes 
for Chinese EC patients. Using this panel, we hope 
to be able to determine the precise postoperative 
adjuvant therapy that should be administered 
to each EC patient to prevent progression of the 
disease, whether that be chemotherapy, endocrine 
therapy, molecular targeted therapy, radiotherapy, 
or a combination of these.

Furthermore, by combining studies of inter- and 
intratumor heterogeneity with the practice of 
precision therapy in gynecological oncology, we 
believe that a targeted drug development program 
can be created.
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turnover, and immunogenicity (6). Glycans also form 
a critical part of integrins, regulating adhesion to 
the basement membrane, triggering cell migration, 
and preventing apoptosis (11). The addition of 
N-acetylneuraminic acid (sialic acid) to the terminal 
end of charged glycans can regulate the half-life 
of many glycoproteins, making them useful for 
improving protein-based drugs (12).

Glycosylation is altered with changing 
environmental conditions, aging, and the presence 
of disease (3, 13, 14). When triggered by an external 
or biological stimulus, glycans undergo structural 
changes that can be exploited as biomarkers to 
predict disease onset, progress, or response to 
therapy. Glycomics thus has the potential to be 
applied in precision medicine.

The mammalian cell contains a repertoire of 
glycans (2). These glycans comprise chains of 
monosaccharide units that are linked by α and 
β-glycosidic bonds (6, 7). Three main types 
of glycans exist: N-glycans, O-glycans, and 
glycosaminoglycans (GAGs). These glycans differ in 
their core structure, whether they are branching or 
not, and the recognition sequence, if any, by which 
they attach to proteins (15).

N-glycans are the most common and 
well-understood, with an estimated 
50%–90% of plasma proteins being 
N-glycosylated (6, 16). Figure 1 shows 
the different glycan types in the Golgi 
apparatus—where many glycosylation 
reactions take place—including N-glycans, 
O-glycans, two examples of proteoglycans 
(heparan sulfate and chondroitin 
sulfate), and membrane-bound glycans 
such as glycosphingolipids, and 
glycosylphosphatidylinositol (GPI) anchors 
(4,15). 

Analytical high-throughput methods 
in glycomics

Mass spectrometry (MS) is a sensitive 
tool for analyzing glycoforms (8, 17). MS 
allows the ionization of macromolecules 
such as proteins, glycans, and lipids for 
accurate molecular weight determination 
and structure analysis (18). Matrix-assisted 
laser desorption/ionization time-of-
flight (MALDI-TOF) MS, tandem MS/MS 
(16), electrospray ionization MS, ion trap 
MALDI-TOF MS, and Fourier transform ion 
cyclotron resonance MS are commonly 

utilized for glycan structure elucidation (19). A 
limitation of MS methods is that monosaccharide 
components are difficult to assign using these 
techniques, and intersaccharide linkages in 
the glycan structure often yield poor spectral 
intensity, so the information obtained is often not 
adequate for complete glycan characterization 
(10, 20). MS-based methods, therefore, require 
additional analytical techniques for complete 
structural characterization (20). Nuclear magnetic 
resonance (NMR) is another useful tool for glycan 
profiling that elucidates structures based on their 
chemical shifts and coupling constants (21). NMR 
provides information about the glycan molecules’ 
stereochemistry, the orientation of anomeric 
atoms, and the intersaccharide bonds. However, 
adequate structural elucidation of glycans by 
NMR is dependent on the amount and purity of 
the sample (≥95% pure sample is needed) (21). 
Glycans are polar macromolecules, hence they 
need to be separated by high-performance 
liquid chromatography (HPLC) with fluorescence 
detection (3), high-performance anion-exchange 
chromatography with pulsed amperometric 
detection (HPAEC-PAD) (22), or weak anion-

FIGURE 1. Different glycan types in the cell.  Glc, glucose; 
Man, mannose; GalNAc, N-acetylgalactosamine; GlcNAc, 
N-acetylglucosamine; Fuc, fucose; GlcA, glucuronic acid; GlcNH2, 
glucosamine; IdoA, iduronic acid; Sia, sialic acid; Xyl, xylose; EGF, 
epidermal growth factor, TSP, thrombospondin. Diagram obtained 
from (4), with permission.
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exchange HPLC (17). HPLC has become automated 
as hydrophilic interaction chromatography and 
ultra-high performance liquid chromatography, 
both having high resolution and the ability to 
separate N-glycans with precision and efficiency. 
These techniques are suitable for glycan analysis 
because they can separate both charged and 
neutral glycans in a single column (23); but their 
disadvantage is the inability to fully distinguish 
different glycan isomers, leading to a partial 
derivation of complex samples. Additionally, 
coelution of other glycans may occur, thereby 
preventing good quantitation. This limitation 
seems to be overcome by HPAEC-PAD, but at the 
expense of poor sensitivity and a longer analysis 
time. Capillary electrophoresis can quantify and 
resolve glycan structures with high selectivity, 
separation efficiency, and reproducibility, making 
it a powerful tool for determining glycan isomers, 
but it has a low throughput (24). Fluorophore-
assisted carbohydrate electrophoresis is another 
technique for separating fluorophore-labeled 
glycans on polyacrylamide gel. It does not require 
extensive expertise, making it a widely used 
approach for glycan analysis (25).

Glycomics and precision medicine
Although glycosylation is a nontemplate-

driven, biosynthetic process, it is regulated by 
“glyco-genes” (5) encoding specific enzymes 
that promote the glycosylation process (26). 
Mutations can change the orientation of the 
enzyme at glycosylation sites, thereby preventing 
glycosylation of the given polypeptide chains and 
affecting glycoprotein capabilities (27). Thus, an 
alteration in the genetic and molecular machinery 
can lead to human diseases, generally termed 
“congenital disorders of glycosylation” (CDGs) (28). 

The N-glycosylation of the immunoglobulin 
G (IgG) Fc (fragment crystallizable) domain 
mediates the effector function of IgG, and 
hence IgG glycosylation is implicated in 
inflammatory and autoimmune diseases (29, 30). 
Analysis of systemic lupus erythematosus (SLE) 
patients showed a decrease in sialylation and 
galactosylation of plasma IgG among sufferers. 
Similarly, these patients have a decrease in core 
fucose and increased bisecting plasma GlcNAc 
(29). An investigation of the plasma IgG glycome 
composition in patients with ulcerative colitis 
(UC) and Crohn’s disease (CD) showed that 
both diseases are associated with significantly 

decreased IgG galactosylation and a significant 
decrease in the proportion of sialylated structures 
in CD (30). A TwinsUK registry study showed 
the association between IgG glycans and renal 
function (31). Our case-control study found that 
IgG glycans have potential as a putative biomarker 
for rheumatoid arthritis (RA), and that differences 
in glycan composition can be seen in RA active 
and remission states (32). 

Cancer, Alzheimer’s disease, diabetes, metabolic 
syndromes, RA, SLE, and hypertension have been 
directly linked to N-glycosylation (3, 29, 32–36). 
Because genetic polymorphisms are distant from 
the phenotypes, and the nature of gene–gene 
interactions can be complex, glycans may be inter-
mediate/dynamic biomarkers for risk stratification, 
diagnosis, and prognosis of disease (36).

Outlook
As interesting as N-glycan profiling is, it is not 

devoid of challenges. Most analytical methods are 
unable to detect the concentration of glycans on 
a microscale level (16). The requirement for high-
purity samples is another challenge. Heterogeneity 
and the complexity of glycan structures makes 
N-glycan analysis difficult, warranting the need for 
new streamlined and automated glycobioinformatic 
resources (6). Additionally, only a few laboratories 
with advanced tools and expertise are able to 
analyze glycan structures, posing a challenge for 
those new to the field.

Despite these challenges, the scope of glycomics 
is broadening, and it is now becoming possible 
to integrate glycomics with other 'omics. This 
new idea has led to the publication of the first 
“genomics meets glycomics” study (37). Validation 
of N-glycan profiling in different populations 
is vital for further understanding the influence 
of population-specific and gene–environment 
interactions on the dynamics of N-glycan structures. 
Currently, our team is focused on building upon 
this novel research by applying it to disease states 
in African, Australian, and Chinese populations, 
in order to establish N-glycans as biomarkers for 
chronic diseases.
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Urgent need for 
implementation of 
precision medicine in 
gastric cancer in China

Shuqin Jia1,2, Lianhai Zhang1,3, Jianmin Wu4, 
Yang Shao5, Fangping Zhao6, Qijing Li7, Hai Yan8, 

Liang Zong3,9, and Jiafu Ji1,3*

It was estimated that more than half a million 
people in China died from gastric cancer in 2015 (1). 
Early diagnosis, accurate classification, novel thera-
peutic targets, and personalized therapy, as well as 
effective control strategies for gastric cancer, are 
urgently needed. As the precision medicine initiative 
and Cancer Moonshot program for the exploration 
of novel cancer treatments get underway in the 
United States, the war against cancer is also ongoing 
in China. 

Despite the continuous decline in both incidence 
and mortality in the past decades, gastric cancer 
remains the fifth most prevalent malignancy and 
the third leading cause of cancer death worldwide, 
with an estimated 1 million new cases and 723,000 
deaths in 2012, almost half of which occurred in 
China (2, 3). The decline in cancer deaths is slow in 
China, due likely to the aging population, increased 
environmental threats (e.g., air pollution), and life-
style (e.g., chronic infection, smoking, drinking, lack 
of exercise, and high-calorie diets) (4). According to 
a national survey, the number of new gastric cancer 
cases in China in 2015 was 679,100, with 498,000 
mortalities, making it the second leading cause of 
cancer death after lung cancer (1). Here, we sum-
marize the current status of gastric cancer-related 
public health issues and treatment options as well as 
government policies on fighting this disease.
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Anatomic, histologic, and molecular 
classifications of gastric cancer

Several classifications of gastric cancer based 
on anatomical and histological criteria have been 
established. The Laurén classification, which is widely 
accepted in clinical practice, groups gastric cancer 
into three subtypes: intestinal (well differentiated, 
comprising 74% of total gastric cancer patients), 
diffuse (undifferentiated, 16%), and other (10%) (5). 
The intestinal subtype is considered to have a better 
prognosis than the other subtypes (6, 7). 

However, histological classification alone is unable 
to provide sufficient guidance for the selection of 
optimal chemotherapy regimens.

Taking advantage of improvements in our 
knowledge of cancer genetics and advances in 
genomic sequencing technologies, multiple studies 
have demonstrated the potential for molecular 
classification of gastric cancer for personalized 
treatments. In 2014, based on a comprehensive 
analysis of genetic, epigenetic, proteomic, and 
histological features of 295 primary gastric 
adenocarcinomas, The Cancer Genome Atlas (TCGA) 
project introduced a new molecular classification 
of gastric cancer (8) (Table 1), which is expected to 
facilitate personalized cancer treatments based on 
an individual’s molecular profiling. 

Precision medicine treatment of gastric 
cancer in China 

In March 2015, the Chinese Ministry of Science 
and Technology launched a nationwide precision 
medicine-oriented health program with an estimated 
investment of US$9.2 billion over the next 15 years 
(2016–2030). The short-term goal is to bring the 
concept of precision medicine into the standard 
treatment of complicated diseases including cancer, 
metabolic diseases, and cardiovascular and cerebro-
vascular diseases within the first 5 years (2016–2020). 

The ultimate goal is to im-
prove disease diagnosis and 
to develop better-targeted 
therapeutics based on up-
dated translational research 
for a better outcome in 
public health management. 
A total of 20 top public can-
cer hospitals and third-party 
medical laboratories were 
selected as pilot centers to 
conduct high-throughput 
sequencing for the identifi-
cation of novel biomarkers 

that will eventually provide more accurate diagnosis 
and guide subsequent therapies. It is anticipated 
that this large population study will facilitate the col-
lection of important data that can be applied in the 
development of new therapeutic strategies.

Currently, new adjuvant and postoperative chemo-
therapies are considered to be standard procedures 
following D2 lymphadenectomy for advanced gastric 
cancer patients in Eastern Asia, and laboratory tests 
are available to predict the chemosensitivity, toxicity, 
and prognosis of gastric cancer patients (9–11). To 
further standardize treatments, the Clinical Research 
and Application Alliance of Precision Medicine in 
China, established in late 2015, is focusing on the im-
plementation of clinical pharmacogenomics in clin-
ical practice. Also, the “Manual for Chinese Precision 
Medicine Medications” will soon be released, which 
focuses on 110 medication types listed in Pharm- 
GKB, a pharmacogenomics knowledge base, detail-
ing criteria for genetic testing in clinical applications, 
including routine gastric cancer tests.

Comprehensive genomic studies have established 
the molecular foundation for applying trastuzumab 
in combination with chemotherapy as the first-line 
treatment of HER2-positive metastatic and locally 
advanced gastric cancers (12, 13). Trastuzumab, 
approved by the China Food and Drug Administra-
tion in 2012, is currently the only targeted therapy 
for HER2-positive gastric cancer in China. HER2 gene 
amplification and protein overexpression occur in 
13%–16% of Chinese gastric cancer patients, with 
higher rates found in the intestinal subtype (14–17). 
Patients with this subtype, showing either well- 
differentiated or poorly differentiated gastric can-
cers without lymph node metastasis, may represent 
suitable candidates for receiving trastuzumab (17). 

In addition to HER2 abnormalities, other molecular 
biomarkers have been identified in gastric cancer, 

TABLE	1.	A	new	molecular	classification	of	gastric	cancer	introduced	by	The	Cancer	
Genome Atlas.

Molecular subtypes of gastric cancer Molecular features

Epstein-Barr virus (EBV) positive
PIK3CA mutation; PD-L1/2 overexpression; 
CDKN2A silencing; EBV-CpG island methylator 
phenotype (CIMP); and immune cell signaling

Microsatellite instability Hypermutation; gastric-CIMP; MLH1 silencing; 
and mitotic pathways

Genomically stable tumors Diffuse histology; CDH1 and RHOA mutations; 
CLDN18-ARHGAP fusion; and cell adhesion

Tumors with chromosomal instability Intestinal histology; TP53 mutation; and RTK-Ras 
activation
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providing more potential options for personalized 
therapies. These include alternations in epidermal 
growth factor receptor (EGFR, 8%), fibroblast growth 
factor receptor 2 (FGFR2, 9%), mesenchymal–
epithelial transition factor (MET) amplifications 
(4%), and V-Ki-Ras2 Kirsten rat sarcoma (KRAS) viral 
oncogene homolog amplifications (9%) (18, 19). A 
few novel molecular markers have been recently 
discovered in the Chinese population and still need 
to be validated by suitable clinical studies (20).

Next-generation sequencing utilizing a panel of 
actionable cancer genes has been widely applied in 
cancer hospitals to aid in tumor classification and to 
guide targeted therapies. Gene panels, which range 
from several genes to hundreds of genes, can ana-
lyze circulating tumor DNA (ctDNA), snap-frozen tis-
sue, or formalin-fixed, paraffin-embedded samples. 
Tissue from advanced or metastatic gastric cancer 
patients can therefore be used to search for diag-
nostic and actionable drug targets (21, 22). Isolation 
and testing of ctDNA could serve as a convenient 
and noninvasive approach for preoperation evalua-
tion and real-time monitoring of cancer progression/
regression/relapse following treatment (23, 24).

The majority of gastric cancer cases are associ-
ated with pathogen infection, including the bac-
terium Helicobacter pylori (25). In addition, based 
on TCGA’s molecular classification, 9% of patients 
are Epstein–Barr virus (EBV)-positive, and 22% of 
them have high microsatellite instability (8). Thus 
almost one-third of patients are expressing for-
eign or mutated antigens that can be exploited for 
T-cell–based immune targeting. With this in mind, 
the initial success from the KEYNOTE-012 trial, a 
multicenter phase 1b study utilizing the anti-PD1 
antibody pembrolizumab to treat 39 PD-L1–positive 
gastric cancer patients, is not surprising, indicating 
that 22% of patients in this population had positive 
responses to the antibody. This result is especially 
exciting because the cohort tested included East 
Asian patients from Japan, South Korea, and Taiwan 
(26). A more extensive study with a larger cohort and 
more Chinese patients would certainly yield some 
interesting data.

Challenges for precision medicine in China
The urgency to implement cancer precision 

medicine in China to provide better patient care and 
outcomes is now being recognized and driven by 
physicians. Concerted effort is needed in translating 
'omics information to the clinic. The challenges to 

reaching this goal include issues of tissue quality, 
higher demands on bioinformatics capacity, and 
the difficulty of communicating complex biologic-
al interpretation of 'omics data to patients. Due to 
the heterogeneity of gastric cancer and the lack of 
targeted therapeutics, more innovative clinical trials 
need to be designed that explore treatments based 
on each tumor’s molecular profile, such as the U.S. 
National Cancer Institute Molecular Analysis for Ther-
apy Choice (NCI-MATCH) precision medicine clinical 
trial (27). Physicians and researchers need to work 
closely to drive the application of precision medicine 
for the benefit of both Chinese patients and all those 
impacted by gastric cancer.
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Opportunities and 
challenges for precision 
medicine in pancreatic 
cancer prevention and 
treatment

Chengfeng Wang

The incidence of pancreatic cancer has 
been increasing year by year, and it is now one of 
the fastest-growing cancer types worldwide (1). 
Data from Europe shows that in 2014, pancreatic 
cancer was the only cancer causing increasing 
mortality (2). By 2030, the estimated mortality rate 
of pancreatic cancer will be second only to lung 
cancer (3). The American Cancer Society reported 
that in nearly 40 years, the 5-year survival rate for 
patients with malignant tumors overall has risen 
from 49% to 68% in the United States, while the 
5-year survival rate for those with pancreatic cancer 
rose from 2% to only 7% in the same period (4).

Current prevention and treatment
Pancreatic cancer lacks effective treatments, 

making prevention a more critical objective. The 
direct cause of pancreatic cancer is unknown, 
although smoking, obesity, diabetes, alcoholism, 
and family history are known to be risk factors. 
However, in 50% of patients, the risk factors are 
unclear (4). The 5-year survival rate of pancreatic 
cancer patients carrying tumors with a ≤1-cm 
diameter is 100% after surgery. The 3- and 5-year 
survival rates of patients with tumor diameters of 
1 cm to 2 cm and no lymph node metastasis or 
local invasion are 88.7% and 59.1%, respectively. 
The median survival time (MST) of patients with a 
tumor diameter of 2 cm to 3 cm, confined within 
the pancreas and without lymph node metastasis 
is 32 months, and the 5-year survival rate is 
40%. However, the overall 5-year survival rate of 
pancreatic cancer is only 5% (5).

Early diagnosis of pancreatic cancer is important, 
but the rate of early diagnosis is just 5%. The 

reasons for this low rate include the following 
factors: (1) There is no way to determine who in the 
general population will benefit from early diagnosis 
screening; (2) existing pancreatic cancer screens 
are unsatisfactory; (3) the required frequency of 
screening is unknown; (4) the current treatments for 
preinvasive lesions are still controversial; (5) there 
are no effective, simple, and safe ways to identify 
early lesions that require treatment; and (6) no 
scientifically validated, efficient, economical, and 
convenient screening protocols exist (6).

Surgical resection is the only available means 
to effectively treat pancreatic cancer and achieve 
complete remission. The 2-year local recurrence 
rate after surgery is 80%, but the 5-year survival 
rate is only 20% to 30% (5). Research into new 
chemotherapy drugs, drug delivery systems, 
and radiotherapies has improved treatment 
success, but the efficacy of these modalities is still 
unsatisfactory (5).

Precision medicine: A golden opportunity 
Precision medicine provides possibly the only 

means to overcome the current bottleneck in the 
treatment and prevention of pancreatic cancer. 
Melo et al. found that the protein glypican-1 in 
pancreatic cancer patients could be used to 
distinguish pancreatic cancer tissue from normal 
tissue, benign disease, and benign tumors; 
furthermore, the specificity and accuracy for 
diagnosis of early-, middle-, and late-stage 
pancreatic cancer were all 100%. This breakthrough 
has provided some hope for the early diagnosis of 
pancreatic cancer (7).

Wu et al. (8) used gene sequencing technology 
and found five unique genetic variations in the 
Chinese population; individuals carrying these 
variations had a sixfold higher risk of receiving 
a positive diagnosis of pancreatic cancer than 
noncarriers. Waddell et al. (9) identified four 
subtypes of pancreatic cancer using gene 
sequencing and found that different subtypes 
showed different types of DNA damage and 
therefore different drug targets. For example, 
poly(adenosine diphosphate-ribose) polymerase 
(PARP) inhibitors were effective on the unstable 
subtype of pancreatic cancer. As new gene 
sequencing technologies are developed that are 
more efficient, higher throughput, higher precision, 
and lower cost than previous technologies, this 
method of subtyping tumors will undoubtedly 
improve in precision (9). 
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Zheng et al. (10) found that suppression of the 
epithelial–mesenchymal transition—a critical step 
in tumor metastasis—could slow the proliferation 
of cancer cells and contribute to enhanced 
sensitivity to gemcitabine treatment. Another 
study found that knocking out genes that encode 
vitamin D-binding proteins could also increase the 
efficacy of gemcitabine. This result suggested that 
drugs that inactivate the vitamin D receptor could 
selectively kill pancreatic cancer cells without 
affecting healthy cells (11).

Using integrated genomic analysis, Bailey et al. 
(12) identified four pancreatic cancer subtypes: 
squamous, pancreatic progenitor, immunogenic, 
and aberrantly differentiated endocrine/exocrine. 
Among these subtypes, the squamous form had 
the worst prognosis, with only a 4-month median 
survival, half that of the other subtypes. The data 
provided by this research presents many new 
opportunities for the prevention and treatment of 
pancreatic cancer. 

Challenges for precision medicine
The efficacy of diagnosis and treatment of 

pancreatic cancer has reached a plateau; the 
application of precision medicine, however, provides 
some hope for advancement. A major challenge 
in prevention and treatment is the heterogeneous 
nature of pancreatic cancer. Different subtypes 
of the same tumor, the primary tumor and its 
metastases, and primary and recurrent tumors may 
all have different gene expression profiles. Yachida 

reported that about two-thirds of gene mutations in 
pancreatic cancer occur in the primary tumor, and 
a further one-third in the metastatic tumor. Present 
clinical diagnostic techniques are not able to achieve 
definite detection and diagnosis of tumors, and 
dynamic monitoring of treatment, particularly using 
noninvasive tests such as blood tests, is not yet a 
reality (13).

Those working to defeat pancreatic cancer face 
enormous challenges, such as early diagnosis 
and prevention, some of which can be addressed 
through the application of precision medicine 
methodologies. More research is clearly required 
before a cure for this cancer can be said to be 
within reach.
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Precision medicine for 
Chinese women with 
familial breast cancer: 
Opportunities and 
challenges

Xinyi Chen, Cong Fan, and Yuntao Xie*

Breast cancer is the most common cancer in 
Chinese women (1). Although the incidence of all 

types of breast cancers in Chinese women cur-
rently remains lower than in Caucasian women, it 
is increasing in many parts of China, particularly in 
large cities (2). In addition, early-onset (i.e., diag-
nosed at or before age 40) and premenopausal 
breast cancers are more pronounced in Chinese 
women than in Caucasian women (2). It is estimated 
that 268,600 new breast cancer cases were diag-
nosed in Chinese women in 2015; breast cancer ac-
counted for 15% of all new cancer cases in Chinese 
women, and it is the leading cause of cancer death 
in Chinese women younger than 45 (1). Consider-
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ing the great burden of health care for Chinese 
women with breast cancer, early detection and 
precise treatment are vitally important for them. 

Precision medicine is an approach to the preven-
tion and treatment of disease that takes into ac-
count individual variation in genes, environment, 
and lifestyle. The recent development of next-
generation sequencing technology has enabled a 
rapid and dramatic increase in our understanding 
of individual genetic variations and their impact 
on disease. This genetic information is helpful for 
the clinicians when identifying the right patients 
to receive a particular treatment, and to spare the 
patients who may not respond to such treatment.  

Approximately 10% of Chinese women with 
breast cancer have a family history of the disease 
and are defined as having familial breast cancer 
(3). A subset of familial breast cancer patients may 
harbor a deleterious BRCA1/2 germline mutation. 
Breast cancer patients with this mutation exhibit 
different clinicopathological characteristics than 
those with sporadic breast cancer (4). The genetic 
makeup of BRCA1/2 patients could therefore allow 
them to benefit from precision medicine. 

Prevalence and breast cancer risk in Chinese 
women with BRCA1/2 germline mutations

BRCA1 and BRCA2 are the most critical breast 
cancer susceptibility genes currently known to us; 
mutations in these genes lead to an increased risk 
for developing breast cancer. Genetic testing for 
BRCA1/2 mutations is widely applied to high-risk 
women (e.g., those with a family history of breast 
cancer). In order to understand the prevalence of 
BRCA1/2 germline mutations in Chinese women 
with breast cancer, we recently screened for these 
mutations in 5,931 unselected Chinese women with 
breast cancer. To our knowledge, this is the largest 
study of BRCA1/2 mutation prevalence in Chinese 
women with breast cancer to date. The overall 
BRCA1/2 mutation rate was 3.9% across the entire 
cohort. However, the BRCA1/2 mutation rate was as 
high as 16.9% in women with familial breast cancer 
in this group. The mean age of breast cancer onset 
in BRCA1/2 mutation carriers is significantly young-
er than noncarriers in Chinese women with familial 
breast cancer (BRCA1 carrier vs. noncarriers, 43 
vs. 50; BRCA2 carriers vs. noncarriers, 46 vs. 50, 
respectively), suggesting that BRCA1/2 mutations 
play a crucial role in the development of breast 
cancer (4).

The prevalence of BRCA1/2 mutations in familial 

breast cancer patients in our cohort is similar to 
that in other ethnic populations. In addition, we 
observed that approximately 41% of BRCA1/2 
mutations found were specific for Chinese women 
and have not previously been reported in the 
Breast Cancer Information Core database of the 
U.S. National Institutes of Health’s National Human 
Genome Research Institute (4). This discrepancy 
between Chinese and Caucasian women in the 
spectrum of BRCA1/2 mutations indicates that 
clinical relevance and breast cancer risk may differ 
among different ethnic groups. We therefore 
conducted a kin–cohort study to investigate the 
estimated cumulative risk in Chinese women who 
carry a deleterious BRCA1 or BRCA2 mutation. A 
total of 1,816 unselected breast cancer patients 
were enrolled in this study, in which we screened 
for BRCA1/2 mutations and compared the history 
of breast cancer in first-degree female relatives of 
BRCA1/2 carriers and noncarriers. We found that 
the estimated cumulative risk of breast cancer 
by age 70 is 37.9% [95% confidence interval (CI), 
24.1 %–54.4 %] for BRCA1 mutation carriers and 
36.5% (95% CI, 26.7% –51.8%) for BRCA2 mutation 
carriers in Chinese women (5). Although the risk 
of breast cancer in Chinese BRCA1/2 mutation 
carriers is lower than in Caucasian partners, the 
over 30% lifetime breast cancer risk approaches 
the threshold used when considering prophylactic 
mastectomy. Apart from the BRCA1/2 genotypes, 
environmental and lifestyle factors may also 
influence the overall breast cancer risk for an 
individual, making early detection and preventative 
measures essential for these individuals and a topic 
worthy of further study. 

Treatment strategies for Chinese women 
carrying tumors with BRCA1/2 mutations

Breast cancers exhibiting BRCA1/2 mutations 
differ from those with sporadic mutations in 
a range of clinicopathological characteristics, 
including early onset, high tumor grade, presence 
of secondary primary breast cancers, and a high 
incidence of contralateral breast cancers (4). 
Therefore, the treatment strategies for patients 
with BRCA1/2 mutations should differ from those 
with sporadic breast cancer.

Breast-conserving therapy is a standard 
approach for early-stage breast cancer patients; 
patients who received breast-conserving therapy 
had a good cosmetic outcome as well as similar 
survival rates compared to those who received 
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mastectomies (6). Whether BRCA1/2 mutation 
carriers should be treated with breast-conserving 
therapy or undergo more aggressive treatment 
is a topic of continued debate. Although data 
from the retrospective studies are inconclusive, 
many studies support the notion that breast 
cancer patients with a BRCA1/2 mutation should 
not undergo breast-conserving therapy because 
of the relatively high risk of cancer recurrence 
in the ipsilateral breast (the 5-year and 10-year 
recurrence risks were 5.8% and12.9%, respectively) 
(7). In fact, the guidelines for cancer treatment 
published by the National Comprehensive Cancer 
Network—a not-for-profit alliance of 27 leading 
cancer centers around the world—suggest that 
breast-conserving therapy is not recommended for 
patients with a BRCA1/2 mutation. Women with a 
BRCA1/2 mutation have a high risk of contralateral 
cancer following the initial diagnosis (8). Therefore, 
preventative contralateral mastectomy is often a 
good option for these women.

Neoadjuvant chemotherapy is widely used in 
cases of operable primary breast cancers and 
provides a platform to quickly evaluate the efficacy 
of such treatment regimens. Both BRCA1/2 genes 
play a role in the repair of double-stranded 
DNA (dsDNA) breaks through the homologous 
recombination (HR) pathway. In vitro experiments 
suggested that cells without functional BRCA1/2 
proteins are sensitive to agents causing dsDNA 
breaks (e.g., adriamycin and cisplatin). Therefore, 
one would expect breast cancer patients with a 
BRCA1/2 mutation to respond well to treatment 
with these compounds. Several studies have 
demonstrated that breast cancer patients with a 
BRCA1 mutation are more sensitive to cisplatin 
monotherapy than noncarriers in the neoadjuvant 
setting, showing a higher pathologic complete 
response (pCR) rate (range: 61%–75%) (9). The 
response to neoadjuvant chemotherapy in Chinese 
women with a BRCA1/2 mutation shows similar 
results (10). We investigated the associations 
between the presence of BRCA1 mutations and 
response of tumors to neoadjuvant anthracycline-
based or taxane-based chemotherapy in Chinese 
women with BRCA1/2 mutated triple-negative 
(estrogen receptor-negative, progesterone 
receptor-negative, and HER2-negative) breast 
cancers. We found that BRCA1 mutation carriers 
are more sensitive to anthracycline-based 
neoadjuvant regimens than noncarriers (pCR 
rate: 57.1% vs. 29.0%), but this is not the case for 

taxane-based neoadjuvant regimens (10). These 
studies suggested that BRCA1/2 mutation carriers 
may be more likely to benefit from cisplatin- or 
anthracycline-based neoadjuvant regimens, but 
not from taxane-based regimens. These findings 
raise the possibility that BRCA1/2 mutation status 
is not only a marker for evaluating breast cancer 
risk, but can also inform the optimal neoadjuvant 
regimen. Randomized prospective clinical trials are 
warranted to confirm these findings before these 
results can be translated to the clinic.

Targeted Therapy
It is well documented that breast cancer patients 

with a BRCA1/2 mutation are deficient in the repair 
of dsDNA breaks via the HR pathway, and rely on 
other pathways to repair DNA damage, such as 
base excision repair (BER) (11). Poly(adenosine 
diphospate-ribose) polymerase (PARP) plays a 
key role in the repair of single-stranded DNA 
breaks through the BER pathway. Tumor cells with 
a BRCA1/2 deficiency being blocked by PARP 
inhibitors show the accumulation of dsDNA breaks 
and eventually succumb to synthetic lethality. This 
effect is restricted only to BRCA1/2-defiency tumor 
cells and is not seen in normal cells, making PARP 
inhibitors an optimal targeted therapy for BRCA1/2 
mutated cancers (12, 13). 

Olaparib, an orally active PARP inhibitor, induced 
synthetic lethality in BRCA1/2-deficient cells. It 
has shown promising results in early phase 1 and 
2 clinical trials with advanced breast and ovarian 
cancer patients carrying a BRCA1/2 mutation (14). 
Although olaparib was halted in phase 3 trials 
in advanced breast cancer, it was successful in 
the treatment of advanced ovarian cancers with 
a BRCA1/2 mutation (15). Olaparib is the first 
targeted drug to be licensed for the treatment of 
recurrent ovarian cancer harboring deleterious 
BRCA1/2 germline mutations.

Currently, at least six PARP inhibitors are being 
tested in more than 20 phase 3 clinical trials, 
with the majority being used as monotherapy in 
BRCA1/2-mutated tumors (11). PARP inhibitors in 
combination with adjuvant chemotherapy may 
improve the efficacy of treatment for BRCA1/2-
mutated tumors; therefore, selecting the optimal 
chemotherapy regimens and the right patients are 
the primary challenges for future clinical trials. 

Chinese women with advanced breast cancer 
carrying a BRCA1/2 mutation have also been 
recruited in the international phase 3 clinical trial of 



46 PRECISION MEDICINE IN CHINA

olaparib, with results from these trials anticipated 
in two to three years.

Future directions
BRCA1/2 germline mutations are found in 

approximately 17% of Chinese women with 
familial breast cancer (4). Other breast cancer 
susceptibility genes may exist in patients who 
have a familial history of breast cancer but are 
negative for BRCA1/2 mutations. Whole-genome or 
whole-exome sequencing assays provide a means 
to search for such genes. Using whole-exome 
sequencing to screen nine early onset familial 
breast cancer patients without BRCA1/2 mutations, 
we found a novel breast cancer susceptibility gene, 
RecQ helicase-like (RECQL) (16), which plays a 
crucial role in the maintenance of genome stability; 
approximately 2% of BRCA-negative familial breast 
cancer patients carry a RECQL mutation (16). We 
speculate that there are still other potential breast 
cancer susceptibility genes to be discovered. 

In recent years, multigene panels of 25–30 genes 
have been commonly used for routine genetic test-
ing. More importantly, the panels usually contain 
many other high or moderate breast cancer sus-
ceptibility genes, such as TP53, PALB2, PTEN, ATM, 
and CHEK2. A subset of women may carry a germ-
line mutation in these susceptibility genes even 
though the BRCA1/2 genes remain unmutated. 
However, the clinical impact and breast cancer 
risk are largely unknown for mutations in these 

additional genes. Thus, the management of treat-
ment for women carrying a mutation in other genes 
besides BRCA1/2 is a great challenge for clinicians. 
The authors encourage collaborations to study 
large numbers of patients that will provide the data 
needed to better assess the impact of these sus-
ceptibility genes on breast cancer prognosis and 
treatment.
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research in China
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Autism spectrum disorder (ASD) is a hetero-
geneous neurodevelopmental disorder characterized 
mainly by impaired social communication, repetitive 
behavior, and limited interests or activities. ASD has a 
prevalence of 1%–2% in the population, with a strong 
male bias and high frequency of comorbidities such as 
intellectual disability, microcephaly, macrocephaly, and 
epilepsy. Over the last few years, there have been un-
precedented advances in understanding ASD in West-
ern countries. Studies have also shown a significant 
increase of ASD incidence in China, leading to growing 
attention and research among the country’s scientists, 
clinicians, and government. Increased ASD research 
funding has been allocated by government and private 
agencies into its epidemiology, clinical features, and 
underlying genetic mechanisms. This review focuses on 
recent progress in clinical assessment and treatment 
intervention for ASD, and in the understanding of the 
genetic makeup of ASD in China. It also discusses the 
challenges and opportunities for future research into 
this disorder.

Clinical assessment
Since child psychiatrist Leo Kanner first reported on 

11 ASD patients in 1943 (1), this disorder has become 
a major public health concern in the Western world. 
According to a report from the U.S. Centers for Dis-
ease Control and Prevention, ASD prevalence in 2012 
was 14.6 per 1,000 (1 in 68) American children aged 8 
years, and affected about 4.5 times more males than fe-
males (1 in 42 males and 1 in 189 females) (2). In 1982, 
Guotai Tao described the first Chinese ASD patients 
(3), and in recent years, ASD has been recognized as a 
major disorder in China.

No nationwide epidemiological surveys on ASD 
in China have been conducted, but there have been 

several reports indicating prevalence rates of 0.28–2.95 
per 1,000 individuals, based on local surveys in Beijing, 
Tianjin, Jiangsu, Guizhou, and Fujian (4). The ASD prev-
alence in China is much lower than in the United States; 
this may be due to the lack of public awareness about 
ASD or the use of different diagnostic tools in China 
that focus primarily on autistic disorders rather than all 
ASD clinical subtypes (5) (Table 1). Screening methods 
such as the Autism Behavior Checklist have commonly 
been used in China, even though the Autism Diagnos-
tic Observation Schedule (ADOS), the Autism Diagnos-
tic Interview-Revised (ADI-R), and the Diagnostic and 
Statistical Manual of Mental Disorders (DSM-5) have 
now been more extensively adopted (6). Supported by 
the Special Research Program of the National Health 
and Family Planning Commission of China, nation-
wide epidemiological surveys of ~120,000 children 
at 12 centers and the systematic evaluation of various 
diagnostic tools are currently underway. We expect 
that through these research efforts, Chinese-specific 
diagnostic tools with high sensitivity and specificity 
will emerge, along with more accurate reports of ASD 
prevalence in China.

ASD displays a broad range of clinical manifesta-
tions and comorbidities, such as intellectual disability 
and social anxiety disorder (Table 1) (7). Several clinical 
features, such as elevated serum brain-derived neuro-
trophic factor (BDNF) (8–10), decreased serum super-
oxide dismutase levels (11), and decreased serum 
25-hydroxyvitamin D levels (12), have been observed 
in ASD patients in both China and Western countries. 
Additionally, broad abnormalities in brain structures 
and various risk-conferring factors are shared between 
the Han Chinese and Caucasian populations.

Genetic architecture
Twin studies have shown that ASD is highly 

heritable in both European (79) and Chinese 
populations (80). Several genome-wide associated 
studies (GWAS) have attempted to detect specific 
risk-conferring single nucleotide polymorphisms 
(SNPs) for ASD, including two studies from China 
that focused on the Han Chinese population (36, 
37). The first study, by Xia and colleagues, examined 
2,150 ASD cases in mainland China and identified 
three SNPs in 1p13.2 (P = 3.26 × 10–8 for rs6537835, 
P = 4.49 × 10–8 for rs936938, and P = 8.70 × 10–8 for 
rs1877455) that significantly associated with ASD 
(36). Another study detected two candidate genes 
associated with ASD, OR2M4 (P = 3.4 × 10–5) and MNT 
(P = 8.0 × 10–4), based on 315 Han Chinese patients 
in Taiwan and 1,115 controls (37). Beyond that, 
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several studies have identified some risk-related SNPs 
(Table 1). Although the effect of each SNP is weak, a 
combination of several SNPs may account for most 
narrow-sense heritabilities (81).

Whole-exome sequencing (WES) and whole-
genome sequencing (WGS) studies have found that 
rare mutations, including inherited mutations (82, 83), 
de novo mutations (DNMs) (84–91), and copy-number 
variations (CNVs) (92–94), have larger penetrance and 
effects on ASD than common SNPs. However, most 
of these large-sample studies primarily investigated 
subjects of European ancestry (Table 1). For example, 
international collaborations reported that ANK3 
mutations are associated with ASD susceptibility based 
on WES of a cohort of 20 Caucasian patients (95). To 
promote further collaboration and data sharing in 
ASD research, Chinese scientists have established a 
consortium known as “Autism Clinical and Genetic 
Resources in China” (ACGC) (96).

Several WES and WGS studies of ASD in the Chinese 
population are currently ongoing. For example, 189 
ASD risk genes in 1,543 ASD probands of Han Chinese 
were sequenced, and 10 genes with recurrent DNMs 
in Chinese cohorts were identified, including SCN2A, 
which was found in 1.1% of patients (96). In another 
project, microcephaly- and macrocephaly-associated 
genes in 536 ASD probands were sequenced, and it 
was found that risk genes for ASD and abnormal brain 
size were involved in chromatin modification, mitotic 
cell cycle, and synaptic transmission. Moreover, WGS 
was used on 32 trios of Chinese ASD to detect function-
al mutations in both coding and regulatory regions of 
the genome. Several genes harboring DNMs or CNVs 

in both Han Chinese and Caucasian patients were found, 
suggesting shared genetic burdens among these different 
populations. Shared clinical symptoms were observed 
among patients with ASD, schizophrenia, intellectual dis-
ability, and epileptic encephalopathy. Recently, we cata-
loged all publically available DNMs of these four disorders 
in the NPdenovo database (www.wzgenomics.cn/NPde-
novo) and characterized both the unique genetic compo-
nents of each disorder and their shared patterns (97).

Intervention
Because of the pathogenic complexity of ASD, per-

sonalized intervention is considered an effective clinical 
approach to treat patients. Recently, several drugs and 
behavioral approaches have been used to improve social 
skills and communication in Chinese ASD patients (Table 
1). In addition, supplementation with vitamin D3 (75), 
vitamin A, and carotene have been recently recommend-
ed for ASD patients in China; however, their effective-
ness needs to be evaluated in clinical trials. Moreover, 
structured teaching, social communication training, and 
mind–body exercise (76, 77) have been applied to some 
Chinese ASD patients, which may provide some funda-
mental data for ASD interventions in China and Western 
countries. 

Genotype–phenotype correlations for autism
Correlating the relationship between phenotypes 

and genotypes is a key step in ASD precision medicine. 
To address it, we launched the Genotype–Phenotype 
Correlation for Autism (GPCA) project. Briefly, GPCA 
incorporates two major procedures: correlating 
from genotypes to phenotypes (Figure 1A) and from 

Key results
Prevalence
(per 1,000) 1.18 in mainland China, Hong Kong, and Taiwan (13); 0.28–2.95 (4), 0.28–1.39 (14), and 11.9 in Beijing (5).

Clinical Features

Elevated serum brain-derived neurotrophic factor (8–10), elevated 3-hydroxyhippuric acid (15), decreased serum superoxide 
dismutase level (11), increased docosahexaenoic acid (16), elevated plasma levels of glutamate (17), reduced antioxidant 
capacity (18), visual attention preference (19), high plasma neopterin levels (20), decreased lipoxin A4 (21), decreased serum 
25-hydroxyvitamin D levels (12), tuberous sclerosis complex (22).

Medical Imaging
Prefrontal cortex abnormalities (23), caudate nucleus volume changes (24), changes in interhemispheric regions (25), atypical 
face-scanning patterns (26, 27), and hypothalamus (28), corpus callosum (29), and frontal lobe (30) abnormalities have been 
reported to be associated with Chinese ASD.

Risk Factors Maternal depression (31), telomere length (32), thioredoxin levels (33), perinatal and background factors (34), family history of 
neuropsychiatric disorders (35).

SNPs
1p13.2 (36), OR2M4 and MNT (37), MET (38), HTR2A (39), CACNA1A (40), PREX1 (41), GRIN2B (42), PSD95 (43), EZH2 (44), 
CACNA1C (45), CYFIP1 (46), NCAM1 (47), SHANK3 (48), RELN (49), DAB1 (50), ATP2B2 (51), GRM7 (52), MTHFR (53, 54), 
GABRB3 (55), HOXA1 and HOXB1 (56), NLGN3 and NLGN4X (57), BDNF (58), EN2 (59), NRP2 (60), and OXTR (28, 61).

CNVs 16p13.3 and 16p11.2 (62, 63), PREX1 (41), 15q11.2 (64), GRM7 (65), AUTS2 (66), MECP2 (57, 67), and CNTN4 (68).
Rare Variations THBS1 (69), AMPD1 (70), NLGN3 and NLGN4X (71), ASMT (72), ZNF407 (73), and NRXN1 (74).
Interventions Vitamin D3 supplementation (75), mind–body exercise (76, 77), aripiprazole (78).

SNPs, single nucleotide polymorphisms; CNVs, copy number variations

TABLE	1.	Summary	of	findings	from	ASD	studies	of	Han	Chinese	populations.	
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phenotypes to genotypes (Figure 1B). GCPA is currently 
recruiting large cohorts of ASD patients (including 
unaffected parents) and collecting detailed clinical 
data, with plans to recruit at least 10,000 ASD trios of 
Han Chinese descent within three years. Thus far, it has 
recruited approximately 3,000 trios (96).

For the genotypes-to-phenotypes procedure, we will 
first detect pathogenic variations in known-risk genes by 
targeted sequencing of large cohorts—these steps are 
expected to diagnose about 10%–20% of ASD patients 
(Figure 1A). We will then prioritize novel risk genes by 
applying WES/WGS in samples without pathogenic 
mutations of known genes, and detect more pathogenic 
variations of novel risk genes by targeted or Sanger se-
quencing. Finally, we will correlate the genotypes to the 
phenotypes of patients harboring pathogenic mutations 
in the same risk genes to define shared phenotypes in 
ASD patients.

For the phenotypes-to-genotypes procedure, we 
expect that sequencing of ASD samples based on clear 
classification of clinical phenotypes will be the next step 
in defining subtypes and deciphering etiology. In doing 
so, we have compiled detailed clinical data on all ASD 
and subtype patients, collecting those with similar clini-
cal phenotypes into groups in order to identify common 

genetic components (Figure 1B). 
We will employ trio-based WES/
WGS to prioritize candidate risk 
genes, and targeted sequenc-
ing and/or Sanger sequencing to 
detect additional pathogenic risk 
genes. Moreover, we will investi-
gate their convergent functional 
pathways by bioinformatics analy-
sis (such as protein–protein inter-
action and coexpression analysis), 
and validate their neurobiological 
mechanisms based on in vitro and 
in vivo models.

Future studies
Unprecedented progress has 

been made in understanding ASD 
etiology; however, several funda-
mental issues remain, including (1) 
deciphering the genetic architec-
ture of ASD, including the influ-
ence of polygenic models or ma-
jor gene models; (2) investigating 
the biological basis of ASD, such 
as male bias in ASD prevalence, 
female protective effects, and 

X-linked variations in males; (3) elucidating the neuro-
biological mechanisms involved in ASD, such as the link 
between specific gene sets and certain neurons and/
or brain regions (98); (4) sequencing more patients and 
prioritizing new risk genes by developing new bioinfor-
matics tools such as mirTrios (99); (5) building bridges 
between clinical features and genotypes of risk genes, 
such as CHD8 (100); and (6) elucidating the interactions 
between genetic burden and environmental factors in 
ASD probands.

Conclusions
In China, ASD research is still in its early stages. More 

research is needed, including the establishment of 
systematic methods for clinical diagnosis and interven-
tion, and the sequencing of large cohorts of Chinese 
samples for identifying novel risk genes. Although there 
are many hurdles to overcome, with the collaborative 
efforts of research communities, financial support from 
administrative bodies and funding agencies, and public 
awareness and participation, we are likely to see signifi-
cant scientific advances in understanding ASD.
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Diagnosis and treatment 
of inherited metabolic 
diseases in China

Zhi-Chun Feng*, Yan Wang, and Yao Yang

Inherited metabolic diseases (IMD), also called 
“inborn errors of metabolism,” are a series of heredi-
tary disorders associated with genetic abnormali-
ties that affect organs and systems. These diseases 
mainly present after birth, during the neonatal 
period or in infancy. There has been a growing body 
of evidence that suggests the incidence of these 
diseases is very low, approximately 1 in 1,500 to 1 
in 5,000 live births, while their clinical presentations 
vary widely. Due to the lack of specified instruments 
or specialized measurements, diagnoses of these 
diseases have not become accessible for Chinese 
pediatricians until just the past decade. Despite 
popularization and promotion of analytical methods, 
including mass spectroscopy and enzymatic and ge-
netic analyses, it remains difficult to obtain an accu-
rate overview of the history and current status of IMD 
in China. Progress in analytical techniques, appropri-
ate communication, and professional training have 
contributed to a moderate increase in the accurate 
diagnosis of IMD in the country. Consistently, clini-
cians have obtained better knowledge and aware-
ness of these diseases.

Neonatal screening
Screening for phenylketonuria (PKU) and 

congenital hypothyroidism (CH) was first conducted 
in Shanghai in 1981. Since 1989, screening for PKU 
and CH has been routinely performed in several 
provinces/regions, including Beijing, Shanghai, 
Guangzhou, and Tianjin. Neonatal screening is 
now done even in medium-sized and smaller cities. 
From 1992 to 1993, the Chinese Ministry of Health 
and the World Health Organization (WHO) jointly 
conducted neonatal screening in the country, 

also founding the National Neonatal Screening 
Cooperative Group. Maternal and infant health 
care legislation was introduced in China in October 
1994, which legalized neonatal disease screening 
and genetic health care for disease prevention. 
Over 200 neonatal screening laboratories had been 
founded by 2013. The number of children screened 
annually increased from around 50,000 in 1985 to 
over 11 million in 2013. Areas covered by neonatal 
screening exceed 84.9 % in the central and eastern 
areas of the country, including Beijing, Shanghai, 
Guangdong, Zhejiang, and Hebei. However, the 
coverage of relatively poor western areas (including 
Sichuan, Shanxi, Gansu, Tibet, and Sinkiang) is still 
disproportionately low—below 20% (1).

Currently, neonatal screening in China covers 
mainly PKU and CH. In addition, testing for glucose-
6-phosphate dehydrogenase deficiency (G6PD) is 
frequently performed in parts of southern China. 
Congenital adrenal hyperplasia (CAH) is also 
screened for in Nanjing and a small number of other 
areas. A 2013 study showed that the incidence rates 
of PKU, CH, G6PD, and CAH were 1:12,189, 1:2,281, 
1:44, and 1:6,084, respectively, and the screening 
rates of these four diseases were 86.3%–87.5%, 
87.90%–89.1%, 24.0%–25.0%, and 18.9%–19.9%, 
respectively (2).

Fluorescence analyses, quantitative enzymatic 
analyses, and bacterial inhibition assays are the most 
commonly used neonatal screening methods for 
PKU in China. The use of bacterial inhibition assays 
decreased from 35.4% about 10 years ago to 4.6% 
today. Fluorescence analyses are accurate, sensitive, 
and less time-consuming; they have now become 
the mainstream technique for phenylalanine (Phe) 
measurement. Time-resolved fluoroimmunoassays 
(TRFIAs), enzyme-linked immunosorbent assays (ELI-
SAs), and fluorescence enzyme immunoassays are 
the most commonly used methods for CH screen-
ings. Fluorescence spot tests (FSTs), recommended 
by the International Committee for Standardization 
in Hematology, are used for G6PD screening in 
southern China. The diagnosis of G6PD deficiency 
depends mainly on the quantitative assay ratio of 
G6PD:6-phosphogluconate dehydrogenase (6PGD) 
and genetic analyses.

In addition to the increase in the number of chil-
dren undergoing neonatal screenings, since 1988 
the Clinical Laboratory Center of the Chinese Min-
istry of Health has initiated a nationwide evaluation 
of screening practices across different laboratories 
engaged in Phe and thyroid-stimulating hormone 
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(TSH) screening. The evaluation is conducted three 
times a year and performed according to the guide-
lines of the International Organization for Standard-
ization (ISO). Laboratories are increasingly subjected 
to quality evaluation, to inculcate the awareness of 
stringent quality control measures all across China 
(3, 4). The acceptable rates for quantitative testing 
of Phe and TSH were 94.48% and 98.31% in 2014, 
respectively (3).

Shanghai Xinhua Hospital and the Overseas 
Chinese Hospital of Jinan University first introduced 
liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS)–based next-generation screening 
technology in 2003, and have since expanded the 
coverage of neonatal screening to 35 inherited 
metabolic diseases, including disorders of amino 
acids, organic acids, and fatty acid metabolism. 
In the past few decades, LC-MS/MS technology 
has been introduced in more than 10 hospitals in 
Beijing, Shanghai, Guangzhou, and Zhejiang. The 
positive rate of screening tests for inherited meta-
bolic disorders by LC-MS/MS ranges from 1 in 8,304 
to 1 in 1,578 (5, 6). Those IMD that are most preva-
lent include methylmalonic acidemia (MMA), PKU, 
glutaricacidemia (GA), primary carnitine deficiency 
(PCD), maple syrup urine disease (MSUD), multiple 
carboxylase deficiency (MCD), tyrosinemia, ornithine 
transcarboxylase deficiency (OTCD), and propionic 
acidemia (PA) (7). Among these diseases, MMA and 
MCD have relatively high incidence (21.3% and 3.6% 
of all confirmed cases, respectively), and prevention 
and treatment prior to the onset of these diseases 
could effectively improve the prognosis and quality 
of life of the patients (8). Therefore, MMA and MCD 
should be considered as “priority diseases” in the 
expanded neonatal screening of IMD.

Over the past 20 years, neonatal screening in 
China has advanced greatly, and has evolved from a 
reactive response to proactive systematic planning 
and organization. However, several limitations still 
exist. First, only a limited number of diseases are 
covered in neonatal screening, and the availability 
of testing technologies varies considerably across 
the country. Second, next-generation screening 
lacks qualified technical personnel, experimental 
setups and analysis of results from MS biomarker 
screening differ considerably between laboratories, 
and professional standards for confirmation of data 
veracity are still lacking. Third, epidemiological 
data on the prevalence of multiple IMD in China 
and across different ethnicities are not available. 
We suggest that the government should increase 

its investment in IMD or seek the assistance of 
charitable organizations to expand the coverage 
of disease testing, establish standard protocols 
or guidelines for neonatal screening, create a 
comprehensive database of positive cases, and 
conduct unified patient management.

High-risk screening and diagnosis
In recent years, several biochemical techniques, 

including LC-MS/MS and gas chromatography-mass 
spectrometry (GC-MS), have been used for high-risk 
screening and have increased the diagnosis rate of 
small molecular IMD, such as amino acid disorders 
(PKU, tyrosinemia, MSUD) and organic acid disorders 
(MMA, PA, isovaleric acidemia). Specialized testing 
laboratories have been established in all the provin-
cial capitals of China. However, the majority of these 
laboratories, with the exception of a few in Shanghai 
and Zhejiang, perform only high-risk screening of 
IMD. Operational reports revealed that the small 
molecular IMD in high-risk patients encompassed 
mainly metabolic disorders of amino acids and or-
ganic acids, in addition to a few fatty acid metabolic 
disorders. Common diseases included PKU, citrin 
deficiency (NICCD), OTCD, MSUD, MMA, PA, and 
multiple acyl-coenzyme A-dehydrogenase defi-
ciency (MADD). The incidence of PKU in northwest 
China is higher than in southern China, while NICCD 
is prevalent in southern China (8–10).

Lysosomal storage diseases (LSD) are another 
group of IMD that are diagnosed mostly using as-
says for lysosomal enzymes in peripheral leukocytes 
or dermal fibroblasts. Technologies for multiple 
enzyme analyses have already been developed in 
Beijing, Shanghai, Guangzhou, and Wuhan, for the 
diagnosis and classification of LSD and glycogen 
storage disease. The most common LSD in China 
include mucopolysaccharidosis (MPS, mainly MPS I 
and II), Fabry disease, Gaucher disease, and Pompe 
disease (11–14).

With the development of molecular screening 
technologies, genetic analyses have become more 
widely used in clinical practice. They play a key role 
in the diagnoses of IMD and the identification of car-
riers. Further studies investigating genetic diagnoses 
of PKU, glycogen storage disease, MPS, neonatal 
intrahepatic cholestasis, hepatolenticular degenera-
tion, MMA, and Niemann-Pick disease (NPD) have 
been conducted in recent years and have improved 
our understanding of diseases associated with 
hotspot mutations in Chinese patients. Several rare 
IMD, such as Krabbe disease, were also diagnosed 
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genetically. Next-generation sequencing technolo-
gies can be used for the simultaneous detection of 
multiple genes, improving the diagnostic efficiency 
for IMD (15–17).

Biochemical, enzymatic, and genetic analyses 
are essential for the screening and diagnoses of 
IMD; they not only complement MS assays, but also 
provide key evidence essential for proper diagno-
ses. Currently, few laboratories in China engaged in 
screening for IMD use such technologies—these di-
agnostic technologies should be universally applied 
to improve the diagnosis of IMD.

Prenatal diagnoses of IMD
Metabolites of amino acids and organic acids can 

be detected in amniotic fluid supernatant during 
the prenatal diagnoses of organic aciduria, which 
are disorders of amino acid metabolism. Molecu-
lar biological techniques, including polymerase 
chain reaction performed on DNA from cord blood, 
amniotic fluid cells, or villus cell cultures, have been 
used for prenatal diagnosis of IMD. Prenatal diagno-
sis of MPS, MMA, and NPD in Beijing and Shanghai 
effectively reduced the number of neonates with 
IMD (18–20). However, the role of gene mutations in 
IMD is still unclear, which limits the utility of prenatal 
testing for mutations. Further investigation into the 
etiologies of IMD is needed to improve prenatal 
diagnosis.

Treatment of IMD
Comprehensive treatments for IMD in China en-

compass both acute phase and long-term interven-
tions. In recent years, the publications “Expert Con-
sensus on Diagnosing and Treating Gaucher Disease 
in China,” “Consensus on Diagnosing and Treating 
Congenital Hypothyroidism,” “Expert Consensus on 
Diagnosing and Treating Type II Glycogen Storage 
Disease,” and “Consensus on Diagnosing and Treat-
ing Hyperphenylalaninemia” have been issued by 
the Subspecialty Group of Endocrinology, Hereditary 
and Metabolic Diseases, the Society of Pediatrics, 
and the Chinese Medical Association. However, the 
treatment options available for severe IMD are still 
severely limited. Substantial gaps exist in enzyme 
replacement and genetic therapies for IMD in China 
compared with developed countries. Only very few 
hospitals, mostly in Beijing, Shanghai, and Guang-

zhou, have successfully treated patients with Gau-
cher or Pompe disease using enzyme replacement 
therapies donated by international pharmaceutical 
companies. Most orphan drugs for treating IMD au-
thorized in other countries have not been launched 
in China. In addition, Chinese pharmaceutical com-
panies currently do not manufacture such drugs.

The government, pharmaceutical companies, 
health care workers, and society as a whole should 
focus on the diagnosis, treatment, and management 
of rare diseases. Treatments could include foods 
and drugs that are not batch-produced or widely 
available commercially. Custom production of 
specialty foods and drugs by manufacturing 
companies for limited prescription and delivery 
to patients based on screening results is 
recommended.
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Clinical microbiology plays a crucial role in 
the diagnosis of infectious diseases, antimicrobial 
therapy guidance, nosocomial infection control, 
and antimicrobial stewardship—especially in this 
era of increasing antimicrobial resistance and 
emerging infectious diseases. However, for a 
variety of reasons, the development of the clinical 
microbiology field in China has lagged behind other 
laboratory diagnostic areas, which poses great 
challenges for health care staff, patients, and the 
nation as a whole.

In response to the global call for joint efforts in 
combating infectious diseases and antimicrobial 
drug resistance in the last decade (1–3), the Chinese 
government has gradually paid more attention to 
the further development of the diagnostic capacity 
of clinical microbiology laboratories, including 
infrastructure, human resource development, and 
laboratory quality assurance. At the same time, 
the introduction of novel techniques, especially 
matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS), has 
revolutionized laboratory diagnosis of infectious 
diseases, making the process more accurate, time- 
and labor-efficient, and cost effective (4), which 
has contributed significantly to the development of 
precision medicine.

In China, since the introduction of the first 
MALDI-TOF MS systems to clinical microbiology 
laboratories in early 2010, over 50 hospitals have 
been equipped with these instruments, and many 
more hospitals are considering acquiring them. 
However, as a novel technique in the diagnosis of 
infectious diseases, the standardization and quality 
assurance for routine application of MADLI-TOF MS 
assays present challenges for many laboratories. 

To address these problems, the Chinese MALDI-
TOF MS Clinical Microbiology Consensus Working 
Group, led by Peking Union Medical College 
Hospital, was set up in early 2015, consisting of 27 
experts from 7 tertiary hospitals, 3 experts from 
2 basic research institutions, 2 from 2 universities, 
and 3 from 2 mass spectrometry manufacturers in 
China. In January 2016, the first preliminary draft of 
the publication “Chinese MALDI-TOF MS Clinical 
Microbiology Consensus Working Group—Chinese 
Expert Consensus on Application of Matrix-
Assisted Laser Desorption Ionization/Time-of-Flight 
Mass Spectrometry (MALDI-TOF MS) in Clinical 
Microbiology” was created. After many revisions, 
the final consensus document was published in the 
Chinese Journal of Nosocomiology (5).

The consensus version comprised three chapters, 
the contents of which are summarized below.

Chapter I. The fundamental principles, 
operation, and maintenance of MALDI-TOF MS

This chapter is divided into three sections, 
providing a comprehensive introduction to MALDI-
TOF MS.

Section 1. Brief introduction and fundamental 
principles of MALDI-TOF MS

Considering that many laboratory researchers in 
China are still not familiar with this new technique, 
this section offers a detailed explanation of the 
instrument’s design principles and functionality, 
including a brief historical review of MALDI-TOF MS 
development, the hardware components, and the 
reagents used.

Section 2. Key performance indices 
of MALDI-TOF MS

In this section, a comprehensive introduction of 
the main performance indices of MALDI-TOF MS 
is given, taking into consideration the following 
aspects: resolution ratio, range of the detector, 
sensitivity, precision, repeatability, and accuracy. 
Knowledge of these key physical indices can help 
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users gain a better understanding of the routine 
application, management, and maintenance of the 
machine.

Section 3. Operation and maintenance of MALDI-
TOF MS equipment

It is important to carry out mass calibration of the 
instrument prior to use, and also to include relevant 
quality control procedures essential for monitoring 
and validating the instrument’s working status. 
In addition, as the MALDI-TOF MS is a precision 
instrument, it requires users to pay extra attention 
to its maintenance. These critical issues, which 
might be ignored by laboratory staff, are covered in 
this section.

Chapter II. MALDI-TOF MS applications in the 
identification of clinical isolates

This chapter comprises three sections in which 
the most recognized application of MALDI-TOF MS 
in clinical microbiology laboratories to date—the use 
of the assay in the identification of cultured clinical 
isolates—is introduced and discussed.

Section 1. Applications in the identification of 
cultured isolates

Three subsections are included: (1) identification 
of common bacteria species, (2) identification of 
common yeast species, and (3) other microorgan-
isms that need specific sample preparation. The first 
two subsections cover the significance of using a 
mass spectral database for identification of isolates 
and the pros and cons of using direct smear vs. 
crude pre-extraction methods for samples. The last 
subsection discusses protein extraction procedures 
for microorganisms requiring specific sample prepa-
ration, such as mycobacteria and filamentous fungi.

Section 2. Factors influencing the identification 
capacity of MALDI-TOF MS

Although it has been widely accepted that 
MALDI-TOF MS techniques are highly accurate 
and reproducible in the identification of 
microorganisms, users must be aware of several 
factors in the testing process that may affect the 
accuracy of the results. Potential confounding 
factors are systematically reviewed in this section, 
including those affecting the preanalytic and 
analytic phases. The key factors discussed include 
culture conditions (type of media, temperature, 
time, and O2/CO2 levels, among others), sample 
processing methods, number of samples, sample 

storage, mass spectra acquisition, interpretation 
of results, and handling samples from mixed 
infections.

Section 3. Setup and quality assurance of MALDI-
TOF MS in-house database

The capacity of MALDI-TOF MS to identify 
microorganisms is greatly dependent on the quality 
of the spectral database used. Many organisms 
are not identified because they are absent from 
the current databases. Setting up a local, in-house 
database can overcome some of these deficiencies. 
However, to ensure identification accuracy in 
routine laboratory work, the process needs a robust 
quality assurance program. The procedures for 
setting up a MALDI-TOF MS in-house database and 
recommendations on establishing quality assurance 
are given in this section.

Chapter III. Other developing applications of 
MALDI-TOF MS

Apart from the identification of microorganisms 
directly from cultured colonies, this expert 
consensus describes other developing applications 
of MALDI-TOF MS assays that may be applied to 
routine laboratory work in the future. This chapter 
comprises the following four sections:

Section 1. Direct identification of 
microorganisms in clinical samples

It is well known that invasive infections, for 
example, bloodstream infections, are associated 
with high morbidity and mortality, and hence 
require rapid identification of the causative 
pathogens. MALDI-TOF MS, being a sensitive 
analytical method, has great potential in this 
area. We have therefore included an up-to-
date description of its applications in the direct 
detection and identification of organisms in 
positive blood cultures, urine, and other sterile 
body fluids.

Section 2. Determination of antimicrobial 
susceptibilities

In addition to the accurate identification of 
bacteria in clinical material, another critical 
responsibility of a clinical microbiology laboratory 
is to determine antibiotic susceptibilities of 
pathogenic organisms and to report these findings 
to both physicians and pharmacists for the effective 
application of targeted antimicrobial therapy. This 
section describes the application of MALDI-TOF 
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MS in antibiotic susceptibility testing, including 
the detection of carbapenem-resistant organisms, 
extended spectrum beta-lactamase producers, 
and methicillin-resistant isolates of Staphylococcus 
aureus (MRSA).

Sections 3 and 4. Typing of pathogenic isolates 
and determination of virulence factors

This section gives a brief review of current 
research findings regarding the use of MALDI-
TOF MS in the typing of pathogens and the study 
of their virulence. These are two promising fields 
in which it can be of significant use in the future. 
Although there is currently insufficient data on this 
potential application, further investigations are 
ongoing.

Conclusions
Although MALDI-TOF MS has received 

widespread acceptance to date, the methodology 
itself is still evolving. Efforts are being made to 
expand the clinical species database for this system; 
overcome deficiencies in recognizing closely 
related species, e.g. Escherichia coli, Shigella, and 
viridans streptococci; optimize and standardize the 
direct identification of microorganisms in clinical 
samples; and further investigate strain typing and 
antimicrobial susceptibility testing. The MALDI-TOF 
MS working group has plans to continually update 
the expert consensus to keep up with further 
development of techniques and technologies. As 
the first expert consensus on the application of 
MALDI-TOF MS in clinical microbiology in China, 
we are open to and constantly seeking international 
collaborations in this field.
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Matrix-assisted laser desorption/ionization 
time-of-flight mass spectrometry (MALDI-TOF MS) is 
used in clinical diagnostic microbiology laboratories 
under routine conditions as a rapid, accurate, and 
cost-effective method of microbial identification. The 
use of MS for bacterial identification was first de-
scribed by Anhalt and Fenselau in 1975 (1). MALDI-
TOF MS was developed in the late 1980s and is now 
commonly used for an alyzing peptides and proteins 
for bacterial profiling. This technique gained accep-
tance and recognition after the 2002 Nobel Prize in 
Chemistry was awarded to Koichi Tanaka and John 
B. Fenn for “their development of soft desorption 
ionization methods for mass spectrometric analysis 
of biological macromolecules” (2). 

In order to identify unknown microorganisms, a 
database containing reference mass spectra of many 
characterized microorganisms is used. The database 
is produced by combining the results of thousands 
of individual spectra of a given sample. By compar-
ing the protein expression profiles obtained from 
unknown organisms to the database, the genus, spe-
cies, or even subspecies of those organisms can be 
quickly determined (3, 4).

In recent years, MALDI-TOF MS has been applied 
to the routine identification of microorganisms in a 
clinical microbiology laboratory setting (5, 6). This 
technology can be used to detect bacteria (espe-
cially mycobacteria) and yeast in blood cultures 
and urine samples (7). MALDI-TOF MS has poten-
tial advantages over other identification methods 

in that results can be obtained rapidly and sample 
preparation is simple; it also offers standardized and 
automated procedures for data acquisition (8–10). 
Furthermore, it is the most cost-effective method for 
bacterial identification. Several studies have shown 
that sample identification by MALDI-TOF MS can be 
performed for only 17%–32% of the cost of conven-
tional identification methods (11–13). 

Three commercial MALDI-TOF systems are avail-
able for bacterial identification: the MALDI Biotyper 
System (Bruker Daltonics, Germany), the Vitek MS 
system (bioMérieux, France), and the Clin-ToF MS 
system (Bioyong Technologies, China). The accu-
racy rate of MALDI-TOF-MS in identifying bacteria 
depends on the sample pretreatment, the particular 
MALDI instrument, the reference database, and the 
scoring algorithms used.

Sample pretreatment is an essential step to prop-
erly characterize those microorganism proteins that 
can be used for successful identification. Currently, 
there are two common pretreatment methods: the 
intact cell method (ICM) and the protein extrac-
tion method (PEM). For the ICM method, a single 
colony of the microorganism is directly smeared on 
the sample target plate using an inoculation loop 
or other sterile tool, then covered with a matrix that 
can be analyzed directly following drying. For PEM, 
proteins are extracted by chemical solvents and then 
analyzed.

The pretreatment process is carried out using ei-
ther a customized protocol or a commercial kit. Kits 
are generally simpler and more convenient than pro-
cesses that require making reagents, and they also 
provide more consistent results. Most pretreatment 
methods can be used in various brands of MALDI-
TOF MS instruments and are suitable for samples 
prepared by both ICM and PEM. Furthermore, they 
can often be used to process fungal specimens.

Many factors can directly affect identification 
results—inconsistent reference databases, insuffi-
cient spectra from reference strains, errors in the 
reference maps, and/or missing/incomplete maps of 
reference strains. Using the Clin-ToF MS instrument, 
Bioyong Technologies has established a database 
called MicroDetect that contains information from 
approximately 370 genera, 2,200 species, and 7,900 
strains of microorganisms, including common clini-
cal pathogens, foodborne pathogens, and veterinary 
and environmental microorganisms. This database 
has come about in the past four years through col-
laborations between the U.S. Centers for Disease 
Control and Prevention, the Academy of Military 

mailto:maqw@bioyong.com
mailto:qf302@163.com(F
http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=1.%09目前，可检测细菌，真菌，分枝杆菌，血培养阳性样本，尿液
http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=1.%09目前，可检测细菌，真菌，分枝杆菌，血培养阳性样本，尿液
http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=1.%09目前，可检测细菌，真菌，分枝杆菌，血培养阳性样本，尿液
http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=1.%09目前，可检测细菌，真菌，分枝杆菌，血培养阳性样本，尿液
http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=1.%09目前，可检测细菌，真菌，分枝杆菌，血培养阳性样本，尿液
http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=1.%09目前，可检测细菌，真菌，分枝杆菌，血培养阳性样本，尿液
http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=MALDI-TOF%20MS为基础商业化微生物鉴定系统


OTHER APPLICATIONS OF PRECISION MEDICINE 59

Medical Sciences in China, the Peking Union Medical 
College Hospital, the 301 Military Hospital of China, 
the 302 Military Hospital of China, and others. By 
comparison, the MALDI Biotyper database contains 
only 5,627 entries (14). 

With the development of shotgun proteomics 
technologies, many database search-and-score 
algorithms for the identification of microbial pep-
tides from mass spectra have improved significantly, 
particularly in areas such as cross-correlation (15), 
hypergeometric distributions (16), Poisson distribu-
tions (17), Mowse scores (18), and Bayesian statistics 
(19). The limitation of these methods is that they 
rely mainly on the mass-to-charge (m/z) ratio mea-
sured by MS, without considering the intensity of the 
matched peaks. Furthermore, many of these algo-
rithms are not suitable for clinical applications due to 
their low accuracy. 

In order to identify microbes using the Micro-
Detect database, Clin-ToF data from a test sample 
is preprocessed using three steps: smoothing, 
baseline correction, and peak detection (20). We 
developed a method of processing preprocessed 
peak data to normalized-intensity peak data that is 
compatible with the MicroDetect database. After 
preprocessing, the peaks are ordered by decreasing 
intensity. If the number of peaks is greater than 100, 
the 100 peaks with the highest intensity are retained. 
The total intensity of all retained peaks is defined as 
T1. Next, for each peak, a “judge score” (cumulative 
intensity) is calculated and divided by T1, generat-
ing a value between 0 and 1. We set “judge score” 
cutoffs of 0.5, 0.7, and 1.0, and divide all remaining 
peaks into three classes based on these cutoffs. We 
reset the intensity of peaks in each class to 3, 2, and 
1, which represent high-intensity, medium-intensity, 
and low-intensity peaks, respectively, allowing for 
the generation of normalized intensity peaks. Finally, 
each data point is compared to the MicroDetect da-
tabase and a probability score calculated using the 
following formula:

where yi denotes the number of peaks in each judge 
score range (i = 1, 2, 3,…), mi denotes the matched 
number of peaks of the same range, n denotes the 
total number of peaks, and m denotes the total num-
ber of matched peaks. Here, k is equal to 3. We then 
define the matched score as:
  score = –lnP()

The species in the MicroDetect database that have 
the highest matched score are considered as the 
best matches. If the score is above 25, the result is 
considered to be a reasonable match. The database 
search algorithm for MicroDetect has robust per-
formance with clinical data; the overall precision is 
above 95%, adequate for clinical applications. 

MALDI-TOF MS has become an important rapid 
microbial identification approach in many fields, in-
cluding food safety, medicine, biosafety, and veteri-
nary medicine. Many clinical microbiology laborato-
ries already use it for clinical pathogen identification. 
Whether MALDI-TOF MS could be used extensively 
depends on its speed and accuracy (11).

Time plays a key role in food processing, clinical 
testing, and other fields. It takes less than an hour for 
testing and identification of each microbial sample 
(without subculture) using MALDI-TOF MS. Addition-
ally, MALDI-TOF MS has a reported accuracy rate of 
90%–97% (21–23). Therefore, this technology could 
meet the need for rapid identification of microorgan-
isms in various fields, providing a significant im-
provement over conventional methods (7, 24).

The Clin-ToF MS system was able to accurately 
identify Gram-negative bacteria. In an evaluation 
study using 1,025 Gram-negative strains of 32 gen-
era and 56 species or species complexes, 98.05% 
(1,005/1,025) were correctly identified at the species 
or species-complex level. By comparison, 99.22% 
(1,017/1,025) were correctly identified by the Bruker 
MS system (unpublished data).

In addition, different MS systems have unique ad-
vantages when identifying certain pathogens; this is 
likely due to differences in their reference databases. 
In these MS systems, the Clin-ToF MS system has a 
high sensitivity and concordance rate compared to 
16S ribosomal RNA (rRNA)-based sequencing for 
bacteria isolated from saliva. One study collected 
saliva samples from 120 subjects with dental car-
ies, isolated and cultured these bacteria, and had 
each isolate identified by the Clin-ToF MS system 
and by 16S rRNA sequencing. The results obtained 
on the Clin-ToF MS system were concordant at the 
genus level with those of conventional 16S rRNA-
based sequencing for 88.6% of lactobacilli (62/70) 
and 95.5% of non-lactobacilli (21/22) (25). A second 
study collected saliva from 90 carious patients and 
tested these samples using the Clin-ToF MS system 
and 16S rRNA-based sequencing. It indicated that 
the sensitivity of the Clin-ToF MS system was 96.0%, 
and the concordance rate compared with 16S rRNA 
sequencing was as high as 98.7% (26).
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Oral precision medicine: 
Identification of microbes 
from saliva by mass 
spectrometry

Yifei Zhang†, Chong Ding†, Yan Gu, 
Xiaoyan Wang, Hong Hua, and Feng Chen*

Microorganisms are responsible for many 
infectious diseases—including foodborne illnesses, 
sepsis, subacute infective endocarditis, meningitis, 
and pyogenic infections—most of which could 
become life-threatening if early identification 
of causal agents and subsequent appropriate 
antimicrobial treatments are not available. However, 
conventional identification of an isolated culture is 
routinely based on phenotypic tests, including Gram 
staining, as well as determining culture, growth, 
and biochemical characteristics, which sometimes 
require expensive molecular techniques. Such time-
consuming processes need to be replaced by more 
rapid, accurate, and cost-effective identification 
methods.

Matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS), a 
procedure based on the comparison of specific mass 
spectra of cellular components (mainly proteins 
and peptides), has proven to be an effective tool in 
clinical microbiology laboratories (1). In previous 
tests, it has identified isolates correctly in septic 
patients with a 91.7% success rate (2), and showed 
100% concordance with genotyping at the species 
level in the rapid identification of 10 different species 
of Viridans streptococci from clinical cultures such 
as blood, abscess tissue, and wound swabs, among 
others (3). Our previous studies with the Bioyong 
(Bioyong, Beijing, China) MALDI-TOF MS system 
in the identification of caries-related Lactobacillus 
isolates from the saliva of adult carious patients have 
also confirmed the validity of the system. These 
studies showed 88.6% concordance for lactobacilli 
and 95.5% concordance for non-lactobacilli at the 
genus level with results using conventional 16S 

National Engineering Laboratory for Digital and Material Technology of 
Stomatology, Beijing Key Laboratory of Digital Stomatology, Peking University 
School and Hospital of Stomatology, Beijing, China
†These authors contributed equally to this work.
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The overall identification rate of microorganisms is 
a crucial factor in obtaining fast and accurate diag-
nostic results from clinical microbiology laboratories. 
Improving efficiencies in this area will benefit both 
clinicians and patients.
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Precision medicine 
development in Beijing

Qian Li*, Ke Huang, and Yue Pan

Precision medicine is a novel area of medi-
cal science that promises to bring about a better 
understanding of healthy body function and the 
nature of disease by combining modern technol-
ogy with conventional medicine, and by maximiz-
ing individual and social health benefits using the 
safest, most economical, and most efficient health 
services. At present, precision medicine is entering 
its golden age. The size of the global market was 
around US$40 billion in 2015, and is expected to 
grow to over US$80 billion by 2023. It is estimated 
to grow at an annual rate of more than 10% over that 
period (1). 

China has attached great importance to precision 
medicine. It is the new frontier of modern medi-
cal science, according to Huaijin Qin, head of the 
science and education department of the National 
Health and Family Planning Commission. In 2015, 
the first National Precision Medicine Strategic 
Conference, called by the Ministry of Science and 
Technology, was held in Beijing, at which com-

ribosomal RNA–based sequencing (4). Recently, 
direct detection of Candida species from positive 
blood culture broths was reported, with correct 
identification of 95.9% of Candida albicans and 
86.5% of non-C. albicans species (5). Another 
study correctly identified pathogens at the species 
level directly from urine samples with a success 
rate of 91.8% (6). MALDI-TOF MS can also detect 
subtle strain-specific differences. It has been used 
successfully to differentiate methicillin-sensitive 
Staphylococcus aureus from methicillin-resistant 
S. aureus (7), wild-type and ampicillin-resistant 
Escherichia coli (8), and isogenic teicoplanin-
susceptible and teicoplanin-resistant strains of 
methicillin-resistant S. aureus (9). We have concluded 
that MALDI-TOF MS is a valuable tool for routine 
identification of clinical pathogens.
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mitments were made to invest significant funds in 
precision medicine over the next 15 years. An initia-
tive supporting R&D into technologies for precision 
medicine or personalized therapy will be launched 
when the government’s 13th Five-Year Plan is imple-
mented (2016–2020). Several hospitals and medical 
centers have already been selected for precision 
medicine clinical trials by the government, and this 
number is expected to increase.

As the national center for biotechnology innova-
tion, Beijing possesses the most abundant scientific 
and technology resources for clinical R&D. The 
scale of its biomedical industry is now over RMB100 
billion (US$14.8 billion), and precision medicine is 
under rapid development in seven key areas includ-
ing genomics, proteomics, stem cells and regenera-
tion, vaccines and antibodies, biotherapies, novel 
personalized diagnosis and treatment technologies, 
and medical instruments and bioinformatics. In 
recent years, numerous innovative companies focus-
ing on genetic testing for inherited birth defects 
and cancer have been created. These companies’ 
fresh business models have accelerated the clini-
cal transformation of scientific achievements and 
brought quality-of-life benefits to many people. 
Departments within the Beijing municipal govern-
ment have contributed to precision medicine by 
supporting pilot units and improving corresponding 
policies on industry standards, mutual recognition 
systems, medical supervision, price approvals, and 
market access. 

With the rapid development of the biomedical 
industry and the precision medicine field, the 
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Beijing Pharma and Biotech Center (BPBC) is 
taking a leading role in the development of the 
biomedical industry in Beijing. Following the 
maxim of “Virtue, Dedication, Innovation, and 
Practicality,” BPBC sees itself as a thought leader in 
this industry and as a window to the world for the 
Beijing biomedical industry. In 2005, the Alliance 
of Bio-Box Outsourcing (ABO), the nation’s first 
organization dedicated to domestic biotech R&D 
outsourcing services, was created in Beijing. ABO 
was established with the aim of serving the needs 
of the biopharmaceuticals and precision medicine 
industries. With a decade of dedicated focus on 
technological and institutional innovation, ABO 
has grown into an alliance of 38 members with 

Expert consensus 
on inborn errors of 
metabolism screening

Chunhua Zhang

Awareness of inborn errors of metabolism 
(IEM) has been growing since A. E. Garrod first 
described alkaptonuria in 1902 (1, 2). Currently, 
approximately 600 IEM have been described (3). 
Although the overall number of IEM cases is large, 
each disease alone has a relatively low incidence 
rate and often lacks a specific clinical phenotype. 
This makes the diagnosis of IEM heavily dependent 
on information from special laboratory tests. Meta-
bolic diseases can be caused by a range of genetic 
errors that impact various metabolic pathways. A 
method that can identify changes in the levels of 
a broad range of metabolites can be valuable in 
pinpointing where a metabolic pathway is being 
affected, allowing subsequent confirmation of the 
enzyme or coenzyme deficiency or surplus. Since a 
method of this type is not yet available, the accurate 
diagnosis of IEM has been challenging.

Since the early 1960s, chromatography and mass 
spectrometry (MS) techniques have been used to 
analyze metabolites, including blood and urinary 
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a revenue of over RMB2 billion (US$394 million) 
in 2013 (2). Its business encompasses a variety 
of technology service platforms, including high-
throughput sequencing, animal model generation, 
and clinical evaluation, among others.
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amino acids, organic acids, sugars, sugar-alcohols, 
and nucleic acid bases (2, 4). MS has since proven 
to be the better technology, enabling rapid and 
simple diagnosis of more than 140 IEM using body 
fluid samples (5–11). MS has also allowed for the 
successful diagnosis of difficult and rare cases and 
has been used in China for more than 15 years. Be-
low, we review the use of MS for IEM screening and 
discuss strategies for standardization of MS analysis.

Screening using mass spectrometry
Screening for specific target metabolites, or so-

called “target screening,” falls into two categories: 
newborn screening and high-risk screening. New-
born screening is a preventive practice that screens 
infants for specific metabolic diseases. Using tandem 
MS (MS/MS) to detect acylcarnitines (involved in fatty 
acid metabolism) and amino acids in dried blood 
samples, between 20 and 40 inherited metabolic 
diseases can be identified in a single test.

High-risk screening is a clinical strategy that at-
tempts to identify clinical patients who might have 
undiagnosed metabolic diseases. More than 400 
metabolites in urine can be detected via gas chro-
matography-mass spectrometry (GC-MS), an effec-
tive and economical screening tool. GC-MS testing 
for acylcarnitine and amino acid levels in blood 
allows for the identification of approximately 140 
types of inherited metabolism diseases including 
organic acidemia and disorders involving carbo-
hydrate metabolism, fatty acid oxidation, purine 
metabolism, and aberrant neurotransmitter function.

Combining liquid chromatography (LC) with MS/
MS, even very similar compounds can be quickly 
and accurately identified. LC-MS/MS is used mainly 
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when testing acylcarnitines and amino acid levels in 
serum or dried blood spots. This method has sev-
eral advantages, including simple sample prepara-
tion, short testing time (only 2 minutes is needed 
per sample), easy detection of aberrations in the 
data change (12–14), and quick identification of the 
suspected disease. Disadvantages include poten-
tial interference from extraneous factors—such as 
high levels of hydroxyl-isovaleryl-carnitine caused 
by 3-methylglutaconic aciduria, the presence of 
3-methylcrotonylglycinemia, multiple carboxylase 
deficiency, 3-methyl-3-hydroxyglutaric acidemia, 
beta-ketothiolase deficiency, 2-methyl-3-hydroxybu-
tyric acidemia, or high levels of isovaleryl-carnitine—
that might cause a high false-positive rate. For more 
accurate diagnoses, either GC-MS analysis of urine, 
or other, more accurate enzyme activity assays and 
genetic mutation analysis are often needed (15–17). 

GC-MS is adept at the quantitative and qualitative 
detection of gassifiable metabolites and, in conjunc-
tion with other methods, can aid in the discovery of 
novel IEM. Its disadvantages include sample prepa-
ration that is about 1 to 2 hours longer, different 
sample preparation methods needed for different 
sample types, occasional inconsistency in intralabo-
ratory results, and longer testing times than LC-MS 
(about 20 minutes to 60 minutes per sample). Addi-
tionally, highly trained professionals are needed who 
have knowledge of the underlying theory of meta-
bolic disorders and are able to recognize abnormali-
ties in MS data pointing to metabolic disorders. Of 
course, this applies equally to other MS modalities.

In China, MS analysis of IEM was first used at the 
end of the 1990s (8–9). Today, hundreds of regis-
tered laboratories use this technology. An existing 
challenge is that laboratories have their own equip-
ment, sample preparation methods, and methods 
for data analysis. This can result in inconsistent data 
analysis between laboratories, potentially confusing 
patients, their families, and even their doctors. Stan-
dardization for MS analysis of IEM is sorely needed. 
Below we provide some recommendations.

Collection, storage, and delivery  
of MS samples

The sample types most frequently screened for 
metabolic diseases are blood and urine. Proper 
handling of samples during collection, storage, 
and transfer is important in obtaining accurate 
test results. MS analysis should show the patient’s 
metabolic status (metabolite identity and levels) at 
the time of collection. Snap-freezing followed by 

–20°C storage is currently the optimal sample storage 
method, as it stops any enzymatic reactions and fixes 
the status of all metabolites. When transported, sample-
to-sample cross-contamination as well as environmental 
contamination must be avoided. Samples need to be 
securely stored to prevent infection of handlers, and 
constant temperatures must be maintained to avoid 
thawing. When accepting samples, testers must confirm 
that they have been correctly handled.

Sample preparation
Sample preparation for MS depends on the type of 

sample and the particular analysis method being used. 
Blood samples, which can be either serum or dried 
blood spots, analyzed by LC-MS/MS for detection of 
acylcarnitines and amino acids, are prepared as fol-
lows: (1) Collect a serum sample or a 3-mm diameter 
puncture of a dried blood spot (approximately 3 μL of 
blood); (2) add methanol containing internal amino 
acid and acylcarnitine standards to extract metabolites; 
(3) the sample can then go through a derivatization pro-
cess before being injected into the LC-MS/MS machine 
for analysis, or can be analyzed in its nonderivatized 
form. Derivatization involves a chemical treatment that 
breaks down the sample in an attempt to improve the 
ease and quality of the analysis. 

Commercial reagents are available for derivatization, 
such as NSK-A and NSK-B from Cambridge Isotope 
Laboratories and the NeoBase kit from Perkin-Elmer. 
The former requires additional preparation of the 
mobile phase lyase, while the latter provides it ready-
made. The decision whether to derivatize a sample 
depends on the sensitivity of the mass spectrometer; 
the derivatization method improves the detection 
sensitivity for microconstituents. As new MS models 
are released (see Table 1) it may become easier to use 
nonderivatized samples, making operation quicker 
and cheaper. For the older MS models, derivatization is 
generally required.

When analyzing urine by GC-MS, two sample types 
are generally used: fresh urine or dried urine on filter 
paper. Either organic solvent extraction and/or urease 
treatment can be applied to these samples (Table 2). 
Organic solvent extraction uses three rounds of acidi-
fied diethylacetic acid treatment to extract organic 
acids; after drying and trimethylsilyl derivatization, the 
prepared sample is injected into the GC-MS. Urease 
treatment decomposes the urea, followed by drying 
and trimethylsilyl derivatization for compounds contain-
ing hydroxyl, amino, and carboxyl groups, and then 
injection into the GC-MS. It should be noted that the 
organic solvent method can extract only the carboxylic 
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acid in samples. Thus, this method is useful in the 
diagnosis of organic acidurias. The urease treatment 
method can analyze organic acids as well as amino 
acids, carbohydrates, and nucleic acids, making it 
widely used in the diagnosis of metabolic disorders. 

Currently, the main suppliers of LC-MS/MS devices 
are AB Sciex, Waters, and Shimadzu. Models such as 
the AB Sciex API 4000, the Waters TQD series, and 
the Shimadzu LCMS-8040 or more advanced models, 
are able to meet the requirement for blood acylcar-
nitine and amino acid analysis. GC-MS producers 
include Agilent, JEOL, and Shimadzu. See Table 1 for 
more details. MS makers also provide data analysis 
software to help in the quantitative and qualitative 
analysis of metabolites. When choosing an MS tech-
nology, whether for LC-MS/MS or GC-MS, it is impor-
tant to ensure that the analysis software is compatible 
with IEM screening.

When performing LC-MS/MS, the instrument set-
tings on different machines are likely to be very simi-
lar. However, different instruments or laboratories 
may use slightly different methods based on the me-
tabolites they are targeting. For example, although 
precise detection of certain basic amino acids such 
as lysine, arginine (and its 
derivatives, ornithine and 
citrulline), and histidine 
is challenging, it is very 
helpful in the diagnosis of 
certain metabolic disor-
ders and therefore impor-
tant to some laboratories. 
Similarly, detection of 
long-chained acylcarni-
tines aids in the diagnosis 
of metabolic disorders 
involving long-chained 
or very long-chained fatty 
acids.

With respect to GC-MS, 
the temperature during 
sample preparation and 
the columns used can 
significantly impact the 
results. For example, when 
using a 30 m × 0.25 mm 
× 0.25 mm Ultra ALLOY 
metal capillary column, the 
temperature range should 
be 60°C–350°C, the sam-
pling method should be 
split flow, electron ioniza-

tion should be used for MS, and a scan mode should 
be used for detection. Utilizing these conditions, 
more comprehensive metabolomic information will 
be obtained.

Peak identification
Peak identification is a critical step in MS analysis. 

Most metabolites lack standard compounds against 
which they can be measured, and the mass spectra 
libraries found in analysis software are often incom-
plete. Furthermore, identifying each peak in a mass 
spectrum can be tedious, often requiring the input of 
professional technicians. 

Proper identification and interpretation of peaks in 
the mass spectra is essential for ascertaining the met-
abolic status of a patient and determining whether 
their metabolic profile is within normal parameters, 
or if unconventional metabolites are detected and 
the ratio of marker metabolites is abnormal. To make 
a clear clinical diagnosis of IEM, a solid theoretical 
knowledge of human metabolomics and metabolic 
pathways is required, as well as an understanding of 
the biochemical role of each metabolite. 

Following metabolome analysis, a report should 

TABLE 2. Comparison of organic solvent extraction and urease treatment.

Instrument type Producer Model Application

LC-MS/MS
AB Sciex API 4000 Blood acylcarnitine 

and amino acid 
analysis

Waters TQD series
Shimadzu LCMS-8040

GC-MS
Agilent 6890A series

Urine metabolomics 
analysisJEOL JMS-Q1050GC

Shimadzu GCMS-QP2010 Ultra

TABLE 1. Types of mass spectrometers.

Method Detectable 
compounds Target metabolic diseases range

Organic solvent 
extraction Organic acids

Methylmalonic acidemia, propionic acidemia, maple 
syrup urine disease, isovaleric acidemia, glutaric 
acidemia I/II, and others

Urease treatment

Organic acids
Methylmalonic acidemia, propionic acidemia, maple 
syrup urine disease, isovaleric acidemia, glutaric 
acidemia I/II, and others

Amino acids
Urea cycle disorders, phenylketonuria, sarcosinemia, 
hyperprolinemia, lysine intolerance, citrin deficiency, 
and others

Carbohydrates 
Galactosemia, fructose-1,6-diphosphatase 
deficiency, 
citrin deficiency, and others

Nucleic acids
Lesch-Nyhan syndrome, xanthinuria, thymine-
uraciluria, 
and others

Neurotransmitters Neuroblastoma, Canavan disease, 4-hydroxybutyric 
aciduria, and others
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be issued to the treating clinician. Since these doc-
tors do not often encounter IEM, they may have little 
experience in the therapy or treatment of the result-
ing diseases. The test report should therefore inform 
doctors not only what the abnormality is, but also 
provide possible reasons for the abnormality, what 
possible diseases may result, the manifestations of 
such diseases, and suggested therapies and follow-
up treatments.

Quality control
All steps in the analysis of a sample by MS should 

be standardized using clear quality assurance 
and quality control criteria, from sample collec-
tion through spectrum analysis to generation of 
the final report. However, there is currently no such 
standardized quality control system; each labora-
tory uses its own protocols and standards. Clinical 
test laboratories in China can now maintain a high-
quality MS analysis service and reduce instrument 
error by having their devices inspected annually by 
the General Administration of Quality Supervision, 
Inspection and Quarantine. Furthermore, in 2013, the 
clinical laboratory center of the Chinese Ministry of 
Public Health began an external quality assessment 
(EQA) of newborn MS/MS screening methods used 
to analyze amino acids and acylcarnitine from dried 
blood-spot samples. This program is still maturing 
and more data on different methodologies needs to 

be collected before conclusions can be drawn 
as to its efficacy. Most international laborato-
ries participate in an EQA system developed 
by the U.S. Centers for Disease Control and 
Prevention (CDC). However, since most of the 
CDC’s quality control samples are prepared in 
the laboratory rather than being true patient 
samples, this systems has been deemed less 
than satisfactory for use in China. The Euro-
pean Research Network for evaluation and im-
provement of screening, Diagnosis and treat-
ment of Inherited disorders of Metabolism 
(ERNDIM) has been the authority for EQAs in 
this area for the past decade, comprising the 
world’s leading experts on metabolic diseases. 
ERNDIM has a large database of metabolic-
disease patient information, and its quality 
control samples are from diagnosed patients. 
Hundreds of laboratories screen for meta-
bolic diseases using the ERNDIM EQA system, 
including the metabolic disease laboratory at 
the Matsumoto Institute of Life Sciences (MILS) 
in Japan, which has been participating for 

10 years. There are currently 75 types of Asian IEM 
patient samples in the ERNDIM database. MILS has 
an extensive database of Asian IEM patient samples 
that makes it possible to compare EQAs from dif-
ferent laboratories in China, as well as compare and 
combine the results from the same patient sample 
processed in different Asian laboratories, just as the 
ERNDIM system can do.

Globalization of the IEM screening model
IEM screening laboratories require technicians and 

clinical experts, as well as delicate instruments. Since 
doctors are highly dependent on accurate results, 
there can be little tolerance for errors in the process, 
as this can lead to incorrect diagnoses and treat-
ments. To create a reliable IEM detection workflow 
using MS, MILS has established an international IEM 
screening laboratory network consisting of trained 
MS technicians and IEM medical experts (Figure 1). 
The goal of this network is to regulate the setup of 
IEM testing laboratories, sample treatment methods, 
detection conditions, and data reporting, as well as 
to ensure reliable technical support for equipment. 
Following the generation of MS data, results are first 
delivered to a network data analysis center where 
data analysis experts carry out peak identification 
and examine the output spectra, creating a final re-
port for interpretation by IEM experts. Utilizing rapid 
online communication, IEM experts can analyze the 

FIGURE 1. A diagrammatic representation of the international 
network for inborn errors of metabolism screening and 
analysis.
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compounds Target metabolic diseases range

Organic solvent 
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Methylmalonic acidemia, propionic acidemia, maple 
syrup urine disease, isovaleric acidemia, glutaric 
acidemia I/II, and others

Urease treatment

Organic acids
Methylmalonic acidemia, propionic acidemia, maple 
syrup urine disease, isovaleric acidemia, glutaric 
acidemia I/II, and others

Amino acids
Urea cycle disorders, phenylketonuria, sarcosinemia, 
hyperprolinemia, lysine intolerance, citrin deficiency, 
and others

Carbohydrates 
Galactosemia, fructose-1,6-diphosphatase 
deficiency, 
citrin deficiency, and others

Nucleic acids
Lesch-Nyhan syndrome, xanthinuria, thymine-
uraciluria, 
and others

Neurotransmitters Neuroblastoma, Canavan disease, 4-hydroxybutyric 
aciduria, and others
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data and rapidly submit a diagnostic report to the lo-
cal laboratory. Finally, this report can be passed from 
local laboratories to the clinicians, and the results can 
be shared with the patient.

Joining the screening network 
Any laboratory that plans to carry out IEM 

screening is welcome to join the MILS network. 
Participating groups will be required to equip their 
laboratory and prepare and test samples under strict 
guidelines. Test results will be delivered through 
online submissions to the analysis center. The data 
analysis center will provide a report, and participating 
laboratories must then transmit these results to the 
doctors in a timely fashion. This system is intended 
to be efficient and flexible. MS technicians need 
minimal training, and onsite metabolic diseases 
experts are not required, as professional support 
from international experts within the network is 
available. Using this network, IEM MS screening in 
China can rapidly reach international standards.
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Cardiovascular precision 
medicine in China

Lei Song1 and Rutai Hui2*

Traditional Chinese medicine has long pro-
posed the concept of “treating different diseases 
with the same method, the same disease with differ-
ent treatments,” which emphasizes the concept of 
individual treatments. Precision is the standard, while 
personalization is the ultimate goal. 

Background and policy
In China, cardiovascular and cerebrovascular dis-

ease hospitalization expenses have increased rapidly 
since 2004, with the growth in costs exceeding the 
national gross domestic product growth rate (1). 
One of the reasons for this high expense is that the 

traditional medical model treats all patients with the 
same disease using the same method, resulting in 
low treatment efficacy and high medical expenditure. 
Precise and individualized medical models undoubt-
edly reduce costs, as evidenced by the practice in east 
China’s coastal city of Qingdao. Since 2011, Qingdao 
has piloted an insurance-supported precision medi-
cine program, covering precise target treatment for 
tumors, pulmonary vascular diseases, blood diseases, 
immune diseases, and diabetes. After the new initia-
tive was implemented, the average number of per-
patient hospitalization days decreased significantly, 
from 15.57 days in 2010 to 9.74 days by the end of 
2015. The percentage of medical expenses covered 
by patients themselves has dropped by 39.5%, while 
the probability of catastrophic health expenditure—
defined by the World Health Organization (WHO) as 
when “the personal health expenditure in cash of a 
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family reaches or exceeds 40% of its total spending in a 
certain period (usually a year)”—has dropped by 76.6%. 

New initiatives and organizations 
to promote precision medicine

In 2014, the National Health and Family Planning 
Commission assigned the first high-throughput se-
quencing technology pilot units for clinical applications 
in three areas: genetic disease diagnosis, prenatal 
screening and diagnosis, and preimplantation embryo 
genetic diagnosis. The Chinese central government 
launched a precision medicine initiative on July 29, 
2015. A plan to construct a pilot center to demonstrate 
the application of gene detection technology was ap-
proved by 27 Chinese provinces in April 2016. 

Under the auspices of the Chinese Society of Car-
diology (CSC), the Cardiovascular Precision Medicine 
Group (CPMG) was founded by scientists from different 
fields involved in precision medicine, including cardio-
vascular disease, cerebrovascular disease, molecular 
imaging, reproductive medicine, medical statistics, 
bioinformatics, and big data analysis. They will establish 
research cohorts to study monogenetic cardiovascular 
disease and cardiovascular disease pharmocogenom-
ics in China. The goals of CPMG are: (1) to establish 
a precision diagnosis system for clinical decision-
making; (2) to seek genetic markers, risk factors, and 
targets to improve clinical outcomes, minimize or avoid 
adverse effects, and guide drug treatment; (3) to train 
personnel and formulate industry standards, norms, 
and guidelines for Chinese cardiovascular precision 
medicine; and, (4) to construct a nationwide network to 
promote the clinical transformation and application of 
precision medicine scientific research production.

Precision medicine in monogenetic diseases
Even though monogenetic cardiovascular diseases 

are rare, the number of patients is significant in China 
due to its population of 1.4 billion. For example, in 
2004, the prevalence of hypertrophic cardiomyopathy 
(HCM) ascertained using echocardiography in China 
was 0.16% in adults aged 18–74 (2). That equates to 
almost 2 million HCM patients. HCM in almost 60% 
of patients has a known genetic origin (3, 4). Genetic 
determination of HCM can benefit both genetically 
affected and unaffected familial members in terms of 
obtaining an early diagnosis, better predicting risk, 
and choosing treatment options. On the other hand, 
monogenic cardiovascular disease can be masked by 
a host of other conditions that may lead to misdiagno-
sis. Gene diagnosis is considered the gold standard of 
diagnosis for these cases.

Since publication of the “Chinese Experts Consen-
sus Statement on the State of Genetic Testing for the 
Channelopathies and Cardiomyopathies” in 2011 (5), 
molecular detection of monogenic cardiovascular 
diseases, including a variety of cardiomyopathies and 
channelopathies (e.g., long QT syndrome), monogenic 
pathogenic hypertension (e.g., Liddle’s syndrome), 
inherited lipid metabolic abnormalities, familial pulmo-
nary hypertension, and hereditary disease of the aorta 
(e.g., Marfan syndrome) has been widely carried out 
by hospitals, institutions, and commercial companies in 
China. At present, gene diagnosis techniques based on 
preimplantation genetic screening have been success-
fully applied to clinical practice.

However, with most Chinese genotype–phenotype 
studies conducted in individual centers, the results 
are often difficult to repeat and even conflict with each 
other. Thus, it is difficult to apply these genetic dis-
coveries directly in clinical practice (6). Moreover, the 
determination of heterogeneity of genetic and clinical 
manifestation needs an accurate genotype–phenotype 
relationship analysis system. A recent case of a Chinese 
family carrying a new mutation in the beta-myosin 
heavy chain (MHC-β) gene, MYH7, and exhibiting com-
pound characteristics of hypertrophic cardiomyopathy 
and restrictive cardiomyopathy, exemplifies why the 
comprehensive evaluation of phenotype and genotype 
is critical (7). Multicenter, large-scale, and long-term 
follow-up genetic and clinical research can provide 
high-quality evidence for precise medical diagnosis 
and treatment.

Native Chinese exhibit a different genetic muta-
tion profile compared with Western populations. For 
example, the codon 403 mutation in the MHC-β gene, 
which is a known cause of HCM, was reported as a hot 
spot and malignant mutation among Caucasian HCM 
patients (8, 9) but was not identified in 529 Chinese 
patients (10). The cardiac troponin (cTnT) mutation was 
identified in 10% of patients with HCM of European 
ancestry, but only <1% of Chinese HCM patients (11, 
12). In addition, researchers now know that much of 
the variation may come from individual environmental 
adaptation to pathogens, climate, altitude, diet, and 
possibly cognitive challenges (13). China has 56 ethnic 
groups with different geographic environments, life-
styles, diets, and cultures. Therefore, genomic data of 
transethnic origin need to be evaluated in the Chinese 
population before being applied in the clinic.

European and American countries have large popu-
lation genetic databases, such as the 1000 Genomes 
Project, the Exome Sequencing Project 6500 (ESP6500), 
and the Exome Aggregation Consortium (ExAC), which 
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are useful in interpreting the clinical significance of 
variations. China’s gene database has yet to be built. 

Application of pharmacogenomics 
and pharmacogenetics

Data gathered from pharmacogenomics and pharma-
cogenetics studies are important for guiding targeted 
treatments in precision medicine, so that drug treat-
ments can be precisely optimized with minimal side 
effects and at an affordable cost. Molecular detection of 
warfarin resistance, clopidogrel resistance, and homo-
cysteine metabolic enzyme genotyping (14), as well 
as antihypertension medication receptor gene tests, 
angiotensin-converting enzyme genotyping, and statin 
side effects have been used widely in the field of phar-
macogenomics and pharmacogenetics in China. 

It has been reported that the required warfarin dose 
could vary by up to 20 times in order to maintain thera-
peutic international normalized ratio (INR) values in differ-
ent individuals (15). Chinese patients are more sensitive 
to warfarin, with dosing being 40%–50% lower in patients 
of Chinese ancestry compared with that in Europeans 
(16). Cytochrome P450 2C9 (CYP2C9) is an important ge-
netic factor affecting response to warfarin. The presence 
of the CYP2C9*2 or CYP2C9*3 alleles reduces warfarin 
metabolic enzyme activity by 30% and 80%, respectively. 
Among the Chinese, the CYP2C9*3 allele is most com-
mon, while CYP2C9*2 is rare (17). The heritability of 
platelet response to clopidogrel has also been found to 
be highly divergent among individuals (18, 19).

As for monogenic diseases, the transethnic 
verification of variants and the heterogeneity of 
genotype–phenotype relationships are still key issues 
when studying genetic markers associated with drug 
responses in clinical practice. Pharmacogenomic traits 
need to be verified across samples of other ethnic 
minorities—in addition to Han Chinese—requiring 
multicenter and large-scale cohort studies.

Challenges ahead for precision medicine
Current genetic data applied to clinical practice are 

mostly limited to variants in the protein-coding region of 
single genes and mostly derived from Western popula-
tion studies. Chinese medical and biomedical societies 
need to collaborate with the international community to 
clinically evaluate these genetic markers and develop 
novel markers for the Chinese population. This should 
also include the effects of nonprotein coding genetic 
variants, multiple gene variants, and variant–variant 
interactions. 

China still predominantly uses third parties for 
genetic testing and interpreting results. However, the 

techniques used by these companies can differ, making 
direct comparisons difficult. Additionally, interpreta-
tion of the results can be subjective and there can be 
deviations between the testing results and the clinical 
phenotype. The expense of genetic testing is still too 
high for patients to pay, and it may still be years before 
China’s health insurance and commercial insurance 
cover these tests.

In the era of precision medicine, cardiovascular 
specialists have much to learn regarding the use of 
biomedical approaches (20) to diagnose disease and to 
guide the choice of clinical treatment. For clinicians, ge-
nomic analysis is dauntingly complex and the amount 
of data is huge. The accuracy of the analysis itself is also 
uncertain. These issues may discourage some doctors 
from even trying to apply precision medicine–based di-
agnoses and treatments. Up to now, there is no national 
institution to formally conduct training, certification, 
and assessment for clinicians in this field. Thus, preci-
sion medicine application for cardiovascular disease in 
China has a long way to go.

Thanks to collaborations among clinicians, scientists, 
patients, and their families, as well as government and 
industry, the hope rather than the hype from precision 
medicine is that it will reduce the incidence, mortal-
ity, and medical costs of cardiovascular disease, bring 
new opportunities for early warning and intervention in 
cardiovascular disease, improve patients’ quality of life, 
and extend their life expectancy. 

  References
  1.  W. Chen et al., Chinese Circulation Journal 6, 521–528 (2016).
  2.  Y. Zou et al., Am. J. Med. 1, 14–18 (2004). 
  3.  B. J. Gersh et al., J. Am. Coll. Cardiol. 25, e212–e260 (2011).
  4.  P. M. Elliott et al., Eur. Heart J. 39, 2733–2779 (2014).
  5.  Chinese Society of Cardiology, Zhonghua xin xue guan bing  
 za zhi 12, 1073–1082 (2011).
  6. E. S. Lander, N. Engl. J. Med. 13, 1185–1186 (2015). 
  7.  B. L. Yu, R. Xiang, D. Hu, D. Q. Peng, Eur. Heart J. 3, 178   
 (2015).
  8.  N. D. Epstein, G. M. Cohn, F. Cyran, L. Fananapazir, Circulation  
 2, 345–352 (1992).
  9.  E. Dausse et al., J. Clin. Invest. 6, 2807–2813 (1993).
10.  J. Wang et al., Eur. J. Heart Fail. 9, 950–957 (2014).
11.  M. Li et al., Nan fang yi ke da xue xue bao 9, 1589–1591 (2011).
12.  G. Z. Pan et al., Zhonghua yi xue za zhi 42, 2998–3001 (2006).
13.  P. L. Balaresque, S. J. Ballereau, M. A. Jobling, Hum. Mol. Genet. 2,  
 134–139 (2007).
14.  Y. Huo et al., JAMA 13, 1325–1335 (2015).
15.  M. Wadelius et al., Blood 4, 784–792 (2009).
16.  H. C. Yu, T. Y. Chan, J. A. Critchley, K. S. Woo, QJM–Int. J. Med.  
 2, 127–35 (1996).
17.  W. Y. Shu, J. L. Li, X. D. Wang, M. Huang, Acta Pharmacol. Sin.  
 5, 535–543 (2015).
18.  A. R. Shuldiner et al., JAMA 8, 849–857 (2009).
19.  B. Sun et al., Genet. Mol. Res. 1, 1434–1442 (2015).
20.  F. S. Collins, H. Varmus, N. Engl. J. Med. 9, 793–795 (2015).



精准检验：临床质谱时代，Clin-TOF系列

Clin-TOF I Clin-TOF II 

应用示范单位

应用范围

地址：北京市昌平区中关村生命科学园28 号博达高科技大厦5 层

电话：010-53223581　　　　传真：010-53223581

网址：www.bioyong.com　　邮箱：yixin@bioyong.com

北京毅新博创生物科技有限公司
Bioyong Technologies Inc.

军事医学科学院 协和医院检验科 中国人民解放军总医院 湘雅医学检验所 北京大学口腔医院

哈尔滨医科大学第一附属医院 中山大学附属肿瘤医院 北京蛋白质组研究中心 中科院微生物所北京博爱医院

微生物鉴定 基因检测 多肽组指纹图谱



毅新博创
BIOYONG

北京市昌平区中关村生命科学园28 号博达高科技大厦5 层

电话：010-53223581　　　  传真：010-53223581

网址：www.bioyong.com　　邮箱：yixin@bioyong.com

北京毅新博创生物科技有限公司
Bioyong Technologies Inc.


	_GoBack
	OLE_LINK1
	OLE_LINK2
	_ENREF_1
	_ENREF_2
	_ENREF_3
	_ENREF_4
	_ENREF_5
	_ENREF_6
	_ENREF_7
	_ENREF_8
	_ENREF_9
	_ENREF_10
	_ENREF_11
	_ENREF_12
	_ENREF_13
	_ENREF_14
	_ENREF_15
	_ENREF_16
	_ENREF_17
	_ENREF_18
	_ENREF_19
	_ENREF_20
	_ENREF_21
	OLE_LINK39
	OLE_LINK40
	OLE_LINK1
	OLE_LINK2
	OLE_LINK23
	OLE_LINK3
	OLE_LINK4
	OLE_LINK34
	OLE_LINK58
	OLE_LINK32
	OLE_LINK33
	OLE_LINK47
	OLE_LINK48
	OLE_LINK59
	OLE_LINK60
	OLE_LINK5
	OLE_LINK6
	OLE_LINK13
	OLE_LINK16
	OLE_LINK54
	OLE_LINK55
	OLE_LINK17
	OLE_LINK27
	OLE_LINK18
	OLE_LINK19
	OLE_LINK36
	OLE_LINK35
	OLE_LINK52
	OLE_LINK53
	OLE_LINK7
	OLE_LINK12
	OLE_LINK49
	OLE_LINK41
	OLE_LINK46
	_ENREF_1
	OLE_LINK82
	OLE_LINK83
	_ENREF_2
	_ENREF_3
	OLE_LINK80
	OLE_LINK81
	OLE_LINK63
	OLE_LINK64
	OLE_LINK84
	_ENREF_4
	_ENREF_5
	_ENREF_6
	_ENREF_7
	_ENREF_8
	OLE_LINK65
	OLE_LINK66
	_ENREF_9
	_ENREF_10
	_ENREF_11
	_ENREF_12
	_ENREF_13
	_ENREF_14
	OLE_LINK67
	OLE_LINK68
	OLE_LINK69
	_ENREF_15
	OLE_LINK77
	OLE_LINK78
	OLE_LINK79
	_ENREF_16
	_ENREF_17
	_ENREF_18
	_ENREF_19
	_ENREF_20
	_ENREF_21
	_ENREF_22
	_ENREF_23
	_ENREF_24
	_ENREF_25
	_ENREF_26
	_ENREF_27
	_ENREF_28
	_ENREF_29
	OLE_LINK85
	_ENREF_30
	_ENREF_31
	_ENREF_32
	_ENREF_33
	_ENREF_34
	_ENREF_35
	_ENREF_36
	_ENREF_37
	_ENREF_38
	_ENREF_39
	_ENREF_40
	_ENREF_41
	_ENREF_42
	_ENREF_43
	_ENREF_44
	_ENREF_45
	_ENREF_46
	_ENREF_47
	_ENREF_48
	_ENREF_49
	_ENREF_50
	_ENREF_51
	_ENREF_52
	_ENREF_53
	_ENREF_54
	OLE_LINK86
	OLE_LINK87
	_ENREF_56
	_ENREF_57
	_ENREF_58
	_ENREF_59
	_ENREF_60
	_ENREF_61
	_ENREF_62
	_ENREF_63
	_ENREF_64
	OLE_LINK91
	OLE_LINK92
	_ENREF_65
	_ENREF_66
	_ENREF_67
	_ENREF_68
	_ENREF_69
	_ENREF_70
	_ENREF_71
	_ENREF_72
	_ENREF_73
	_ENREF_74
	_ENREF_75
	_ENREF_76
	_ENREF_77
	_ENREF_78
	_ENREF_79
	_ENREF_80
	_ENREF_81
	_ENREF_82
	_ENREF_83
	_ENREF_84
	_ENREF_85
	_ENREF_86
	_ENREF_87
	_ENREF_88
	_ENREF_89
	_ENREF_90
	_ENREF_91
	_ENREF_92
	_ENREF_93
	_ENREF_94
	_ENREF_95
	OLE_LINK103
	_ENREF_96
	_ENREF_97
	_ENREF_98
	_ENREF_99
	_ENREF_100
	OLE_LINK1
	OLE_LINK2
	_ENREF_1
	_ENREF_2
	_ENREF_3
	_ENREF_4
	_ENREF_5
	_ENREF_6
	_ENREF_7
	_ENREF_8
	_ENREF_9
	OLE_LINK28
	OLE_LINK29
	OLE_LINK37
	OLE_LINK38
	OLE_LINK30
	OLE_LINK31
	OLE_LINK44
	OLE_LINK42
	OLE_LINK43
	OLE_LINK45
	OLE_LINK20
	OLE_LINK61
	OLE_LINK62
	OLE_LINK8
	OLE_LINK9
	OLE_LINK50
	OLE_LINK51
	OLE_LINK10
	OLE_LINK11
	OLE_LINK14
	OLE_LINK15
	OLE_LINK25
	OLE_LINK26
	OLE_LINK24

