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Abstract
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Sequencing-based clinical tests have evolved from single-gene tests to whole-genome tests. Next-generation
sequencing (NGS) technologies have largely replaced Sanger sequencing and are firmly established in the medical
management of hereditary disorders, as well as in tumor testing. Newer clinical NGS applications include human
leukocyte antigen typing, noninvasive prenatal testing, sequencing of circulating tumor DNA in peripheral blood, and
RNA sequencing. Although NGS applications have undergone major technical simplifications, clinical implementation
continues to be complex. Clinical and Laboratory Standards Institute guideline MM09—Human Genetic g

CLSI copyrighted standard, guideline, derivative product, or other material requires express
rights reserved. Interested parties may send permission requests to permissions@clsi.org.

manner, e-mail permissions@clsi.org.

Suggested Citation

CLSI. Human Genetic and Genomic Testing Using Traditio
CLSI guideline MMO9. Clinical and Laboratory Standards

equencing Methods. 3rd ed.

Previous Editions:
December 2004, February 2014

MMO09-Ed3
ISBN 978-1-68440-1
ISBN 978-1-68440-175-8 (Electronic)

ISSN 1558-6502 (Print)

ISSN 2162-2914 (Electronic) Volume 43, Number 6

© © ¢ 0 0 0000000000000 00000000000 0000000000 0000000000000 000000000000 000000000000 000 0000 0



MMO09-Ed3

Contents

© © ¢ 0 0 0000000000000 00000000000 0000000000 0000000000000 000000000000 000000000000 000 0000 0

Committee Membership. . . . . . . e iii
FOreword. . . . .o vii
Chapter L: INtrodUCHioNn ... ..o e e e e

L L S0P, e
1.2 Background . ...
1.3 Standard Precautions. .......... . . A

LA TerminOIOZY . ..ot

Chapter 2: Next-Generation Sequencing Test Development Lifecycle .?

Chapter 3: Application-Agnostic Considerations ..........................9
3.1 Test Familiarization.................oooooiiii L Y Y T 20
3.2 Test Design, Development, and Optimization......... 7 . ... "SGR . ... "GP ... ... 21
3.3 General Paradigms for Analytical Test Validation, § ation, and VerifGEMB. . ... 22
34ResultsConfirmation ... N 26
3.5 Quality Management System.......... . . ... .. G ...... A . . ........................... 27
3.6 Bioinformatics Infrastructure Consi . G 29
Chapter 4: Clinical Applications of Seguailling . . ..... G .. ... N - -« - cvovnenennenenannnn. 41
4.1 Sanger Sequencing........ = 2 OITRU. YRR 42
4.2 Next-Generation Sequao @il for Here CNGIERISOrders and TUMOIS. ..ot 43
............................................................... 70
| Testing and Liquid BiopSy .. ....ovvvvviii i 81
............................................................................... 92
.................................................................. 101
............................................................... 103
.................................................................................... 104
.................................................................................. 119
........................ 120
................................................. 124
................................................................... 132
................................................. 134
The Quality Management System Approach. ... ... ... . 148

© © ¢ 0 0 0000000000000 00000000000 0000000000 0000000000000 000000000000 000000000000 000 0000 0




MMO09-Ed3

Foreword

© © ¢ 0 0 0000000000000 00000000000 0000000000 0000000000000 000000000000 000000000000 000 0000 0

Sequencing-based clinical tests have existed for three decades, evolving from the single-gene tests used in the late
1980s to the whole-genome tests currently in use. The introduction of next-generation sequencing (NGS) catalyzed this
evolution. Increasingly, NGS is replacing Sanger sequencing, particularly when examining a large number of genes is
critical for maximum clinical utility. Today, NGS is firmly established in the medical management of hereditary disorders,
especially those with clinical and genetic heterogeneity, as well as in tumor testing (ie, somatic NGS
medical practices for these clinical applications are relatively mature, and guidance from severa eties and
other expert groups is available (see Appendix A).

More recently, NGS has been used in additional areas of clinical practice, i

and implementation of existing regulatory frameworks.

Overview of Changes

This guideline replaces the previous edition of t ideli ) Mished in 2014. MM09-A2
introduced NGS as a new technology. This edit; troduction of NGS technology to
provide practical use case and implementzis i L cover each step of the clinical NGS

implementation quality management
liquid biopsy RNA sequencing
next-generation sequencing somatic

germline noninvasive prenatal testing validation

human leukocyte antigen optimization verification
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© introduction

1.1 Scope

This guideline covers nucleic acid sequencing applications currently in clinical use: medical may
hereditary disorders, solid tumor and hematological malignancy testing, h
noninvasive prenatal testing (NIPT), liquid biopsy, and RNA sequencing (R
content in this guideline focuses on next-generation sequencing (NGS), whic
current use. Sanger sequencing continues to be used for certain clinical applicati
sequencing is also included. This guideline also provides introductory information o
computational and/or bioinformatics aspects of NGS, because these conce
novel for the clinical testing community. Detailed guidance on bioinfg
CLSI document.

n leukocyte ant

are fun

MMO9 does not cover microbial or infectious diseases applicag

NGS), including manufacturers of commercially
laboratory-developed tests (LDTs). IVD devi ject itional quality system

existing literature.>?

1.2 Background

Ical sequencing tests. Topics include test
familiarization, desi tion, as well as analytical validation and quality management.
[ o implement sequencing technologies in a clinical setting
ing-based clinical tests) rather than providing in-depth
abody of literature covers the latter. NOTE: This guideline refers to
S Food and Drug Admi i @rements. FDA requirements do not apply to test developers outside
the United States.

chapters that outline the clinical test development process and provide a high-level
nd information, and necessary context for the test developer

introduction, bac

worksheets (shared resources with the College of American Pathologists) that provide
ion and concrete guidance, including forms adaptable by the user and educational
dditional Resources)

« Alinktoinstru
additionadg
examples

- Appendixes with additional resources and detailed information, including descriptions of technology
platforms
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© Next-Generation Sequencing Test Development Lifecycle

MMO9 is structured to follow the steps in the NGS clinical test development process, from general familiarization
to test design to operation (see Figures 1A and 1B). Current clinical sequencing applications share common
elements, but they can diverge significantly depending on the application. This guideline minimizes redundancy
by separating application-agnostic content (in Chapter 3) from application-specific content (in Chapter 4). Content
is combined when most requirements for applications are identical (eg, germline and somatic sequencing).
For germline and somatic sequencing, additional and diverging requirements for each application
indicated.

Familiarization
Clinical needs
Analytical needs

rrrrrr

Design,
Development,
Optimization
Content

Method

uuuuuuuuuuuuuu

al performance
limitations

Abbreviations: NPV, negative predictive value; PP b predictive vally

Ruality control.

Figure 1A. NGS Test Development Lifecycl€e kesy of Centers fO e Control and Prevention [CDC], Genomics & Precision

ich is freely available on the CDC website, does not imply
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O Clinical Applications of Sequencing

Clinical applications of sequencing technologies are rapidly evolving, and sequencing test results are increasingly
used in medical decision-making. DNA sequencing is predominantly used across clinical areas, and NGS
technologies have largely replaced Sanger sequencing. NGS applications include gene panels and, increasingly,
exome and genome sequencing. Compared with older sequencing technologies, NGS provides increased
throughput and scalability. Additionally, as more genes and/or variants that cause diseases are identified, NGS
readily enables content modifications for diagnostic exome and/or genome applications. However,
sequencing is still the preferred method for certain clinical applications and is expected to be inj
molecular testing for years to come. Table 4 lists the clinical applications and technical approa i@ coveredd
guideline.

ocli

Table 4. Clinical Applications and Technologies Covered in MM09

Technical Approaches

Clinical Applications

Inherited conditions - Single gene and/or | « Gene panels Not coverad
(germline, constitutional) | variant® - Exome and/or

P N

Cancer (somatic) - Variant genome Fug

confirmation®

id biop5y

itoring of minimal

« Fill-in sequencing® al disease

er screening

HLA typing Not covered HLAt covered

Prenatal testing Not covered K covered A - NIPT (aneuploidy)

ot cove

ommon pathogenic
pants

T N
 deoxyribd
ucleic acid.
ight be needed
ion is not as com

Abbreviations: cfDNA, cell-free deoxyribonucleic acid; [j acid; HLA, humat
sequencing; NIPT, noninvasive prenatal testing; R}
2 Additional considerations, not covered in this gus
®The use of Sanger sequencing for somatic variant cd
used to augment NGS for regions that are difficult to se8

¢Sanger sequencing can also be used fg geted HLA tes

eukocyte antigelY; NGS, next-generation

xtic mutations.
or germline testing. However, Sanger sequencing can be

Bl leles associated with adverse drug reactions (eg, HLA-B*57:01, HLA-B*15:02).

4.1 Sanger Sequey

being replaced by NGS technologies, it is still a viable method for
ories with limited test menus that do not require NGS platforms.

Cse cases, Sanger sequencing is used to detect known and novel variants, and
|ﬂ‘ers from NGS Additional guidance on developing and operating Sanger sequencing

critical for ®timal clinical utility. If an LDT includes Sanger sequencing as a subassay, performance metrics
must be based on both the primary NGS test and the Sanger sequencing subassay.
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