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·专论·

随着二代基因测序（NGS）技术的不断完善，其

在临床应用和研究逐渐普及，越来越多的科研或医

疗机构开始应用该项技术［主要包括全基因组测序

（WGS）、全外显子测序（WES）、目标区域捕获测序］

进行人类孟德尔遗传性疾病的分子诊断和遗传学

研究［1⁃4］。临床实践中，基因组检测流程需规范化、

基因组序列变异判断需标准化、测序技术需严格质

控、具体测序技术需合理选择［5⁃7］。人类基因组全外

显子组水平约包含 25 × 10 3 个变异（variants）［8］，如

何精准检测这些变异、筛选出致病性突变，是医学

遗传学必须面对的问题。鉴于此，美国医学遗传学

和基因组学会（ACMG）、欧洲人类遗传学会（ESHG）
分别公布二代基因测序的临床应用指南［4，9⁃10］。因

此，根据我国实际情况制定人类孟德尔遗传性疾病

基因组序列变异解析与临床规范势在必行。本文

仅针对人类基因组 DNA 序列，而线粒体 DNA 序列

和表观遗传领域 RNA 序列、甲基化等不在本文阐述

范围。本文拟从临床资料采集、遗传因素判断、二

代基因测序选择、质控管理、序列变异检测及公共

数据库过滤、序列变异生物信息学分析、遗传学和

功能学试验、序列变异解析原则、伦理学和遗传咨

询方面进行阐述。

一、翔实的临床资料采集

翔实的临床资料采集是进行分子诊断和遗传

学研究的基础。完善的临床资料可以有效降低临

床诊断和分子诊断的误诊率，有助于变异解析的后

续分析［1，4］，主要包括主诉、现病史、家族史、近亲婚

配史、体格检查、实验室检验、量表评价和影像学检

查等。

二、遗传因素判断

根据临床资料判断疾病是否系遗传因素所致

以及是否符合孟德尔遗传规律，包括常染色体显性

遗传（AD）、常染色体隐性遗传（AR）和 X 连锁遗传

（X⁃linked）。随着对某些疾病的深入认识，某些罕

见疾病（Joubert 综合征等）和先天性疾病（先天性无

痛症等）也受到遗传因素的影响，也可以选择二代

基因测序技术进行分子诊断［10⁃11］。

三、合理选择二代基因测序技术

确定遗传因素在疾病发病中发挥主要作用后，

制定合理的二代基因测序方案、选择适宜的检测疾

病遗传结构变异（genetic architecture）的二代基因测

序技术和数据分析方法，是提高分子诊断率的先决

条件。基因组序列变异包括以下 5 种形式［12⁃13］：单
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核苷酸变异（SNV）、插入/缺失变异、拷贝数变异

（CNV）、短串联重复序列（STR）和结构变异（SV）；以

及以下 4 个部位：基因组外显子区（exonic regions）、

基因组基因间区（intergenic regions）、基因组内含子

区（intronic regions）及 基 因 组 启 动 子 区（promoter
regions）和非翻译区（UTR）。在选择二代基因测序

技术时，应考虑每种测序技术的特点和局限性：发

生于基因组外显子区的单核苷酸变异、插入/缺失变

异，可以选择全外显子测序；发生于全基因组的单

核苷酸变异、插入/缺失变异、拷贝数变异可以选择

全基因组测序；发生于全基因组的短串联重复变

异，既不能选择全外显子测序也不能选择全基因组

测序［14⁃15］。随着基因检测技术的发展，三代基因测

序技术逐渐广泛应用，有望实现全基因组短串联重

复变异和复杂结构变异的检测［16⁃18］。

四、严格规范质控管理

在基因检测方案和数据分析方法合理的情况

下，对整套基因检测流程进行严格质控是进行变异

解析后续分析的有力保证［6］。首先，应确保检测样

本的 DNA 质量并准确标记；其次，应保证检测样本

的建库质量；再次，应采用合格的目标区域捕获测

序试剂和设备，并严格按照操作流程进行，以避免

人为操作造成的失误［19］；最后，应选择正规的检测

机构和实验室。数据分析包括以下步骤：（1）对基

因检测所获得的原始数据（raw data）进行基本质检，

如测序质量检测软件 FastQC、评价测序准确性的碱

基质量值（Q30 代表质量值为 30 时错误识别率为

0.1%）、鸟嘌呤⁃胞嘧啶（GC）含量、数据产量等，再通

过剔除接头和低质量数据将原始数据转换为有效

数据。（2）采用读长（reads）比对率、测序平均覆盖深

度、测序深度分布、目标区域覆盖率（如基因组外显

子区测序深度 > 10 × 的百分比等）评价数据质量。

（3）采用比对软件（如 BWA 软件，https://sourceforge.
net/projects/bio-bwa/files/）进行比对，并通过一种或

多种检测软件对序列变异进行检测和注释。（4）通

过比对检测样本单核苷酸变异与单核苷酸多态性

（SNP）数 据 库（https://www.ncbi.nlm.nih.gov/projects/
SNP/）中单核苷酸变异比值以及转换/颠换比值等评

价变异提取过程的生物信息学分析质量［19⁃20］。

五、序列变异检测及公共数据库过滤

二代基因测序技术的生物信息学分析软件主

要用于数据质控、参考基因组比对、变异检测、变异

注释等。应注意不同生物信息学分析软件各有优

缺点［4］：若检测结果中无足够候选变异，应进一步增

加候选变异，可考虑采用不同序列变异检测软件，

如 GATK （https://software.broadinstitute.org/gatk/） 、

SAMtools（http://www.htslib.org/）、SOAPsnp（http://
soap.genomics.org.cn/soapsnp.html）等，或更新变异注

释 软 件，如 更 新 ANNOVAR 软 件 版 本（http://www.
openbioinformatics.org/annovar/annova_download_
form.php）重新提取变异。对于人类孟德尔遗传性

疾病，考虑其发病率低，进行公共数据库过滤时多

以少数等位基因频率（MAF）< 0.1%作为显性遗传

性疾病限定值［14］，但可能导致假阴性结果［21⁃22］。随

着精准医疗（PM）的开展，临床信息完整并可长期随

访的人群队列基因组数据将不断产生，可以有效解

决现有数据库临床信息不足的问题。

六、序列变异的生物信息学分析

不同生物信息学分析软件预测致病性突变的

方 法 各 不 相 同，主 要 包 括 GERP ++（http://mendel.
stanford.edu/sidowlab/downloads/gerp/index.html）、

PhyloP（http://compgen.bscb.cornell.edu/phast/）、SIFT
（http://sift.jcvi.org）、PolyPhen ⁃ 2（http://genetics.bwh.
harvard.edu/pph2） 、 Mutation Taster （http://www.
mutationtaster.org）、CADD（http://cadd.gs.washington.
edu）等，其中，GERP++、PhyloP 和 SIFT 软件用于评

价序列变异的保守性，PolyPhen⁃2 软件用于评价氨

基酸和蛋白质结构改变，Mutation Taster 和 CADD 软

件用于评价变异功能［23］。值得注意的是，预测致病

性变异位点时，应避免仅采用一种预测方法的结

果，亦应避免将多种预测方法的每种结果作为独立

支持证据而累加。

七、遗传学和功能学试验

二代基因测序技术检出的变异可能存在假阳

性结果，应采用 Sanger 测序验证。同时，对筛选出的

候选变异位点，应在家系其他成员中进行共分离验

证 。 对 于 已 知 致 病 基 因 的 新 发 变 异（novel
variants），可采用功能学试验补充遗传学和生物信

息学分析。功能学试验是否合理主要取决于所选

取的功能模型是否适用于该疾病。可以根据具体

情况进行自身组织和（或）细胞的功能学试验，或者

建立体内或体外模型进行功能学试验［10］。

八、序列变异的解析原则

人类孟德尔遗传性疾病序列变异解析原则主

要包括：（1）按照 5 级分类原则进行变异解析，根据

基因组序列变异类型、数据库信息等将序列变异分
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Evidence
Verystrong

Strong

Moderate

Supporting

Category
PVS1: null variant (nonsense, frameshift, canonical ± 1or 2 splice sites, initiation codon, single or multiexon,deletion) in a gene where LOF is a known mechanismof disease

PS1: same amino acid change as a previouslyestablished pathogenic variant regardless of nucleotidechange, for example:Val ➝ Leu caused by either G > C or G > T in the samecodon
PS2: de novo (both maternity and paternity confirmed)in a patient with the disease and no family history

PS3: well⁃established in vitro or in vivo functionalstudies supportive of a damaging effect on the gene orgene product
PS4: the prevalence of the variant in affectedindividuals is significantly increased compared withthe prevalence in controls

PM1: located in a mutational hot spot and/or criticaland well⁃established functional domain(eg., active site of an enzyme) without benign variation
PM2: absent from controls (or at extremely lowfrequency if recessive) in Exome Sequencing Project,1000 Genomes Project or Exome AggregationConsortium
PM3: for recessive disorders, detected in trans with apathogenic variant
PM4: protein length changes as a result of in⁃frameinsertions/deletions in a nonrepeat region orstop⁃loss variants
PM5: novel missense change at an amino acid residuewhere a different missense change determined to bepathogenic has been seen before

PM6: assumed de novo, but without confirmation ofpaternity and maternity
PP1: cosegregation with disease in multiple affectedfamily members in a gene definitively known to causethe disease
PP2: missense variant in a gene that has a low rate ofbenign missense variation and in which missensevariants are a common mechanism of disease
PP3: multiple lines of computational evidence supporta deleterious effect on the gene or gene product(conservation, evolutionary, splicing impact, etc.)
PP4: patient's phenotype or family history is highlyspecific for a disease with a single genetic etiology
PP5: reputable source recently reports variant aspathogenic, but the evidence is not available to thelaboratory to perform an independent evaluation

Instructions
Beware of genes where LOF is not a known disease mechanism (eg., GFAP, MYH7)Use caution interpreting LOF variants at the extreme 3' end of a geneUse caution with splice variants that are predicted to lead to exon skipping but leave the remainderof the protein intactUse caution in the presence of multiple transcriptsDo not apply to variants that are near the 3' end of the gene and escape nonsense⁃mediated decay
Beware of changes that impact splicing rather than at the amino acid/protein levelDoes not include the same variant being assessed because it is not yet pathogenic, and the rule isintended for variants with a different nucleotide change

Confirmation of paternity only is insufficient. Egg donation, surrogate motherhood, errors in embryotransfer, and so on, can contribute to nonmaternityApply this rule as moderate or supporting if the variant is mosaic and its frequency in tissue isconsistent with the phenotype
Functional studies that have been validated and shown to be reproducible and robust in a clinicaldiagnostic laboratory setting are considered the most well establishedReduce the strength for assays that are not as well validated or linked to the phenotype
RR or OR, as obtained from case⁃control studies, is > 5.000, and the confidence interval around theestimate of RR or OR does not include 1.000. See the article for detailed guidanceIn instances of very rare variants where case⁃control studies may not reach statistical significance,the prior observation of the variant in multiple unrelated patients with the same phenotype, and itsabsence in controls, may be used as moderate level of evidenc
Not meant for truncations; more clarification is needed for applying this rule

Population data for insertions/deletions may be poorly called by NGSCannot assume longer indels would be detected by next⁃generation sequencingUse a published control dataset if its size is at least 1000 individualsCan not be applied for low⁃quality calls or non⁃covered regionsMust define the condition and inheritance pattern
This requires testing of parents (or offspring) to determine phaseInvoke this rule as supporting if the phase is not establishedCan upgrade if more than one proband is reported
Applicable for in⁃frame insertions/deletions or stop⁃loss variants,but not frameshifts, nonsense and splice variants
For example: p.Arg156His is pathogenic; now you observe p.Arg156CysBeware of changes that impact splicing rather than at the amino acid/protein levelEnsure pathogenicity of previously reported variantSuggest changing "novel" to "different" because some variants that are not novel might requireassessment with this rule

May be used as stronger evidence with increasing segregation data

Because many in silico algorithms use the same or very similar input for their predictions, eachalgorithm should not be counted as an independent criterion. PP3 can be used only once in anyevaluation of a variant all lines must agree
Not meant to be used for genetically heterogeneous conditions or conditions with unsolved etiologyNot typically applied for an analysis of incidental findings, but it could be applied for priorobservations
Only applicable when evidence is not available (eg., Sharing Clinical Reports Project)

PVS，pathogenic very strong，致病性极强；PS，pathogenic strong，致病性强；PM，pathogenic moderate，致病性中度；PP，pathogenic supporting，致
病性支持；LOF，loss of function，功能缺失；GFAP，glial fibrillary acidic protein，胶质纤维酸性蛋白；MYH7，myosin heavy chain 7，肌球蛋白重
链 7；RR，relative risk，相对危险度；OR，odds ratio，比值比；NGS，next⁃generation sequencing，二代基因测序

表 1 序列变异致病性证据分层［4，24］

Table 1. Criteria for classifying pathogenic variants［4，24］

为 5 级，即致病性（pathogenic）、可能致病性（likely
pathogenic）、意义不明（uncertain significance）、可能

良性（likely benign）和良性（benign）。（2）按照 4 级分

类或 3 级分类原则进行变异解析，根据序列变异类

型、数据库信息等将致病性突变证据分为 4 级，即非

常强、强、中度和支持（表 1）［4，24］；将良性突变证据分
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表 2 序列变异良性证据分层［4，24］

Table 2. Criteria for classifying benign variants［4，24］

Evidence
Stand⁃alone
Strong

Supporting

Category
BA1: allele frequency is > 5% in Exome Sequencing Project,1000 Genomes Project or Exome Aggregation Consortium
BS1: allele frequency is greater than expected for disorder
BS2: observed in a healthy adult individual for a recessive(homozygous), dominant (heterozygous) or X⁃linked (hemizygous)disorder, with full penetrance expected at an early age
BS3: well⁃established in vitro or in vivo functional studies show nodamaging effect on protein function or splicing
BS4: lack of segregation in affected members of a family

BP1: missense variant in a gene for which primarily truncatingvariants are known to cause disease
BP2: observed in trans with a pathogenic variant for a fullypenetrant dominant gene/disorder or observed in cis with apathogenic variant in any inheritance pattern
BP3: in⁃frame insertions/deletions in a repetitive region without aknown function
BP4: multiple lines of computational evidence suggest no impacton gene or gene product (conservation, evolutionary, splicingimpact, etc.)
BP5: variant found in a case with an alternate molecular basisfor disease
BP6: reputable source recently reports variant as benign, but theevidence is not available to the laboratory to perform anindependent evaluation
BP7: a synonymous (silent) variant for which splicing predictionalgorithms predict no impact to the splice consensus sequence northe creation of a new splice site and the nucleotide is not highlyconserved

Instructions

Populations might not have been screened or excluded for the phenotype

The presence of phenocopies for common phenotypes (ie., cancer, epilepsy) can mimiclack of segregation among affected individuals. Also, families may have more than onepathogenic variant contributing to an autosomal dominant disorder, further confoundingan apparent lack of segregation
Clarify the meaning of "primary"; suggest > 90%
Clarify that one should apply BP2 when the pathogenic variant is seen in the same geneas the variant being evaluated and apply BP5 when the pathogenic variant is in adifferent gene

Because many in silico algorithms use the same or very similar input for theirpredictions, each algorithm cannot be counted as an independent criterion. BP4 canbe used only once in any evaluation of a variantAll lines must agree
Clarify that one should apply BP2 when the pathogenic variant is seen in the same geneas the variant being evaluated and apply BP5 when the pathogenic variant is in adifferent gene

BA，benign stand⁃alone，良性独立；BS，benign strong，良性强；BP，benign supporting，良性支持

为 3 级，即独立、强和支持（表 2）［4，24］。（3）按照序列

变异致病性或良性证据累加作用原则进行变异解

析，通过致病性或良性证据累加作用以判断序列变

异是致病性、可能致病性、可能良性或良性，若不符

合上述标准或致病性证据与良性证据相互矛盾，则

判断为意义不明（表 3）［4］。值得注意的是，首先变

异解析的 5 级分类原则本质上是致病性概率的判

断，“可能（likely）”用于具有 90%以上确定的可能致

病性或可能良性；其次，旨在鉴定疾病新候选致病

基因的情况并不适用于该序列变异解析原则；再

次，由于大样本人群变异数据库的发展导致变异证

据改变，以前不确定分类的变异可能需要进行再分

析；最后，在变异证据分层存在差异时应请该疾病

领域专家进行判断。

九、伦理学及遗传咨询

迄今临床实践中全外显子组测序明确诊断率

不足 30%［2，20，25］，假阴性率仍较高；亦有一些伦理学

和遗传学问题尚未解决，例如，是否应告知携带者、

检测结果解析出家庭中出现非血缘关系、变异可能

不完全外显、评价正常人群或无症状个体或者解释

与检测初衷无关的偶然发现、检测出致病性突变但

缺乏有效治疗药物等［26］；以及患者检出 2 种或以上

致病基因，如何精准解读临床表型与基因型之间的

关系［27］，上述问题的解决，应建立在合理的伦理学

和遗传咨询基础上［28］。此外，还应考虑检测结果解

析错误可能对患者及其家属的重要影响，如预防性

乳腺切除术、心脏除颤器植入术和产前诊断决策，

建议参考体格检查、实验室检查、影像学检查和电

生理学检查等辅助检查结果，以提供合理检测报

告、开展遗传咨询和进行健康管理［1，4，29］。

十、展望

二代基因测序技术在人类孟德尔遗传性疾病

分子诊断和遗传学研究中的应用，仍有许多亟待解

决的问题。尤其是目前的序列变异解析并非完美，

所报道的变异分类并非 100%确定，变异分类基于

临床数据和经验，随着基因组学数据的不断增加，
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Classification
Pathogenic

Likely pathogenic

Benign

Likely benign

Uncertain significance

Least evidence required
1 Very strong (PVS1)
And ≥ 1 strong (PS1-4)
Or ≥ 2 moderate (PM1-6)
Or ≥ 1 moderate (PM1-6)And 1 supporting (PP1-5)
Or ≥ 2 supporting (PP1-5)
≥ 2 Strong (PS1-4)
1 Strong (PS1-4)
And ≥ 3 moderate (PM1-6)
Or 2 moderate (PM1-6)And ≥ 2 supporting (PP1-5)
Or 1 moderate (PM1-6)And ≥ 4 supporting (PP1-5)
1 Very strong (PVS1)And 1 moderate (PM1-6)
1 Strong (PS1-4)And 1-2 moderate (PM1-6)
1 Strong (PS1-4)And ≥ 2 supporting (PP1-5)
≥ 3 Moderate (PM1-6)
2 Moderate (PM1-6)And ≥ 2 supporting (PP1-5)
1 Moderate (PM1-6)And ≥ 4 supporting (PP1-5)
1 Stand⁃alone (BA1)
≥ 2 Strong (BS1-4)
1 Strong (BS1-4)And 1 supporting (BP1-7)
≥ 2 Supporting (BP1-7)
Other criteria shown above are not met
The criteria for benign and pathogenic arecontradictory

表 3 根据致病性或良性证据分层进行序列变异解析的
规则［4］

Table 3. Rules for combining criteria to classifysequence variants［4］
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·小词典·
中英文对照名词词汇（一）

半乳糖苷结合凝集素 3
lectin⁃galactose binding⁃soluble 3（LGALS3）

表观扩散系数 apparent diffusion coefficient（ADC）
表皮生长因子 epidermal growth factor（EGF）
丙酰肉碱 propinoylcarnitine（C3）
Fahr 病 Fahr's disease（FD）
Kufor⁃Rakeb 病 Kufor⁃Rakeb disease（KRD）
常染色体显性遗传 autosomal dominant（AD）
常染色体隐性遗传 autosomal recessive（AR）
垂体肿瘤转化基因

pituitary tumor⁃transforming gene（PTTG）
雌激素受体α estrogen receptor α（ERα）
促肾上腺皮质激素 adrenocorticotropic hormone（ACTH）

单核苷酸变异 single nucleotide variation（SNV）
单核苷酸多态性 single nucleotide polymorphism（SNP）
单核苷酸多态性微阵列

single nucleotide polymorphism array（SNP array）
低血钾型周期性麻痹

hypokalemic periodic paralysis（HypoPP）
低β脂蛋白血症⁃棘红细胞增多症⁃视网膜色素

变性⁃苍白球变性综合征
hypobetalipoproteinemia, acanthocytosis, retinitis
pigmentosa and pallidal degeneration syndrome（HARP）

短串联重复序列 short tandem repeat（STR）
断裂转导蛋白样增强子

transducin⁃like enhancer of split（TLE）
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