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Gene Dosage Analysis

Learning objectives
• Understand gene dosage effects
• Identify testing available for gene dosage analysis 
• Discuss current trends in gene dosage analysis

Outline
• Introduction and definitions – gene dosage effects
• Testing – genome-wide approaches using next generation 

sequencing (NGS) and whole exome sequencing (WES)
• Current trends – cancer, drug therapy, and research
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• Copies of a gene in a genome

• Amount of gene product that can be expressed

• A gene dosage effect occurs when the structural 
gene produces a proportional amount of product 
relative to its copy number

• More copies of a gene = more gene product 
expressed 

• Less copies = less product expressed

• Down syndrome (Trisomy 21)

What are gene dosage effects? 

Reproduced with permission from:
https://embryology.med.unsw.edu.au/embryology/index.php?title=File:Karyotype_Down_syndrome.gif

https://embryology.med.unsw.edu.au/embryology/index.php?title=File:Karyotype_Down_syndrome.gif
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Does copy number always affect gene dose?

Laurentino, M. R., Parente Filho, S. L. A., Parente, L. L. C., da Silva Júnior, G. B., Daher, E. D. F., & Lemes, 
R. P. G. Non-invasive urinary biomarkers of renal function in sickle cell disease: an overview. Annals of 
hematology 2019; 1-8. (Adapted with permission)

• Depends
o Gains or losses may not always affect phenotype or dose
o A gene copy number may affect the dosage of another gene 
o Copy number variability among individuals (polymorphisms)
o Type of genetic alternation can effect gene doses differently

• Single nucleotide variant (SNV)
o ≥ 1% = single nucleotide polymorphisms (SNPs)
o synonymous/silent mutation
o nonsynonymous/missense

 conservative missense mutation 
 non-conservative missense mutation  

e.g. sickle-cell anemia
o stop gain, start loss, or nonsense mutation

 e.g. cystic fibrosis
 deletion
 SNP

General rule of thumb:

Normal dosage = 2 = 2 copies 
< 2 = deficiency (loss)

> 2 = excess (gain)
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Other types of genetic alterations

Rifai, N., Horvath, A. R., Wittwer, C. T., & Park, J. (Eds.). Principles and Applications of Molecular 
Diagnostics. Elsevier 2018. (Adapted with permission)

• Insertion or deletions = Indel (< 50 base pairs) 
• Mutation type: Frameshift
• Occurs during translation

• Structural variations (> 50 base pairs)
• Mutation types: deletions, insertions, 

inversions,  translocations, duplications, 
or combination of all

• Copy number variation (CNV)

o structural variation that changes DNA copy number either del or dup
o CNV varies among individuals  
o about 4.8 to 9.5% of the repeat sections in the genome are classified as CNV
o TEXTBOOK = ≥1 kb and present in a variable copy number vs. reference genome
o CNVs arise via either homologous recombination or nonhomologous recombination 

mechanisms
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CNV

• Rare (<1%) or common (>5%) variants observed in the population
• Inherited or de novo (e.g. autism spectrum disorder, increased age)
• Structural gains can be 

• Duplications
• Insertional transpositions

• Structural losses or deletions can be 
• heterozygous (with only one copy missing), 
• homozygous (with both copies missing), or 
• hemizygous (e.g. X chromosome in males, cancer)

• CNV is normal. E.g. a person could have four copies instead of the usual two, 
and somebody else has three, and somebody else has five, all normal 

• CNV and dosage influence a wide range of traits, are associated with 
disease risk (low and high), and explains some de novo disorders
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Examples of maladaptive CNVs
• Psychiatric Disorders

• cardiomyopathies - cardiac diseases associated with sudden cardiac 
death

• amyotrophic lateral sclerosis (ALS) -In addition SNPs, a consistent 
number of common (>5%) and rare (<1%) CNVs have been associated 
to ALS

• Huntington disease or HD ≥ 36 CAG repeats in the HD gene (HTT) 
• individuals with 27–35 CAG repeats are unaffected by the disease
• these unaffected individuals (with 27–35 CAG repeats) have 

increased CAG tract sizes relative to the general population
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Example of dosage compensation

CarmenMariaConroy / CC BY-SA (https://creativecommons.org/licenses/by-sa/4.0) (Adapted with permission)

• Male and female cells express X chromosome genes at the same 
level

• Female cells have double the number of X chromosomes as male 
cells 

https://creativecommons.org/licenses/by-sa/4.0
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Types of dosage and compensation

Birchler, J. A., & Veitia, R. A. Gene balance hypothesis: connecting issues of dosage sensitivity across 
biological disciplines. Proceedings of the National Academy of Sciences 2012; 109:37, 14746-14753. 
(Adapted with permission)

(A) Structural gene copy number = amount of product

(B) Direct transacting effects when gene expression of one 

gene is affected by the gene dosage of another gene

(C) Expression of a gene is inversely correlated with the 

dosage of another chromosomal region

(D) Dosage does not change or affect expression 
•an inverse dosage effect of an aneuploid region 
includes genes that are also on the altered  
chromosome

•Combined structural gene and inverse dosage can 
produce nearly equal expression in all chromosomal 
doses



10

• Gene dosage effects varies and varies between individuals
o Example: Parkinson's disease. Evidence has shown that genetic causes 

can vary depending on the geographic and ethnic backgrounds of the 
studied populations

• Variation of gene expression products
• Variation of disease and disease phenotype 
• How gene dosage occurs varies

o structural - duplication or deletion that affects a number of base pairs
o length 

– Short repeats = bi-nucleotide repeats (like A-C-A-C-A-C-) or 
trinucleaotide repeats (like CG in Huntington disease )

– Long repeats = entire genes repeated
o Loss of Function (LOF) mutations

• Variation of compensation mechanisms 

Summary: Gene dosage effects & Dosage 
compensation
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How do we perform gene dosage analysis? 
Genome-wide approaches? 

Morello, G., Guarnaccia, M., Spampinato, A. G., La Cognata, V., D’Agata, V., & Cavallaro, S. Copy 
number variations in amyotrophic lateral sclerosis: piecing the mosaic tiles together through a systems 
biology approach. Molecular neurobiology 2018; 55:2, 1299-1322. (Adapted with permission)

•Cytogenetic  & molecular testing
oKaryotyping
oFISH - fluorescence in situ hybridization
oMicroarray

CGH - comparative genomic hybridization
SNP - single-nucleotide polymorphisms

•Sequencing
oNGS – next generation sequencing
oWES - whole-exome sequencing

•PCR – polymerase chain reaction
oqPCR - quantitative real-time PCR
omPCR-RETINA - multiplex PCR-based real-time 
invader assay
oMLPA - multiplex ligation-dependent probe 
amplification
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• Paralogue ratio test (PRT)

• Molecular copy-number counting (MCC)

• Multiplex PCR-based approaches, i.e.
o multiplex amplifiable probe hybridization (MAPH)
o quantitative multiplex PCR of short fluorescent 

fragments (QMPSF)
o multiplex amplicon quantification (MAQ)

Other notable approaches



13

Current trends in gene dosage effects 
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Current research in gene dosage effects 
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• Drug Therapy
o Pharmacogenetics
o Example: CYP2D6, (chromosome 22) a key drug-metabolizing gene, which not only harbors 

multiple genetic variants known to affect enzyme function but also shows a broad range of 
copy-number and hybrid alleles in various patient populations

• Gene editing 
o changes specific parts of a genome 
o CRISPR-Cas9
o ongoing  research to determine whether this approach is safe and effective for use in people

• Gene therapy 
o It is a therapeutic approach that is being investigated for the treatment of multiple diseases
o a popular vector/envelope is Adeno-associated virus or AAV
o Though many gene therapies are currently in early research or clinical trials, some have 

already been approved by the US Food and Drug Administration (FDA)

Drug Therapy & Gene Therapy
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FDA approved gene therapies

Reproduced with permission from: https://www.thegenehome.com/gene-therapy-examples

https://www.thegenehome.com/gene-therapy-examples
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Thank you for participating in this 
Clinical Chemistry Trainee Council 

Pearl of Laboratory Medicine.

Find our upcoming Pearls and other 
Trainee Council information at 

www.traineecouncil.org

Download the free Clinical Chemistry app 
on iTunes today for additional content!
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Follow us:

https://www.youtube.com/user/ClinicalChemistry
https://twitter.com/Clin_Chem_AACC
https://www.facebook.com/ClinicalChemistry
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