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Abstract
The human life depends on the function of proteins that are encoded by about

twenty-thousand genes. The gene-disease associations in majority genes are unknown
and the mechanisms underlying pathogenicity of genes/variants and common diseases
remain unclear. We studied how human life depends on the genes, i.e, the
genetic-dependence, which was classified as genetic-dependent nature (GDN, vital
consequence of abolishing a gene), genetic-dependent quantity (GDQ, quantitative
genetic function required for normal life), and genetic-dependent stage (GDS,
temporal expression pattern). Each gene differs in genetic-dependent features, which
determines the gene-disease association extensively. The GDN is associated with the
pathogenic potential/feature of genes and the strength of pathogenicity. The
GDQ-damage relation determines the pathogenicity of variants and subsequently the
pathogenic genotype, phenotype spectrum, and inheritance of variants. The GDS is
mainly associated with the onset age/evolution/outcome and the nature of genetic
disorders (disease/susceptibility). The varied and quantitative genetic-dependent
feature of genome explans common mild phenotype/susceptibility. The
genetic-dependence discloses the mechanisms underlying pathogenicity —of

gene/variants and common diseases.

One sentence summary: Genetic dependent feature differs in genes and determines

pathogenicity of genes/variants and the clinical features of genetic diseases.
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Introduction

The normal function of proteins, which are encoded by about twenty thousand genes *,
is the basis of human life. Variations in genes not only make us unique but also are
associated with diseases. However, it is unknown to what extent genetic variations are
linked with personal health, which is the fourth of the 125 hig questions facing
science ? and also a substantial challenge of medicine. Based on classical Mendelian
genetics, 4,620 genes have been reported to be potentially associated with human
diseases (https://omim.org/), mostly rare diseases. The genetic mechanisms
underlying common diseases and the determinants underlying the pathogenicity of
genes is unknown. On the other hand, though a large number of sequence variants can
be detected in each individual by next generation sequencing, determination of the
pathogenicity of the variants remains a major challenge 3. Variants with the same
damaging effect, such as nonsense variants that lead to haploinsufficiency, may be
pathogenic for some genes but non-pathogenic for others. Apparently, factors other
than the damage effect contribute to the pathogenicity of variants.

Normal life depends on the function of genes, which is conceptualized as “genetic
dependence’. In a genera sense, genetic dependence is defined as how normal life
depends on the function of a gene. To disclose the relationship between genetic
variations and human health, we studied how normal life depends on the function of
each gene. The genetic-dependent features were broadly analyzed and classified as
genetic dependent nature (GDN), genetic dependent quantity (GDQ), and genetic
dependent stage (GDS). The results show that each gene differs in genetic dependent
feature that determines the gene-disease association extensively, including the
pathogenic potential and pathogenic feature of genes, the pathogenicity of genetic

variants, and several critical clinical characteristics of the genetic diseases, such as
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onset age, evolution, and nature of genetic disorders (disease/susceptibility). The
guantitative nature of genetic dependence, together with the phenotype nature and
spectrum determined by GDN and GDS, explains the occurrence of common diseases.
This study suggested the genetic dependence as a principle of genetics that potentially
discloses the genetic mechanisms underlying the links between genetic variations and

human health, providing the bases of the individualized medicine in the future.

Materialsand Methods

Definitions and data analysis

We studied the 19711 protein-coding genes in human genome (Hugo Gene
Nomenclature Committee, www.genenames.org). The collected and analyzed
information included data on expression, genetic knockouts (KOs), genetic diseases,
bioinformatics, and related experiments or functional studies. We systematically
studied the genetic-dependent features of protein-coding genes and their relationships
with human genetic diseases.

GDN

Each gene has a digtinct role. Therefore, the absence of the genes has impact of
different natures on the normal life. Based on the consequences of abolishing the
genes (gene knock-out, KO), the GDN of genes can be classified as vital, obligatory,
fractional, or dispensable/replaceable, where 1) vital: abolishment of the gene leads to
embryonic or early death; 2) obligatory: abolishment of the gene causes abnormal
phenotypes (diseases); 3) fractional: abolishment of the gene causes detectable mild
aterations, including physiological, biochemical, cellular, and organizational
abnormalities, but not abnormal physical phenotypes; 4) dispensable/replaceable:
abolishment of the gene has no detectabl e effect.

In this study, evaluation of the GDN was based mainly on evidence from KO mice,
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which are strikingly similar to humans at the genomic level and in regards to
pathophysiological aspects of diseases *. Information about genetic KOs was retrieved

from Mouse Genome Informatics (MGI, http://www.informatics.jax.org/). Data from

targeted KO was analyzed and positive findings were used for classification of GDQ.
We also searched for KO information from public literature, including data on mice
and other animal species, such as zebrafish and drosophila.

GDQ and guantitative genetic-dependent range (GDR)

The human genome is diploid. Factitiously, the full scale of the functional potential
of a gene, which is contributed by two copies of the gene, was quantified as 100%.
Normally, only partial functioning of the two copies of a gene is required to maintain
its biophysiological function, while a considerable portion of it serves as reserve. The
lowest limit of the required quantity of genetic function was defined as the GDQ.
When genetic damaging effect exceeds the GDQ, phenotype occurs. The GDQ was
therefore determined by analyzing the correlation between the level of functional
deficiency and the occurrence of phenotype, such as the phenotype of gene KO and
the inheritance pattern of genetic diseases.

From the perspective of KO, the GDQ was classified as >50% and <50%, where
GDQ >50% was indicated when heterozygous KO caused an abnormal phenotype;
GDQ <50% was indicated when heterozygous KO was asymptomatic whereas
homozygous KO resulted in abnormal phenotypes or embryonic/early death.

For genes that were associated with genetic diseases caused by loss of function
(LOF) mechanism, the GDQ was grossly inferred by the inheritance pattern. In
dominant genetic disorders, impairment of one of the two copies of the gene results in

disease, indicating that the GDQ of the gene is >50%; whereas in recessive disorders,

bi-allelic variants are required to cause disease, indicating the GDQ is <50%.
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However, the GDQs of genes in genome would be a continuous distribution and
include genes with GDQs of ~50%, which was suggested when: a) monoallelic
variants with severe damage (haploinsufficiency) were pathogenic but were associated
with mild phenotypes, whereas bi-allelic variants with relatively less damage were
potentially pathogenic or were associated with severer phenotypes (higher than but
close to 50%); and b) besides the bi-allelic variants, monoallelic variants with LOF
and dominant negative effect (or similar additional effect) resulted in diseases (lower
than but close to 50%).

More precise GDQs were determined based on quantitative correlations between
damage effect of variants and occurrence of phenotype, which were obtained from
studies on residual activity, mosaicism (the mutation load) °, and splicing analysis
(normal/abnormal mRNA transcript ratios) °.

After exceeding the GDQ, the functional damage may quantitatively correlate with
the phenotype severity within a range, which was defined as the genetic-dependent
range (GDR) of the gene.

Assessment of the GDQ and GDR was based on comprehensive analysis of
published literatures from OMIM (www.omim.org), HGMD (www.hgmd.cf.ac.uk),
and PubMed (www.pubmed.ncbi.nlm.nih.gov).

GDS

Genes may be expressed and function throughout the life span, or in a specific period
of developmental stage, during which the life depends on. In this study, the GDS was
inferred from the temporal expression of genes a different development stages.
Information on  gene  expression was retrieved  from  UniGene

(https://www.ncbi.nlm.nih.gov/UniGene). The developmental stages were classified

as: 1) prenatal, including the embryoid body, blastocyst, and fetal stages; 2) early life,
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including the neonatal and infant stages; and 3) mature, including the juvenile to adult
stages. The expression levels of different stages were semi-quantified and ranked from
“0” to “3”, with the highest level being “3” and undetectable being “0”. Expression
levels within 80% to 100% of the highest value were qualified as “3"; expression
levels of 50% to 80% of the highest value were defined as “2”; and those of less than
50% of the highest level and more than O were quantified as*“1”.

We analyzed and presented the gene expression levels across devel opmental stages,
e.g., 3-1-3/2 indicates the levels at the prenatal, early life, juvenile/adult stages. The
GDSs were classified into five patterns, i.e., 1) the whole life stable, 2) predominantly
mature (increasing-shape), 3) predominantly prenatal (decreasing-shape), 4) early life
(“A”-shape), and 5) predominantly prenatal and mature (“V” -shape) patterns.

The database

A web interface of GD&P (www.gdap.org.cn) was developed to present information

on the genetic-dependent features and pathogenic features of each gene, as well as
relevant data required to evaluate the pathogenicity of variants.

Statistical analysis

Statistical analysis was performed with the SPSS version 20.0. The Kruskal-Wallis
test was used to estimate the significance of correlations. Chi-sguare analysis was
applied to compare the difference of frequencies. Vaues of p <0.05 (two-sided) were

considered significant.

Results
The GDN and pathogenic potential/feature of genes
Among the 10,989 genes with KO information available, the genes with GDN of vital,

obligatory, fractional, and dispensable/replaceable were 4,455 (40.5%), 4,889 (44.5%),
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1,205 (11.0%), and 440 (4.0%), respectively (Figure 1a). We studied the role of the
GDN in gene-disease associations. Among the genes associated with monogenic
diseases in the OMIM (www.omim.org, until April 2022), the overwhelming majority
were of vital (58.5%) and obligatory (37.7%) in GDN, while only 3.0% genes were
fractional and 0.8% genes were dispensable/replaceable (Figure 1b, left panel),
suggesting that the GDN is closely related to the pathogenic potential of genes, and
genes with GDN of vital were mostly frequent in the genes with monogenic diseases
of human.

We then analyzed the correlation between the GDN and phenotype severity, which
is potentially associated with the strength of pathogenicity of the genes. The disease
phenotypes were classified into severe, mild, and susceptibility, according to the
nature and impact to human health of the diseases. The severe phenotypes were those
with lethal effect or described to have severe impact on human health; and the others
were classified as mild phenotype. The susceptibility genes were those defined in the
OMIM (www.omim.org). Genes with GDN of vital accounted a significantly higher
proportion in severe phenotypes (63.6%) than that in mild phenotypes (55.0%) or
phenotypes of susceptibility (45.9%). In contrast, genes with GDN of obligatory had a
significantly higher proportion in susceptibility (52.5%) and mild (40.6%) phenotypes
than that in severe phenotypes (33.3%) (Figure 1b, right panel).

From the perspective of the human genome, the genes with GDN of obligatory
were mostly common (44.5%). Complete functional abolishment of such genes would
result in abnormal phenotypes, instead of lethality; whereas partial impairment of the
genes, such as haploinsufficiency, would be associated with further milder phenotype
or susceptibility alteration. Therefore, the pathogenicity of genes with GDN of

obligatory would potentially be moderate, typically as CACNA1H and EFHCI that are
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associated with common mild generalized epilepsies but in long-standing dispute in
pathogenicity . However, these genes are potentially more relevant as sources of
common diseases ®.

We further analyzed the pathogenic mechanisms of the genes with fractional and
dispensable/replaceable GDNs (Table S1 and Table 1). There were 64 genes of

fractional GDN with confirmed pathogenicity (www.gdap.org.cn) °, among which 32

genes were associ ated with pathogenic mechanisms other than loss of function (LOF),
including toxic effects, gain of function (GOF), LOF with dominant negative effects,
and specific pathogenic mechanism (PCDH19 with “heterogeneity in cells’) *°. The
consistently mild and later onset phenotypes explained 18 and 9 genes, respectively
(Table S1). In only 5 genes of fractiona GDN, the pathogenic potential was
unexplainable. Similarly, pathogenicity of the 11 genes of dispensable/replaceable
GDN were explained by pathogenic mechanisms other than LOF (6 genes), the
consistently mild/late-onset phenotypes (4 genes), and the genome difference between
human and mouse (2 genes) (Table 1).

Taken together, the GDN is potentially associated with the pathogenic potential and
pathogenic features of genes, including whether a gene is potentially pathogenic, the
strength of pathogenicity that correlated with clinical phenotype spectrum
(severe/mild phenotype or susceptibility), and the pathogenic genotype (mechanism)
in some genes.

Previously, several parameters have been developed to predict the pathogenic
potential of genes, including the McDonald-Kreitman neutrality index (NI) , residual
variation intolerance score (RVIS) *, gene damage index (GDI) *, and LOF
observed/expected upper bound fraction (LOEUF) . There were general correlations

between the GDN and these parameters (Figure S1). However, the distributions of the
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scores of NI/RVIS/GDI/ LOEUF were obviously overlapped in genes of different
GDNs. LOEUF presented more lineal correlation and less overlaps. However, using
LOEUF <0.35 as a threshold of pathogenicity (suggested by gnomAD), only 32.9%
vital genes were predicted to be intolerant to LOF variation. The LOEUF scores also
varied much in the disease-associated genes, with only 23.8% of the genes associated
with monogenic diseases having a LOEUF score <0.35 (Figure 1c, left panel). There
was no significant correlation between LOEUF value and phenotype nature (severity).
(Figure 1c, right panel).

The GDQ and pathogenicity of variants/pathogenic feature of genes

From the perspective of genetic KO, the GDQs of 7,674 genes (72.7%), which
showed abnormal phenotypes or embryonic/early death in the homozygous KO model
but were asymptomatic in heterozygous KO, were estimated to be <50%; and the
GDQs of 2,875 genes (27.3%) that showed abnormal phenotypes in heterozygous KO
model were estimated to be >50% (Figure 2a).

We then estimated the GDQs of disease-associated genes from the clinical-genetic
perspective. We retrieved 4,268 genes that were associated with monogenic genetic
disorders, among which 3,539 genes were classified as “pathogenic’/“possible
pathogenic” in gene-disease association °. After excluding genes with pathogenic
mechanism other than LOF, atotal of 3,294 genes were evaluated for their GDQs. The
GDQs of 796 genes (24.2%), which were associated with diseases of dominant
inheritance, were estimated to >50%; whereas the GDQs of 1,985 genes (60.2%),
which were associated with diseases of recessive inheritance, were estimated to be
<50%. Interestingly, 513 (15.6%) genes were associated with diseases of both
dominant and recessive inheritances, and their GDQs were estimated to be ~50%

(Figure 2b).
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Quantitative evidence from experiments allowed us to determine the precise GDQs
for 133 genes, including 122 genes with residual activity data, 7 genes with mosaic
evidence, and 5 genes with evidence from splicing analysis (note that CFTR had
evidence for both residual activity and splicing analysis). The GDQs varied from 1.0%
for ADA to 83% for SCN1A, including 8 genes with GDQ >50%, 16 genes with GDQ
~50%, and 109 genes with GDQ <50% (Table S2). The distribution of the GDQs of
these genes appeared as a continued spectrum with the genes of GDQ <25% being the
most common (Figure 2c).

A variant is pathogenic when its damage exceeds the GDQ. After exceeding the
GDQ, the damage of variants is quantitatively correlated with the pathogenicity
within a range (genetic dependent range, GDR) (Figure 2d-f). Among the 133 genes
with quantitative GDQ data available, the GDRs were defined for 75 genes (Table S2).
Furthermore, 18 genes had well-defined GDQ and GDR (i.e., quantitative correlation
in at least three levels and data on the upper and lower limit of the GDQ) (Table 2).
The GDR of each gene also varied, from relatively wide to narrow (Table S2), which
was consistent with the spectrum of phenotype that potentially ranged from
susceptibility/mild phenotype (common) to severe genetic disease (rare).

Since each gene differs in its GDQ, the pathogenicity (P) of the variants depends
not only on the damage (D), but also on the GDQ (Q, P = D+Q-100%) (Figure 2d).
The GDQ-damage relationship also determines the pathogenic features of the genes,
including pathogenic genotype, phenotype spectrum, and inheritance of pathogenic
variants (Figure 2d-f), which is the basis of evaluating the pathogenicity of variants in
clinical practice .

Recently, the probability of being LOF intolerant (pLI/pRec) was proposed to

predict whether genes are intolerant to heterozygous’homozygous variants **. The
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genes with GDQs >50% were enriched significantly in the high pLI tail, wheress the
genes with GDQs <50% were enriched significantly in the high pRec tail; and genes
with GDQs ~50% presented middle pLI and pRec values, although the distributions
were bimodal (Figure 2g). These results suggest that the pLI and pRec, or similar
parameters with compound heterozygous variants considered *°, could potentially be
used to predict the GDQs.

The GDS and clinical feature of genetic diseases

We analyzed gene expression levels across developmental stages and summarized the
GDSs into five patterns (Figure 3a). Among the 17,846 genes with information of
expressiona stage available, 306 genes (1.7%) had a whole life stable pattern; and the
genes of increasing pattern, decreasing pattern, “A” pattern, and “V” pattern
accounted for 11.1%, 14.0%, 19.5%, and 53.7%, respectively (Figure 3b).

The GDS of genesis potentially associated with the onset age of genetic disorders.
We analyzed genes associated with malformation of cortical development (including
lissencephaly, microcephaly, and holoprosencephaly) and genes associated with
Alzheimer’s disease (Figure 3c). The genes associated with malformation of cortical
development had a significantly higher proportion of genes predominately in prenatal
stages, while the genes potentially associated with Alzheimer’s disease tended to have
higher percentage of genes predominantly in the mature stage.

The GDS s potentially associated with the phenotype spectrum (phenotype severity)
and nature of genetic disorders (disease/susceptibility). For instance, SCN1A is
expressed predominantly in the early life (1, 3, 0/1), which explain the early
sei zure-onset and the whole spectrum of phenotype with the severe extreme of Dravet
syndrome. In contrast, UNC13B is also vital in GDN, but is expressed predominantly

during prenatal and mature stage (3, O, 1/2). UNCI13B is therefore potentially
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associated with a phenotypical spectrum with the severe extreme of embryonic/early
death that was less often identified clinically and a common mild epilepsy of late
(even adult) onset ™ at the rest part of the spectrum of disease. Similarly, genes
associated with susceptibility may be of GDS predominately in prenatal period,
typically as BRACA2 (3, 0, 0/1, GDN of vital), which is potentially associated with
embryonic/early death in one extreme and susceptibility to cancer in the other part of
phenotype spectrum *2. We therefore studied the correlation between GDS and nature
of genetic diseases. Among the gens of GDN of vital, genes associated with
susceptibility had a significantly higher proportion of genes predominately expressed
in prenatal stages (decreasing pattern) (Figure 3d).

The GDS potentially determines the nature course of genetic disorders. Our recent
study showed that seizure-free outcome in infant spasm patients with ZFHX3 variants
19 and self-limited epilepsy in patients with PCDH15 variants  were correlated with
the GDS. The relapse of epilepsy after long-term of seizure-free in patients with FAT1
variants was associated with the second expression peak of FAT1 in adolescent and
adult #, which imply a significance in clinical practice like determining the optimal
duration of therapy.

Discussion

About 150 years ago, the experiments performed by Mr. Gregor Mendel formed the
basis of genetics. Based on the genetics of Mendel, 3,539 genes have been identified
to be associated with human diseases °, mostly “rare diseases’. However, the classical
Mendelian genetics has difficulties in explaining the inheritance of common
phenotype/common diseases, typicaly shown by the facts that crossing of
yellow-seeded plants with green-seeded ones produced either yellow or green pess,

while more commonly offspring showed a mixed phenotype/trait of each parent. The
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mechanisms underlying the inheritance pattern and the pathogenicity of genes/variants
remain unclear. The current maor challenges in genetic studies and precision
medicine include how to identify the causative genes of common diseases like genetic
generalized epilepsy; how to determine the gene-disease associations, especially for
some long-term refuted pathogenic genes such as EFHC1 and CACNA1H; and how to
evaluate the pathogenicity of variants in a given gene, as in the case of variants of
SLC2A1 (encoding GLUT1) *"®. This study shows each gene differs in genetic
dependent features that determine the gene-disease associations extensively. The
GDN determines whether a gene is potentialy pathogenic, the strength of
pathogenicity that correlated with clinical phenotype spectrum, and the pathogenic
genotype (mechanism) in some genes. The GDQ determines the pathogenicity of
variants and also the pathogenic features of genes that include inheritance pattern,
pathogenic genotype, and phenotype spectrum. The GDS is associated with several
clinical characteristics of genetic diseases, including the onset age, nature evolution
course, and nature of genetic disorders (disease/susceptibility). The quantitative
feature of genetic dependence, including the continuous distribution of GDQ of
genome and the GDR, together with the varied GDN and GDS in each gene that
correlated with the phenotype spectrum and nature of genetic disorders, discloses the
genetic mechanisms underlying common diseases. These findings provided the
theoretical bases for formulation of protocols to identify genetic causes of common
diseases and guidelines to evaluate the pathogenicity of the genes and genetic
variants.

This study showed that over 85% of the genes play vital or obligatory roles; while
the fractional and dispensable/replaceable genes could also be associated with

diseases via specific mechanisms or with specific phenotypes. However, the
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gene-disease associations in four fifth of human genome are not determined, despite
the wide application of whole gene/fexon sequencing on common diseases of large
cohorts ’. To identify novel pathogenic genes associated with common diseases,
several suggestions would be obtained by understanding the genetic dependent
features.

First, the GDN and common diseases. The genes with GDN of obligatory are
mostly common (44.5%). Comparing with the genes with GDN of vital, such genes
are commonly associated with milder abnormal phenotype or susceptibility alteration,
which would be more common than severe “rare’ diseases due to the less pressure of
natural selection on the phenotype-associated variants. Pathogenicity of the genes
with GDN of obligatory tends to be moderate and should be evaluated from a
comprehensive perspective of pathogenic feature °, to avoid being in long-term
dispute ’. Additionally, the genes with GDN of fractional/dispensable are also
potentially associated with phenotypes that had less effect on human life, thus being
mild and common.

Second, the GDN/GDS and common diseases. Genes with GDN of vital are also
potentially associated with common milder phenotype or susceptibility, when the gene
is expressed predominantly in prenatal stages (decreasing or “V” pattern), since
severe impairment of such genes would result in embryonic/early death that is at the
severe extreme of phenotype spectrum and would be less often identified clinically,
and the mild phenotypes at the rest part of spectrum would be clinically common. We
recently focused on common epilepsies with favorable outcomes. As a matter of fact,
majority of the newly identified candidate epilepsy genes are of vital in GDN and of
“V" pattern in GDS, including AFF2 %, BCOR 2, CELSR1 %, CHD4 %, LAMAS5 %,

PKD1 %, UNC13B Y, and RYR2 %,
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Third, GDQ and inheritance feature/common diseases. De novo % or ultra-rare *

variants have been targeted in recent studies to identify novel pathogenic genes.

However , single pathogenic variants (de novo/ultra rare) appear only in genes with

GDQ >50%, especialy in those of high GDQ such as SCN1A (Table 2). In fact, genes
of lower GDQ are common. The continuous distribution of GDQ suggests attention to
variants of different inheritance pattern in designing protocols for identifying novel
disease-associated genes, including de novo, bi-alelic, hemizygous, and
co-segregated variants, which occur in genes of different GDQs. The novel epilepsy
genes we identified recently in common epilepsies include genes of AD (ATP6VOC *,
CELSR3 ¥, CHD4 %, and SBF1 *°), AR (CELSR2 ¢, FAT1 %, LAMAS %, MPDZ %,
PKD1 %, and ZFHX3 *), X-linked recessive (AFF2 %, BCOR %, SHROOM4 *, and
TENM1 %), and AD & AR (BSN *, CELSR1 #, and UNC13B ). By employing
trio-based individualized analysis, we recently identified three novel candidate genes
associated with childhood epileptic encephalopathies. These genes included SBF1
with de novo dominance pattern, CELSR2 with recessive inheritance, and TENM1
with X-linked recessive inheritance, which highlights the implication of trio-based
strategies with emphases on different inheritance in identifying novel disease-causing
genes of different GDQs *°.

Fourth, the GDQ/GDR and common diseases. Due to the quantity-dependent
feature (GDQ and GDR), the phenotype caused by abnormalities in a given gene may
vary in the severity that was correlated with the severity of damaging effect (Figure 2).
Genetic variants with less damaging effect, such as missense, would be more common
than variants with more severe damaging effect under the pressure of natura selection,
subsequently leading to mild and common diseases, such as SCN1A variants that are

associated with rare disease of Dravet syndrome but more commonly are associated

16


https://doi.org/10.1101/2023.08.02.551736
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.02.551736; this version posted August 5, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

with mild epilepsies like partial epilepsy with FS plus *® or FS*'. Attention is required
to variants with less damaging effect, besides the null variants *, in genetic study as
well as clinical practice in evaluating the pathogenicity of variants. In fact, most
variants that we identified in common epilepsies are missense 1017192173135

Fifth, the GDS and common diseases. This study demonstrated a potential
correlation between the GDS and the onset age of genetic disorders. So far,
development-related phenotypes °, such as epileptic encephalopathies, are commonly
studied (www.omim.org). However, many genes in human genome express in an
increasing pattern (11.1%) or “V” pattern (53.7%), which are potentially associated
with late-onset common genetic disorders, like UNC13B ' (3, 0, 1/2, “V” pattern).
The GDS is associated with evolution/outcome of genetic diseases, which is
potentially one of the determinants of common diseases with favorable outcomes.

Regarding determining the pathogenic potential of genes, several parameters, such
as NI, RVIS, GDI, and LOEUF, had been developed previously. These parameters are
associated with the pathogenicity of genes in varied degrees. The present study shows
that the genetic dependent feature determines the gene-disease association extensively,
including whether a gene is pathogenic and the pathogenic features. With
consideration on the genetic dependent feature, we developed a pathogenic potential
and pathogenic feature assessment (PPA) framework to evaluate the gene-disease
association with criteria on phenotype (spectrum) specificity, inheritance pattern,
genotype-phenotype correlation, gene expressional profile, and gene KO consequence
°. Besides the pathogenic potential, the pathogenic features of each gene were
evaluated (www.gdap.org.cn), which are essential part of the gene-disease association
and critically useful in evaluating the pathogenicity of variants of the genes *°.

On evaluating the pathogenicity of variants, the damaging effects of variants are
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commonly considered previously ®, but the GDQs of the genes are usually not taken
into account. Theoretically, the pathogenicity (P) of a variant could be determined by
qguantifying the damage (D) of the variant and the GDQ (Q) of the gene
(P=D+Q-100%, Figure 2). However, quantifying the GDQ of each gene and the
damage of each variant appears impracticable. Based on the GDQ-damage
relationship that determines the pathogenic genotype, phenotype spectrum, and
inheritance of pathogenic variants, we developed a clinical concordance evaluation
(CCE) framework to evaluate the pathogenicity/causality of variants *°. The CCE isan
individualized protocol to compare the clinical feature of a patient with the pathogenic
feature of a candidate gene from four aspects, which considered not only the
damaging effects of variants as previous protocols *, but also the GDQ that differsin
each gene. Potential advantages of CCE in specificity and sensitivity were suggested
by its clinical application *°. The results of PPA, together with the data of genetic
dependence and other information required for CCE (www.gdap.org.cn), provided the
bases for individualized clinical diagnosis of genetic diseases.

This study suggests that each gene differs in genetic-dependent feature that
determines the gene-disease association extensively. However, future studies are
required to elaborate the genetic dependent features. First, nearly half of the genes in
the human genome lack information of the GDN; and the current evidence on GDN
were primarily from genetic KO animals, and mostly mice, which should be
interpreted with understanding the difference between human and animal and among
different animal strains. Second, the GDQs of most genes remain to be specified.
Third, further studies are required to determine the precise temporal patterns of gene
expression, including the tissue-specific expression pattern as indicated in our recent

study on ZFHX3 *® and PCDH15 2.
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In conclusion, the genetic dependence, potentialy as a principle of genetics,
discloses the genetic mechanisms of common diseases and the pathogenicity of
genes/variants. The genetic dependent features of genes determine whether a gene is
pathogenic, the strength of pathogenicity, and pathogenic features of the gene and
several critical clinical features of the genetic disorder, such as the inheritance pattern,
pathogenic genotype, phenotype spectrum, and onset/evolution/outcome of the
genetic disorder. Understanding how human life depends on the genes is essentia to
know the gene-disease association. The increased characterizing of genetic dependent
feature of genome, together with the novel discovery and determination of
gene-disease associations ° and the clinical application of individualized evaluation of
sequence variants °, would establish the fundamental bases of precise medicine of the

future.
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Figure 1. The genetic dependent nature (GDN) and its relationship with the
pathogenic potential of genes. (&) GDNs in genes with knock-out information
available (n=10989, including 10,950 from MGI and 39 from other sources). (b) GDNs
in genes associated with monogenic diseases. These included phenotype-associated
genes obtained from the OMIM database, with exclusion of genes associated with 1)
non-disease phenotypes, 2) phenotypes associated with single-nuclectide
polymorphisms, 3) polygenic diseases, 4) diseases associated with somatic mutations,
and 5) phenotypic modifier roles. The overwhelming majority of the disease-associated
genes (>95%) were of vital and obligatory in GDN (left). GDNs in genes associated
with phenotype severity (right). Genes with GDN of vital presented a significantly
higher proportion in severe phenotypes, and genes with GDN of obligatory had a
significantly higher proportion in susceptibility and mild phenotypes. Chi-square
statistical analysis was applied to compare the difference of frequencies. (c) Loss of

function (LOF) observed/expected upper bound fraction index (LOEUF) in genes
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associated with monogenic diseases. Genes with LOEUF <0.35 were predicted to be
highly intolerant to LOF, whereas LOEUF >1 were tolerant to LOF. Only a small
proportion of the disease-associated genes (23.8%) were of <0.35 in LOEUF (left).
There was no significant correlation between LOEUF value and phenotype severity
(right).
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Figure 2. The genetic dependent quantity (GDQ) and the pathogenicity of genetic
variant. (a) Distribution of GDQs determined by KO data. (b) Distribution of GDQs
suggested by inheritance pattern. (c) Distribution of GDQs determined by quantitative
experiments. (d) The model in a gene of high GDQ. The full scale of function of a gene
in diploid creature was set as 100%. The essential quantity required for normal
functioning (GDQ, Q) is less than 100%. The rest is considered as reserve
(R=100%-Q). A variant is pathogenic when its damage (D) is large enough to run out
of the reserve (R) and impaired the GDQ (Q, P=D-R=D+Q-100%). After exceeding
the GDQ, the damages of variants are quantitatively correlated with the pathogenicity
over a range (GDR) and potentially associated with a phenotype spectrum of varying
severity. In a gene of GDQ >>50%, the monoallelic variants are pathogenic and
associated a spectrum of phenotypes varying from mild to severe depending on the
damage of variants. The variants would be originated de novo in individuals of severe
phenotype, or co-segregated in a family with relative mild phenotype. (€) In genes of
GDQ >50% slightly, both monoallelic and bi-allelic variants are potentially pathogenic.
Monoallelic variants would commonly associate with mild cases; whereas bi-allelic

variants would potentially be associated with severe phenotype. (f) In genes of GDQ
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<50%, which are common in diploids, only bi-alelic variants are pathogenic. The
GDRs are relatively narrow in genes with very low GDQs. (g) Distributions and
correlations between GDQ and the probability of being loss of function
intolerant-pL1/pRec (left/right). The yellow circles mark the median, bold black bars
indicate the 25" to 75" quartiles, and thick black bars indicate lower and upper
boundaries of 1.5* or 25" (75") quartiles. Kruskal-Wallis test was used to estimate the

differences among groups.
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Figure 3. The genetic dependent stage (GDS) and the relationship between the

GDS and the onset age/nature of genetic disorders. (a) Classification of the GDS
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pattern. A example of each pattern is illustrated in the bottom. (b) The distribution of
GDS patterns in the 17,846 genes with expressional information available from the
UniGene. (c) The correlation between the GDS and the genetic diseases of different
onset age. Genes associated with malformation of cortical development had a
significantly higher proportion of genes of GDS predominately in prenatal stages, and
tended to have lower proportion of genes of GDS predominantly in mature stages. In
contrast, the genes potentially associated with Alzheimer’s disease tended to have
higher percentage of genes of GDS predominantly in mature stage. The two groups of
disease-associated genes were obtained from the OMIM database. (d) The correlation
between the GDS and the nature of genetic disorders (disease/susceptibility). In genes
with validated pathogenic potential and GDN of vital, those associated with
susceptibility had a significantly higher proportion of genes predominately expressed
in prenatal stages (decreasing pattern), comparing with the genes associated with
diseases (severe/mild). Chi-square statistical analysis was applied to compare the
difference of frequenciesin (c) and (d).
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Table 1. Pathogenic mechanisms of the dispensable/replaceable genes 38
o =.
Gene Phenotype Pathogenic  Pathogenic  Detail Reference gi
; =0
genotype mechanism PMID) 2 =
==
MYOC Glaucoma 1A, primary open angle Missense Toxic effect  Glaucoma-causing mutations prevented normal secretion and cause intracel lular accumulation of MYOC protein in - 15452063 — &
_ trabecular meshwork cells. 23
(mainly) ~ 9
® o
MYOT Myopathy, myofibrillar, 3 and Missense Toxic effect At least a2.22-fold increased abundance of myotilin in the aggregates were observed compared to controls. Known 24928145 <
h heroid bod aggregate markers like filamin C (1.50-fold), desmin (2.31-fold), and alpha-B crystallin (2.53-fold) were increased in 2 S
myopathy, spheroid body aggregates compared to morphologically normal fibres of the patients. (2l
S o
SO Noonan syndrome 9 Missense GOF Expression of al the three SOS2 mutants led to increased RAS activation, shown as higher levels of GTP-bound 2617364% g S
= o
RAS 253
KCNK4 Facial dysmorphism, hypertrichosis, Missense GOF The mutations caused a significant increase in basal K+ membrane conductance compared to wildtype. The mutant 30290154‘:’ § 8
epilepsy, intellectual/developmental channels were insensitive to voltage, mechanical, and lipid stimulation, likely reflecting their maximum activation 229
delay, and gingival overgrowth basally. e o
syndrome o) =5
03w
MAST1 Mega-corpus-calosum syndrome with Missense& DNE Mast1 null animals were phenotypically normal, whereas the knock-in mouse (p.11e278del) recapitulated the distinct  3044965%0 3 f
cerebellar hypoplasiaand cortica inframe-dele neurological phenotypes observed in patients. The p.lle278del was associated with decreased levels of other MAST ;8 =
malformations tion protein family members, whereas complete loss of Mastl was associated with increased levels of other MAST 0% s
proteins. P =30)
o
CLCN4 Raynaud-Claes syndrome Missense &  LOF, CLCN4 is on the X-chromosome in human but is autosomal in mouse. 27550844% 3;
destructive  genome S%8
difference 228
OCRL Lowe syndrome and Dent disease 2 Missense &  LOF, Comparing with humans, the expression levels of Inpp5b in mice were higher in tissuesinvolved in Lowe syndrome,  28669993> %g
destructive genome such as the brain and kidney. Furthermore, Inpp5b is spliced differently in mice and humans, since mouse Inpp5b %5
difference contains an aternative promoter and an alternative transcription start site in exon 7. 28 31
D =
CYP26C1  Focal facial derma dysplasia4 Missense&  LOF, mild The disorder was characterized by isolated, preauricular skin lesions. 23161670 §§
destructive phenotype L w
o -
TGM5 Peeling skin syndrome 2 Missense &  LOF, mild Affected patients experienced periodic, painless, and superficia skin peeling. The peeled areas showed some 16380904 ; 3
destructive phenotype erythemafor afew days but healed spontaneously without scarring. @ §
=}
GLI1 Polydactyly, postaxial, type A8 & Destructive  LOF, mild The disorder was characterized by the presence of postaxial extra digit on the hands and/or the feet. The anomalous 28973407 -3 é
. phenotype digits were well formed and have nails. 5=
Polydactyly, preaxial | =
5'c
Klz Retinitis pigmentosa 69 Destructive  LOF, The three affected individuals presented with retinitis pigmentosa in their late teens on the basis of night blindness 24680887 3 5
late-onset followed by changes in mid-peripherd visud fields and undetectable responses in a full-field electroretinogram by § g
phenotype approximately 35 years of age. g %
- 0
=g
o3
29 53
(0]
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Abbreviations: DNE, dominant-negative effect; GOF, gain of function; LOF, loss of function
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Table 2. The genes with well defined genetic dependent quantity (GDQ) and genetic dependent range
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(GDR)
Gene Quantitative correlation GDQ GDR Reference
(PMID)

SCN1A 50.0%—75%-a variety of epilepsies, complete penetrance 83% 50%-83% 25754450
75%-87.5%febrile seizure or mild epilepsy, incomplete penetrance
83%-highest level identified in patients
>87.5%—asymptomatic

S.C2A1  50%-classic glucose transporter type 1 deficiency syndrome 75% 50%-75% 20687207
65%—paroxysmal events such as seizures, exercise-induced dyskinesias, and intermittent ataxia
>75%—few or no clinical symptoms

ATP7A 0-15%—Menkes disease 50% 0-50% 20301586,
20-35%-—occipital horn syndrome 20497190
~50% (heterozygous females)—usually unaffected, occasionally Menkes disease

SLC26A2 (-very severe achondrogenesis type IB 50% 0-50% 15294877
40%-—severe diastrophic dysplasia
50%—mild multiple epiphyseal dysplasia-4

ASAH1 <5%-—classic Farber disease 32% 5%-32% 22703880
<10%-Farber disease
~32%—spinal muscular atrophy with progressive myoclonic epilepsy

BCKDHA  <2%-—classic maple syrup urine disease 30% 2%-30% 22727569,
3%-15%-intermediate maple syrup urine disease 16786533,
17%-30%—very mild clinical course of maple syrup urine disease 17922217

BTD <10%-—profound biotinidase deficiency 30% 10%~30% 20301497
10-30%—partial biotinidase deficiency (often asymptomatic, unless when stressed)
45%-50%—asymptomatic

UGT1Al  0-Crigler-Najjar syndrome type 1 30% 0-30% 8528206,
<20%-Crigler-Najjar syndrome type 2 11906189,
30%-—Gilbert syndrome (often asymptotic) 7989595

CPT2 2%-—perinatal onset carnitine palmitoyltransferase |1 deficiency 26% 2%-26% 18550408,
5%-lethal neonatal form of CPT |1 deficiency 1528846,
15%-26%—adult onset CPT 1l deficiency 15622536,
35%-65%—asymptomatic (carrier) 14615409

SGSH <3.0%—severe children onset mucopolysaccharidosis type I11A 25% 3%-25% 21671382
3.0-11.0%-mild children onset mucopolysaccharidosis type 1A
25.0%—adults onset mucopolysaccharidosis type 1A

TYR 0-oculocutaneous abinism type 1A 25% 0~25% 19208379,
12%-13%-—oculocutaneous abinism type IB 1899321,
25%—unaffected or oculocutaneous albinism type |B 18326704

CFTR 6.9%—classic cystic fibrosis 19% 7%-19% 27738188
11.2%-milder cystic fibrosis
18.9%—isolated congenital absence of the vas deferens

SUMF1  0O-neonata multiple sulfatase deficiency 16% 0-16% 21224894
1.6%-late infantile severe multiple sulfatase deficiency
16%-—late infantile and mild multiple sulfatase deficiency

GLB1 O-infantile GM 1-gangliosidosis, type | 12% 0-12% 24156116,
~1%-5%-late infantile GM 1-gangliosidosis, type I 12644936
~3%-10%—juvenile GM 1-gangliosidosis, type ||
5%-10%-—chronic/adult GM1-gangliosidosis, type I11
2%-12%—-mucopolysaccharidosis, type VB

HEXA 0.1%-Tay-Sachs disease ~11% 0-11% 6614006,
0.5%-late infantile GM 2-gangliosidosis 20301397
2%-4%—adult GM 2-gangliosidosis
11%-20%—healthy persons with low hexosaminidase

HPRT1 <1.5%-Lesch-Nyhan disease ~8% 15%-8% 22157001
1.5%-8%—HGprt-related neurological dysfunction
>8%—mild HGprt-related hyperuricemia

TPP1 0-severe neuronal ceroid lipofuscinosis with greatly shortened lifespan 6% 0-6% 18343701

3%—delayed disease onset and longer survival
6%—dramatically attenuated disease
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ADA <0.05%-severe combined immunodeficiency 1% 0-1% 14499267
0.06%-0.6%—late onset combined immunodeficiency
19%-1.5%—effective immune function

Note: the presented GDRs were based on clinically observed phenotypes. In genes of vital in GDN, the severe extreme of
phenotype spectrum were embryonic or early death, which would be less clinically diagnosed.
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