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Abstract

Several metabolic disorders follow an autosomal recessive inheritance pattern. Epidemiological
information on these disorders is usually limited in developing countries. Our objective is to assess carrier
frequencies of rare autosomal recessive metabolic diseases in a cohort of Brazilian patients that
underwent molecular investigation with exome sequencing and estimate the overall frequency of these
diseases using the Hardy-Weinberg equation. We reviewed the molecular findings of 320 symptomatic
patients who had carrier status for recessive diseases actively searched. A total of 205 rare variants were
reported in 138 different genes associated with metabolic diseases from 156 patients, which represents
that almost half (48.8%) of the patients were carriers of at least one heterozygous pathogenic/likely
pathogenic variant for rare metabolic disorders. Most of these variants are harbored by genes associated
with multisystemic involvement. We estimated the overall frequency for rare recessive metabolic diseases
to be 10.96/10,000 people, while the frequency of metabolic diseases potentially identified by newborn
screening was estimated to be 2.93/10,000. This study shows the potential research utility of exome
sequencing to determine carrier status for rare metabolic diseases, which may be a possible strategy to
evaluate the clinical and social burden of these conditions at the population level and guide the
optimization of health policies and newborn screening programs.

Background

Inborn metabolic diseases (in this article referred to as “metabolic diseases”) are a complex group of
disorders of genetic background that affect biosynthesis or breakdown of substances within specific
pathways, recognizable by specific biochemical tests [1]. The majority of these disorders present
monogenic etiology, autosomal recessive inheritance and multisystemic involvement. Etiology
determination may be challenging and involve long-established biochemical studies of abnormal
metabolites or enzymatic assays, novel approaches with next generations sequencing (NGS) or even
evolving techniques such as proteomics, lipidomics, and glycomics [1].

A rapid diagnosis is key for favorable long-term prognosis for several of these disorders because 1) some
affected individuals can die during an acute metabolic crisis and 2) several of these disorders are
treatable by special diets, vitamins, cleansing drugs or other newly-developed treatments [2]. For this
reason, the majority of nations have created universal newborn screening for some treatable metabolic
disorders that are potentially recognized through this early approach. These screening programs, though,
may vary widely. The Newborn Screening ACT Sheets and Algorithms (ACMG ACT Sheets) [3] are a good
resource for mapping metabolic diseases that may be identified through newborn screening.

Considering the clinical relevance of these conditions, the possibility of early identification of several
diseases through newborn screening and the potential to dramatically change the outcomes with early
treatment, algorithms that allow standardized recognition of these diseases become crucial. A recent
thorough nosology has mapped 1015 metabolic diseases in 130 groups and an additional 111 diseases
lacking definite classification or poorly characterized [4]. These 130 groups of metabolic diseases are
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divided into nine major groups: A. disorders of nitrogen-containing compounds; B. disorders of vitamins,
cofactors, metals and minerals; C. disorders of carbohydrates; D. mitochondrial disorders of energy
metabolism; E. disorders of lipids; F. Disorders of tetrapyrroles; G. Storage disorders; H. Disorders of
peroxisomes and oxalate and |. Congenital disorders of glycosylation.

Epidemiological information on metabolic diseases may also be useful to guide health policies and
newborn screening programs, though this information is often inadequate, particularly in developing
countries. Our objective is to assess carrier frequencies of rare autosomal recessive metabolic diseases in
a cohort of Brazilian patients that underwent molecular investigation with exome sequencing and
estimate the overall frequency of these diseases using the Hardy-Weinberg equation.

Methods

Selection of Cases, Molecular Analysis, and Bioinformatics

We reviewed the molecular findings of exome sequencing from 320 symptomatic patients who had
carrier status for recessive diseases actively searched. These patients were selected from an original
cohort of 500 symptomatic patients who had undergone molecular analysis for suspected diseases with
genetic etiology from 2016 to 2020 in facilities of the Fleury Group. Full details of the clinical features of
patients, molecular analysis, bioinformatics protocols, clinical data, and molecular data for primary and
secondary findings were previously published [5].

All patients or their legal guardians provided consent before exome analysis, and this study was granted
ethics committee approval from both institutions involved (Plataforma Brasil; CAAE#
02617018.3.0000.5474; Fleury# 3.372.339).

Carrier Status Identification, Variant Classification and Gene Categories

Carrier status for autosomal recessive diseases was actively searched for all 320 patients according to
the following protocol of analysis: at least two parallel analyses were performed to preselect variants
considering 1) relevant reports from databases (e.g., ClinVar and HGMD) and the literature and 2)
variants that were not reported in ClinVar that had an allele frequency <1%, had relevant molecular impact
(e.g., potentially leading to loss of function) or an in silico prediction of a functional impact and was
located in a clinically relevant gene; these preselected variants were then discussed by a board
comprising three experts. Variants were classified according to ACMG guidelines [6].

We excluded the following from our analysis: 1) variants for common autosomal recessive diseases with
high allele frequencies and low penetrance; 2) variants associated with no clinical impact (such as traits);
3) variants associated with conditions in which the diagnosis depends on other tests (e.g., variants in
BTD, G6PD, HFE and SERPINAT); and 4) genes with pseudogenes with high homology (such as
CYP21A2).
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We have used nosologies, reviews and professional guidelines available in the literature to divide all
genes into clinical categories. The overall frequency of pathogenic or likely pathogenic variants
associated with all clinical categories initially studied (intellectual disability, cancer, muscular diseases,
ciliopathies, skeletal disorders, immune disorders, epilepsy, hearing loss, retinitis pigmentosa and others)
along with overall estimations of frequencies of autosomal recessive diseases were previously published
[7].

In this article, we explore novel data regarding the rare variants associated with metabolic disorders; the
group of genes part of metabolic disorders was selected based on the nosology by Ferreira et al (2019)
[4]. The complete list of variants and genes for metabolic disorders along with nomenclature and
classification information of all variants are available in the Supplementary Material (section “Data”).

The nosology divides all metabolic diseases into the following categories: A. Disorders of nitrogen-
containing compounds (Groups 1-24); B. Disorders of vitamins, cofactors, metals and minerals (Groups
25-45); C. Disorders of carbohydrates (Groups 26-53); D. Mitochondrial disorders of energy metabolism
(Groups 54-81); E. Disorders of lipids (Groups 82-97); F. Disorders of tetrapyrroles (Groups 98-99); G.
Storage disorders (Groups 100-108); H. Disorders of peroxisomes and oxalate (Groups 109-114); I.
Congenital disorders of glycosylation (Groups 115-130); and finally, Disorders with individual families
described or poorly characterized. We used this division to attribute each individual gene to a specific
group of metabolic disorders.

Recessive disease frequency estimation

We used the Hardy—Weinberg equation to estimate disease frequencies (q2) based on the respective
carrier frequencies (2pq) observed in this study [8]. For this purpose, we considered random mating and
the approximation p~1.

Clinical impact

We used the Human Phenotype Ontology (HPO) database to map possible phenotypic abnormalities
encountered in genes associated with metabolic diseases [9]. We chose the following HPO terms that
correspond to common clinical findings in metabolic diseases: Intellectual disability (HP:0001249),
Encephalopathy (HP:0001298), Seizure (HP:0001250), Acidosis (HP:0001941), Hypoglycemia
(HP:0001943), Facial dysmorphism (HP:0001999), Growth abnormality (HP:0001507), Liver disease
(HP:0001392), Muscle disease (HP:0003011), Kidney disease (HP:0000077) and Eye disease
(HP:0000478).

Newborn screening diseases/genes

We used the Newborn Screening ACT Sheets and Algorithms (ACMG ACT Sheets) [3] for mapping
metabolic diseases that may be identified through newborn screening. The main classes of metabolic
diseases catalogued by these documents are: amino acidemias, organic acidemias, fatty acid oxidation
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disorders, galactosemias and lysosomal storage diseases. We used the IEMbase platform [10] and OMIM
to assess the list of genes associated with these diseases. The complete list of metabolic diseases
potentially identified through newborn screening along with the genes associated with these diseases are
available in the Supplementary Material (section “Newborn screening”).

Results

Variant Characteristics and Frequency of Heterozygotes

We observed a total of 205 occurrences of 172 different variants (23 variants recurred more than once,
ranging from two to six times) that were harbored by 138 different genes associated with metabolic
diseases in 156 patients, which represents that almost half (48.8%) of the patients were carriers of at
least one heterozygous pathogenic/likely pathogenic variant for rare metabolic disorders. On the other
hand, P/LP variants associated with metabolic disorders were not found in 164 (51.3%) patients.
Individual variant data are available in Supplementary material.

Regarding the ACMG classification, 79 different variants were classified as pathogenic and 93 as likely
pathogenic. Considering these 172 different variants, the majority of them had been previously observed
in the literature (n=124; 72.1%) and were present in the ClinVar Database (n=128; 74.4%). On the other
hand, 39 variants (22.7%) were not found in either the literature or the ClinVar database. All these 39 non-
reported variants presented at a considerably low frequency in population databases (e.g., frequency
lower than 0.01%) along with a predicted loss-of-function mechanism (e.g., stop codon, frameshift), and
based on a combination of the PVS1 and PM2 criteria from ACMG guidelines, they were classified as
likely pathogenic.

Table 1 shows the distribution of genes, variants and the estimated frequency of diseases (g% estimation
per 10,000 individuals) per group of metabolic disorders.

Genes and their potential clinical impact

Regarding the 138 different genes, 33 (23.9%) belong to group A (disorders of nitrogen-containing
compounds), 21 (15.2%) to group D (mitochondrial disorders of energy metabolism) and 19 (13.8%) to
group B (disorders of vitamins, cofactors, metals and minerals).

The combined frequency of heterozygotes for all the different P/LP variants for the most frequent genes
are 1) 1.9% for GBA (Gaucher disease, OMIM#230800), PAH (Phenylketonuria, OMIM#261600) and
RNASEHZ2B (Aicardi-Goutieres syndrome, OMIM#225750); 2) 1.6% for SPG7 (Spastic paraplegia 7,
OMIM#607259); 3) 1.3% for ALDOB (Hereditary fructose intolerance, OMIM#229600), ATP7B (Wilson
disease, OMIM#277900), CPT2 (CPT Il deficiency, OMIM#600649), HEXA (Tay-Sachs disease,
OMIM#272800), and PMM2 (PMM2-CDG [congenital disorder of glycosylation], OMIM#212065).
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Considering HPO terms used to estimate the clinical impact and relevance of the genes identified in this
study, we observed that the majority (n=125; 90.6%) presented two or more clinical manifestations; more
than half (n=81; 58.7%) presented five or more manifestations; eleven genes (8%) presented a sole
manifestation and two genes (CUBN, FM03; 1.4%) did not present any of the 11 clinical manifestation in
HPO database. The complete list of genes and their corresponding HPOs are available in the
Supplementary Material (section HPO). Table 2 shows the frequency of 11 clinical manifestations from
the HPO database in the 138 genes identified in our study.

Variants

Variants harbored by genes that belong to group A (disorders of nitrogen-containing compounds) were
most frequent occurrences (n=51; 24.9%); this group is followed by group G (storage disorders; n= 31;
15.1%) and group D (mitochondrial disorders of energy metabolism; n=29; 14.1%). On the other hand,
variants of group F (disorders of tetrapyrroles) were the least frequent (n=6;2,9%) and we did not find
variants harbored by genes associated with disorders with individual families described or poorly
characterized (n=0). Table 1 (third column) shows the distribution of occurrences of pathogenic or likely
pathogenic (P/LP) variants per group of metabolic disorders.

Metabolic diseases frequency estimation

Using the Hardy—Weinberg equation, we roughly estimated disease frequencies (q2) based on the
respective carrier frequencies (2pq) observed in this study and the approximation of p~1. According to
this method, we estimated the following top nine frequencies of recessive diseases per 10,000 people:
Gaucher disease: 0.88, phenylketonuria: 0.88, Aicardi-Goutieres syndrome: 0.88, spastic paraplegia: 0.61,
hereditary fructose intolerance: 0.39, Wilson disease: 0.39, CPT Il deficiency: 0.39, Tay-Sachs disease:
0.39, PMM2-CDG: 0.39. The combined frequency of these nine diseases is estimated to be 5.2 per 10,000
people, while the combined frequency considering the whole cohort is 10.96/10,000 (Supplementary
Material). Table 1 (last column) contains the predicted frequency of diseases per group of metabolic
disorders.

Newborn Screening diseases

A total of 40 variant occurrences (19.5% of total occurrences) are harbored by 24 different genes (17.4%
of total genes) that are associated with diseases potentially identified by newborn screening. The
combined allele frequencies of these diseases is 0.0625, while the predicted frequency of affected

individuals (g?) is 2.93 per 10,000 people. Table 3 shows the distribution of genes, variants and the

estimated frequency of diseases (q2; estimation per 10,000 individuals) per group of metabolic disorders
potentially identified by newborn screening.

Discussion
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In this article, we have studied the frequencies of carriers for rare metabolic recessive diseases in 320
Brazilian patients and found 205 occurrences of 172 different variants harbored by 138 different genes in
156 patients. It represents 0.64 occurrence per patient in this cohort. Based on our data and the Hardy-
Weinberg equation, we estimate an overall frequency of recessive metabolic diseases to be 10.96/10,000
people, or approximately 0.11%.

The majority of the variants are harbored by genes associated with multisystemic involvement, which
widens clinical and social burden of these conditions. Several of these conditions may manifest with
acute crises that often require critical care and may involve seizures (64%), acidosis (32%), hypoglycemia
(20%) or encephalopathy (14%). The majority of the diseases may also present with long-term
complications, such as growth abnormality (66%), intellectual disability (55%) and other complications
addressed in Table 2.

It is noteworthy that almost one fifth (18%) of these genes may present with facial dysmorphisms, which
is a clinical characteristic generally regarded as non-suggestive of metabolic diseases by clinicians. We
also found unexpectedly high frequency of muscle (80%) and ophthalmologic involvement (70%) in the
genes harboring P/LP variants. These latter involvements may require specific clinical measurements
and should not be neglected in the follow-up of these patients.

We have used the HPO database to estimate the clinical impact of the genes found in our study and
discussed above. This approach, though, presents some limitations: HPO tends to be highly inclusive
even for rare manifestations of diseases; this fact may have overestimated the multisystemic impact of
the diseases. On the other hand, some diseases may be neglected; for instance, CUBN gene was not
associated with any HPO term studied, though it is known that the conditions associated with this gene
may present with growth anomaly, intellectual disability, renal involvement, etc (OMIM#261100).

We have estimated the frequency of rare recessive metabolic diseases to be 10.96 per 10,000 people.
Other studies using different methodologies have estimated variable frequencies of metabolic disorders:
4.0 (40/100,000) [11], 12,76 (1/784) [12] or 15.6 (66/42,257) [13] per 10,000 people. These estimates,
though, are usually challenging especially if they are based on biochemical-based newborn screening
programs because several factors may influence the results, including the scope of diseases screened,
deaths occurring before a diagnosis is made, ease of access for screening programs, diagnosis
confirmation methods, specific regional clinical interests [12]. Additionally, the frequency of these
diseases may vary widely in different population groups due to founder effects, endogamy, nonrandom
mating, and cultural, religious, social and/or geographical isolation [14]. For example, in endogamous
societies this rate can be as high as 8.4% in highly consanguineous populations [15].

Considering the relevant clinical impact of several metabolic diseases, the relatively common combined
frequencies and the possibility to improve clinical outcome with early diagnoses, several countries have
established newborn screening programs aiming rapid diagnosis and treatment for clinically-actionable
metabolic diseases. We have used the Newborn Screening ACT Sheets and Algorithms, from ACMG, to

map the metabolic diseases potentially identified by newborn screening programs and we estimate the
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frequency of these diseases to be 2.93 per 10,000 people. Figure 1 helps to understand the magnitude of
the estimated frequency of diseases potentially identified by newborn screening in the universe of
predicted frequency of all metabolic disorders. If our estimates are correct, we believe that 26.6%
(2.92/10.96) of patients with metabolic disorders may potentially be detected by neonatal screening.
Amino acid studies would have the potential to identify 33.6% (0.98/2.92) of potentially detectable
diseases, while acylcarnitine analysis the potential to identify 31.8% (fatty acid oxidation disorders:
0.49/2.92 + organic acidemias: 0.44/2.92) and a small fraction (0.7%; 0.02/2.92) would be detected by
assays for galactosemia. An important amount of detectable diseases rely on specific tests for
lysosomal storage disorders (34.2%; 1.0/2.92) that are generally not widely available in neonatal
screening programs.

Our study presents several limitations. The first refers to variant classification and pathogenicity
presumption: several variants were classified as likely pathogenic based solely on ACMG criteria but were
not definitively proven to be pathogenic (disease-causing); while this fact that may have overestimated
the carrier frequencies by falsely classifying some variants as P/LP, we took precautions to standardize
variant classification by strictly using ACMG classification criteria uniformly for all sequence variants. On
the other hand, we may have excluded several variants that are not yet recognized to cause disease,
variants not detected by NGS and missense hypomorphic alleles that do not result in a clear and
recognizable loss of function.

Another important issue is the limited number of patients, which is an important bias that compromises
the direct estimation of single monogenic disease frequencies. To minimize this limitation, we used the
strategy of studying groups of diseases (instead of single diseases) to estimate frequencies, then diluting
the small sample of patients.

Our study did not consist of asymptomatic patients, which would be an ideal group for carrier screening
studies. However, we took precautions to minimize this bias by eliminating P/LP variants associated with
autosomal recessive disorders reported in homozygosity or compound heterozygosity (primary findings)
from this analysis because our objective was to study carriers for recessive diseases. Therefore, all
patients in this study had only monoallelic variants. Nevertheless, we cannot rule out that some of the
variants studied in this work may have contributed to the clinical phenotype of the patient, for example, if
the disease presents an unknown codominant, digenic or even oligogenic mechanism or if the other allele
harbored a pathogenic or likely pathogenic variant not detected by the NGS methodology (such as
intronic or regulatory site variants). Another issue regarding heterozygous carriers is that some
monoallelic variants may have clinical impacts and health complications. For instance, some genes
(including POLG) may be associated with autosomal dominant forms that have a generally milder clinical
impact.

Literature regarding carrier frequencies for autosomal recessive metabolic diseases is limited in Latin
America. Most of previously published studies are limited to sole or restricted groups of diseases.
Additionally, the majority rely on newborn screening findings without molecular confirmation. We hope
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that our study encourages other studies that aim to better understand the burden of recessive diseases in
our developing countries.

Conclusions

We studied the frequencies of heterozygotes for rare pathogenic/likely pathogenic alleles of recessive
metabolic diseases exome sequencing and observed a total of 205 occurrences of 172 different variants
in almost half (48.8%) of the 320 patients. Most of these variants are harbored by genes associated with
multisystemic involvement, most frequently muscle disease, eye disease and growth anomalies. Using
the Hardy-Weinberg equation, we estimated the overall frequency for rare recessive metabolic diseases to
be 10.96/10,000 people, while the frequency of metabolic diseases potentially identified by newborn
screening was estimated to be 2.93/10,000 people. This study shows the potential utility to evaluate
clinical and social burden of metabolic diseases and guide health policies for these conditions.
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Tables

Table 1. Distribution of genes, occurrences of pathogenic or likely pathogenic (P/LP) variants, combined
allele frequency and predicted frequency of affected individuals per group of metabolic disorders. The
first column represents the groups of metabolic disorders according to the nosology by Ferreira et al
(2019); the second column represents the number of different genes per group of disorders; the third
column congregates all occurrences of variants per group per group of diseases; the fourth column
represents the combined allele frequencies per group of metabolic disorders in the cohort of 320 patients;
the last column represents the predicted frequency of affected individuals (g% p~1) per 10,000
individuals (a scale of color was used to compare the distribution of frequencies). The last row
congregates all groups.
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Groups of metabolic disorders . ; individuals (g2; per 10,000
genes (%) PiLF varants (%) fregquencies —

A. Disorders ofnirogen-containing
compounds 33 (23.9%) 51 (24.9%) 0.159 310
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metsholism 21 (15.2%) 29(14.1%) 0.0 1.44
Growuns 54-81
E. Disorders offipids
Growps 3257 14 (10.1%) 18 (8.8%) 0.058 0.78
F.Dizorders of erapymoles
Growps 3533 4 299) B{29%) 0.019 0.24
3. Siorage disorders
Growps 100-108 17 (12.3%) 31 (15.1%) 0.097 208
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Discrders with indi wdual families
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Table 2. Clinical manifestations associated with metabolic diseases genes. The table shows the number
of genes presenting each manifestation (second column) and the corresponding frequency in percentage
(last column) of 11 clinical phenotypes studied (first column). The clinical phenotypes and the complete
list of genes associated with them was based on the Human Phenotype Ontology (HPO) database. A
scale of color was used to compare the distribution of frequencies.

::Frl:;mmn Number of genes pre?;n;ﬁm
s o -
Gt s . o
ﬁSI:?nrguﬁu e 4%
IHn_tF'E;IE‘ﬁjdE_llle fgrsa bility 76 ceay
o o i
ﬁﬁ%ﬂu?w_ 44 32%
roars s -
g . o

Table 3. Distribution of genes, occurrences of pathogenic or likely pathogenic (P/LP) variants, combined
allele frequency and predicted frequency of affected individuals per group of metabolic disorders
potentially identified by newborn screening. The first column represents the groups of metabolic disorders
potentially identified by newborn screening according to the Newborn Screening ACT Sheets and
Algorithms (ACMG ACT Sheets); the second column represents the number of different genes per group
of disorders; the third column congregates all occurrences of variants per group; the fourth column
represents the combined allele frequencies in the cohort of 320 patients; the last column represents the
predicted frequency of affected individuals (g% p~1) per 10,000 individuals (a scale of color was used to
compare the distribution of frequencies). The last row congregates all groups.
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Estimated frequency of rare recessive metabolic diseases potentially identified by newborn screening.
The graphic compares the magnitude of estimated frequencies (q2; numbers per 10,000 individuals) of
all metabolic recessive disorders (light yellow) with the subgroups of diseases potentially identified by
newborn screening (blue) and the consolidated frequency of all diseases potentially identified by
newborn screening (dark yellow).
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