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Abstract 

Porphyria is a group of rare metabolic disorders caused by mutations in the genes encoding crucial enzymes 
in the heme biosynthetic pathway. However, the lack of comprehensive genetic analysis of porphyria patients 
in the Chinese population makes identifying and diagnosing carriers of the condition challenging. Using the Chi-
naMAP database, we determined the frequencies of P/LP porphyria-associated gene variants according to the ACMG 
guidelines. We also calculated the carrier rates and prevalence of each type of porphyria in the Chinese population 
under Hardy–Weinberg equilibrium. Compared with the variants in the gnomAD database, the genetic spectrum 
of porphyria-related P/LP variants in the Chinese population is distinct. In the ChinaMAP database, we identified 23 
variants. We estimated the carrier rates for autosomal dominant porphyrias (AIP, HCP, VP, PCT) in the Chinese popu-
lation to be 1/1059, 1/1513, 1/10588, and 1/1765, respectively. For autosomal recessive porphyrias (ADP, EPP, HEP, 
CEP), the estimated carrier rates were 1/5294, 1/2117, 1/1765, and 1/2647, respectively, with predicted prevalence 
rates of 8.92 × 10−9, 7.51 × 10−5, 8.02 × 10−8, and 3.57 × 10−8, respectively. Notably, 12 of the variants we identified 
were unique to the Chinese population. The predicted prevalence rate of EPP was the highest among the various 
types of porphyria in the Chinese population, while the others were moderate to low. This is the first comprehensive 
genetic study on porphyria in the Chinese population. Clarifying the genetic characteristics of various porphyria types 
among the Chinese population provides scientifically sound reference data for both research and genetic screening 
to identify porphyria carriers.
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Introduction
Porphyria is a collection of rare metabolic disorders 
resulting from mutations in genes that control enzymes 
affecting the heme biosynthesis pathway [1]. These dis-
orders are typically inherited in an autosomal dominant 
(AD), autosomal recessive (AR), or X-linked manner.

The biosynthesis process of heme is shown in Fig.  1 
and detailed below. The enzyme in step ① is coded 
by ALAS1 and ALAS2. ALAS1 express in the liver and 
undergoes negative-feedback regulation depending on 
the cellular heme concentration, which is particularly 
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relevant to acute hepatic porphyrias (AHPs). ALAS2 is an 
erythroid-specific gene, and mutations in this gene may 
cause X-linked protoporphyria (XLP) [2]. In this article, 
we mainly discuss the effect of ALAS2 mutations on the 
prevalence of XLP.

The enzymes in steps ③, ⑥, and ⑦ are coded by 
HMBS, CPOX, and PPOX, respectively. Mutations in 
these genes may cause acute intermittent porphyria 
(AIP), hereditary coproporphyria (HCP) and varie-
gate porphyria (VP), respectively, which exhibit AD 
inheritance.

The enzymes in steps ②, ④, and ⑧ are coded by 
ALAD, UROS, and FECH, respectively. Mutations in 
these genes may cause δ-aminolaevulinic acid dehy-
dratase porphyria (ADP), congenital erythropoietic por-
phyria (CEP), and erythropoietic protoporphyria (EPP), 
respectively, which exhibit AR inheritance. Notably, EPP 
has a unique pathogenesis. It can result from a homozy-
gous mutation, but more than 95% of EPP patients are 

compound heterozygous for a pathogenic mutation and 
the FECH low-expression single-nucleotide polymor-
phism (SNP) locus c.315-48T>C [2]

The enzyme in step ⑤ is encoded by UROD. Hete-
rozygous UROD variants may cause AD porphyria cuta-
nea tarda (PCT), and compound heterozygous UROD 
variants may cause AR hepatoerythropoietic porphyria 
(HEP) [3]. In the majority PCT patients, no genetic 
defects are present. Only approximately 20% of patients 
have a mutation in one of the alleles of the UROD gene, 
which can cause a reduction in the activity of enzyme 
⑤ to less than 20% [4]. PCT is also considered an iron-
related disorder. The disease becomes active when 
patients are exposed to predisposing factors that cause 
hepatic iron overload, including excess alcohol consump-
tion, oestrogen use, infections (HCV, HIV, etc.), and 
smoking. It has been postulated that the hepatic activity 
of UROD is markedly reduced during active disease due 
to the formation of uroporphomethene, an iron-oxidized 

Fig. 1  Biosynthesis Process of Heme.  (Source from: < Biochemistry and Molecular Biology >, Zhou Chunyan, Yao Libo (ED.), 9 Ed, Beijing: People’s 
Medical Publishing House, 2018). (Note Enzyme ①–⑧ are coded by ALAS2, ALAD, HMBS, UROS, UROD, CPOX, PPOX and. FECH genes respectively.)
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product of uroporphyrinogen, which acts as a reversible 
inhibitor of UROD activity [2].

Because of genetic heterogeneity, the carrier rates and 
prevalence rates of different types of porphyria vary 
among racial groups, making assessment complex. Infor-
mation on the genetics of porphyria has primarily come 
from a handful of European countries, including France, 
Finland and Sweden, as well as from the Japanese pop-
ulation in Asia. The data from these regions have been 
largely limited to case reports and small series of stud-
ies. In the available studies, the prevalence of porphyria 
has mainly been estimated from epidemiological sur-
veys and patient registries, with only a few studies based 
on genetic databases. The prevalence of inherited rare 
diseases may be difficult to accurately estimate using 
traditional methods [5]; specifically, late-onset and 
slow-progressing forms of rare diseases may be underes-
timated. Genetic studies of porphyria in Chinese popula-
tions are also limited.

The present study utilized the China Metabolic Analy-
sis Project (ChinaMAP) biobank as a genetic data source 
for the normal Chinese population, and the allele fre-
quencies (AFs) of pathogenic (P)/likely pathogenic (LP) 
variants were interpreted and screened according to the 
American College of Medical Genetics and Genomics 
(ACMG) guidelines. The carrier rates and prevalence 
rates of each type of porphyria in the Chinese population 
were predicted using the Hardy‒Weinberg equilibrium 
(HWE). Moreover, the genetic characteristics of each 
type of porphyria in the Chinese population were deter-
mined by comparing the results with those of eight other 
ethnicities in the Genome Aggregation Database (gno-
mAD) Genome V3.0.

This study aimed to conduct the first comprehensive 
genetic study of porphyria in the Chinese population 
utilizing the ChinaMAP genetic database. By compari-
son with various ethnic groups in gnomAD, we aimed to 
illustrate the genetic characteristics of various types of 
porphyria in the Chinese population. These results will 
provide scientific and reliable reference data for clinical 
research and genetic screening of porphyria carriers.

Methods
Screening and interpretation of P/LP gene variants 
in different types of porphyria
ChinaMAP (www.​mbiob​ank.​com) is a biobank of the 
Chinese population based on a China-wide cohort study 
of metabolic phenotypic data from various regions and 
ethnic groups. The analysis of in-depth whole-genome 
sequencing (WGS) data from 10,588 participants, which 
includes 21,176 alleles, was completed in this project. 
The ChinaMAP database is a valuable tool for research-
ing and pinpointing potential pathogenic mutations that 

cause diseases. Its goal is to identify both common and 
rare but impactful mutations in Chinese populations, 
particularly in unknown genes and metabolic pathways 
related to metabolic diseases and their complications. 
This information could help identify new diagnostic and 
treatment approaches for patients who are at high risk of 
specific non-infectious chronic diseases.

The genetic data for the normal Chinese population 
were sourced from ChinaMAP (accessed on 19 April 
2021), while genetic data for other ethnic populations, 
including East Asian (EAS), Ashkenazi Jewish (ASJ), 
Mixed American (AMR), African/African American 
(AFR), Amish (AMI), Finnish (FIN), non-Finnish Euro-
pean (NFE), South Asian (SAS), and other (OTH), were 
obtained from the gnomAD Genome V3.0 database. 
The data in both biobanks are derived from population-
based studies utilizing WGS data. P/LP variants in both 
databases were interpreted and screened according to 
the ACMG guidelines, ensuring the comparability of the 
data.

The gene variant nomenclature followed the Human 
Genome Variation Society (HGVS) standards, specifi-
cally GRCh38/hg38. DNA and protein sequence number-
ing was carried out independently based on the reference 
sequence.

The process of screening and interpreting porphyria-
associated genetic variants generally involves the follow-
ing steps:

(1)	 Using the rating results given by InterVar soft-
ware and the annotation information of the Clin-
Var database and Human Gene Mutation Data-
base (HGMD) as references, we manually screened 
for genetic variants associated with porphyria in 
exonic and splice regions with a small AF (≤ 0.05). 
We used databases such as ChinaMAP, the 1000 
Genomes Project, the Exome Aggregation Con-
sortium, the Exome Variant Server (EVS), and 
gnomAD Genome V3.0. We utilized various com-
puter tools, including SIFT, PolyPhen2_HDIV, Poly-
Phen2_HVAR, LRT, MutationTaster, and Muta-
tionAssessor, to predict the pathogenicity of the 
screened variants. These tools were used to deter-
mine whether a mutation disrupts the structure and 
function of a protein or affects splicing.

(2)	 In this study, we estimated the Rare Exome Vari-
ant Ensemble Learner (REVEL) and s-PP3 scores 
for each mutation. REVEL is a method that predicts 
rare missense mutations by combining the results 
of multiple software programs to generate a score 
between 0 and 1. A higher REVEL score indicates 
a greater likelihood that the variant is responsible 
for the disease [6]. In this study, we used a REVEL 

http://www.mbiobank.com
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score > 0.7 as the threshold for applying the ACMG’s 
PP3 criterion. Additionally, we developed the s-PP3, 
a unique scoring system that helps interpret ratings. 
s-PP3 is a composite score based on the predictions 
of five splicing prediction software programs (dbsc-
SNV_ADA, dbscSNV_RF, MMSplice, MaxEnt, 
SpliceAI), with 1 point awarded for each software 
package that predicts the effect of the mutation on 
splicing.

(3)	 After completing these steps, the variants were clas-
sified as either P, LP or a variant of uncertain signifi-
cance (VUS-P) based on the ACMG guidelines and 
the suggestions of the Sequence Variant Interpreta-
tion (SVI) Working Group of the Clinical Genome 
Resource (ClinGen).

Prediction of the carrier rate and prevalence of pathogenic 
gene variants of each type of porphyria
Variants classified as P/LP according to the ACMG 
guidelines have corresponding AFs. By applying the 
HWE equation (p2 + 2pq + q2 = 1), the carrier rate and 
prevalence rate for each porphyria-associated gene vari-
ant can be calculated. Assuming that q represents the 
AF of the P/LP variant, the carrier rate of the pathogenic 
variant responsible for AD porphyria can be estimated 
as 2pq (with p approximated to be 1), and the prevalence 
rate is calculated as the product of the carrier rate and 
the epistasis rate.

The prevalence of homozygosity for the pathogenic 
variant responsible for AR porphyria is determined 
by squaring the frequency of the pathogenic variant, 
denoted as q2. Additionally, the prevalence of compound 
heterozygosity is calculated as the square of the sum of 
the AFs of the pathogenic variant genes minus the sum 
of the squares of the AFs of the pathogenic variants: 
(
∑n

i=1 qi
)2

−

∑n
i=1

(

q2
)

i
.

AD porphyrias are exceptionally rare, typically present-
ing with early onset and severe symptoms, and have been 
reported on a case-by-case basis. Therefore, individuals 
with AD porphyria were not included in the prevalence 
calculations for this study. EPP is an AR porphyria with 
a distinct pathogenesis, stemming from either a homozy-
gous state or a compound heterozygous state involving a 
pathogenic mutation and the FECH low-expression SNP 
locus c.315-48T>C. The frequency of the low-expres-
sion SNP locus c.315-48T>C varies across populations, 
thereby influencing the prevalence of EPP in different 
populations to some extent.

In this study, we calculated the prevalence of homozy-
gosity or compound heterozygosity for pathogenic 
FECH variants, as well as the prevalence of compound 
heterozygosity for pathogenic FECH variants and the 

low-expressing SNP locus c.315-48T>C. These two 
results were combined to determine the total prevalence 
of EPP.

Because of the limited sample size, we utilized SPSS 
software for data analysis and the Clopper–Pearson Exact 
method to determine the 95% confidence intervals (95% 
CIs) to guarantee the reliability of the predictions.

Comparative analysis of the distribution 
of porphyria‑associated genetic variants in the Chinese 
population
In this study, the distribution of P/LP variants in por-
phyria-related genes and the predicted carrier and 
prevalence rates of each type of porphyria in the Chi-
nese population were analysed. These rates were then 
compared with those of other populations, including 
EAS, ASJ, AMR, AFR, AMI, FIN, NFE, SAS, and OTH 
populations. The genetic characteristics of porphyria 
in the Chinese population, including specific sites and 
predicted carrier/prevalence levels, among others, were 
highlighted in a comparison of data from nine different 
ethnic groups.

Results
Overall porphyria‑related gene variants in ChinaMAP
In ChinaMAP, eight porphyria-associated genes were 
examined, resulting in the identification of 206 P, LP, and 
VUS-P variants based on the ACMG guidelines. Among 
these variants, there were 5 P variants, 18 LP variants, 
and 183 VUS-P variants. The most common type of 
mutation was missense mutations, with 169 variants. 
In addition to missense mutations, there were 14 splice 
mutations, 9 truncation mutations, 1 in-frame insertion/
deletion, and 13 other types of variants. The distribution 
of each type of variant in every gene is shown in Fig. 2a, 
while Fig.  2b depicts the distributions of the P/LP and 
VUS-P variants in each gene.

AD Porphyria‑associated genetic variants
Characteristics of P/LP variants in AD‑inherited genes 
in ChinaMAP
A total of 13 P/LP AD-inherited variants related to por-
phyria were screened in ChinaMAP, with 6 for HMBS, 
4 for UROD, 2 for CPOX, and 1 for PPOX. The greatest 
number of variants was detected in HMBS, while the low-
est was detected in PPOX. The carrier rates of pathogenic 
variants for each type of AD porphyria in the Chinese 
population were as follows: AIP, 1/1059 (9.445 × 10−4, 
4.527 × 10−4–1.735 × 10−3); PCT, 1/1765 (5.664 × 10−4, 
2.079 × 10−4–1.233 × 10−3); HCP, 1/1513 (6.611 × 10−4, 
2.657 × 10−4–1.361 × 10−3); and VP, 1/10588 (9.44 × 10−5, 
2.4 × 10−6–5.261 × 10−4). AIP had the highest predicted 
carrier rate, while VP had the lowest. The most prevalent 
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AD-inherited variant was c.1339C>T (p.Arg447Cys) in 
CPOX, with an allele frequency of 0.0002833 in the nor-
mal Chinese population. Missense mutations were the 
most common type of variant in these loci. Table 1 shows 
the information for all AD porphyria-associated P/LP 
variant loci in ChinaMAP, and the details of the P/LP and 
VUS-P variants for each gene are presented in Fig. 2c–f.

Distribution and characteristics of AD‑inherited P/LP 
variants in different ethnic populations
In accordance with the ACMG guidelines, a total of 73 
AD porphyria-associated P/LP variants were screened 
in gnomAD Genome V3.0. Specifically, 21 variants were 
screened in HMBS, 17 in UROD, 18 in CPOX, and 17 
in PPOX. Notably, the greatest number of variants was 
found in HMBS, consistent with the results from Chi-
naMAP. The carrier rates of pathogenic mutations for 
AIP, PCT, HCP, and VP differed between ChinaMAP and 
gnomAD. The carrier rate for AIP was 1/1059 in Chi-
naMAP and 1/814 in gnomAD. For PCT, the carrier rate 
was 1/1765 in ChinaMAP and 1/3087 in gnomAD. The 
carrier rate of HCP was 1/1513 in ChinaMAP and 1/1023 
in gnomAD. The carrier rate for VP was 1/10588 in Chi-
naMAP and 1/2985 in gnomAD. The most common 
AD-inherited variant in gnomAD was the c.1339C>T 
(p.Arg447Cys) variant in CPOX, which was also found in 
ChinaMAP. Similarly, the predominant type of variation 
observed at these loci was missense mutations. Table  2 
contains all the relevant information for AD-inherited 
porphyria-associated P/LP variant loci in gnomAD 
Genome V3.0, and the subsequent figures (Fig.  3a–d) 
provide details on P/LP and VUS-P variants in each gene.

Comparing the two databases showed that the dis-
tribution characteristics of AD porphyria in the Chi-
nese population differed. Compared to the nine 

populations in gnomAD Genome V3.0, the predicted 
total carrier rates of all types of AD porphyria in the 
Chinese population were intermediate or low. The 
predicted carrier rate of pathogenic mutations in AIP 
patients followed the order of SAS > OTH > NFE > C
HI > AFR > AMR > ASJ, with CHI ranking fourth. For 
PCT, the order was AMR > OTH > CHI > NFE > FIN > 
AFR, with CHI ranking third. For HCP, the order was 
AMI > OTH > SAS > NFE > AMR > AFR > CHI > FIN, 
with CHI ranking seventh. Last, for VP, the order was 
FIN > AFR > NFE > CHI, with CHI ranking last. The 
prevalence rates of AD hereditary porphyria among dif-
ferent ethnic populations in ChinaMAP and gnomAD 
Genome V3.0 are presented in Table 3.

We compared all AD-inherited P/LP variant loci 
screened in the two databases and found that eight vari-
ants were specific to the Chinese population. These vari-
ants, namely, c.3G>A (p.Met1?), c.94C>T (p.Arg32Cys), 
c.422+1G>A, and c.499C>T (p.Arg167Trp) in HMBS 
and c.113dupA (p.Ala39Glyfs*9), c.213+1G>A, 
c.544dupT (p.Tyr182Leufs*7), and c.694delT 
(p.Phe232Leufs*13) in UROD, were included in Chi-
naMAP but not in gnomAD Genome V3.0. The 
c.1339C>T (p.Arg447Cys) variant of CPOX was the 
most widely distributed variant in both databases and 
was found in seven ethnic populations: CHI, AMR, 
AFR, AMI, NFE, SAS, and OTH. Additionally, ethnic-
ity-specific AD-inherited P/LP variants were widely 
distributed in the two databases. The number and gene 
frequencies of AD hereditary P/LP gene variants in dif-
ferent ethnic populations in ChinaMAP and gnomAD 
Genome V3.0 are presented in Table  4. Furthermore, 
the distributions of P/LP and VUS-P mutations in dif-
ferent ethnic populations in gnomAD Genome V3.0 are 
shown in the graphs in Fig. 4a–d.

Fig. 2  Information of P/LP and VUS-P porphyria-associated gene variants in the ChinaMAP database. (Note a, b Variant types and distribution 
of P/LP and VUS-P porphyria-associated variants in different genes in the ChinaMAP database. The error bars represent the mean plus or minus 
the standard error. c–i Protein amino acid map of P/LP + VUS-P variations of HMBS, UROD, CPOX, PPOX, ALAD, UROS, and FECH. The horizontal axis 
represents the protein amino acid position, the red frame represents P/LP variations, and different legends represent different types of variations. 
Protein data was from UniProt and Pfam.)
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AR porphyria‑related gene variants
Characteristics of P/LP variants in AR‑inherited genes 
in ChinaMAP
In the ChinaMAP study, a total of 14 AR-inherited P/LP 
variants were screened, including 2 variants in ALAD, 4 
in UROS, 4 in UROD, and 4 in FECH. ALAD exhibited 
the least variety among variant loci. The predicted car-
rier rates of pathogenic variants for each type of AR por-
phyria in the Chinese population were as follows: ADP, 
1/5294 (1.888 × 10−4, 2.29 × 10−5–6.821 × 10−4); CEP, 
1/2647 (3.776 × 10−4, 1.029 × 10−4–9.668 × 10−4); HEP, 
1/1765 (5.664 × 10−4, 2.079 × 10−4–1.2327 × 10−3); and 
EPP, 1/2117 (4.722 × 10−4, 1.533 × 10−4–1.101 × 10−3). 
The predicted prevalence of each type of AR porphyria in 
the Chinese population was as follows: ADP, 8.91 × 10−9 
(8.91 × 10−9, 2.472 × 10−9–2.277 × 10−8); CEP, 3.565 × 10−8 
(3.565 × 10−8, 2.038 × 10−8–5.791 × 10−8); and HEP, 
8.02 × 10−8 (8.02 × 10−8, 5.624 × 10−8–1.112 × 10−7). The 
AF of the FECH low-expression SNP locus c.315-48T>C 
in the Chinese population was 0.317907, and the pre-
dicted prevalence of EPP was 7.51 × 10−5 (7.51 × 10−5, 
1.902 × 10−6–4.184 × 10−4). The predicted carrier rate for 
HEP was the greatest among the AR porphyrias, while 
ADP had the lowest carrier rate. EPP was predicted to 
have the highest prevalence, while ADP had the low-
est prevalence. Missense mutations were found to be 
the most common type of variant among the AR por-
phyrias. Table 1 includes information for all AR-inherited 
porphyria-associated P/LP variant loci and the FECH 
low-expression SNP locus c.315-48T>C in ChinaMAP. 
Additionally, the charts in Fig. 2d and g–i contain infor-
mation about P/LP and VUS-P variations in various 
genes.

Distribution and characteristics of AR‑inherited P/LP 
variants in different ethnic populations
In accordance with the ACMG guidelines, a total of 58 
AR-inherited P/LP variants were examined in gnomAD 
Genome V3.0. Of these, 9 were identified in ALAD, 12 in 
UROS, 17 in UROD, and 20 in FECH. Notably, FECH had 
the greatest number of loci with variants, whereas ALAD 
had the lowest number. The carrier rates of predicted 

pathogenic mutations for ADP in ChinaMAP and gno-
mAD were 1/5294 and 1/3111, respectively. For CEP, 
the rates in ChinaMAP and gnomAD were 1/2647 and 
1/1024, respectively. For HEP, the rates in ChinaMAP and 
gnomAD were 1/1765 and 1/3087, respectively. For EPP, 
the rates in ChinaMAP and gnomAD were 1/2117 and 
1/1404, respectively. The predicted prevalence of ADP 
was 8.91 × 10−9 in ChinaMAP and 2.58 × 10−8 in gno-
mAD. The predicted prevalence of CEP was 3.565 × 10−8 
in ChinaMAP and 2.38 × 10−7 in gnomAD. Similarly, 
the predicted prevalence of HEP was 8.02 × 10−8 in Chi-
naMAP and 2.623 × 10−8 in gnomAD. Finally, the pre-
dicted prevalence of EPP was 7.51 × 10−5 in ChinaMAP 
and 2.25 × 10−5 in gnomAD. Missense mutations were 
the most frequent type of variant in these loci. Table  2 
displays the gnomAD Genome V3.0 information for all 
AR-inherited porphyria-associated P/LP variant loci and 
the FECH low-expression SNP locus c.315-48T>C. The 
graphs in Fig. 3b and e–g display information for the P/
LP and VUS-P variants in each gene.

The distribution characteristics of AR porphyria in 
the Chinese population were compared with those 
of the 9 populations in gnomAD Genome V3.0. The 
predicted carrier rate and prevalence for ADP were 
ranked as AFR > NFE > CHI > AMR, with CHI rank-
ing third. For CEP, the predicted carrier rate and preva-
lence rate were ranked as OTH > AMR > NFE > AFR > 
SAS > CHI, with CHI ranking last. For HEP, the pre-
dicted carrier rates were ranked as AMR > OTH > CHI 
> NFE > FIN > AFR, with the Chinese population rank-
ing third. For EPP, the predicted carrier rates were 
ranked as ASJ > NFE > SAS > AFR > CHI, with CHI 
ranking last, while the prevalence rates were ranked as 
CHI > ASJ > SAS > NFE > AFR, with CHI ranking first. 
Table 3 displays the anticipated carrier rates and preva-
lence rates of AR porphyria among various ethnic popu-
lations in ChinaMAP and gnomAD Genome V3.0.

Comparing the distribution of all AR P/LP vari-
ant loci screened in the two databases across dif-
ferent populations showed that eight variants were 
unique to the Chinese population. These vari-
ants, including c.458delT (p.Val153Glyfs*13) in 

Fig. 3  Protein amino acid map of P/LP + VUS-P variations of porphyria-associated gene variants in the gnomAD Genome V3.0 database. (Note 
Protein amino acid map of P/LP + VUS-P variations of HMBS, UROD, CPOX, PPOX, ALAD, UROS, and FECH. The horizontal axis represents the protein 
amino acid position, the red frame represents P/LP variations, and different legends represent different types of variations. Protein data 
was from UniProt and Pfam.)
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ALAD; c.924delG (p.Met308Ilefs*28) in FECH; 
c.113dupA (p.Ala39Glyfs*9), c.213+1G>A, c.544dupT 
(p.Tyr182Leufs*7), and c.694delT (p.Phe232Leufs*13) 
in UROD; and c.588delT (p.Phe196Leufs*44) and 
c.320-2A>G in UROS, were included in ChinaMAP but 
not in gnomAD Genome V3.0. The FECH low-expres-
sion SNP locus c.315-48T>C was found in all 10 pop-
ulations in the two databases, ranked in the order of 
EAS > CHI > AMR > SAS > FIN > OTH > ASJ > NFE > AF
R > AMI. Additionally, ethnicity-specific AR genetic P/
LP variants were widely distributed in both databases. 
Table 4 presents the number and AFs of AR P/LP vari-
ants and the FECH low-expression SNP locus c.315-
48T>C in different ethnic populations in ChinaMAP 
and gnomAD Genome V3.0. The graphs in Fig. 4b and 
e–g depict the distribution of P/LP and VUS-P vari-
ants of each gene in various ethnic populations in the 
gnomAD Genome V3.0 database.

X‑linked inherited porphyria‑related genetic variants
The X-linked inherited P/LP variant of ALAS2 was 
not found in ChinaMAP; therefore, no ACMG ratings 
were obtained for this gene in this study, and no XLP 
prevalence prediction was performed.

Discussion
The distribution of P/LP variants and the carrier and 
prevalence rates of each type of porphyria vary by eth-
nicity due to genetic heterogeneity, making its assess-
ment complex. Current data on the genetics of porphyria 
come mainly from individual countries in Europe and the 
Japanese population in Asia. Data from large-scale popu-
lation-based genetic studies in these regions are lacking, 
with reports limited to case reports, small group studies, 
and family studies. The limited diagnosis, treatment, and 
genetic research on porphyria within the Chinese medi-
cal system have resulted in a high rate of clinical misdi-
agnosis and posed challenges in treatment, sometimes 
endangering the patient’s life.

Studies on AD porphyria have produced various find-
ings. Grandchamp B’s review on AIP suggests that 
asymptomatic heterozygotes for the AIP gene variants 
may have a prevalence of approximately 1/2000 [7], 
while Hugo Lenglet states that the lowest estimate of the 
prevalence of AIP in the general population is 1/1299 [8]. 
The prevalence of AIP is extremely low, with a preva-
lence of approximately 0.5–1% in the general popula-
tion [8]. The predicted AIP gene mutations prevalence 
in France is 1/1675 [9], 5.9/1,000,000 in Europe [10], and 

Fig. 4  Distribution of P/LP and VUS-P mutations of porphyria-associated gene in different racial populations. (Note a–g P/LP and VUS-P mutations 
of HMBS, UROD, CPOX, PPOX, ALAD, UROS, and FECH in different ethnicities. The heatmap is arranged from top to bottom according to genomic 
location, with each column representing a population, drawing data from ChinaMAP and gnomAD Genome V3.0. Each cell in a row represents 
a locus, with a deeper color indicating a higher allele frequency in the population for that locus. The annotation panel on the far left indicates 
the rating of each locus: green for pathogenic, orange for likely pathogenic, and blue for uncertain significance.)
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1.5/100,000 in Japan [11]. It has also been reported that 
the prevalence of symptomatic European AIP heterozy-
gotes is approximately 0.000005, and the penetrance of 
acute attacks is about 1% [12]. Our team’s previous find-
ings also predicted that the prevalence of the pathogenic 
HMBS variant in the Chinese population was 1/1765 
[13]. PCT is the most prevalent type of porphyria in 
Europe, with a prevalence of 1/10,000 [14]. The estimated 
prevalence of HCP in Europe is 0.2/10,000,000 [10]. HCP 
is more prevalent in the South African population, with 
a prevalence of approximately 1/100000 [15], while VP is 
rarer in Europe, with a prevalence of 3.2/1,000,000 [10]. 
The prevalence of VP in Finland is 2.4/1,000,000 [10].

Regarding AR porphyria, the overall prevalence of 
ADP, CEP, and HEP is 0.13/10000000, with CEP account-
ing for more than half [10]. The prevalence of EPP varies 
significantly among different populations, largely due to 
the influence of the low-expression allele c.315-48T>C. 
EPP has a worldwide prevalence ranging from 1/75,000 
to 1/200,000 [16], with a prevalence of 9.2/1,000,000 in 
Europe [10].

In this study, we utilized the ChinaMAP genetic data-
base, a reliable and scientific database for the Chinese 
population. This is the first extensive genetic study of 
porphyria in the Chinese population, offering reliable 
reference data for genetic screening, preventive interven-
tions, early diagnosis, and the management of patients 
with latent porphyria in China. Simultaneously, an analy-
sis of genetic data on porphyria in the Chinese popula-
tion was conducted, and the results were compared with 
those of other ethnic groups to gain a better understand-
ing of its distinct characteristics. This study can serve as 
a valuable reference for porphyria-related research in the 
Chinese population.

In ChinaMAP, a total of 23 P/LP porphyria-associated 
genetic variants were identified in seven genes. The pre-
dicted carrier and prevalence rates for each porphyria 
type in the Chinese population were then calculated 
based on HWE. The predicted prevalence of EPP in the 
Chinese population was the highest among the 10 eth-
nic groups, whereas the predicted carrier and prevalence 
rates of the other porphyrias were moderate or low. We 
found 12 P/LP variants in porphyria-associated genes 
that are specific to the Chinese population in compari-
son to gnomAD Genome V3.0. In our previous study, 
we classified the HMBS c.1064G>A (p.Arg355Gln) 
locus as a VUS-P. However, in our current study, after 
reviewing recent literature, we found that Hugo Len-
glet confirmed that the presence of this locus resulted 
in almost no HMBS activity. As a result, we added PS3 
evidence for this locus according to the ACMG guide-
lines and upgraded its classification to LP in this study. 
Figure 5 illustrates the distribution of P/LP variant sites 

of porphyria-related genes in ChinaMAP across the 10 
populations studied. These results showed that the vari-
ant profiles of porphyria-associated genes differ between 
the Chinese population and other ethnic groups.

When comparing the AF of the FECH low-expression 
SNP locus c.315-48T>C in different ethnic populations, 
the Chinese population had the second highest fre-
quency. Figure  6 displays the distribution of this locus 
among the various ethnic groups. We performed calcula-
tions to determine the expected prevalence of compound 
heterozygotes for the FECH P/LP variant in different eth-
nic groups. Additionally, we calculated the prevalence 
of compound heterozygotes for the low-expression SNP 
locus c.315-48T>C and the P/LP variant in various eth-
nic groups. We then combined the two sets of data to 
estimate the total prevalence of EPP in different ethnic 
groups, as shown in Table 3. Our findings suggested that 
the distribution of the FECH low-expression SNP locus 
c.315-48T>C in the population significantly influences 
the population prevalence of EPP. The Chinese popula-
tion had the second highest gene frequency of this locus 
among the 10 ethnic groups, which directly contributed 
to the highest predicted overall prevalence of EPP in the 
Chinese population among the 10 ethnic groups. This 
finding underscores the importance of considering the 
impact of this SNP locus in genetic studies of porphyria. 
Xiao-Fei Kong and colleagues genotyped 52 Han Chi-
nese volunteers without porphyria and reported that the 
AF of the FECH low-expression SNP locus c.315-48T>C 
was 41.35% among normal Han Chinese individuals [17]. 
According to the reference ChinaMAP database, this 
locus has a gene frequency of 31.79% in the general Chi-
nese population. However, the current literature on EPP 
in the Chinese population is limited to case reports, fam-
ily lineage studies, and reports of novel loci. Large-scale 
epidemiological investigations of EPP in the Chinese 
population are lacking.

The ChinaMAP database provided a significant num-
ber of Chinese population-specific variants, highlighting 
the genetic traits of porphyria within the Chinese popu-
lation in comparison to the information in the gnomAD 
database. Although gnomAD did not include porphyria-
associated P/LP variants in Chinese populations or East 
Asian populations, reports of these variants have been 
retrieved in East Asian populations such as China, Japan, 
and Thailand. Additionally, the ChinaMAP database 
included 23 porphyria-associated P/LP variants. The pre-
dicted prevalence of AIP in the Chinese population sig-
nificantly differed from that in the Japanese population, 
and the AF of the FECH low-expression SNP locus c.315-
48T>C in the Chinese population also differed signifi-
cantly from that in the Japanese population. This finding 
suggested that using data from the Japanese population 
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as a proxy for data from East Asian populations in some 
genetics studies lacks rigor, and can sometimes lead to 
errors in the results.

The prevalence and distribution of porphyria-associ-
ated variants differ significantly across ethnic groups. 

Some mutation sites are found in multiple ethnic popu-
lations, while others are unique to specific ethnicities. 
Some ethnicities have a wide range of mutation sites, 
while others have very few or none. These differences 
reflect the significant genetic diversity in porphyria and 
are associated with higher rates of specific types of por-
phyria in certain regions and ethnic groups, particu-
larly those affected by founder effects. As a result, these 
groups have higher carrier and prevalence rates of certain 
forms of porphyria than other populations.Understand-
ing the genetic characteristics of each type of porphyria 
in a variety of ethnic populations is crucial for effectively 
managing patients of different races.

The majority of porphyria genetics studies are retro-
spective and based on small patient samples, with few 
large-sample prospective studies using population-based 
genetic databases. The ChinaMAP database used in 
this study is a cohort that encompasses various regions 
and ethnicities in China. This database provides a vast 
resource for genetic studies in Chinese populations, even 
in East Asian populations, ensuring the precision and 
dependability of the experiments. It serves as an exclu-
sive resource and guide for detecting and confirming P/

Fig. 5  Distribution of porphyria-associated gene P/LP variant loci in ChinaMAP in different ethnic populations. (Note The reference sequences 
for ALAD DNA and protein are RefSeq NM_000031.6 and NP_000022.3, respectively; for CPOX DNA and protein are RefSeq NM_000097.7 
and NP_000088.3, respectively; for FECH DNA and protein are RefSeq NM_ 000031.6 and NP_000022.3; the reference sequences of HMBS 
DNA and protein are RefSeq NM_000190.4 and NP_000181.2; the reference sequences of PPOX DNA and protein are RefSeq NM_000309.5 
and NP_000300.1; the reference sequences of UROD DNA and protein are RefSeq NM_000309.5 and NP_000300.1; The reference sequences 
of UROD DNA and protein are RefSeq NM_000374.5 and NP_000365.3, respectively; the reference sequences of UROS DNA and protein are RefSeq 
NM_000375.3 and NP_000366.1, respectively; P/LP variants specific to the Chinese population are highlighted in yellow. The blue-red color code 
indicates the number of each porphyria-related gene P/LP variation loci, the greater the redder.)

Fig. 6  Population frequency of the FECH low-expression SNP locus 
c.315-48T>C. (Note The error bars represent the mean plus or minus 
the standard error.)
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LP variants in genes related to porphyria. We selected 
ChinaMAP as our source helps to fill in some of the gaps 
in the study of porphyria genetics in Chinese popula-
tions and underscores their unique genetic features. It 
also assists in exploring the population specificity of por-
phyria [18]. The ChinaMAP database complements the 
gnomAD database.

In this study, we estimated the expected carrier rate 
of the pathogenic AIP variant in the Chinese popula-
tion to be 1/1059, consistent with the results of Grand-
champ B and Hugo Lenglet. The anticipated prevalence 
of AIP in the Chinese population ranges from 4.72 × 10−6 
to 9.45 × 10−6, with a penetrance ranging from 0.5 to 1%. 
However, the penetrance of all porphyrias in the Chinese 
population has not been determined and could not be 
used as a reference, highlighting the significance of ongo-
ing follow-up and management of porphyria patients.

Our study has several limitations. First, the variants 
in this study were rated according to the ACMG guide-
lines. As the guidelines are updated, diagnostic and treat-
ment standards improve, and experimental techniques 
develop, many of the VUS-P variants identified in this 
study may be confirmed as P/LP variants in the future. 
Due to the uncertainty of the pathogenicity of VUS-P 
variants, we only calculated the carrying rate and preva-
lence for P/LP variants, and VUS-P variants were not 
included. However, we have listed some information on 
VUS-P variants in the ChinaMAP database in Table 5 for 
reference. Second, the data in ChinaMAP were sourced 
from natural populations with good metabolism-related 
traits across China [1], and gnomAD also excluded 
individuals and their first- and second-degree relatives 
known to have severe paediatric diseases. Furthermore, 
we conducted our research under the assumption that 
ethnic groups adhere to HWE. However, certain groups, 
such as consanguineous family lines, may not conform to 
this assumption. As a result, the actual prevalence of por-
phyria in these specific groups may be greater than what 
is predicted based on HWE. In summary, our current 
estimates of the carrier rate and prevalence of porphyria-
associated pathogenic mutations should be regarded as 
“minimal”. Since porphyria has an extremely low pen-
etrance, determining its prevalence in the population by 
using predicted carrier and prevalence rates necessitates 
accounting for the penetrance of different types of por-
phyria. Unfortunately, there are no available data on the 
penetrance of porphyria in the Chinese population. As 
a result, the carrier and disease rates for porphyria that 
we calculated are purely theoretical genetic values. To 
accurately predict the prevalence in the Chinese popula-
tion, support from large-scale epidemiological studies is 
needed.
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