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ABSTRACT

Background: There are currently three known congenital disaccharidase deficiencies: congenital lactase defi-
ciency (CLD), congenital sucrase-isomaltase deficiency (CSD), and congenital trehalase deficiency (CTD). No
congenital deficiency has been described for maltase-glucoamylase (MGAM).

Methods: A literature search was performed in PubMed for the pathogenic variants CLD, CSD, and CTD and
the articles retrieved were analyzed to estimate the prevalence of congenital disaccharidase deficiencies.
Results: Based on reported variants, the estimated prevalence was 1.3 per 10° births (95% Cl: 1.1-1.7) for
CLD, and 31.4 per 10° births (95% CI: 28.3—34.8) for CSD. Using data on previously reported variants and var-
iants predicted to be loss-of-function in gnomAD, the overall estimated prevalence was 2.3 per 10° births
(95% CI: 1.9-2.9) for CLD, 57.6 per 10° births (95% CI:52.5—63.2) for CSD, and 9.2 per 106 births (95% CI: 2.5
—3.7) for CTD.

Conclusion: The prevalence of CSD was found to be relatively high, while for other congenital disaccharidase

deficiencies, the estimated prevalence was very low.

1. Introduction

Disaccharidases are hydrolase enzymes found in the brush border
of the intestine whose main function is to break down disaccharide
into monosaccharide [1]. There are four human disaccharidases: lac-
tase-phlorizin hydrolase encoded by the LCT gene (OMIM: 603202),
maltase-glucoamylase encoded by the MGAM gene (OMIM: 154360),
sucrase-isomaltase encoded by the SI gene (OMIM: 609845), and tre-
halase encoded by TREH gene (OMIM: 275360). Acquired or congeni-
tal disaccharidase alterations are linked to carbohydrate intolerance
[2]. The main manifestations of carbohydrate intolerance are bloat-
ing, diarrhea, constipation, flatulence, and borborygmus after inges-
tion of the non-digested disaccharides [1]. Three congenital
disaccharidase deficiencies have been described to date: congenital
lactase deficiency (CLD, OMIM: 223000), congenital sucrase-isomal-
tase deficiency (CSD, OMIM: 222900), and congenital trehalase defi-
ciency (CTD, OMIM: 612119). The prevalence of congenital
disaccharidase deficiencies has been estimated in some populations
(mostly from enzymatic and more recently from genetic data). The
prevalence of CLD was estimated to be 1 per 60,000 births in Finland
with a frequency of carriers ranging from 1/35 to 1/133 [3]. Reported
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prevalences of CSD range from 0.04% in Americans of European
descent [4] to 3% in Inuits [5], and the prevalence of CTD has been
estimated at 8% in Greenlanders [6]. The expansion of genomic vari-
ant databases has made it possible to directly evaluate the prevalence
of rare Mendelian diseases (e.g., Wilson disease 7] or lysosomal acid
lipase deficiency [8]). The aim of this study was to evaluate the preva-
lence of congenital disaccharidase deficiencies using the gnomAD
variant database [9].

2. Methods

A literature search was performed in PubMed for pathogenic var-
iants associated with CLD, CSD, or CTD using the terms “LCT diar-
rhea,” “congenital lactase deficiency,” “SI deficiency,” and “congenital
sucrase-isomaltase deficiency.” A similar search was performed using
the term “MGAM deficiency” and “maltase-glucoamylase deficiency.”
The last search was performed on 6 June 2020. Articles were included
if they described variants associated with congenital disaccharidase
deficiency, provided information on pathogenic variants, and the
number of variants were retrieved. Variant names were checked
using Mutalyzer! and corrected if necessary (NCBI reference sequen-
ces: LCT, NG_008104.2; SI, NG_017043.1; TREH, NG_023321.1; and
MGAM, NG_033954.1). Each individual's status (homozygous for
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variant, compound heterozygous) and the type of variant (missense,
loss of function) were also recorded. Variants listed in ClinVar® as
pathogenic or likely pathogenic were also collected.

Allele frequencies were downloaded from gnomAD (gno-
mAD_v2.1.1) on 6 May 2020. All loss-of-function variants except
those with flags were included in prevalence estimates.

Birth prevalences were estimated as described by Gao et al. [7]
using the Hardy—Weinberg equation with 95% Wilson score confi-
dence intervals (CIs).

3. Results

A total of 18 articles were included (six on CLD and 12 on CSD),
describing 42 different variants (14 of LCT and 28 of SI), and 171
alleles (84 of LCT and 87 of SI), among which 40 alleles (46.8%) were
in homozygous state (33 of LCT and seven of SI). Overall, 29 of the var-
iants were missense (six of LCT and 23 of SI) and 12 were loss of func-
tion (eight for LCT and four for SI), and one SI variant had
nomenclature error. Three loss of function variants of SI not reported
in the literature were retrieved from ClinVar. No pathogenic variants
of MGAM were retrieved either from the literature or from ClinVar.
The total number of variants included in the analysis was therefore
44 (14 of LCT, 30 of SI, Table 1) Table 1.A, Table 1.B.

In total, 26 of the selected variants (six of LCT, 20 of SI) were
described at least once in gnomAD. A further 135 predicted loss-of-
function variants not reported in the literature were found in gno-
mAD (52 of LCT, 21 of SI, and 62 of MGAM), five of which had more
than 100 alleles reported:

e Four variants of SI: ¢.2789A>G, p.GIn930Arg with 139 alleles,
¢.5234T>G p.Phe1745Cys with 270 alleles, c.3218G>A p.
Gly1073Asp with 356 alleles and ¢.1730T>G p.Val577Gly with
438 alleles, in four cases reported in homozygous state (one for p.
Val577Gly, one for p.Phe1745Cys, and two for p.Gly1073Asp).
These four variants account for 67.6% of the alleles either
described in the literature or predicted to be loss-of-function.
These alleles are mostly found in non-Finnish Europeans (74.2%).

e One LCT variant: c4170T>A p.Tyr1390Ter with 246 alleles,
reported once in homozygous state. This variant accounts for
71.3% of the alleles either described in the literature or predicted
to be loss-of-function and is mostly present in Finns (97.2%).

Based on variants reported in the literature, the estimated global
prevalence was 1.3 per 10° births (95% CI: 1.1-1.7) for CLD, and 31.4
per 106 births (95% Cl: 28.3—34.8) for CSD. Including reported var-
iants and those predicted to be loss-of-function in gnomAD, the esti-
mated global prevalence was 2.3 per 10° births (95% CI: 1.9—-2.9) for
CLD, 57.6 per 10° births (95% CI: 52.5—63.2) for CSD, and 0.8 per 10°
births (95% CI: 0.6—1.1) for putative MGAM deficiency. Estimated
birth prevalences in different populations are listed in Table 2. Note
that the estimated prevalence of CLD in Finns is 115.56/10° birth
(95% CI: 90.54—147.48) and the prevalence of CSD in non-Finnish
Europeans is 128.5 per 10 births (95% CI: 115.15—143.4).

We found no reports of TREH variants associated with CTD; how-
ever, Saleheen et al. [10] have described a loss-of-function variant of
TREH (c.90-9_106del) in homozygous state in six patients whose
effect was to lower concentrations of apoB-containing lipoprotein
subfractions. This variant is present in gnomAD with 281 alleles,
mostly found in South Asians (265 alleles) (Table 1C). The total num-
ber of alleles for other loss-of-function variants of TREH in gnomAD is
98. The ¢.90-9_106del variant therefore has a big effect on estimated
prevalences. If it is included, the estimated prevalence of CTD is 9.2
per 106 births (95% CI: 2.5—-3.7) worldwide and 98.47 per 10° births

(95% CI: 78.07—124.12) in South Asians. If it is not included, the esti-
mated worldwide prevalence of CTD is 0.2 per 10° births (95% CI:
0.14-0.3).

Based only on predicted loss-of-function variants in gnomAD, the
estimated worldwide prevalence was 1.44 per 10° births (95% CI: 1
~1.69) for CLD, 2.56 per 10° births (95% CI: 2.25—3.24) for CSD, 2.89
per 10° births (95% CI: 2.56—3.61) for CTD, and 0.81 per 10° births
(95% CI: 0.64—1.21) for putative MGAM deficiency.

4. Discussion

GnomAD (and its predecessor EXAC) has proven to be an invalu-
able clinical genetics resource, improving the identification of var-
iants in clinical exomes and our understanding of human genetic
variation [11]. GnomAD data have recently been used to estimate the
prevalence of rare diseases [7,8]. We used the same method to esti-
mate overall and population-specific prevalences of disaccharidase
deficiencies. The estimated prevalence of CLD was very low (< 1.3
per 10° births) in all populations other than Finns (115.56 per 10°
births), with a carrier frequency of pathogenic variants (1/93) in the
range of previous estimates (between 1/35 and 1/133 according to
Kuokkanen et al. [3]). The estimated prevalence of CSD was higher
(57.59 per 10° births) with huge differences between populations,
ranging from 247.4 and 128.5 per 10° births in Ashkenazi Jews and
non-Finnish Europeans, respectively, to 0.36 per 10° births in East
Asians. The estimate for non-Finnish Europeans is about 3 times
lower than Welsh and colleagues’ [4] estimate for European Ameri-
cans (400 per 10° births), possibly because the latter was based on
measurements of decreased enzyme activity, for which there are also
non-genetic causes. Uhrich et al. [12] estimated that four variants (p.
Val577Gly p.Gly1073Asp, p.Argl1124Ter, p.Phe1745Cys) account for
59% of alleles responsible for CSD in European populations, which is
similar to our estimate (68%). MGAM deficiency has not been
described to date either in enzymatic or genetic studies; however,
the estimated prevalence suggests that although it is quite rare, it
should be as frequent as CLD (in populations of non-Finnish ances-
try). However, since MGAM only accounts for 20% of mucosal maltase
activity, the phenotype is probably mild [13].

One of the limitations of this study is that the prevalence esti-
mates were based on loss-of-function and published variants. In the
absence of information on missense variants therefore, the estimates,
based only on loss-of-function variants, are low. It has been sug-
gested, for example, that CSD is underdiagnosed in Chinese children
[14]; however, since no associated variant has ever been described,
the estimated prevalence of CSD in East Asians was only 0.36 per 10°
births (95% CI: 0.11—1.23). For understudied populations therefore,
the estimated birth prevalence should be considered lower bounds.
Conversely, despite the very rare prevalence, over time the number
of patients could become significant, given the birth rate of European
countries. For example, France (approximately 800,000 births per
year) should have one case of CLD every few years, but to date there
is no French case published, possibly because once the diagnosis is
made the treatment is relatively easy or because of the absence of an
incentive to publish case reports. The other limitation is the use of
the gnomAD database that, despite its size, is still a relatively small
subset of the human variations; nonetheless, our results are coherent
with the frequency of CLD in the Finnish population or the fact that
four variants account for most of alleles responsible for CSD.

Brush-border proteins are subjected to selection pressure related
to carbohydrate diets [15] and related congenital diseases are indeed
relatively rare except in certain populations such as Finns for CLD
and Inuits for CSD and CTD. A puzzling feature is that three main
pathogenic variants are carried by nearly 0.7% of the European popu-
lation; whether this is related to genetic drift remains to be studied.

For CTD, despite having been described nearly half a century ago
[16] and reported in 8% of Greenland natives [6], no associated
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Table 1

Reported variants of congenital disaccharidase deficiencies on PubMed

1.A LCT: Lactase-phlorizin hydrolase encoded by the gene LCT

References

Gene Variant nomenclature Amino acid sequence change Types

Allele count Number of homozygotes

Torniainen et al. 2009 LCT  ¢.1692_1696del p.(Val565Leufs*3) Missense 1 0
Torniainen et al. 2009 LCT  ¢.2062T>C p.(Ser688Pro) Missense 1 0
Coromina et al. 2005 LCT  ¢2232_2253dup p.(Leu752Lysfs*19) Loss of function 2 1
Wanes et al. 2019 LCT  ¢3362C>T p(Ser1121Leu) Missense 2 1
Fazeli et al. 2015 LCT  c.3448del p.(Ser1150Profs*19) Loss of function 2 1
Kuokkanen et al. 2006, Torniainen et al. 2009, LCT  c4087G>A p.(Gly1363Ser) Missense 7 3
Wanes et al. 2019
Kuokkanen et al. 2006, Torniainen et al. 2009 LCT c4170T>A p(Tyr1390Ter) Loss of function 61 27
Uchida et al. 2012 LCT  ¢4419C>G p.(Tyr1473Ter) Loss of function 1 0
Torniainen et al. 2009 LCT  c4760G>A p.(Arg1587His) Missense 1 0
Torniainen et al. 2009 LCT  ¢.4834G>T P(.Glu1612Ter) Loss of function 1 0
Kuokkanen et al. 2006 LCT  ¢.4998_5001del p.(Ser1666Argfs*56) Loss of function 2 0
Uchida et al. 2012 LCT  c.5387del p.(Asp1796Alafs*18) Loss of function 1 0
Kuokkanen et al. 2006 LCT  c¢.653_654del p-(Ser218Cysfs*6) Loss of function 1 0
Kuokkanen et al. 2006 LCT  ¢.804G>C p.(GIn268His) Missense 1 0
Table 1.B
Sucrase-isomaltase encoded by the gene SI
References Gene Variant nomenclature Amino acid sequence change Types Allele count Number of homozygotes
Jacob et al. 2000 SI c.1019A>C p.(GIn340Pro) Missense 2 1
Gericke et al. 2017 SI c.1607A>T p-(Asp536Val) Missense 1 0
Sander et al. 2005 SI c.1648del p(GIn550Argfs*19) Loss of function 1 0
Alfalah et al. 2009, Haberman et~ SI ¢.1730T>G p.(Val577Gly) Missense 13 0
al. 2017, Sander et al. 2005,
Uhrich et al. 2012, Gericke et
al. 2017
Sander et al. 2005 SI ¢.1780T>C p.(Ser594Pro) Missense 2 0
Ritz et al. 2003 SI ¢.1859T>C p.(Leu620Pro) Missense 2 1
Keiser et al. 2006 SI ¢.1903T>C p.(Cys635Arg) Missense 2 1
Sander et al. 2005 SI ¢.2080A>C p.(Thr694Pro) Missense 1 0
Clinvar SI c.2159+2T>G Loss of function 1 0
Gericke et al. 2017 SI €.2222T>C p.(Leu741Pro) Missense 1 0
Husein et al. 2019 SI €.2624T>C p.(Phe875Ser) Missense 1 0
Sander et al. 2005 SI €.26887+1G>C nomenclature 2 0
problem
Marcadier et al. 2015 SI €.273_274del p.(Gly92Leufs*8) Loss of function 2 1
Gericke et al. 2017 SI c.2789A>G p.(GIn930Arg) Missense 1 0
Gericke et al. 2017 SI c.2791T>A/C p.(Trp931Arg) Missense 1 0
Gericke et al. 2017 SI c.2792G>A pTrp931Ter) Loss of function 1 0
Gericke et al. 2017 SI ¢315G>C/T p.(Trp105Cys) Missense 1 0
Gericke et al. 2017, Sander etal.  SI c.3218G>A p.(Gly1073Asp) Missense 23 0
2005, Uhrich et al. 2012, Alfa-
lah et al. 2009, Gericke et al.
2017
Ouwendijk et al. 1996 SI ¢.3293A>C p-(GIn1098Pro) Missense 2 1
Gericke et al. 2017, Uhrich etal.  SI ¢.3370C>T p.(Arg1124Ter) Loss of function 4 0
2012
Spodsberg et al. 2001 SI ¢.350A>G p(GIn117Arg) Missense 1
Clinvar SI ¢.3586_3587del p.(Met1196Valfs*15) Loss of function 1 0
Alfalah et al. 2009, Sander etal. ~ SI ¢.3686G>A p.(Cys1229Tyr) Missense 5 1
2005
Sander et al. 2005 SI c.4099A>G p.(Arg1367Gly) Missense 1 0
Naim et al. 2005 SI c.4427G>C p.(Gly1476Ala) Missense 1 0
Gericke et al. 2017 SI c.4592G>A p.(Cys1531Tyr) Missense 1 0
Haberman et al. 2017 SI c.4593T>G p(Cys1531Trp) Missense 1 0
Gericke etal. 2017 SI c4630C>T p.(Arg1544Cys) Missense 1 0
Gericke et al. 2017 SI c4817C>T p.(Thr1606lle) Missense 1 0
Sander et al. 2005, Sander etal.  SI €.5234T>G p.(Phe1745Cys) Missense 11 0
2005, Uhrich et al. 2012, Alfa-
lah et al. 2009,Gericke et al.
2017
Clinvar SI c.853G>T (p.Glu285Ter) Loss of function 1 0
Table 1.C

TREH: Trehalase encoded by the gene TREH

Reference Gene  Variant nomenclature  Amino acid sequence change Allele count

Types

Loss of function 12 6

Number of homozygotes

SaleheenDetal.2017 TREH  c.90-9_106del ?




Table 2

Estimated prevalence of heterozygous carriers of deleterious variants and of congenital sucrase-isomaltase deficiency, congenital lactase deficiency, putative maltase-glucoamylase deficiency, and congenital trehalase deficiency, calcu-
lated from pooled allele frequencies of previously reported variants and predicted loss-of-function variants in eight populations.

Global

African

Latino

Ashkenazi Jewish

East Asian

Finnish

Non-Finnish
European

Other

South Asian

Congenital sucrase-isomal-
tase deficiency Heterozy-
gous carrier

Congenital sucrase-isomal-
tase deficiency prevalence

Congenital lactase deficiency
Heterozygous carrier

Congenital lactase deficiency
Prevalence

Putative congenital maltase-
gluco-amylase deficiency
carrier

Putative congenital maltase-
gluco-amylase deficiency
prevalence

Congenital trehalase defi-
ciency
Heterozygous carrier
Heterozygous carrier
without ¢.90-9_106del

Congenital trehalase defi-
ciency
Prevalence
Prevalence without ¢.90-
9_106del

1/132 (95% CI: 1/126
~1/138)

57.59/106 birth (95%
Cl: 52.5-63.19)

1/656 (95%CI :1/591
~1/729)

2.32/106 birth (95%
Cl: 1.88-2.87)

1/1091 (95% CI: 950
—1252)

0.84/106 birth (95%
Cl: 0.64-1.11)

1/575(95% Cl: 1/520
—1/636)

9.02/10° birth (95%
Cl: 2.47-3.7)
0.2/10° birth (95%
Cl: 0.14-0.3)

1/267 (95% CI: 1/210
~1/339)

14.06/106 birth (95%
Cl: 8.69-22.72)

1/876 (95%CI :1/561
-1/876)

1.3/10° birth (95%
Cl: 0.53-3.18)

1/294 (95% CI: 1/226
-1/382)

11.6/10° birth (95%
Cl: 6.85-19.62)

1/1751 (95% CI: 1/
887-1/3460)
1/1751 (95% CI: 1/
887-1/3460)

0.33/10° birth (95%
Cl: 0.08-1.27)
0.33/10° birth
(95% CI: 0.08
-127)

1/333(95% CI: 1/275
—1/404)

9.01/10° birth (95%
Cl: 6.14-13.21)

1/8696 ((95%Cl :1/
3378-1/22222)
0.01/10° birth (95%
Cl: 0.00-0.09)

1/1429 (95% CI: 1/
952-2146)

0.49/10° birth (95%
Cl: 0.22-1.10)

1/3058(95% CI: 1/
1706—1/5464)

0.11/10° birth (95%
Cl: 0.03-0.34)
0.09/106 birth
(95% CI: 0.03
~0.29)

1/64 (95% CI: 1/54
-1/75)

247.4/106 birth (95%
Cl: 178.52
—342.58)

1/3390 (95%CI :1/
1155-1/10000)

0.09/106 birth (95%
Cl: 0.01-0.75)

No loss of function
variants in
gnomAD

No loss of function
variants in
gnomAD

No loss of function
variants in
gnomAD

1/1656 (95% CI: 1/
900—1/3049)

0.36/10° birth (95%
Cl:0.11-1.23

1/6289 (95%Cl :2146
-18519)

0.03/106 birth (95%
Cl: 0.00-0.22)

1/1016 (95% CI: 1/
635-1/1626)

0.97/106 birth (95%
Cl: 0.38-2.48)

1/4386 (1/1704—1/
11236)
1/9009 (95% CI:
2463-32258)

0.05/106 birth (95%
Cl: 0.01-0.34)
0.01/10° birth
(95% CI: 0-016)

1/445 (95% CI: 1/583
~1/339)

5.05/10° birth (95%
Cl: 2.94-8.68)

1/93 (95%Cl :1/82
~1/105)

115.56/10C birth
(95% CI: 90.54
—147.48)

1/12048 (95% CI: 1/
3311-1/43478)

0.01/106 birth (95%
Cl: 0.00—0.09)

1/2188 (95% Cl: 1/
1221-1/3922)
1/2188 (95% CI: 1/
1221-1/3922)

0.21/106 birth (95%
Cl: 0.07-0.67)
0.21/10° birth
(95% CI: 0.07
~0.67)

1/88 (1/84—1/93)

128.5/10° birth (95%
Cl: 115.15-143.4)

1/2193 (95%C1 :1/
1653-1/2907)
0.21/10° birth (95%

Cl: 0.12-0.37

1/1479 (95% CI: 1/
1174-1/1866)

0.46/10° birth (95%
Cl: 0.29-0.73)

1/1961 (95% CI: 1/
1488—1/2584)
1/1949 (95% CI: 1/
1475-1/2577)

0.26/10° birth (95%
Cl: 0.15-0.45)
0.26/10° birth
(95% CI: 0.15
—0.46)

1/125 (95% CI: 1/95
~1/165)

63.71/106 birth (95%
Cl: 36.72-110.4)

1/1031 (95% CI:1/
500-2128)

0.94/10° birth (95%
Cl:0.22-4)

1/2012 (95% CI: 1/
685-1/5917)

0.25/10° birth (95%
Cl: 0.03-2.13)

1/536 (95% CI: 1/937
-1/307)
No loss of func-
tion variants in
gnomAD

3.48/10° birth (95%
Cl: 1.14-10.6)
No loss of func-
tion variants in
gnomAD

1/331(95% CI: 1/269
—1/406)

9.15/10° birth (95%
Cl: 6.08—13.79)

1/5102 (1/2336—1/
11111)

0.04/10° birth (95%
CI:0.01-0.18)

1/995 (95% CI: 1/697
—1/420)

1.01/10° birth (95%
Cl: 0.5-2.06)

1/101 (95% CI: 1/90
~1/113)
1/1597 (95% CI: 1/
1011-1/2525)

98.47/106 birth (95%
Cl: 78.07-124.12)
0.39/10° birth
(95% CI: 0.16
—0.98)

CI: confidence interval



genetic variant has ever been described. Saleheen et al. [10] did not
report specific phenotypic information for the homozygous individ-
ual in their study or any functional analysis of TREH: c.90-9_106del.
Since this variant is relatively frequent (1.06% in gnomAD), it is
unclear whether it is truly a loss-of-function variant. The estimated
prevalence of CTD in other populations is very low (around 0.2 per
10° births), with the caveat that it is based on predicted loss-of-func-
tion variants only; however, this estimate is compatible with the
results reported by Murray et al., who found that only one of their
847 UK patients had trehalase activities below the normal range [17].

5. Conclusion

Using information from a database of genetic variants, we found
that the birth prevalence of CSD is relatively high, notably in Euro-
pean populations, and that other congenital disaccharidase deficien-
cies have a very low prevalence. For well-studied populations such as
Europeans, our results are in keeping with published data and are
probably a reasonably good approximation of true birth prevalences.
For other populations, the prevalence estimates should be considered
lower bounds and more studies describing variants are needed.
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