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Abstract
Monogenic intestinal epithelial disorders, also known as congenital diarrheas and enteropathies (CoDEs), are a group of 
rare diseases that result from mutations in genes that primarily affect intestinal epithelial cell function. Patients with CoDE 
disorders generally present with infantile-onset diarrhea and poor growth, and often require intensive fluid and nutritional 
management. CoDE disorders can be classified into several categories that relate to broad areas of epithelial function, struc-
ture, and development. The advent of accessible and low-cost genetic sequencing has accelerated discovery in the field with 
over 45 different genes now associated with CoDE disorders. Despite this increasing knowledge in the causal genetics of 
disease, the underlying cellular pathophysiology remains incompletely understood for many disorders. Consequently, clini-
cal management options for CoDE disorders are currently limited and there is an urgent need for new and disorder-specific 
therapies. In this review, we provide a general overview of CoDE disorders, including a historical perspective of the field 
and relationship to other monogenic disorders of the intestine. We describe the genetics, clinical presentation, and known 
pathophysiology for specific disorders. Lastly, we describe the major challenges relating to CoDE disorders, briefly outline 
key areas that need further study, and provide a perspective on the future genetic and therapeutic landscape.

Introduction

Diarrhea and malabsorption in infancy are a relatively com-
mon occurrence and can usually be ascribed to a variety of 
acquired or maternally derived causes such as congenital 
infections and food protein intolerance. Monogenic intesti-
nal epithelial disorders, also known as congenital diarrheas 
and enteropathies (CoDEs), are a rare cause of severe, life-
threatening diarrhea, and describe a heterogenous group of 
disorders that result from single gene variants that directly 
alter epithelial function. These disorders are characterized 
by neonatal or infantile-onset diarrhea and malabsorption 
and in general require intensive medical support including 
intravenous nutrition and fluids. Many of these disorders 
are associated with altered function in other organ systems, 
including the immune system; however, disruption of intes-
tinal epithelial structure and function are a universal feature 
that define this group of genetic disorders. Here, we provide 
an overview of CoDE disorders, including the advances in 

their diagnosis and cell biology, placing them in context 
with other genetic disorders causing intestinal disease. We 
review in detail archetypal CoDEs as well as recently dis-
covered genes and outline some of the major challenges and 
opportunities in the field.

A brief history of CoDE disorders: Infants who exhibit 
severe and persistent intestinal fluid loss and malabsorp-
tion requiring intensive care level support from birth or in 
the first few weeks of life are a rare event. These infants 
often require a high level of support to maintain life and 
to undergo further evaluation and diagnosis. Prior to the 
advent of the genomic era in research and clinical medicine, 
infants who survived past the neonatal period were often 
grouped together with a diagnosis of “intractable diarrhea 
of infancy”. This term was popularized by Avery et al. in 
their description of series of infants with chronic diarrhea of 
unknown etiology (Avery et al. 1968). The first descriptions 
of infants and children with chronic diarrhea of unknown 
etiology suggestive of a non-acquired heritable etiology 
were reported by Gamble et al. and Darrow in 1945 (Darrow 
1945; Gamble et al. 1945). They described an unusual high-
volume watery diarrhea, with high fecal chloride, hypochlo-
remia, and metabolic alkalosis. In the 1960s, a series of 
cases in Finland (Perheentupa et al. 1965; Holmberg et al. 
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1977; Luaniala et al. 1968) led to the recognition that this 
disorder, termed congenital chloride diarrhea, was genetic, 
inherited in an autosomal recessive manner, and likely due 
to a single gene defect. The causative gene involved was 
eventually identified in 1996 as the chloride–bicarbonate 
transporter SLC26A3. Similarly in 1978, Davidson et al. 
described a detailed case series of five infants with persistent 
severe diarrhea from birth without evidence of inflammation 
or immune deficits but with evidence of heritability based 
on similar disease in related siblings (Davidson et al. 1978). 
The authors found clear epithelial abnormalities on exami-
nation of intestinal biopsies and postulated that the patients 
“evidently suffered from a congenital enteropathy which 
caused profound defects in their capacity to assimilate nutri-
ents”, commenting that “the pathogenesis of this disorder, if 
indeed it is a single disease, remains obscure”. Several years 
later, Cutz et al. examined the intestinal epithelial ultrastruc-
ture via electron microscopy of one of these patients along 
with several more cases of severe infantile-onset diarrhea, 
identifying unique “intracytoplasmic inclusions composed 
of neatly arranged brush-border microvilli” terming the dis-
order microvillus inclusion disease (Cutz et al. 1989). The 
same group later also reported the first histological descrip-
tion of the characteristic epithelial “tufts” found in the CoDE 
disorder congenital tufting enteropathy (Reifen et al. 1994).

Although a number of identified CoDE disorders were 
well described to be familial with classical Mendelian inher-
itance patterns, the causative genes, as with many mono-
genic disorders, were not identified until the late 1990s 
and 2000s. A series of causative genes including SLC5A1 
(SGLT1) for glucose-galactose malabsorption (Martín et al. 
1996), and SLC26A3 (DRA) for congenital chloride diar-
rhea (Höglund et al. 1996) were the first to be identified, 
followed later by MYO5B for microvillus inclusion dis-
ease (Müller et al. 2008) and EPCAM for congenital tuft-
ing enteropathy (Sivagnanam et al. 2008). The availability 
of accessible and affordable targeted genetic testing led to 
a steady stream of causative genes being identified which 
significantly accelerated with the advent of next-generation 
sequencing technology and whole-exome sequencing over 
the last decade (Fig. 1). In addition to advances in genomics, 
improvements in clinical care of CoDE patients have led to a 
general increase in overall survival rates with a consequent 
rise in diagnostic efficacy. Advances in parenteral nutrition 
management, central line care, and the establishment of 
specialized centers and clinics have now transformed life 
expectancy in severe CoDE disorders from infancy to late 
childhood and beyond.

Monogenic intestinal disorders and other monogenic causes 
of intestinal disease: Monogenic intestinal epithelial dis-
orders or CoDEs are defined by mutations that fundamen-
tally alter epithelial cell function and subsequently result in 

intestinal disease. For most disorders, diarrhea is the pre-
dominant symptom with minimal or no inflammatory com-
ponent present in the intestinal mucosa. However, loss of 
epithelial barrier function or disruption of normal mucosal 
architecture, for example in TTC7A deficiency (Dannheim 
et  al. 2022) or alteration of normal host–microbiome 
responses (e.g., SLC9A3 deficiency (Kini et al. 2022)) can 
result in a secondary mucosal inflammatory response. This 
contrasts and can be distinguished from monogenic causes 
of very-early-onset inflammatory bowel disease such as IL10 
mutations or other primary immune deficiencies with intes-
tinal involvement such WAS mutations (Wiskott-Aldrich) 
or FOXP3 mutations (IPEX) that primarily affect immune 
cell function, or development (Nambu and Muise 2020). As 
such, hematopoietic stem cell transplant (HSCT) is, there-
fore, often curative for very-early-onset inflammatory bowel 
disease, whereas this is not the case for CoDE disorders. 
Another distinguishing feature of CoDE disorders is primary 
involvement of the small intestine with variable involvement 
of the colon, resulting in a generalized enteropathy with con-
sequent nutrient malabsorption and loss of normal fluid and 
electrolyte handling.

Evaluation of CoDE disorders: The diagnostic evaluation 
of CoDE disorders has evolved considerably over the past 
few years with the advent of accessible genetic testing and 
gradual increased recognition of these disorders by pediatric 
medical practitioners. General diagnostic approaches have 
emerged over the past few years to aid in the initial evalu-
ation for infants with suspected CoDEs (Thiagarajah et al. 
2018; Elkadri 2020; Younis et al. 2020; Russo 2020; Mantoo 
et al. 2021). In summary, most approaches focus on identifi-
cation of infants with a history and symptoms suspicious for 
a CoDE disorder, initial dietary and stool evaluation, early 
genetic testing, and endoscopic biopsy evaluation as soon 
as safely possible.

Challenges with CoDE disorders

Several significant challenges have historically faced the 
field of CoDE disorders. A significant issue, as with many 
monogenic disorders, is the rarity of individual CoDE dis-
orders. This has led to a general lack of awareness in many 
medical facilities for diagnostic evaluation, a general paucity 
of data on the epidemiology, natural history, and manage-
ment, and relatively little mechanistic information on the 
cellular pathophysiology for many disorders. For many 
patients, the lack of early recognition or suspicion for a 
CoDE disorder leads to a diagnostic odyssey, often charac-
terized by unnecessary testing and interventions, and lengthy 
hospitalizations leading to increased mortality and morbid-
ity. The nature of these disorders, with often profound loss 
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of enteral absorptive function and severe growth failure and 
malnutrition during the most critical window for physical 
and cognitive development, means that early diagnosis and 
appropriate clinical management can have profound effects 
on patient prognosis and outcomes. In addition to the clinical 
effects on the patients themselves, this diagnostic odyssey 
places a large financial burden on the healthcare system and 
families. A recent comparison for a single CoDE patient in 
the U.S. (LeBlanc et al. 2020), showed an approximately 
$4 million difference in the hospital/clinical costs between 
before and after diagnosis.

The last decade has brought remarkable improvements 
in clinical nutrition care for CoDE patients, and the careful 
management of parenteral nutrition and indwelling central 
venous catheters have led to decreases in the mortality of 
even patients with severe CoDE disorders such as micro-
villus inclusion disease and tufting enteropathy. A major 
remaining challenge, however, is the lack of both effec-
tive symptomatic therapies for fluid loss and diarrhea and 
specific curative or disease-modifying therapies. Efforts to 
advance our understanding of the cell biology and physiol-
ogy of intestinal epithelial function and the effect of CoDE 
disorder mutations on target proteins will be critical for 
development of future therapeutic options.

Overview of the intestinal epithelium

The intestinal epithelium is organized as a single layer of 
cells that line the surface the intestinal tract. In the small 
intestine, this layer is architecturally characterized by glands 
(crypts) and finger-like projections (villi). Intestinal epithe-
lial cells (IECs) are generated from pluripotent stem cells 
that reside in the base of the crypts and are marked by the 
receptor protein Lgr5. These stem cells give rise to progeni-
tor cell populations that ultimately differentiate into a wide 
range of different epithelial subtypes including secretory 
cells such as goblet cells, and enteroendocrine cells, as well 
as columnar absorptive cells (Santos et al. 2018; Gehart and 
Clevers 2019).

IECs demonstrate cell polarization, with two distinct 
plasma membrane surfaces or domains: apical or lumen 
facing, and basolateral or body facing with epithelial tight 
junctions demarcating the boundary between these domains. 
The apical surface of the IEC is the site of nutrient absorp-
tion. It is rich in both active and passive transport chan-
nels (e.g., ENaC, NHE3, SGLT1) and digestive enzymes 
(e.g., sucrase-isomaltase, lactase, enterokinase) (Kiela and 
Ghishan 2016). The apical surface of IECs also contains 
numerous microscopic projections, microvilli, which serve 
to increase the apical surface area and, thus, the nutrient 
absorbing capacity of the cell. IECs contain an intricate and 
polarized intracellular trafficking machinery that serves to 

maintain the localization of membrane proteins. The lateral 
surfaces of IECs are responsible for maintaining junctions 
between cells that strengthen epithelial integrity and prevent 
paracellular movement of most solutes. Proteins responsible 
for maintaining adhesion include the epithelial cell adhesion 
molecule (EpCAM) and E-cadherin, while those that form 
tight junctions include the claudins, occludin, and zonula 
occludens-1 (ZO-1) (Choi et al. 2017). The basolateral sur-
face of IECs is the site of nutrient release into circulation 
via passive and active transport channels (e.g., GLUT2, 
ferroportin, SLC7A7). This side is also the location of the 
sodium–potassium ATPase (Na/K ATPase), which provides 
the primary electrochemical driving force for the majority of 
nutrient and electrolyte transport. Lastly, the basolateral sur-
face is the site at which IECs are anchored onto the underly-
ing basement membrane by integrins.

Classification of CoDE disorders

Although they are commonly linked and defined by altered 
intestinal epithelial function, CoDE disorders exhibit a wide 
variety of cell and tissue level pathophysiological mecha-
nisms. Despite this heterogeneity some broad categories 
have emerged to classify specific genes. As the specific 
causative genes for many cases of non-acquired severe 
infantile-onset chronic diarrhea can now be established, it 
has become important to shift away from syndromic or clini-
cally defined naming of disorders to more specific designa-
tion by affected gene (e.g., SPINT2 deficiency vs syndromic 
congenital sodium diarrhea). This is particularly relevant 
for current and future studies that aim to correlate specific 
mutations with phenotype, prognosis, and treatment. As 
with any attempt to classify such a heterogenous group of 
disorders there are specific genes/disorders that do not fit 
well in any one category. In some cases, such as the recently 
discovered WNT2B deficiency, this has allowed expansion 
or development of new categories. As new causative genes 
(e.g., PERCC1, UNC45A, AGR2) and new information on 
disease mechanisms continue to emerge, these categories 
will need ongoing revision and refinement. Disease can also 
be classified by other methods such as protein ontology (e.g., 
functional annotation) or clinical outcome (e.g., parenteral 
nutrition dependence).

Broadly, monogenic epithelial disorders can be classified 
into five major categories that comprise core modules of 
epithelial function. These are listed below (see also Fig. 1) 
and detailed descriptions of several disorders in each cat-
egory follow:

• Epithelial transport
• Epithelial enzymes and metabolism
• Epithelial structure, trafficking, and polarity
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• Enteroendocrine function
• Epithelial stem cell function

Epithelial transport

Perhaps the most archetypal of CoDE disorders are those 
that involve alterations in intestinal epithelial transport 
function. Several disorders affect the process electroneutral 
sodium absorption and parallel chloride/bicarbonate han-
dling (SLC26A3) either directly via loss-of-function muta-
tions in NHE3 or indirectly via gain-of-function mutations in 
the receptor GUCY2C. GUCY2C mutations also cause acti-
vation of chloride secretion via apical membrane chloride 
channels. Nutrient dependent sodium absorption is altered 
in glucose-galactose malabsorption via SGLT/SLC5A1 and 
loss of sodium-dependent bile transport in the ileum leads 
to congenital bile acid mediated diarrheas.

Congenital chloride diarrhea and SLC26A3

The 21-exon solute carrier family 26 member 3 (SLC26A3) 
gene is mapped to chromosome 7q31 and encodes for the 
chloride/bicarbonate exchanger, also known as down regu-
lated in adenoma (DRA), a transmembrane protein localized 
mainly to the apical side of the mucosa in the ileum and 
proximal colon (Byeon et al. 1996). Gamble et al. and Dar-
row likely described the first cases with SLC26A3 mutations 
in 1945 in two patients who presented with watery diarrhea 
not responsive to conventional therapy and characterized by 
extremely high chloride content in the stools, in conjunction 
with low serum chloride and metabolic alkalosis (Darrow 
1945; Gamble, et al. 1945). This syndrome was termed con-
genital chloride diarrhea (CLD). These observations were 
soon followed by several case reports with similar character-
istics in the U.S, U.K, and France, as well as a large number 
of cases in Finland (Kelsey 1954; Perheentupa et al. 1965; 
Evanson and Stanbury 1965; Holmberg et al. 1977).

While SLC26A3 mutations have been spotted around 
the globe, incidence and prevalence are uneven. Approxi-
mately 20% of the cases reported in Finland, where about 
1:30,000–40,000 live births have the mutation overall, 
but where a higher prevalence is present in specific geo-
graphical areas (Wedenoja et al. 2010). The identification 
of p.Val317del in almost all Finish cases, the 3-base pair 
p.Ile675-676ins mutation in 47% of CLD-associated chro-
mosomes in Polish cases, and the p.Gly187* mutation in 
94% of chromosomes in affected Arab patients supports the 
existence of a founder effect in these populations (Höglund 
et al. 1998). A recent retrospective observational as well as 
prospective genetic analysis carried out in Japan, found that 
the unique c.2063-1G → T mutation was present in 7 out of 
13 CLD patients and might be a founder mutation in East 
Asia (Konishi et al. 2019).

Our understanding of the genetics of SLC26A3 muta-
tions comes largely from a variety of in-depth studies in 
populations with a higher-than-normal incidence, such as 
in Finnish, Polish, and Arab populations, where there are 
specific autosomal recessive mutations in SLC26A3 due to 
founder effects (Holmberg et al. 1977; Höglund et al. 1998; 
Wedenoja et al. 2011). Most mutations found so far are 
single-nucleotide substitutions, with missense, nonsense, 
insertions, and splice-site mutations identified. Although 
110 mutations have been identified according to the Human 
Gene Mutation Database, with most described in recent 
years, genotype–phenotype associations remain incom-
pletely understood. Further studies are needed to define 
associations and guide our understanding of how specific 
mutations affect SLC26A3 function.

The chloride/bicarbonate  (HCO3−/Cl−) exchanger, 
encoded by SLC26A3, plays a major role in fluid homeo-
stasis in the human body. It has the task of transporting 
chloride ions in exchange for bicarbonate across the api-
cal membrane of intestinal epithelial cells. This drives 
electroneutral sodium absorption through coupled  Na+/
H+ exchangers (NHE3) in the intestine (Yu 2021). There-
fore, in loss-of-function SLC26A3 mutations, the inability 
to secrete  HCO3− into the intestinal lumen leads to acidic 

Fig. 1  Timeline of the asso-
ciation of genes important for 
epithelial function and intestinal 
disease. Colors indicate CoDE 
disorder classification
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luminal bowel content, altering the driving forces and inter-
fering with electroneutral sodium absorption with loss of 
normal fluid absorption and diarrhea. The loss of chloride 
absorption in parallel results in the characteristic high fecal 
chloride concentrations. Loss of normal body acid/base han-
dling leads to the feature of a systemic metabolic alkalosis, 
unusual in most diarrheal disorders which generally lead to 
a systemic metabolic acidosis. Diagnosis of SLC26A3 defi-
ciency is strongly suggested by high corrected fecal chlo-
ride levels, greater than 90 mmol/L (Wedenoja et al. 2010). 
Diarrhea often starts in the intrauterine period, resulting in 
polyhydramnios and premature birth (Holmberg et al. 1975). 
Failure to thrive and nephropathy can also be seen, mimick-
ing the presentation of Bartter syndrome with the notable 
difference that SLC26A3 mutations do not lead to abnormali-
ties in calcium levels. Given the similarities in the metabolic 
profile, it is, therefore, important to keep congenital chloride 
diarrhea as a differential diagnosis when evaluating an infant 
with suspected Bartter syndrome (Matsunoshita et al. 2018).

A number of reports (Asano et al. 2009; Shao et al. 2018) 
suggest that biallelic mutations in SLC26A3 may confer 
increased risk for the development inflammatory bowel dis-
ease (IBD) later in life. This is supported by mouse studies 
of Slc26a3 deficiency that show increased susceptibility to 
induction of colitis (Xiao et al. 2012) and consistent with 
data that show DRA expression is diminished in intestinal 
inflammatory states (Yu 2021). Current theories on the con-
nection between SLC26A3 and inflammation suggest that 
loss of transporter function may lead to a chronically altered 
luminal microbiome and mucosal environment leading to a 
loss of epithelial barrier function (Kini et al. 2022).

Treatment in congenital chloride diarrhea is primarily 
supportive with prevention of dehydration and electrolyte 
abnormalities through enteral fluid and electrolyte supple-
mentation. In general, patients can avoid long-term paren-
teral nutrition if intensive management is instituted early, 
and most patients have a good long-term prognosis. Reduc-
tion of gastric chloride secretion by proton pump inhibitors 
has been proposed as a treatment (Aichbichler et al. 1997) 
although subsequent studies have found equivocal benefit 
(Höglund et al. 2001). The short-chain fatty acid butyrate, 
normally produced by colonic bacterial metabolism, has 
also been proposed as a potential therapy. Although not 
fully determined, the mechanism by which butyrate acts to 
improve diarrhea has been proposed to be via upregulation 
of chloride/butyrate transport, improved barrier function, or 
other trophic effects (Kelly et al. 2015; Deng et al. 2021). 
A number of studies have reported equivocal and genotype 
dependent results to butyrate administration in practice, 
although an alternative step-up approach for optimizing 
individualized doses has been recently proposed (Di Meg-
lio et al. 2022).

Congenital sodium diarrhea and SLC9A3

Congenital sodium diarrhea, characterized by neonatal onset 
severe watery diarrhea with an antenatal onset and high fecal 
sodium levels, was initially described in 1980s (Holmberg 
and Perheentupa 1985). Diarrhea with high fecal sodium 
levels has been identified in many cases associated with 
slightly different phenotypes and ultimately different causa-
tive genes. A syndromic condition with other abnormalities 
such as superficial punctate keratitis and choanal atresia was 
ultimately related to SPINT2 mutations (Heinz-Erian et al. 
2009). A non-syndromic form was found to be caused either 
by mutations in the GUCY2C gene or the  Na+/H+ exchanger, 
SLC9A3 (Fiskerstrand et al. 2012; Janecke et al. 2015). The 
role of SLC9A3 in congenital sodium diarrhea was ulti-
mately established with a cohort of nine patients from eight 
unrelated families who presented with sodium-rich watery 
secretory diarrhea, a history of maternal polyhydramnios, 
and abdominal distension. Seven patients were found by 
whole-exome sequencing, chromosomal microarray analy-
sis or direct Sanger sequencing, to carry private homozy-
gous or compound heterozygous SLC9A3 mutations. In two 
patients only one exonic mutation was identified (Janecke 
et al. 2015).

To date, only approximately 12 patients have been 
described as having confirmed congenital sodium diarrhea 
secondary to SLC9A3 mutations. A number of patients with 
a phenotype consistent with SLC9A3-mediated congenital 
sodium diarrhea have not been found to have coding muta-
tion by standard whole-exome sequencing. The finding of 
single putatively pathogenic SLC9A3 mutations in several 
cohorts raises the question of the existence of deep intronic 
or promoter-region variants in SLC9A3 that remain to be 
discovered. The gradual adoption of whole-genome sequenc-
ing as a primary diagnostic modality should provide further 
information on this possibility in the future.

SLC9A3, mapped to chromosome 5p15.3, encodes for 
the  Na+/H+ exchanger 3 (NHE3), localized primarily on the 
apical side of intestinal and proximal renal tubular epithe-
lial cells. NHE3 is responsible for the bulk of electroneutral 
 Na+ luminal absorption in the small and large intestine in 
exchange for intracellular protons, as well as for most reab-
sorption of filtered  Na+ in the proximal renal tubules (Nwia 
et al. 2022). Studies in mouse models including the recent 
generation of an inducible intestinal epithelial-cell-specific 
Nhe3 knockout mouse model mimicking congenital sodium 
diarrhea has yielded valuable information regarding the 
important role of NHE3 on intestinal epithelial integrity and 
its participation in acid–base homeostasis (Xue et al. 2020).

A variety of SLC9A3 missense, splicing, and truncation 
mutations have been identified, with missense mutations 
the most common and without a clear genotype–pheno-
type correlation (Dimitrov et al. 2019). The polymorphism 
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rs11739663, which is located close to SLC9A3, is a single-
nucleotide polymorphism (SNP) associated with ulcerative 
colitis, suggesting a potential explanation for the association 
between SLC9A3 mutations and the development of inflam-
matory bowel disease later in life (Jostins et al. 2012). As 
with congenital chloride diarrhea, SLC9A3 deficiency is 
inherited in an autosomal recessive fashion. Patients affected 
can display severe abdominal distension due to dilated fluid-
filled loops of bowel that can be mistaken for intestinal 
pseudo-obstruction.

Management of SLC9A3 deficiency is largely supportive 
with careful nutritional management, sodium supplementa-
tion and management of metabolic acidosis, with a goal of 
optimizing nutrition and prevention of dehydration to allow 
for normal growth to be achieved. There are little systematic 
data on patient prognosis but case reports generally indicate 
that severe fluid and sodium loss is usually short-lived and 
many patients appear to have normal growth after the first 
few years of life (Bogdanic et al. 2022).

GUCY2C

GUCY2C, mapped to chromosome 12p12.3, encodes the 
homodimeric receptor enzyme Guanylyl cyclase C (GC-C), 
localized to the apical membrane of enterocytes and acti-
vated by guanylin, uroguanylin, and the heat-stable Escheri-
chia coli enterotoxin heat-stable enterotoxin (STa). Activat-
ing mutations, which are inherited in an autosomal dominant 
manner, are a recognized cause of non-syndromic secretory 
congenital sodium diarrhea (Fiskerstrand et al. 2012). Acti-
vation by endogenous guanylin and uroguanylin, or from 
heat-stable enterotoxins, results in production of cyclic 
guanosine monophosphate (cGMP) and activation of down-
stream protein kinase-mediated signaling cascades. cGMP 
activates cGMP-dependent protein kinase II (PKGII) and 
inhibits the cyclic adenosine monophosphate (cAMP) phos-
phodiesterase PDE3 leading to indirect activation of cAMP-
dependent protein kinase A (PKA) (Forte et  al. 2000). 
Both protein kinase II and protein kinase A phosphorylate 
the cystic fibrosis transmembrane conductance regulator 
(CFTR) channel, resulting in elevated chloride secretion. In 
parallel, elevated cGMP levels inhibit electroneutral sodium 
 Na+/H+ exchanger (NHE3), reducing sodium absorption and 
together with elevated chloride secretion result in fluid loss 
and diarrhea (Fig. 2).

Most patients with identified mutations in the GUCY2C 
gene present with early-onset watery secretory diarrhea, 
which is generally more severe in infancy and decreases 
with older age, possibly related to a greater receptor density 
in early childhood (Cohen et al. 1988). As with other causes 
of congenital diarrheas, potential complications include 
dehydration and metabolic acidosis. There is evidence for 
an association between these mutations and the development 

of irritable bowel syndrome, inflammatory bowel disease, 
small-bowel obstruction, and esophagitis (Fiskerstrand et al. 
2012). More recently described cases report an antenatal 
presentation of secretory diarrhea, causing polyhydramnios 
during pregnancy and increasing the risk for complications 
such as sepsis, ileus, volvulus, and early-onset IBD (Mül-
ler et al. 2016). Further studies are needed to clarify how 
GUCY2C mutations are involved in the longer-term develop-
ment of inflammatory bowel disease, small-bowel obstruc-
tion, and esophagitis.

Autosomal dominant mutations in GUCY2C were identi-
fied as a cause of congenital diarrhea through the analysis 
of a Norwegian family in which several members presented 
with chronic, mild early-onset diarrhea. Sequence analysis 
proved that the GUCY2C c.2519G → T missense mutation 
in exon 22 of the gene was present in all affected patients, 
causing the substitution of serine for isoleucine in codon 
840, in the catalytic domain of the protein (Fiskerstrand et al. 
2012). More recently, four distinct de novo missense muta-
tions in the catalytic domain, in the linker region, and in 
the kinase homology domain of GUCY2C were identified, 
causing ligand-mediated activation of the receptor, and sig-
nificantly elevated levels of basal intracellular cGMP (Mül-
ler et al. 2016). As with SLC9A3 mutations, management 
of patients with GUCY2C mutations consists mainly of 
intensive nutritional and fluid support and sodium supple-
mentation. New small molecule inhibitors of GC-C activity 
have recently been proposed, showing encouraging results 
in patient-derived enteroids (van Vugt et al. 2021).

SLC5A1

Glucose transporters are a varied group of membrane pro-
teins that have the task of facilitating the transport of glucose 
across the plasma membrane. In general terms, these glucose 
transporters are divided into two families: the facilitated-dif-
fusion glucose transporters (GLUT) and the sodium-depend-
ent glucose transporters (SGLT) (Scheepers et al. 2004). The 
SLC5A1 gene, specifically, mapped to chromosome 22q12.3, 
encodes the sodium-dependent glucose/galactose cotrans-
porter 1 (SGLT1), a 73 k-Da transmembrane protein, which 
is present mainly in the small intestine, the heart, and the 
kidneys (Wright et al. 2011). It is the primary transporter 
mediating glucose absorption in the small intestine, and is 
important for normal glucose, sodium and fluid absorption 
in the proximal small intestine.

Loss-of-function mutations in SLC5A1 as a cause for 
glucose-galactose malabsorption were first discovered in the 
1990s by Martin et al. (Martín et al. 1996). Reported cases 
of glucose-galactose malabsorption resulting from SLC5A1 
mutations remain rare, with only approximately 300 cases 
reported in the literature. SGLT1 is a high-affinity, low-
capacity transporter located primarily on the luminal side of 
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mucosal intestinal cells and in the renal proximal tubule. Its 
function is to transport one molecule of glucose along with 
two sodium molecules into the cell, taking advantage of the 
electrochemical gradient established by the  Na+/K+ ATPase 
pump. It plays a critical role in the absorption of d-glucose 
and d-galactose across the apical brush-border membrane 
of enterocytes. Glucose then reaches the circulation through 
the GLUT2 transporter located in the basolateral membrane 
(Scheepers et al. 2004; Wright et al. 2011).

As a member of the SGLT family, SGLT1 is a 664-amino 
acid protein that contains 14 alpha-helical transmembrane 
domains. Its hydrophobic cytoplasmic C-terminal domain 
contains the five terminal transmembrane helices involved in 
glucose-binding and translocation (Wright et al. 2011). The 
N-terminus of wild-type SGLT1 has proven to be extracel-
lular. Missense, nonsense, frameshift, and splice-site muta-
tions cause the SGLT1 protein to lose its function, and stud-
ies of missense mutations have provided critical information 
regarding the structure and transport mechanism of the pro-
tein (Wright et al. 2002). Loss of SGLT1 function results 
in glucose-galactose malabsorption (GGM), an autosomal 
recessive inherited disorder that manifests within the first 
weeks of life because of the inability to absorb and utilize 
the monosaccharides glucose and galactose. Children with 
GGM present with a diet-induced diarrhea that begins when 
they are fed breastmilk or formula. This diarrhea can cause 
severe dehydration and metabolic acidosis, making early 
diagnosis and management critical. An initial diagnosis can 
be established clinically, by dietary reversal of symptoms 
with glucose/galactose-free formula substitution but should 
be followed by confirmatory genetic testing. Management of 
GGM consists of instituting a strict glucose/galactose-free 
diet, limiting carbohydrate intake to fructose initially but 
addition of small amounts of glucose in the diet can occur 
as patients grow older (Chan et al. 2021). Once past infancy, 
patients can generally manage diarrhea with diet alone and 
generally do well, although there are no systematic studies 
of long-term health outcomes in GGM patients.

Enzymes and metabolism

A group of CODE disorders are caused by mutations in a 
heterogenous collection of genes involved in the metabolic 
processing of nutrients in epithelial cells. These include 
several intestinal brush-border enzymes involved in car-
bohydrate uptake such as sucrose-isomaltase (SI) and key 
proteins in intestinal fat processing such as diacylglycerol 
O-acyltransferase 1 (DGAT1). A very novel member of this 
group is AGR2 which is involved in normal protein folding 
and the secretion of mucin proteins from epithelial goblet 
cells.

Sucrase‑isomaltase deficiency and SI

The sucrase-isomaltase (SI) gene, mapped to chromosome 
3q26.1, codes for sucrase-isomaltase, a heterodimeric pro-
tein with two subunits, sucrase and isomaltase. Sucrase-
isomaltase is a type II transmembrane disaccharidase gly-
coprotein expressed in the intestinal brush border (Naim 
et al. 1988). Initially, the protein encoded by the SI gene is 
a precursor protein that is later cleaved by pancreatic pro-
teases into sucrase and isomaltase. While sucrase hydrolyzes 
sucrose, isomaltase processes starch, isomaltose, and malt-
ose. Therefore, patients with biallelic mutations of the SI 
gene are unable to metabolize these carbohydrates, and their 
consumption leads to a diet-induced diarrhea accompanied 
by different degrees of abdominal bloating and pain. This 
condition, congenital sucrase-isomaltase deficiency (CSID), 
was initially identified and described in the 1960s (Weijers 
et al. 1960).

There is still no clear consensus on the worldwide preva-
lence of congenital sucrase-isomaltase deficiency, due to 
the nonspecific nature of symptoms and variation in disease 
severity. Estimates place the mutation at around 0.2% in indi-
viduals of European descent, 5–10% in Greenland Innuits, 
and 3–7% in Canadian and Alaskan Innuits (Treem 2012). 
Four mutations are estimated to represent over 80% of CSID 
in European populations: p.Gly1073Asp, p.Val577Gly, 
p.Phe1745Cys, and p.Arg1124* (Gericke et al. 2017). A 
molecular and cellular analysis of 13 missense mutations has 
allowed for their classification into three major phenotypes 
based on whether protein trafficking, enzymatic activity, or 
lipid raft association is affected (Gericke et al. 2017). In gen-
eral terms, however, these mutations result in some degree of 
improper targeting to the plasma membrane and a combined 
deficiency of both sucrase and isomaltase (Naim et al. 1988).

Diagnosis of congenital SI deficiency is made definitively 
with a duodenal or jejunal biopsy and a disaccharidase assay 
(Puntis and Zamvar 2015). Patients are advised to adhere to 
a sucrose and starch-free diet, which only partially relieves 
symptoms. If necessary, enzyme replacement therapy with 
sacrosidase may be instituted, allowing for a return to close-
to-normal intestinal activity.

DGAT1 deficiency

Diacylglycerol O-acyltransferase 1 (DGAT1) is a microso-
mal enzyme that plays a critical role in synthesizing cellu-
lar triacylglycerols (Fig. 3), using diacylglycerol and fatty 
acyl CoA as substrates (Wang et al. 2020a). The human 
DGAT1 gene has been mapped to chromosome 8q through 
fluorescence in situ hybridization (Cases et al. 1998). Bial-
lelic splice-altering loss-of-function mutations in DGAT1 
were first described as causing autosomal recessive disease 
in an Ashkenazi Jewish family in 2012 (Haas et al. 2012). 
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The clinical picture of these patients was characterized by 
severe electrolyte-transport-related diarrhea (ETRD), vomit-
ing, growth failure, protein-losing enteropathy, and hypoal-
buminemia. Additionally, these patients presented with 
elevated fasting triglycerides and cholesterol levels (Haas 
et al. 2012; Gluchowski et al. 2017).

Biopsy of the small intestine in patients with DGAT1 
deficiency reveals mild villous blunting and chronic inflam-
mation with eosinophilia in the lamina propria (Xu et al. 
2020; Eldredge et al. 2021). Some authors have reported 
lipid droplets visible on the surface of epithelial cells with-
out lymphatic dilation (Eldredge et al. 2021).

The structure of DGAT1 was recently solved by two sepa-
rate groups in 2020 (Sui et al. 2020; Wang et al. 2020a). In 
its mature form, DGAT1 is present as a dimer or a tetramer 
on the plasma membrane. It is composed of nine transmem-
brane domains with one luminal loop and two extracellular 
loops. The catalytic histidine residue, His415, is attached to 
the 7th transmembrane domain, which forms a tunnel-like 
channel with the 8th transmembrane domain to create the 
active site.

Disease-associated mutations identified in DGAT1 are 
mostly made up of nonsense, deletion or duplication-induced 
frameshift, and splice-altering mutations. Most of these 
variants likely represent effective knockout alleles whose 
products are destroyed by nonsense-mediated decay. Two 
missense mutations (p.Leu105Pro and p.Leu295Pro) and 
one in-frame deletion (p.Ala226_Arg250del) have been 
identified (Stephen et al. 2016; Eldredge et al. 2021). The 
p.Leu105Pro mutation has been proven to cause only partial 
loss of DGAT1 function, and, as a result, a less severe clini-
cal picture (Gluchowski et al. 2017). The exact mechanisms 
by which loss of DGAT1 function in intestinal epithelial 
cells leads to diarrhea and protein-losing enteropathy remain 
poorly understood. Recent studies point to a possible mecha-
nism involving increased lipid-induced ER stress and sus-
ceptibility to lipid-induced cell death (van Rijn et al. 2018, 
2019). Treatment of these patients entails correction of fluid 
status and underlying electrolyte abnormalities along with 
implementation of a fat-restricted diet (Gluchowski et al. 
2017).

Abetalipoproteinemia and homozygous 
hypobetalipoproteinemia: MTTP and APOB

Abetalipoproteinemia (ABL) and homozygous hypobetali-
poproteinemia (HHBL) are syndromes resulting from the 
total absence or extremely low levels of apolipoprotein B. 
These patients present similarly during infancy with fatty 
diarrhea and associated fat-soluble vitamin malabsorp-
tion (Leppert et al. 1988; Zamel et al. 2008). Later in life 
they may develop the stigmata of fat-soluble vitamin defi-
ciencies, in particular ataxia, peripheral neuropathy, and 

atypical retinitis pigmentosa (Zamel et  al. 2008; Welty 
2014). Patients with ABL and HHBL are clinically indis-
tinguishable from one another except by the phenotype of 
their parents: heterozygous parents of patients with ABL 
will have normal lipid panels while the parents of patients 
with HHBL will have half-normal levels of ApoB-contain-
ing lipoproteins (Lee and Hegele 2014).

Ultimately these syndromes are defined biochemically 
by low or undetectable levels of circulating chylomicrons, 
VLDL, and LDL (Leppert et al. 1988; Welty 2014). The 
appearance of ABL and HHBL on EGD and histology 
is very similar to that of chylomicron retention disease. 
These patients have a “white hoar frosting” appearance to 
the mucosa, which on biopsy reveals clarified lipid-laden 
enterocytes that stain with oil red O (Lee and Hegele 2014). 
Additionally, these patients display baseline acanthocytosis 
on peripheral blood smear (Zamel et al. 2008).

Apolipoprotein B is encoded by the APOB gene and 
exists in two major isoforms, apoB-100 and apoB-48 (Welty 
2014). The full-length apoB-100 isoform is used by the liver 
to package and secrete triglyceride-loaded VLDL, while the 
splice variant apoB-48 is used by enterocytes to package 
and secrete triglycerides and cholesterol in chylomicrons 
(Fig. 3). The MTTP gene encodes the mitochondrial triglyc-
eride transfer protein (MTP), a protein which heterodimer-
izes with protein disulfide isomerase (PDI) and loads lipids 
onto apolipoprotein B (Fig. 3) to form mature VLDL and 
chylomicrons (Zamel et al. 2008). Homozygous mutations 
in MTTP cause ABL, while homozygous mutations in APOB 
cause HHBL (Lee and Hegele 2014). Of note, patients het-
erozygous for APOB mutations display co-dominance result-
ing in half-normal LDL, VLDL, and chylomicrons. Patients 
with certain polymorphisms of these genes present only with 
modified risk of metabolic syndrome, hyperlipidemia, and 
hepatic steatosis (Hsiao et al. 2015).

Apolipoprotein B is a particularly large protein at a length 
of 4536 amino acids in its full-length form (apoB-100) 
and 2152 amino acids in its splice variant form (apoB-48) 
(Hooper et al. 2005). It is composed of an N-terminal signal 
sequence (which is co-translationally cleaved) followed by 
a βα1 domain which houses the MTP and lipoprotein lipase 
binding sites, a C-terminal LDL receptor binding site (resi-
dues 3359 to 3369), and numerous beta strands and alpha 
helices throughout to form a belt-like structure (Hooper et al. 
2005; Benn et al. 2008). Disease-associated mutations in 
APOB are largely composed of truncations, splice variants, 
and nonsense mutations. Only one missense mutation has 
been identified, p.Arg463Trp, which was originally reported 
as “p.Arg490Trp” when first described in 2003 (Hooper 
et al. 2005; Ayoub et al. 2021). This mutation is found pri-
marily in individuals of Lebanese descent (Ayoub et al. 
2021). The exact mechanism by which it induces HHBL 
remains unclear.
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MTP is structurally composed of an N-terminal signal 
peptide, a beta-barrel domain, an alpha-helical domain, a 
lipid binding domain, and a C-terminal KDEL sequence 
(Biterova et al. 2019). Disease-associated mutations identi-
fied in MTP are highly diverse, including numerous inser-
tion and deletion-induced frameshifts, splice mutations, 
nonsense mutations, loss-of-start mutations, and missense 
mutations. While disease-associated missense mutations are 
found in each of the three major domains, most are found in 
the C-terminal stretch of the alpha-helical domain from resi-
dues 528 to 590: p.Tyr528His, p.His529Arg, p.Arg540Cys, 
p.Arg540His, p.Pro552Leu, p.Ile564Thr, p.Ser590Ile 
(Vlasschaert et al. 2021). The Arg540 residue sits at the 
N-terminal portion of alpha helix 14 in the alpha-helical 
domain. Mutations replacing the arginine at this site have 
been shown to result in preserved apoB and PDI binding, but 
exhibit substantially impaired lipid-transfer activity (Miller 
et al. 2014).

The steatorrhea caused by ABL and HHBL is responsive 
to a reduced fat diet (< 30% of total calories) with supple-
mentation of essential fatty acids and fat-soluble vitamins 
(Welty 2014). Evaluation of the extent of liver disease in 
these patients is key, as some may develop end-stage liver 
disease at an early age and require liver transplantation (Bur-
nett et al. 2021).

Chylomicron retention disease and SAR1B

Mutations of the SAR1B gene, which encodes for the Sar1b 
protein, are mapped to chromosome 5q31.1 and are impli-
cated in the development of chylomicron retention disease 
(CRD), now presumed to be the same disorder as Ander-
son disease. SAR1B deficiency is characterized by severe 
fat malabsorption, failure to thrive, diarrhea, and vomiting 
in infancy or childhood. Consequently, patients affected by 
a variety of loss-of-function variants of the SAR1B gene 
present with low blood cholesterol levels, absent chylomi-
crons, deficiency of cholesterol-dependent fat-soluble vita-
mins, and subsequent neurological impairment.

The presentation of CRD on esophagogastroduoden-
oscopy (EGD) is quite striking, with authors describing 
white duodenal and jejunal mucosa (Charcosset et  al. 
2008; Ferreira et al. 2018). This correlates with fat-laden 
enterocytes on histology and numerous lipid droplets 
appreciable on electron microscopy (Georges et al. 2011; 
Ferreira et al. 2018). These lipid droplets may be high-
lighted with oil red O stain on histologic preparation.

SAR1B is a cellular GTPase which, in intestinal epithe-
lial cells, is critical for the formation and transport of chy-
lomicrons from the endoplasmic reticulum to the cis-Golgi 
(Fig. 3). This is a vital part of the process of fat transport 
and absorption via cellular transcytosis. Its specific func-
tion is to recruit COPII complex heterodimers to the ER 

membrane in a GTP-dependent manner (Suda et al. 2017; 
Auclair et al. 2021). This function is redundant between 
SAR1A and SAR1B in most tissues; however, the forma-
tion of pre-chylomicrons appears to be entirely SAR1B-
dependent (Peotter et al. 2019). Both SAR1 proteins are 
composed of an N-terminal amphipathic helical domain 
followed by two switch domains, switch I and switch II, 
which enable the SAR1 proteins to change conforma-
tion during GTP hydrolysis. Residues 32–39 contain a 
GxxxxGKT Walker A motif and is required for both Sec12 
docking and GTP loading (Peotter et al. 2019).

Disease-associated mutations identified in SAR1B include 
frameshifts, nonsense mutations, in-frame deletions, a loss-
of-start mutation, and several missense mutations. The in-
frame deletion p.Ser117_Lys160del eliminates a long por-
tion of the protein, including an important binding site for 
GTP (Jones et al. 2003). The p.Glu114del mutation produces 
CRD by removing a single glutamic acid residue, but the 
mechanism of this mutation’s pathology remains uncertain 
(Doya et al. 2021). Missense mutations which have been 
identified include p.Gly37Arg, which removes a key glycine 
in the GxxxxGKT motif, and p.Gly185Val, which removes 
a structurally important glycine at the beginning of an alpha 
helix (Jones et al. 2003; Peotter et al. 2019). The additional 
missense mutations p.Asp137Asn and p.Ser179Arg involve 
residues which help form the active site and interact with 
GTP through hydrogen bonding. The p.Asp137Asn mutation 
is a particularly common variant which has been found in 
multiple French-Canadian families (Jones et al. 2003; Char-
cosset et al. 2008). Management of chylomicron retention 
disease generally consists of a diet low in long-chain fatty 
acids and supplementation of fat-soluble vitamins, particu-
larly vitamins A and E.

Enterokinase deficiency and TMPRSS15

The TMPRSS15 gene encodes the enzyme enterokinase 
(also called enteropeptidase), a key player in the pancreatic 
enzyme activation cascade. The link between malabsorption 
and enterokinase deficiency (EKD) was first established by 
Hadorn et al. in 1969, who identified an infant with chronic 
malabsorption and low proteolytic enzyme activity which 
could be corrected by the addition of exogenous enteroki-
nase in vitro (Hadorn et al. 1969). This biochemical syn-
drome was not connected to a gene until 2002, when muta-
tions in what is now known as the TMPRSS15 or ENTK gene 
were identified in three patients (Holzinger et al. 2002). The 
clinical syndrome of these patients is characterized by failure 
to thrive, chronic diarrhea, low serum protein, and diffuse 
edema starting in the first weeks of life (Haworth et al. 1971; 
Holzinger et al. 2002; Madhusudan et al. 2021). While this 
disorder has been well characterized as a classic example of 
intestinal physiology and biochemistry, it remains extremely 
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rare, with only about 20 cases reported since its discovery 
over 50 years ago (Madhusudan et al. 2021).

Enterokinase is a transmembrane serine peptidase 
expressed on enterocytes which serves the important role of 
activating trypsinogen to trypsin upon secretion of pancre-
atic juices into the duodenal space (Mössner 2010). Physi-
ologically, this serves as one of many mechanisms which 
prevent premature activation of pancreatic enzymes prior 
to their arrival in the duodenum. Histopathology in patients 
with EKD is generally unremarkable, as is ultrastructural 
analysis (Hadorn et al. 1969; Haworth et al. 1971). However, 
enzymatic analysis of duodenal juices from these patients 
demonstrates low peptidase and enterokinase activity with 
preserved lipase and amylase activity (Hadorn et al. 1969).

Given the rarity of this disease and the fact that many 
cases were identified biochemically before the advent of 
readily available genetic testing, few disease-causing muta-
tions have been identified in TMPRSS15. Most of the known 
pathogenic variants are nonsense mutations or frameshifts 
resulting in early truncation (Wang et al. 2020b; Madhusu-
dan et al. 2021). Splice variants have also been reported, 
including the intronic c.1428 + 2T → G and the exonic 
p.Glu641Lys, the latter of which results in the skipping of 
exon 16 and produces an in-frame 47 amino acid deletion 
in the second LDL receptor-like domain. Lastly, the mis-
sense mutations p.Val799Asp and p.Gly1002Arg have been 
also reported. p.Val799Asp has been shown to reduce both 
expression and enzyme activity (Wang et al. 2020b). Both of 
these missense mutations localize to the C-terminal serine 
protease domain, suggesting that they may affect the folding 
or catalysis of this domain directly.

In terms of management, TMPRSS15 deficiency can 
today be treated by replacement of exogenous pancreatic 
enzymes, similar to other disorders of pancreatic exocrine 
function. However, since EKD is so rare, there is no system-
atic data to help guide therapy and management guidelines 
are based on general treatment of pancreatic insufficiency.

Eagles syndrome and AGR2

Recently, Al-Shaibi et al. reported the case of two siblings 
with congenital enteropathy and reduced goblet cells and 
mucin on intestinal biopsy (Al-Shaibi et al. 2021). These 
patients were found to have causative homozygous muta-
tions in the gene AGR2; thus, their clinical syndrome was 
named “Enteropathy caused by AGR2 deficiency, Goblet 
cell loss, and ER stress”, or EAGLES syndrome. Bertoli-
Avella et al. subsequently described a case series of 13 
patients from 9 families and identified new causative vari-
ants in AGR2 (Bertoli-Avella et al. 2021). Of the patients 
described in this study, 6 of the 13 from three separate fami-
lies share an identical 8.2 Mb on chromosome 7 and are 
of Syrian descent. Additional clinical features observed in 

these patients include recurrent lower respiratory tract infec-
tions and bronchiectasis, cardiac anomalies, and hepatos-
plenomegaly; however, there was no laboratory evidence of 
immunologic dysfunction in either report.

Duodenal biopsy from the two patients described by Al-
Shaibi et al. demonstrated little to no inflammation, but a 
marked reduction in the number of normal goblet cells iden-
tifiable on hematoxylin and eosin stain along with apoptosis 
and regenerative crypts with mitotic figures. Staining for 
goblet cell marker TFF3 revealed an increased number of 
goblet cells relative to a non-inflamed control, but less goblet 
cells compared to an inflamed control. Gastric biopsy, on 
the other hand, demonstrated extensive intestinal metaplasia 
with a paucity of foveolar cells along with a lymphocytic 
infiltrate (Al-Shaibi et al. 2021). At present, this is the only 
description of histology from AGR2-deficient patients in the 
literature, as Bertoli-Avella et al. did not comment on the 
histology from patients in their cohort. Since no clear duo-
denal inflammation was identified in this case, we conclude 
that there is insufficient information to classify this enter-
opathy as inflammatory at this time. The gastric phenotype, 
on the other hand, is likely chemical gastritis due to the loss 
of a protective alkaline mucus barrier.

AGR2 is a protein disulfide isomerase (PDI) which 
helps regulate protein folding and disulfide bridging in the 
endoplasmic reticulum and may also be secreted to interact 
with the extracellular matrix independent of its PDI activ-
ity (Fessart et al. 2016; Jach et al. 2021). AGR2 is required 
for production of multiple gel-form mucins, including 
MUC2, via formation of mixed disulfide bonds in the pre-
cursor protein (Park et al. 2009; Jach et al. 2021). Structur-
ally, AGR2 is composed of an N-terminal signal peptide, 
an adjacent unstructured N-terminal domain which facili-
tates cell–cell adhesion, a central thioredoxin-like domain, 
a central peptide-binding loop, and a C-terminal KTEL 
ER-retention sequence.

Across the 15 cases of AGR2-deficiency describe thus far, 
there is a mixture of missense variants and splice-altering 
variants, with one large deletion. All the identified vari-
ants have displayed an autosomal recessive pattern of dis-
ease inheritance. The missense variants identified include 
p.Pro71Thr, p.His117Tyr, and p.Gly143Glu. Interestingly, 
none of these missense mutations fall within the identi-
fied functional domains in AGR2 (Moidu et al. 2020). The 
p.Pro71Thr mutation falls between the N-terminal unstruc-
tured domain and thioredoxin-like domain, and may result in 
a loss of proper orientation of the thioredoxin-like domain. 
The p.His117Tyr mutation falls between the thioredoxin-
like domain and peptide-binding domain, which may alter 
the orientation of either of these domains or act by another 
mechanism. The p.Gly143Glu mutation falls shortly after 
the peptide-binding domain, and may alter result in inter-
ruption of a nearby alpha helix by the bulky glutamine side 
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chain (Bertoli-Avella et al. 2021). The identified splice-alter-
ing mutations in AGR2, c.330 + 1G → T and c.330 + 1del, 
both involve the loss of normal exon 5 splicing. The large 
deletion variant described in the literature results in the loss 
of exon 1 through exon 7 of AGR2, as well as the entirety of 
the neighboring gene AGR3. This deletion is the only defini-
tive complete loss of function of AGR3 identified, and was 
found in a homozygous state, demonstrating that AGR3 is 
not required for life.

Given that this disease has only very recently been 
described, there is little published information regarding 
treatment of these patients. Many of these patients will 
likely require at least partial parenteral nutrition. Their 
clinical similarity to patients with cystic fibrosis has been 
noted in the literature, with Pseudomonas aeruginosa colo-
nization and bronchiectasis at an early age (Bertoli-Avella 
et al. 2021). Screening for pulmonary disease is, thus, an 
important clinical consideration in the care of these patients.

Congenital lactase deficiency and LCT

The enzyme lactase-phlorizin hydrolase (LPH), key 
to our ability to digest lactose in milk, is a brush-bor-
der β-galactosidase encoded by the LCT gene located on 
chromosome 2q21 (Anguita-Ruiz et al. 2020). While many 
humans rapidly lose LPH expression following the wean-
ing period, infants display LPH expression irrespective of 
their future lactase persistence status. Congenital lactase 
deficiency (CLD) is an autosomal recessive disorder. 
Neonates with CLD who are fed with lactose-containing 
milks present with watery diarrhea during the first week of 
life (Järvelä et al. 1998). The diarrhea induced by lactose 
in the presence of CLD is a classic example of a diet-
induced osmotic diarrhea. These cases may produce severe 
diarrhea with life-threatening dehydration and metabolic 
acidosis (Wanes et al. 2019). While the clinical and bio-
chemical syndrome of CLD had been described as early 
as the 1960s, the LCT gene was not discovered until 1998 
by Jarvela et al. Cases of congenital lactase deficiency 
have been identified across many ethnicities; however, the 
majority of mutations identified have been in individuals 
of Finnish ancestry (Järvelä et al. 1998; Diekmann et al. 
2015; Wanes et al. 2019).

Small intestinal biopsy of patients with CLD demon-
strates normal histology without villus atrophy or inflam-
mation, with low or absent lactase activity (Torniainen 
et al. 2009). In addition to lactose, LPH also catalyzes 
the hydrolysis of cellobiose, cellotriose, lactosylceramide, 
flavonoid glucosides, and phlorizin (Anguita-Ruiz et al. 
2020). It is composed of an N-terminal signal peptide 
(Met1 to Gly19) followed by four homologous domains 
(Troelsen 2005; Diekmann et  al. 2015). Domains I 
(Gly19–Arg734) and II (Leu 735–Arg868) are vital for 

proper LPH trafficking to its site of biologic activity. 
Domain III contains the phlorizin hydrolase active site 
while Domain IV contains the lactase active site (Jacob 
et al. 2002; Diekmann et al. 2015). The protein is anchored 
to the membrane by a C-terminal single pass transmem-
brane hydrophobic domain. Domains I and II are cleaved 
off in the process of translocation and the final brush-bor-
der membrane-bound form of LPH begins at contains only 
Domains III and IV (Wanes et al. 2019).

Mutations that cause CLD are a mixture of nonsense 
mutations, duplication and deletion-induced frameshift 
mutations, and missense mutations (Wanes et al. 2019). 
Frameshift and nonsense mutations are distributed evenly 
throughout the protein. Similarly, missense mutations 
are found in both the cleaved trafficking domains (e.g., 
p.Gln268His, p.Ser688Pro) and the catalytic domains 
(e.g., p.Ser1121Leu, p.Gly1363Ser) of LPH (Torniainen 
et al. 2009; Sala Coromina et al. 2015; Wanes et al. 2019). 
The p.Tyr1390* variant represents a particularly common 
founder mutation within the Finnish population (Kuokkanen 
et al. 2006). While most variants have been identified in only 
one ethnicity, the mutation p.Gly1363Ser has been found 
in patients of Finnish, Turkish, and Persian descent. This 
p.Gly1363Ser displays a fascinating phenotype whereby a 
novel N-glycosylation site is created and the protein displays 
temperature-dependent ER transit. At physiologic tempera-
tures, p.Gly1363Ser LPH becomes trapped within the ER. 
However at 20 degrees Celsius, p.Gly1363Ser LPH is able 
to fold properly and traffics normally to the cell membrane 
(Wanes et al. 2019). The exact mechanism by which the 

Fig. 2  The effect of GUCY2C activation on epithelial electrolyte 
transport. GUCY2C (Guanylate cyclase 2C), cGMP (cyclic guano-
sine monophosphate), cAMP (cyclic adenosine monophosphate), 
PDE3 (phosphodiesterase 3), PKGII (Protein kinase G type 2), PKA 
(Protein kinase A), NHE3 (Sodium–hydrogen exchanger 3, SLC9A3), 
CFTR (Cystic Fibrosis Conductance Regulator)
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other missense mutations in LCT result in CLD remains 
unclear.

Once identified, CLD represents one of the most treatable 
forms of congenital enteropathy. Patients respond quickly to 
a lactose-free diet and lactase supplementation (Peretti and 
Mas 2022). The unique nature of the common p.Gly1363Ser 
variant has prompted some authors to question whether a 
chaperone-based therapy could aid in variant lactase folding 
and treat lactase deficiency in a subset of patients (Wanes 
et al. 2019).

Epithelial structure, trafficking, and polarity

Genes involved in epithelial structure, trafficking and polar-
ity comprise an important group of CoDE disorders, and 
include classical disorders such as Microvillus Inclusion 
Disease (MYO5B) and Tufting Enteropathy (EPCAM). Sev-
eral genes involve polarized trafficking, which in epithelial 
cells relies on unique vesicular compartments not always 
present in other cells. The epithelial apical recycling path-
way involving Myo5B powered vesicular trafficking has 
been found to be affected by mutations to multiple different 
genes (MYO5B, STX3, UNC45A, STXBP2), pointing to the 
importance of this pathway in normal epithelial function. 
Congenital disorders of glycosylation involving the intestinal 
epithelia are a well-known but poorly understood cause of 
intestinal dysfunction. Lastly, mutations in genes such as 
TTC7A and SPINT2 cause interesting structural and devel-
opmental defects in epithelial cells. Gene loss-of-function 
studies in many of these disorders have revealed fascinating 
and deep insights in the fundamental cell biology of intes-
tinal epithelial cells.

Microvillus inclusion disease and MYO5B

Microvillus inclusion disease (MVID) was first described 
in a 1978 case series of five infants by Davidson et al. The 
infants presented with persistent diarrhea from birth and 
histopathologic findings of villous atrophy, crypt hyperpla-
sia, and “lysosome-like inclusions” (Davidson et al. 1978). 
These patients typified the severe pathology and poor prog-
nosis associated with the disease. Thirty years later, it was 
identified that variants of MYO5B, a gene encoding the 
unconventional myosin motor, myosin Vb, were associated 
with these findings (Müller et al. 2008). Now an established 
diagnosis, MVID affects approximately 1 in 1,000,000 live 
births and displays autosomal recessive inheritance (Ruem-
mele et al. 2006). MVID patients present with severe watery 
diarrhea within the first days of life, requiring long-term 
parenteral nutrition. A subset of patients demonstrates a 
later onset of disease starting at several months of age with 
better overall prognosis and a possibility of future enteral 

autonomy (Müller et al. 2008). There is an increased preva-
lence of MVID-associated MYO5B variants among certain 
ethnic populations, such as those of Navajo or Middle East-
ern descent (Erickson et al. 2008). Interestingly, mutations in 
MYO5B have also been reported as causative for progressive 
familial intrahepatic cholestasis (PFIC), and the literature 
demonstrates a strong correlation between mutation charac-
teristics and disease phenotype (Aldrian et al. 2021).

MVID is fundamentally a disorder of endosomal traffick-
ing characterized by defective apical membrane recycling. 
In the healthy intestinal epithelium, early endosomes sort 
cargo among three major pathways: the retrograde Golgi 
transport pathway, the degradation pathway, and the recy-
cling pathway (O’Sullivan and Lindsay 2020). The apical 
recycling pathway in intestinal epithelial cells is respon-
sible for delivering cargo back to the cell membrane. To 
do so, it relies on the motor activity of myosin Vb along 
the actin cytoskeleton. Rab8a and Rab11a serve as linkers 
between the recycling endosome and the C-terminal cargo-
binding domain of myosin Vb (Fig. 4). Once the cargo has 
been delivered adjacent to the cell membrane, interaction 
between t-SNARE syntaxin-3 (STX3) and Sec/Munc-family 
protein syntaxin-binding protein-2 (STXBP2, also known as 
Munc18-2) is required for membrane fusion (Knowles et al. 
2014; Vogel et al. 2015). Together, these proteins constitute 
a myosin Vb-STX3-STXBP2 axis required for proper api-
cal recycling, and loss of any of these major components 
results in an intestinal MVID phenotype (Dhekne et al. 
2018). While Rab8a and Rab11a are similarly vital for this 
pathway, there are no known MVID-associated variants in 
either of these proteins. Of note, knockdown of either Rab 
in mice results in an MVID phenotype with characteristic 
microvillous inclusions in electron microscopy (Sato et al. 
2007; Sobajima et al. 2014). UNC45A, a chaperone which 
aids in myosin Vb folding, has also become recognized as a 
prerequisite for proper apical recycling (Duclaux-Loras et al. 
2022). It is the combination of the loss of epithelial sur-
face area, loss of epithelial transporters, loss of appropriate 
vesicular traffic, and leaky tight junctions that is ultimately 
responsible for malabsorption in these patients.

In keeping with the nature of defective recycling in 
MVID, small subapical endosomes containing apical mem-
brane components such as villin, the  Na+/H+ exchanger-3 
(NHE3), and organized microvilli are the histopathologic 
hallmark of the disease (Ruemmele et al. 2006; Knowles 
et al. 2014). These inclusions may be highlighted by PAS 
stain or immunohistochemistry for apical membrane proteins 
and are best appreciated on electron microscopy. Histology 
is otherwise notable for villous atrophy without inflamma-
tion or crypt hyperplasia.

Structurally, myosin Vb is composed of an N-terminal 
motor domain, an intermediate elongated myosin V lever 
arm, and a C-terminal cargo-binding domain (Knowles et al. 
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2014; Dhekne et al. 2018). The range of reported MVID-
inducing mutations in MYO5B includes missense mutations, 
nonsense mutations, splice-altering mutations, insertions, 
deletions, and duplications (van der Velde et al. 2013). 
An overwhelming predominance of the missense muta-
tions affecting MYO5B localize to the myosin Vb motor 
domain. These disease-related missense mutations have been 
reported to interfere with F-actin binding (p.Cys514Arg, 
p.Leu528Phe, p.Arg531Trp, p.Phe538Ser, p.Ile550Phe, 
p.Pro619Leu), ATP binding (p.Gly168Arg), ATP hydroly-
sis (p.Arg219His), motor domain mechanics (p.Val108Gly, 
Gly316Arg, p.Arg401His, p.Asn456Ser, p.Arg656Cys), and 
protein folding (p.Ala143Glu, p.Gly435Arg, p.Pro660Leu) 
(van der Velde et al. 2013; Dhekne et al. 2018). In contrast to 
missense mutations, disease-associated truncating mutations 
are evenly distributed throughout the length of the protein 
(Aldrian et al. 2021).

Aldrian et al. assessed the differential association of 
MYO5B mutation characteristics with an MVID phenotype, 
a PFIC phenotype, or a mixed phenotype. This group dem-
onstrated that total loss of myosin Vb from nonsense-medi-
ated decay tends to result in an MVID phenotype without 
intrahepatic cholestasis (Aldrian et al. 2021). In contrast, 
late truncations (especially in compound heterozygosity 
with complete loss-of-function mutations) tend to result in 
a mixed phenotype of MVID with intrahepatic cholestasis. 
The behavior of missense mutations in MYO5B is more dif-
ficult to predict, with some missense mutations resulting in 
a pure MVID phenotype and some in a mixed MVID/PFIC 
phenotype (Qiu et al. 2017; Aldrian et al. 2021). A small 
subset of missense mutations, including p.Cys266Arg, and 
p.Ser158Phe, were found to cause intrahepatic cholestasis 
with displacement of bile canalicular transporters while pre-
serving intestinal function. It remains unclear what features 
of these missense mutations predispose to their respective 
disease phenotypes.

Some MVID-associated mutations are found to be associ-
ated with less severe disease outcomes. The motor domain 
mutation p.Val108Gly was associated with a case of late-
onset homozygous MVID which eventually achieved > 50% 
enteral nutrition (Müller et al. 2008; van der Velde et al. 
2013). One identified mutation localizing to the cargo-bind-
ing domain, p.Leu1055dup, has been associated with bet-
ter prognosis in multiple studies (Perry et al. 2014; Dhekne 
et al. 2018). In one case report, two compound heterozygous 
siblings both carrying p.Leu1055dup and p.Phe450Leufs*30 
mutations were able to achieve enteral autonomy and histo-
logic disease remission (Perry et al. 2014).

The treatment of MVID is particularly challenging. 
The initial management phase involves the correction 
of acute metabolic disturbances, including dehydration, 
metabolic alkalosis, and electrolyte levels. Oral feeding 
of these patients results in large volume diarrhea, and oral 

rehydration solutions are ineffective due to the mis-locali-
zation of SGLT1 (Engevik et al. 2018; Leng et al. 2020). 
Therefore, these patients most often require parenteral nutri-
tion upon presentation and have life-long parenteral nutrition 
requirements with little hope for spontaneous enteral auton-
omy in most cases. As described above, a subset of patients 
with later onset disease may have a milder disease course 
and develop partial or complete enteral autonomy with age. 
There remains no definitive therapy for MVID, but patients 
are now able to survive past infancy. Fluid, electrolyte 
and acid/base management in MYO5B deficiency remains 
extremely challenging to manage and symptomatic therapies 
such as chloride channel blocking anti-diarrheal drugs may 
prove useful. Several promising leads have recently emerged 
from mouse models of MVID including lysophosphatidic 
acid and the Wnt/Notch pathway (Kaji et al. 2020, 2021). 
The next stage for this very severe and life-limiting disease 
is to advance and discover disease-modifying therapies 
that can restore even some amount of intestinal absorptive 
function.

STXBP2

The first disease-causing variants of syntaxin-binding 
protein 2 (STXBP2) were found in patients with familial 

Fig. 3  CODE genes/proteins involved in intestinal epithelial fat pro-
cessing. DGAT 1 (Acyl-CoA diacylglycerol acyltransferase), MTTP 
(microsomal triglyceride transfer protein), APOB (apolipoprotein B), 
SAR1B (secretion-associated Ras-related GTPase 1B)
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hemophagocytic lymphohistiocytosis type-5 (HLH5) by 
zur Stadt et al. in 2009 (zur Stadt et al. 2009). Like MVID, 
familial HLH has been mechanistically characterized as a 
disease of defective cellular trafficking, but primarily affects 
the traffic of cytotoxic granules in CD8 + T cells and NK 
cells (Canna and Marsh 2020). It was later demonstrated 
that a subset of familial HLH type-5 patients also displayed 
a severe congenital diarrhea phenotype, and subsequently 
that these patients displayed the histopathologic hallmarks 
of MVID (Pagel et al. 2012; Stepensky et al. 2013). As 
described above, STXBP2 acts as a vital adaptor protein 
in the final steps of the apical recycling pathway in intes-
tinal epithelial cells. Intestinal manifestations of STXBP2 
variants display autosomal recessive inheritance with incom-
plete penetrance, while the familial HLH phenotype displays 
predominantly autosomal recessive inheritance with case 
reports of oligogenic inheritance (Stepensky et al. 2013; 
Zhang et al. 2014; Vogel et al. 2015).

As with MYO5B-associated disease which has a spectrum 
of disease that ranges from a phenotype of patients with 
only severe intestinal disease to patients with only moder-
ate cholestasis, the spectrum of STXBP2-associated disease 
ranges from pure intestinal epithelial disease to pure famil-
ial HLH, with intermediate cases having features of both 
diseases. It has been well established that STXBP2 inter-
action with syntaxin-11 (STX11) is necessary for proper 
cytotoxic cell degranulation, while it appears that STXBP2 
interaction with STX3 is necessary for proper apical recy-
cling (Pagel et al. 2012; Vogel et al. 2015; Benavides et al. 
2020). The Arg190 residue of STXBP2 appears to play a key 
role in STXBP2-STX11 interaction, as point mutations at 
this site result in a dominant negative phenotype of familial 
HLH type-5 without affecting the subcellular localization 
or expression of STXBP2, and without the development 
of brush border and trafficking defects (Zhang et al. 2014; 
Benavides et al. 2020). Equivalent conserved sites involved 
in STXBP2-STX3 interaction have not yet been identified. 
Structure–function data from missense mutations of STXBP2 
are lacking in the literature, as most missense mutations of 
STXBP2 are predicted to result in dysfunctional protein fold-
ing and reduced expression (Dhekne et al. 2018).

At least some disease-associated variants of STXBP2 
display inconsistent disease phenotypes. In Pagel et al.’s 
initial paper describing gastrointestinal manifestations 
in patients with STXBP2-associated HLH, the absence of 
chronic diarrhea was linked to the presence of an exon 15 
splice-site mutation, p.Val417Leufs*126; however, a later 
case report described a patient homozygous for this allele 
with chronic diarrhea and MVID-like symptoms (Pagel et al. 
2012; Dhekne et al. 2018). Similarly, patients homozygous 
for the p.Pro774Leu mutation have been reported both with 
and without intestinal manifestations (Dhekne et al. 2018). 
Zhang et al. have demonstrated that many cases of familial 

HLH are due to oligogenic inheritance of multiple genes in 
the cytotoxic granule traffic pathway (Zhang et al. 2014). It 
is possible that a similar oligogenic inheritance pattern may 
explain the variable intestinal phenotypes seen in patients 
with STXBP2 mutations.

Clinical management of familial HLH with intestinal 
symptoms involves the combined challenges associated 
with managing both MVID and HLH. The management of 
MVID is discussed above, while the management of familial 
HLH is discussed in numerous reviews (Henter et al. 2007; 
Canna and Marsh 2020; Griffin et al. 2020). The definitive 
management for all forms of familial HLH involves bone 
marrow transplant.

STX3

Syntaxin-3 (STX3) is a t-SNARE protein which is vital 
for integration of the recycling endosome into the apical 
plasma membrane of intestinal epithelial cells (Knowles 
et al. 2014; Vogel et al. 2015). It was first implicated as a 
target of MVID-causing mutations by Wiegernick et al. in 
2014, who identified the homozygous mutations p.Arg247* 
and p.Arg125Leufs*7 in two patients with MVID pheno-
types but no detectable MYO5B mutations (Wiegerinck et al. 
2014). Variants of this gene were subsequently reported in 
association with congenital retinopathy and intellectual dis-
ability without diarrhea (Chograni et al. 2015). Janecke et al. 
reported a cohort of 10 MVID patients with biallelic muta-
tions in STX3 (including cases recorded Wiegernick et al. 
and other authors), eight of whom were found to have severe 
retinal dystrophy (Janecke et al. 2021). The retinal pheno-
type of STX3 variants is thought to be related to the traf-
ficking of rhodopsin to rod photoreceptors (Mazelova et al. 
2009).

Of the identified STX3 variants, the only variant with 
intestinal-limited disease that has been identified is 
p.Arg247*. This variant was first reported in the initial case 
report (Wiegerinck et al. 2014) and was subsequently iden-
tified in a separate patient (Alsaleem et al. 2017), neither 
of which described retinal involvement. Overexpression of 
the p.Arg247* variant in Caco-2 cells resulted in disordered 
cellular polarity, suggesting a dominant negative effect. This 
mutation results in the introduction of a stop codon into the 
central SNARE domain of STX3, resulting in a product that 
lacks both the SNARE motif and the C-terminal transmem-
brane domain and is expressed in the cytoplasm rather than 
being membrane-bound (Wiegerinck et al. 2014; Dhekne 
et al. 2018).

STX3 variants which have been identified as involving 
both intestinal and retinal disease make up the majority 
of cases, and are comprised primarily of early truncation 
and frameshift mutations, including p.Arg125Leufs*7, 
p.Tyr60Glnfs*16, and others (Janecke et al. 2021). Thus, 



627Human Genetics (2023) 142:613–654 

1 3

it appears that the N-terminal domain of STX3 is impor-
tant for preserving retinal function. This is supported by 
the retina-limited phenotype of the p.Glu41Gly mutation 
(Chograni et al. 2015). Identification of additional cases 
and further study of the STX3 interactome are needed to 
better understand the genotype–phenotype correlation of 
STX3 variants. The management of the intestinal mani-
festations of STX3-associated diarrheal disease is similar 
to that of MYO5B disease and is discussed above. STX3-
associated retinopathy is managed in a similar manner to 
congenital retinitis pigmentosa and is discussed in other 
reviews (Mendes et al. 2005; Wang et al. 2019).

UNC45A

Unc45 myosin chaperone A (UNC45A) is a myosin co-
chaperone required for adequate protein folding and 
expression of myosin Vb, among other myosins (Li et al. 
2022; Duclaux-Loras et al. 2022). Disease-causing muta-
tions in UNC45A were first described by Esteve et al. in 
a case series of three patients from four families with a 
syndrome of MVID-like diarrheal disease, cholestasis, 
impaired hearing, and bone fragility which was termed 
osteo-oto-hepato-enteric (O2HE) syndrome (Esteve et al. 
2018). All identified cases of O2HE syndrome thus far 
have displayed autosomal recessive inheritance.

UNC45A is composed of an N-terminal tetratrico-
peptide repeat (TRP) domain, a central domain, and a 
C-terminal UCS domain. The TRP domain appears to be 
involved in the recruitment of heat shock protein-family 
chaperones Hsp70 and Hsp90 while the UCS domain has 
been shown to be critical for myosin binding (Barral et al. 
1998; Scheufler et al. 2000; Esteve et al. 2018). A pair of 
very recent studies revealed the similarities in cellular phe-
notype between UNC45A mutations and MYO5B mutations 
in intestinal epithelial cells (Li et al. 2022; Duclaux-Loras 
et al. 2022).

Missense mutations, nonsense mutations, frameshift 
mutations, and splice variants have been described as 
disease-causing mutations for O2HE syndrome. Disease-
causing missense mutations are distributed throughout the 
domains of the protein, but the majority fall within the 
central domain (e.g., p. Leu222Pro, p.Thr230Arg) (Esteve 
et al. 2018; Duclaux-Loras et al. 2022). Interestingly, all 
cases of O2HE with mild diarrheal symptoms and par-
tial or complete weaning of parenteral nutrition have dis-
played compound heterozygosity involving a mutation in 
the distal UCS domain (p.Ala838Pro in one case and cis 
mutations p.Ser878Leu and p.Cys912Gly in two other 
cases). It is possible that disease-associated mutations 
in this region may portend a better prognosis for enteral 

autonomy; however, further study is required to determine 
if this trend holds true.

Management of the intestinal manifestations of UNC45A-
associated diarrheal disease is similar to MYO5B mutations 
and is discussed above. Diagnosis and therapy for mono-
genic etiologies of hearing loss, including some etiologies 
due to defects in other UNC45A-associated myosins, are 
discussed in other reviews (Angeli et al. 2012; Wrobel et al. 
2021).

Congenital disease of glycosylation type 1b and MPI

Mannose-6-phosphate isomerase (MPI) is a zinc-depend-
ent metalloenzyme which catalyzes the transformation of 
fructose-6-phosphate (F6P) to mannose-6-phosphate (M6P) 
(Eklund and Freeze 2006). This mannose-6-phosphate is 
then used in the synthesis of growing N-linked oligosac-
charides to help direct traffic, folding, and degradation of 
various protein products. Autosomal recessive disease-asso-
ciated mutations in MPI were first described in 1998 in a 
series of three independent publications. The symptoms of 
the condition were consistent across all publications: onset 
of protein-losing enteropathy before 1 year of age, cyclic or 
episodic vomiting, hepatic fibrosis of varying degrees, and a 
predisposition to thrombotic events (Niehues et al. 1998; de 
Koning et al. 1998; Jaeken et al. 1998). While MPI’s func-
tion is to catalyze a basic biochemical reaction, the disease 
caused by loss of MPI activity is best classified as a cellular 
trafficking disorder given the vital role of N-glycosylation 
to protein traffic through the secretory pathway.

The histology of duodenal biopsies in congenital disease 
of glycosylation (CDG) type 1b is characterized by partial 
villous atrophy with mild lymphangiectasia, while liver 
biopsy in these patients demonstrates congenital hepatic 
fibrosis. Ultrastructural analysis of hepatocytes in CDG type 
1b is notable for lysosomal inclusions, presumably due to the 
accumulation of mis-trafficked proteins (Niehues et al. 1998; 
Lipiński and Tylki-Szymańska 2021). Definitive diagnosis 
is made by enzymatic assays targeting the function of MPI 
from freshly isolated fibroblasts or leukocytes with confirm-
atory MPI gene analysis (Čechová et al. 2020).

Disease-associated mutations are mostly missense muta-
tions with some reported frameshift and splice-altering 
mutations. Most of the reported disease-associated mis-
sense mutations are either in close proximity to the active 
site (e.g., p.Met51Thr, p.Ser102Leu) or localize to the 
beta sheets which make up the core of the protein (e.g., 
p.Arg152Gln, p.Arg219Gln), with some localizing to the 
C-terminal domain (p.Ile398Thr, p.Arg418His) (Schollen 
et al. 2000). The mutation p.Met138Thr notably results in 
the replacement of one of the catalytic zinc-binding methio-
nine residues (Jaeken et al. 1998). While it is likely that 
enteropathy in this disease is due to mis-localization of 
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specific proteins, it is unclear which specific proteins are 
affected to produce this phenotype. In contrast, coagulopathy 
appears to be explained by the mis-trafficking of protein S, 
protein C, and antithrombin III (Jaeken et al. 1998). There 
has been little study of genotype–phenotype correlation in 
CGD type 1b and this represents an important area for future 
research.

CDG type 1b is notable for being one of the most treat-
able diseases of glycosylation, as the steps catalyzed by 
MPI may be circumvented simply by the oral or intrave-
nous administration of exogenous mannose. This exogenous 
mannose is then converted to mannose-6-phosphate by man-
nokinase and may be utilized in N-linked oligosaccharide 
synthesis (Eklund and Freeze 2006; Čechová et al. 2020).

CDG type 1h and ALG8

Disease-associated mutations in ALG8, a gene which 
encodes alpha-1,3-glucosyltransferase 8, were first reported 
by Chantret et al. in 2003. Clinical manifestations in this 
case were noted to be similar to those of CDG type 1b; how-
ever, MPI enzyme activity was found to be intact (Chantret 
et al. 2003). As with MPI-CDG, patients with ALG8-CDG 
have profound protein-losing enteropathy and hypercoag-
ulability (Chantret et al. 2003; Eklund and Freeze 2006). 
Liver involvement, skeletal abnormalities, and developmen-
tal delay have also been described (Albokhari et al. 2022). 
Much like MPI, ALG8 regulates the production of N-linked 
oligosaccharides which are conjugated to proteins to direct 
traffic through the secretory pathway. Unfortunately, as with 
MPI-CDG, it remains unclear which specific proteins are 
mis-trafficked.

The reported cases of ALG8-associated CDG in the lit-
erature are made up of missense mutations, nonsense muta-
tions, and splice mutations. The most commonly reported 
mutation is p.Thr47Pro (Höck et al. 2015). Paradoxically, 
missense mutations in ALG8 have been associated with a 
poorer prognosis while multiple patients with nonsense and 
splice mutations have displayed long-term survival (Stölting 
et al. 2009). In one case, a splice variant (c.1434delC) was 
found to affect the dominant transcript variant of ALG8, but 
to spare the second most common transcript, presenting a 
possible explanation for this improved prognosis.

The range of possible disease manifestations in ALG8-
CGD is quite large, and so a thorough evaluation for involved 
organ systems is necessary at the time of diagnosis. As with 
many cases of protein-losing enteropathy, therapy involves 
albumin supplementation and management of peripheral 
edema (Braamskamp et al. 2010; Levitt and Levitt 2017). 
The role of bowel transplant in the enteropathy-associated 
CDGs has yet to be established.

MEDNIK syndrome and AP1S1

Adaptor protein-1 complex subunit sigma-1 (AP1S1) is a 
subunit of the adaptor protein-1 complex (AP-1), which is 
necessary for clathrin coat assembly at the trans-Golgi net-
work and endosomes (Duncan 2022). This subunit is thought 
to play a role in stabilization of the AP-1 complex (Mont-
petit et al. 2008). Montpetit et al. determined that variants 
of AP1S1 were associated with MEDNIK syndrome, which 
had previously been described as a clinical entity in four 
French-Canadian families by Saba et al. (Saba et al. 2005; 
Montpetit et al. 2008). MEDNIK syndrome is characterized 
by developmental delay, enteropathy, deafness, neuropathy, 
ichthyosis, and keratodermia. The diarrhea in MEDNIK syn-
drome presents within the first week of life with profound 
dehydration and salt-wasting (Klee et al. 2020). Interest-
ingly, these patients also display abnormalities of copper 
transport leading to hypocupremia and liver copper accu-
mulation similar to that seen in Wilson’s disease (Martinelli 
et al. 2013).

Knockout of AP1S1 or sole expression of patient-derived 
variants p.Leu90Pro and p.Glu116Lys in CaCo-2 cells 
results in preferential mis-localization of ZO-1 and clau-
din-3 to the basolateral membrane (Klee et al. 2020). The 
resultant loss of function of tight junctions is thought to be 
the ultimate etiology of enteropathy in these patients. Given 
the rarity of this disease and the paucity of biopsy samples 
from these patients, the loss of ZO-1 and claudin-3 localiza-
tion has yet to be validated by staining of a patient sample.

Similar to patients with MVID, patients with MEDNIK 
syndrome develop profound diarrhea and metabolic dis-
turbances within the first days of life, necessitating early 
correction of acid–base and electrolyte imbalances and the 
initiation of parenteral nutrition. Some of these patients have 
been able to wean off parenteral nutrition with time (Torres 
et al. 2019).

Trichohepatoenteric syndrome and TTC37

Trichohepatoenteric syndrome (THES), also referred to as 
“syndromic diarrhea” or “phenotypic diarrhea of infancy”, 
is a multisystemic disease that is inherited in an autoso-
mal recessive fashion and affects around 1 in 1,000,000 
live births (Hartley et al. 2010; Fabre et al. 2011). In 60% 
of cases, the phenotype historically described as THES is 
caused by mutations in the TTC37 gene, which encodes a 
cytosolic protein known as thespin (Fabre et al. 2011). The 
presentation of children with disease-associated TTC37 
variants is very broad and can include moderate to severe 
enteropathy, failure to thrive, eczema, facial dysmorphism, 
recurrent upper respiratory and gastrointestinal tract infec-
tions, liver disease, hemolytic anemia, thrombocytopenia 
accompanied by other platelet abnormalities, cardiac defects, 
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alopecia, and trichorrhexis nodosa (Fabre et  al. 1993). 
Affected infants generally require parenteral nutrition, but 
there have been reports of enteral autonomy acquired with 
age (Hartley et al. 2010). THES is also associated with an 
immune dysregulation phenotype which has been compared 
to immune dysregulation, polyendocrinopathy, enteropathy, 
X-linked (IPEX)-disease, and Hyper IgM syndrome (Baxter 
et al. 2022; Kristal et al. 2022).

Histopathological analysis of biopsy specimens of the 
small intestine of THES patients has demonstrated varying 
degrees of villous atrophy and mixed inflammatory infil-
trates, with a structurally normal enterocyte brush border 
(Landers 2003; Hartley et al. 2010). Immunohistochemical 
studies performed on intestinal and liver biopsies of patients 
with confirmed TTC37 mutations demonstrate a wide variety 
of cell polarity and signaling alterations. While the  Na+/K+ 
ATPase is appropriately expressed in the basolateral mem-
brane, there have been reports of alterations in the locali-
zation of the  Na+/H+ exchangers and the  Na+/I symporter. 
Additionally, reductions in the apical expression of  H+/K+ 
ATPase and absence of AQP7 have been described (Hartley 
et al. 2010).

Thespin is a component of the Ski complex, a protein 
complex which is a cytoplasmic cofactor of the RNA exo-
some complex and is involved in cytoplasmic mRNA deg-
radation in the case of stop loss or gain. It plays a vital role 
both in cell housekeeping and antiviral responses (Bourgeois 
et al. 2018). It has been suggested that the immunologic 
phenotype in THES is due to the loss of thespin endonucle-
ase activity which negatively regulates Rig-like receptors, 
resulting in Rig-like receptor overactivity and excessive type 
1 interferon signaling (Eckard et al. 2014). However, the 
mechanism by which loss of thespin function results in mis-
trafficking of apical transporters remains to be elucidated.

Most disease-causing mutations observed in TTC37 are 
nonsense mutations, with a minority of splice-site muta-
tions, missense mutations, and insertion or deletion-induced 
frameshifts. The most common mutations are p.Trp936* 
(which is found in families from Pakistan and India) and 
p.Trp1524* (which is found in families from Turkey) (Bour-
geois et al. 2018). Notably, the p.Trp1524* mutation results 
in a late truncation, close to the C-terminus of the protein, 
and was found to be associated with improved survival and 
lower requirements of parenteral nutrition (Esteve et al. 
2018). Another notable mutation, p.Lys1446_Ala1447in-
sLeu, was found in association with p.Arg710* in a patient 
with immune dysregulation but without significant diarrhea 
(Rider et al. 2015). This suggests that this mutant protein 
may have residual activity in the intestinal epithelium while 
impairing the function of immune cells. Further study of 
such cases is necessary to better understand the differential 
function of TTC37 in epithelial and immune cells.

Patients with THES often have large parenteral nutri-
tion requirements upon presentation; however, 30 and 50% 
of patients may achieve enteral autonomy after prolonged 
PN (Fabre et al. 2018). These patients are also at high risk 
of humoral immunodeficiency and should be assessed on 
presentation for active infection and for immune system 
dysfunction. Intravenous immunoglobulin therapy has been 
successful in the treatment of this immunodeficiency (Rider 
et al. 2015). Of note, hematopoietic stem cell transplant has 
not yielded significant improvement in outcomes for these 
patients (Kammermeier et al. 2014).

SKIV2L

SKIV2L was identified as a disease-associated gene by 
Fabre et al. in a cohort of 6 patients with clinical and histo-
pathologic THES, but without mutations in TTC37 (Fabre 
et al. 2012). Like thespin, SKIV2L is a member of the Ski 
complex, described above. The clinical manifestations of 
SKIV2L-associated THES are identical to those of TTC37-
associated THES. Structurally, SKIV2L harbors a helicase 
domain and a helicase-associated ATP-binding domain 
(Bourgeois et al. 2018).

While most patients with SKIV2L-THES are homozy-
gous or compound heterozygous for disease-causing alleles, 
a minority of patients with heterozygous genotypes and a 
dominant-negative allele have been described and account 
for approximately 10% of cases (Bourgeois et al. 2018). 
Disease-associated missense, nonsense, and frameshift 
mutations are all roughly equally frequent, with a minor-
ity of splice-site mutations reported in the literature. Most 
observed missense mutations are within the helicase ATP-
binding domain, spanning exons 10 to 14. In contrast, 
reported nonsense mutations are distributed throughout the 
protein. As with TTC37, disease-causing variants of SKIV2L 
with immunologic manifestations, but without enteropa-
thy, have been reported. One patient with heterozygous 
p.Gln302* and p.Arg888Glyfs*12 displayed this pheno-
type, however the exact mechanism by which this patient 
escaped intestinal manifestations remains unclear (Poulton 
et al. 2019).

Tufting enteropathy and EPCAM

The EPCAM gene encodes the epithelial cellular adhesion 
molecule (EpCAM) protein, which is normally expressed 
on the basolateral membrane of cells in epithelial tissues 
and on plasma cells (Pathak et al. 2019). EPCAM mutations 
have been associated with congenital tufting enteropathy, an 
autosomal recessive disease with a described incidence of 
1 in 50,000–100,000 live births in Western Europe (Goulet 
et al. 2007; Sivagnanam et al. 2008). They have also been 
associated with Lynch syndrome, a tumor syndrome caused 
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by deficiencies in the mismatch repair pathway (Pathak et al. 
2019). Lynch syndrome is a form of hereditary non-polypo-
sis colon cancer (HNPCC) syndrome, which also manifests 
with increased risk for extracolonic malignancies.

Congenital tufting enteropathy (CTE), also known as 
intestinal epithelial dysplasia, presents in the first days of life 
with life-threatening intractable watery diarrhea, electrolyte 
disturbances, and failure to thrive (Sivagnanam et al. 2008; 
Kozan et al. 2015). On duodenal and colonic histology, CTE 
is characterized by a lack of inflammation and presence of 
villous atrophy, branching crypts, and the pathognomonic 
epithelial “tufts” of focally crowded enterocytes located 
at the tips of villi (Reifen et al. 1994; Goulet et al. 2007). 
In T84 cells, knockdown of EPCAM results in decreased 
expression of tight junction proteins ZO-1 and occludin, as 
well as the transporter NKCC1 and this disturbance of tight 
junction proteins and transporters may explain some of the 
disease phenotype (Fig. 5). More recent studies have sug-
gested that altered epithelial cell differentiation may also 
play a major role in disease manifestations (Das et al. 2021).

Many CTE-associated mutations of EPCAM represent 
functional knockout of the protein. The most common CTE-
causing mutation in EPCAM is c.499dupC, which results in 
a frameshift and is associated with a poorer overall prog-
nosis compared to other variants. The p.Ala18_Gln24del 
mutation disrupts a leader peptide targeting of EPCAM to 
the cell membrane, while missense mutations preferentially 
affect the thyroglobulin homology domain or extracellu-
lar C-terminal domain and are thought to disrupt cell–cell 
interactions (Pathak et al. 2019). It is the loss of EpCAM-
mediated cell–cell interaction which has been proposed to be 
the ultimate mechanism for enteropathy in CTE. In contrast, 

monoallelic deletions of the 3' end of EPCAM lead to the 
development of Lynch syndrome via epigenetic silencing 
of MSH2 (Sehgal et al. 2014). In cases where the EPCAM 
polyadenylation sequence is lost, but the EPCAM protein-
coding sequence and MSH2 promoter are preserved, there is 
an MSH2-Lynch phenotype without CTE (Kloor et al. 2011; 
Lynch et al. 2011). Notably, there have been no overlap cases 
of CTE and Lynch syndrome reported thus far, however this 
may be due to masking of the Lynch phenotype by the high 
early-life mortality of CTE.

Therapeutically, CTE patients require rapid initiation of 
parenteral nutrition upon presentation, and most patients will 
never achieve enteral autonomy (Goulet et al. 2007; Das and 
Sivagnanam 2020). For patients with bowel transplantation 
the prognosis is even worse, with a 3-year survival rate of 
only 30% (Das and Sivagnanam 2020; Ozler et al. 2021).

SPINT2

Serine protease inhibitor, Kunitz type 2 (SPINT2) is a nega-
tive regulator of multiple endogenous serine proteases. Dis-
ease-associated SPINT2 mutations were first identified in 
the context of a patient with congenital sodium diarrhea in 
2009 (Heinz-Erian et al. 2009). The following year, Sivag-
nanam et al. identified a patient with tufting enteropathy 
who lacked a mutation in EPCAM but was homozygous for 
a mutation in SPINT2 (Sivagnanam et al. 2010). Congenital 
sodium diarrhea (CSD) was characterized as an autosomal 

Fig. 4  Myosin Vb-dependent epithelial vesicular trafficking. MYO5B 
(Myosin Vb), UNC45A (Unc45 Myosin Chaperone A), STXBP2 
(syntaxin-binding protein 2), STX3 (Syntaxin 3), RAB8A (Ras-
related protein RAB8a), RAB11A (Ras-related protein 11a)

Fig. 5  Epithelial structural and functional pathways associated with 
EpCAM and SPINT2 function. ENaC (Epithelial sodium channel), 
CTE (congential tufting enteropathy), CSD (congential sodium diar-
rhea), ZO-1 (Zona occludens protein 1)
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recessive disorder with neonatal large volume watery diar-
rhea with high fecal sodium (Müller et al. 2000). Patients 
with SPINT2-mutation have additional features, including 
choanal atresia and corneal erosions. For this reason, CSD 
that is associated with these features is sometimes called 
“syndromic” CSD (Janecke et al. 2016). Meanwhile, the 
form of CTE associated with SPINT2 mutations is simi-
lar to that associated with EPCAM mutations but includes 
the additional symptoms of systemic keratitis and choanal 
atresia (Salomon et al. 2014). This has been referred to as 
“syndromic” CTE (Sivagnanam et al. 2010). Both “syn-
dromes” represent variations in the respective disease phe-
notype associated with SPINT2 mutations and therefore can 
be thought of a part of the spectrum of SPINT2 deficiency.

Ultimately, sodium-rich diarrhea is due to the mis-local-
ization, absence, or dysregulation of sodium transporters 
on the intestinal epithelium—particularly NHE3 and ENaC 
(Müller et al. 2000). The classical form of CSD is due to 
the primary loss of NHE3 function, encoded by SLC9A3 
and described in the section on disorders of epithelial trans-
porters. In the healthy intestinal epithelium, serine proteases 
regulate both ENaC and EpCAM. The membrane-anchored 
serine proteases prostasin and matriptase are converted to 
their active forms by reciprocal zymogen activation, linking 
their functionality. Prostasin and matriptase both potently 
activate ENaC by cleaving in the γ-subunit and increasing 
the channel’s open probability (Wakida et al. 2006; Bruns 
et al. 2007; Kota et al. 2012). Matriptase also negatively 
regulates EpCAM by cleaving the protein and targeting it for 
lysosomal degradation (Wu et al. 2017). SPINT2 serves as 
an endogenous inhibitor of both proteases, but in the case of 
SPINT2 disease, the ability of SPINT2 to inhibit these serine 
proteases is lost. There may also be yet unidentified SPINT2 
targets which play a role this pathology.

All reported SPINT2-deficiency patients with histological 
features of CTE so far have had genotypes with at least one 
hypomorphic mutation resulting in residual functionality, 
and constitutive knockout of Spint2 in mice is embryonic 
lethal. Therefore, it is likely that some residual SPINT2 
activity is necessary to avoid embryonic lethality (Kawagu-
chi et al. 2019; Cai et al. 2020). The most commonly identi-
fied mutation in SPINT2 disease is p.Tyr163Cys (Janecke 
et al. 2016). This mutation and nearby missense mutations in 
the second Kunitz domain (KD-2) of SPINT2, p.Arg148Cys, 
p.Phe161Val, and p.Gly168Ser, result in the inability of 
SPINT2 to inhibit prostasin without affecting its ability to 
inhibit matriptase (Wu et al. 2017; Hirabayashi et al. 2018; 
Holt-Danborg et al. 2019). However, as these proteases 
undergo reciprocal zymogen activation, these mutations may 
still impair the biologic activity of matriptase by reducing 
its conversion to an active conformation (Friis et al. 2013).

It is still unclear how SPINT2 mutations lead to CSD-
predominant features versus CTE features, or vice versa. 

Homozygosity for missense mutations in the KD-2 domain 
is more associated with a CSD phenotype; however, patients 
homozygous for p.Tyr163Cys and other KD-2 missense 
mutations are present in both populations (Heinz-Erian et al. 
2009; Salomon et al. 2014). Meanwhile, patients with com-
pound heterozygosity for a KD-2 domain mutation in com-
bination with a frameshift or loss-of-start codon tend to be 
associated with a CTE phenotype. Of note, there are patients 
with clinical CTE without mutations in EPCAM or SPINT2, 
suggesting that unknown genetic etiologies of CTE remain 
undiscovered. Overall, the genotype–phenotype correlation 
in SPINT2-associated disease is still poorly understood, and 
further study is necessary to determine the molecular etiol-
ogy of a CTE, CSD, or mixed CTE–CSD phenotype.

Management of SPINT2-deficiency is dependent on the 
predominant phenotype. SPINT2-CTE, is managed as with 
EPCAM-CTE with an emphasis on nutrition, and growth 
as described above, with additional surveillance required 
for other features that require clinical attention such as 
choanal atresia, corneal involvement, and skin involvement, 
among others (Salomon et al. 2014). Likewise, treatment for 
SPINT2-CSD is similar to that of NHE3-CSD but requires 
similar attention to associated syndromic features.

Multiple intestinal atresia and TTC7A

Tetratricopeptide repeat domain 7A (TTC7A) was discov-
ered to be the causative gene for congenital disorder with 
a spectrum of abnormalities including multiple intestinal 
atresias (MIA), enteropathy, intestinal inflammation, vari-
ety of skin and hair manifestations, and a variable sever-
ity combined immunodeficiency. In parallel in 2013, three 
groups reported TTC7A mutations in cohorts of patients 
with intestinal atresias, combined immunodeficiency and 
intestinal inflammation. Samuels et al. demonstrated the 
presence of TTC7A mutations in MIA patients from seven 
French-Canadian families using whole-exome sequencing, 
along with studies by Avitzur et al. and Chen et al. in cohorts 
of patients with inflammatory bowel disease and combined 
immunodeficiency, respectively (Samuels et al. 2013; Chen 
et al. 2013; Avitzur et al. 2014).

TTC7A is a scaffolding protein containing nine tetratri-
copeptide (TRP) repeats. It has been shown to be impor-
tant in the membrane localization and generation of phos-
phoinositides by chaperoning phosphatidylinositol-4-kinase 
(PI4K)-IIIα to cellular membranes (Avitzur et al. 2014; 
Bugda Gwilt and Thiagarajah 2022). The correct sequence 
and timing of the generation of various phosphoinositide 
species at vesicular and plasma membranes is known to be 
critical in the normal de novo polarization of intestinal epi-
thelial cells and in the correct formation of the intestinal 
and glandular lumens (Bugda Gwilt and Thiagarajah 2022). 
Consequently, loss-of-function mutations in TTC7A lead to 
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profound abnormalities in intestinal epithelial polarity and 
lumen formation. This results in a highly architecturally dis-
torted epithelium particularly in the colon characterized by 
stratified or pseudostratified epithelium, formation of crypt 
glands with multiple lumens, and mis-localization of api-
cal and basolateral markers (Bigorgne et al. 2014; Jardine 
et al. 2018; Dannheim et al. 2022). In addition to epithelial 
polarity defects, TTC7A also plays a role in stabilization 
of the Akt survival signaling pathway (Jardine et al. 2018). 
Therefore, loss of TTC7A function results in decreases in 
Akt phosphorylation, increased caspase-3 cleavage and sub-
sequent increased susceptibility to apoptosis.

Clinically, missense mutations of TTC7A tend to be asso-
ciated with fewer atresias, less severe immunodeficiency, 
and a more enterocolitis predominant phenotype with less 
morbidity and mortality compared to patients who have 
homozygous nonsense mutations, frameshifts, and splice-
site mutations that result in effective gene knockout (Jardine 
et al. 2018). These missense mutations make up most vari-
ants that have been associated with disease manifestations 
(Lien et al. 2017). The most common disease-associated 
missense variant of TTC7A is p.Glu71Lys; however, all 
13 cases of homozygosity for this variant were from one 
large French family with consanguinity (Lien et al. 2017). 
These patients manifested with CID and inflammatory bowel 
disease, but without MIA. In the initial case series linking 
TTC7A variants to MIA, five patients from four French-
Canadian families all carried the same homozygous 4 bp 
deletion involving the donor splice site of exon 7 (Samuels 
et al. 2013). This variant was linked to an MIA phenotype 
in four homozygous patients and to MIA-CID in two het-
erozygous patients.

There remains no standardized management of TTC7A 
deficiency given the wide spectrum of disease, and the diffi-
culty in managing the many clinical issues present. Surgical 
interventions have been attempted to correct the associated 
atresias; however, these resections do not prevent the for-
mation of new atresias or always result in improvement of 
long-term outcomes (Jardine et al. 2018; Culbreath et al. 
2022). Hematopoietic stem cell transplant is generally effec-
tive at addressing immunodeficiency in these patients, but 
overall outcomes have been equivocal due to the fact that 
this does not improve the intestinal disease phenotype (Kam-
mermeier et al. 2016). Recent studies from the Muise group 
in Toronto in collaboration with our lab identified the drug 
leflunomide as a possible therapeutic for epithelial dysfunc-
tion in TTC7A deficiency. Leflunomide was able to improves 
survival and reduces intestinal tract narrowing in TTC7A 
knockout zebrafish model and improve apicobasal polarity 
and transport function in TTC7A deficient patient-derived 
colonoids (Jardine et al. 2020). As leflunomide is an already 
FDA-approved medication with previous use in pediatric 
patients initial n = 1 therapeutic trials in TTC7A patients are 

now underway with some initial promising results. However, 
its formal effectiveness remains to be determined in suffi-
cient patients to draw conclusions and long-term feasibility 
for treatment of TTC7A intestinal disease, therefore, remains 
uncertain.

Enteroendocrine function

Enteroendocrine cells are a critical secretory epithelial cell 
population in the intestine that play a variety of regulatory 
and sensory roles. Several CODE disorders (NEUROG3, 
PCSK1, PERCC1) stem from genes largely involved in 
normal enteroendocrine-cell development / differentia-
tion resulting in a loss of this cell population and provided 
insights on their importance for normal fluid and nutrient 
absorption.

Enteric anendocrinosis and NEUROG3

Neurogenin-3 (NEUROG3) is a gene located in chromosome 
10q22.1 which plays a critical role in the differentiation of 
enteric stem cells and pancreatic progenitor cells. Homozy-
gous missense mutations on this gene were first described to 
be causative of human disease in 2006 in a group of patients 
who presented with intractable malabsorptive diarrhea after 
initiation of feeds (Wang et al. 2006). Loss of NEUROG3 
function results in defective development of intestinal enter-
oendocrine cells, and therefore, the disorder has also been 
referred to as ‘enteric anendocrinosis’. The disorder resulting 
from NEUROG3 mutations is extremely rare, with only 10 
reported cases in the literature to date.

Enteric anendocrinosis is characterized by severe malab-
sorptive diarrhea of neonatal onset, which, unless properly 
addressed, can result in dehydration and metabolic acidosis; 
additionally, patients can suffer from childhood-onset diabe-
tes (Rubio-Cabezas et al. 2011). The absence of Ngn3 leads 
to the loss of α-, β-, δ-, and pancreatic polypeptide cells, 
along with the respective hormones those cells produce; 
nonetheless, intestinal biopsies reveal a normal crypt-to-
villous ratio (Gradwohl et al. 2000). Wang et. al described 
three patients who suffered from malabsorptive congeni-
tal diarrhea with an unclear cause, who had to be placed 
on parenteral nutrition and limited enteral feedings. Both 
patients who survived past infancy ended up developing type 
1 diabetes mellitus. While biopsy samples in these patients 
revealed a normal villous structure, staining for chromogra-
nin A showed defective formation of enteroendocrine cells, 
with a lack of synaptophysin (Wang et al. 2006).

NEUROG3 encodes for neurogenin-3 (Ngn3), a basic 
helix–loop–helix transcription factor with a well-established 
role in neurogenic development. Studies involving mice have 
proven that neurogenin-3 is essential for the differentiation 
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of all pancreatic endocrine precursors (Gradwohl et  al. 
2000). Downstream targets of neurogenin-3 include NeuroD, 
Pax4, and Nkx2.2, all of which contribute to completing the 
differentiation process of pancreatic precursor cells (Jensen 
2004). Ngn3’s transcription is repressed by high levels of 
Notch signaling, and crosstalk between members of the 
Notch signaling pathway and Ngn3 important for coordi-
nating intestinal differentiation in a timely and organized 
manner (Li et al. 2012). Sequencing in the three affected 
patients who were initially described showed that they suf-
fered from homozygous missense loss-of-function mutations 
in the NEUROG3 gene (Wang et al. 2006). These mutations 
resulted in an arginine to serine substitution at position 107 
(p.Arg107Ser), which corresponds to the first helix of the 
protein, in one patient, and in an arginine to leucine substi-
tution upstream at position 93 (p.Arg93Leu), in the DNA-
binding region, in the other two patients. Both mutations 
rendered Ngn3 incapable of activating NeuroD1, which is a 
downstream transcription factor that regulates the expression 
of the insulin gene.

The establishment of neurogenin-3 as a crucial determi-
nant for regulating human pancreatic and intestinal endo-
crine cell development represents an area of opportunity for 
research to understand the role of these cells in intestinal 
transport, sensory, and developmental function (Zeve et al. 
2022).

PERCC1 deficiency

The PERCC1 gene, mapped to chromosome 16p13.3, codes 
for the proline and glutamate-rich protein with coiled-coil 
domain 1 (PERCC1). PERCC1 was very recently found to 
be the causative gene in a series of cases with unknown 
infantile-onset malabsorptive diarrhea and failure to thrive. 
Uniquely, the discovery of loss of PERCC1 function was 
made by analysis of a non-coding region of the genome 
found commonly deleted in the case series (Oz-Levi et al. 
2019).

PERCC1 flanks a genomic region named the “intesti-
nal critical region (ICR)”, a non-coding sequence that was 
subsequently found to control expression of PERCC1. This 
finding came after eight patients of Jewish Iraqi origin who 
presented with severe congenital malabsorptive diarrhea 
were found, by whole-exome and whole-genome sequenc-
ing, to have a homozygous deletion of the ICR. The ICR was 
defined as the minimal 1,528 base pair overlapping region 
between the homozygous 7,013-bp deletion and the com-
pound heterozygous 3,101-bp deletion. As expected, analy-
sis of single-cell transcriptomes from the murine intestine 
identified Percc1-positive cells as enteroendocrine, with 
expression of Sox and Ngn3. Analysis of RNA sequenc-
ing data from Percc1 mouse knockout models demonstrated 
significant stomach and intestinal downregulation of many 

hormones dependent on enteroendocrine-cell production, 
such as gastrin and somatostatin, with upregulation of cer-
tain proinflammatory genes. Interestingly, human intestinal 
organoids generated from affected patients initially showed 
no morphological abnormalities, but later, by day 42, a sig-
nificant decrease was seen in the number of enteroendocrine 
cells in PERCC1 patient-derived organoids. This suggests 
that the role of PERCC1 may occur later in enteroendocrine 
development.

Recently, computational analysis of the PERCC1 protein 
sequence has shown that PERCC1 is a YAP (Yes-associ-
ated protein), TAZ (transcriptional coactivator with a PDZ-
binding domain), and FAM181 homologue; these tran-
scriptional regulators bind to DNA through TEADs (TEA/
ATTs domain) (Sanchez-Pulido et al. 2022). The structural 
homology of PERCC1, with conservation of TEAD-bind-
ing interfaces-2 and -3 now yields valuable insight into the 
previously unknown molecular mechanism of the protein. 
Future research with PERCC1 cell lines might be able to 
clearly describe in detail the interaction between PERCC1 
and TEAD (TEA/ATTS domain) transcription factors.

PCSK1 deficiency

The human PCSK1 gene, located in chromosome 5q15, con-
tains 14 exons, is localized on chromosome 5q15, and codes 
for subtilisin-like proprotein convertase-1 and proprotein 
convertase-3 (PC1/3). A calcium-dependent serine endopro-
tease required for the biosynthetic processing of hormone 
and neuropeptide precursors and their transformation into 
their fully functional forms (Jean et al. 1993; Martín et al. 
2013). PC1/3 can be found in the hypothalamus, the endo-
crine portion of the pancreas, and the stomach (Stijnen et al. 
2016). It is synthesized as a propeptide which undergoes 
autocatalytic cleavage and is eventually stored in mature 
secretory granules (Muller and Lindberg 1999).

Initially, the gastrointestinal phenotype resulting from 
PCSK1 mutations was underrecognized, due to a focus on 
childhood obesity (Martín et al. 2013). The first two cases 
of PC1/3 deficiency linked to congenital diarrhea were 
described in 2003, one of which was a patient previously 
characterized solely based on her endocrinological mani-
festations but who later, with subsequent re-evaluation, 
reported a mild–moderate degree of small intestine dys-
function (Jackson et al. 2003). To date, around 30 cases of 
PCSK1 deficiency have been identified and reported in the 
literature (Aerts et al. 2021). As with many other CoDEs, 
PCSK1 mutations are life-threatening in early infancy and 
can require prolonged parenteral nutrition, although in 
most cases this can be weaned by 2 years of age (Aerts et al. 
2021). Characteristically, most patients have normal intes-
tinal biopsies; nonetheless, mild villous atrophy without 
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evidence of inflammation has also been described in some 
cases (Martín et al. 2013).

In contrast to the phenotype caused by NEUROG3 loss-
of-function mutations in enteric anendocrinosis, patients 
who carry PCSK1 loss-of-function mutations have not been 
found to develop diabetes mellitus. However, they can pre-
sent with other severe endocrinopathies, such as adrenal 
insufficiency, hypothyroidism, hypercortisolism, hypog-
onadotropic hypogonadism, and obesity in late infancy, in 
addition to early-onset malabsorptive diarrhea (Martín et al. 
2013; Aerts et al. 2021).

Nonsense, missense, frameshift, and splice site mutations 
of PCSK1 have been described. Sequencing in a cohort of 13 
patients with homozygous PCSK1 mutations yielded valua-
ble information on the effect of different PCSK1 point muta-
tions, with most resulting in a lack of enzymatic activity, 
even when the proteins were correctly synthesized (Martín 
et al. 2013). The most severe clinical picture resulted from 
two nonsense mutations: p.Met1* mutation, which deleted 
the initiation codon, and the p.Arg405* mutation, which 
deleted the protein’s P- and C-terminal domains. The only 
frameshift variant identified, p.Val450fs*1, produced a trun-
cated PC 1/3 protein, while a p.Pro258Thr substitution did 
not result in an alteration of the protein’s secretion or of its 
enzymatic activity, suggesting that it may affect the catalytic 
domain in a region that is not critical for protein folding.

Recently, a male newborn whose clinical picture was 
compatible with PCSK1 deficiency was found, through 
whole-exome gene sequencing, to carry a previously unde-
scribed homozygous c.1034A → C (p.Glu345Ala) point 
mutation in exon 8 of the PCSK1 gene (Aerts et al. 2021). 
Given that the Glu345 residue is located in the catalytic 
domain of PC1/3, in vitro studies were conducted with 
mutant PC 1/3 to assess its role in enzymatic activity; results 
showed that the mutation did not impact autocatalytic activa-
tion but rendered PC1/3 unable to carry out trans cleavage. 
Other homozygous mutations identified previously, such as 
Ser307Leu and Asn309Lys, appear to not affect intracellular 
trafficking and maturation, but lead to a loss of enzymatic 
activity (Farooqi et al. 2007; Wilschanski et al. 2014). Future 
genetic analyses of specific PCSK1 mutations might allow 
for a better characterization of this genotype–phenotype 
relationship.

Mitchell‑Riley syndrome and RFX6

The RFX6 gene, mapped to chromosome 6q22.1, consists 
of 19 exons and codes for RFX6, a transcriptional regula-
tory factor that functions downstream of neurogenin-3 and 
participates in the development of the pancreas, intestine, 
and gallbladder (Aftab et al. 2008). RFX6 mutations result in 

Mitchell–Riley syndrome, an extremely rare but potentially 
fatal autosomal recessive clinical condition, with around 
20 cases reported in the literature, characterized by intes-
tinal atresia, malrotation, progressive cholestasis, neonatal 
diabetes, pancreatic hypoplasia, and protracted congenital 
diarrhea (Smith et al. 2010). The condition was initially 
described in a set of five patients who presented with similar 
clinical manifestations, albeit of different severity (Mitchell 
et al. 2004). In the ensuing quest for a molecular explana-
tion, RFX6 was found to be involved in the disease directing 
differentiation of endocrine cells including pancreatic islet 
cell types, with the exception of pancreatic polypeptide-
producing cells. It was detected in the definitive endoderm 
early in development, later localized to the gut and pancre-
atic bud, and eventually restricted to the pancreatic islets 
in the mature pancreas. The degree of pancreatic and gall-
bladder involvement in Mitchell-Riley Syndrome appears 
to be associated with the specific RFX6 gene mutation, with 
some patients retaining residual pancreatic activity, thereby 
suggesting a genotype–phenotype correlation (Kambal 
et al. 2019). Recently, congenital glucagon-like peptide-1 
(GLP-1) deficiency was identified in several Mitchell-Riley 
syndrome patients, suggesting a potential pathogenic expla-
nation for the diarrhea; synthetic GLP-1 analog liraglutide 
was administered, resulting in diarrhea improvement in all 
patients, with no effect on glycemic status (Nóbrega et al. 
2021). These findings warrant further investigation, as they 
might hold the key to managing this condition successfully.

X‑linked lissencephaly and ARX

The ARX gene is a small ~ 12.5 kb, 5-exon gene mapped 
to chromosome Xp21.3 which codes for aristaless-related 
homeobox, X-linked, a paired domain transcription factor 
that plays a role in the development of the human brain, 
testes, and pancreas (Strømme et al. 2002). Described ini-
tially in 2002, multiple mutations have been identified, pro-
ducing heterogeneous clinical pictures of different severity 
(Strømme et al. 2002; Bienvenu et al. 2002; Kitamura et al. 
2002). These mutations have been associated with the devel-
opment of different pathologies characterized mainly by 
neurologic malformations and intellectual disability, such as 
X-linked lissencephaly with abnormal genitalia, West Syn-
drome, and Partington Syndrome. Additionally, the clinical 
picture may include severe congenital diarrhea (Kato et al. 
2004). Mutant Arx loss-of-function mice present with severe 
hypoglycemia, dehydration, and death within the first few 
days of life; a close look into their pancreas shows that the 
glucagon-producing alpha-cell population is practically non-
existent, with a marked increase in beta- and delta-cell popu-
lations, serving as evidence to ARX’s role in defining the 
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fate of endocrine cells. It was also found in this study that 
ARX and PAX4 play antagonistic mutually inhibitory roles 
in tightly determining the destiny of endocrine progenitors 
(Collombat et al. 2003). Duodenal biopsies in ARX patients 
and loss-of-function mice with a gastrointestinal phenotype 
have revealed a selective decrease in GLP-1 and CCK, sug-
gesting enteroendocrine dysgenesis as a potential cause for 
the diarrhea in these patients (Terry et al. 2015).

The different types of ARX mutations identified include 
splice site, nonsense, missense, deletions, insertions, and 
duplications, with most being the result of expansions in 
the first two out of four polyalanine tracts (Shoubridge et al. 
2010). The most common mutation accounting for about 
40% of all ARX mutations is c.429_452dup, which expands 
the second polyalanine tracts from 12 to 20 alanine residues.

A genotype–phenotype correlation has been observed 
with ARX mutations, with the most severe manifestations 
arising from truncation and missense mutations that cause 
amino acid substitutions in the homeodomain region, 
whereas the least severe clinical picture without brain mal-
formation results from polyalanine expansion and certain 
missense mutations (Kato et al. 2004; Shoubridge et al. 
2010). Unfortunately, despite the progress that has been 
made to obtain a better understanding of the molecular 
pathogenic mechanisms of ARX mutations, there is still no 
targeted therapy available for these patients.

Epithelial stem cell function

Intestinal epithelial stem cells situated at the base of intes-
tinal crypt glands drive the production of all lineages and 
types of epithelial cell in development, homeostasis and 
in response to injury. Somatic mutations that accumulate 
in stem and progenitor cell populations are also thought to 
underlie intestinal neoplasia. Given the critical importance 
of stem cell maintenance, germline mutations in genes 
involved in regulating and tuning stem cell function rather 
than in genes fundamental to their preservation are found 
to cause a relatively recent category of CoDE disorders. 
As with CoDE disorders involving trafficking and polarity, 
mutations in genes such as WNT2B have revealed interesting 
and surprising insights into the normal early development of 
the human intestinal mucosa.

WNT2B deficiency

The WNT2B gene, mapped to chromosome 1p13.2, codes 
for WNT2B, a protein previously known as WNT13, which 
is a member of the wingless-type MMTV integration site 
family and is involved in developmental pattern formation, 

differentiation, and cell growth (Katoh et al. 1996; Wakeman 
et al. 1998). Wnt proteins are well known to be important in 
development and in intestinal epithelial stem cell renewal 
and maintenance.

The significance of WNT2B in intestinal biology was rela-
tively poorly understood until the finding of human WNT2B 
mutations linked to intestinal disease. In the original study 
O’Connell et al. identified a series of three patients with 
infantile-onset chronic diet-induced diarrhea and failure to 
thrive that were subsequently found to harbor homozygous 
nonsense variants in WNT2B (O’Connell et al. 2018). His-
topathologic analysis of intestinal biopsies taken from these 
patients showed a disruption of normal crypt architecture in 
the colon and small intestine with a paucity of crypt glands, 
and decreased protein expression of the intestinal epithe-
lial stem cell marker OLFM4 (van der Flier et al. 2009). 
The patients also showed distinct histological changes in 
the stomach with the presence of a non-autoimmune type 
of atrophic gastritis (O’Connell et al. 2018). In subsequent 
studies, a fourth patient with novel compound heterozygous 
WNT2B variants (a frameshift variant (c.423del and a mis-
sense change, c.722 G →  A) was reported with the described 
missense variant predicted by homology modeling to dis-
rupt post-translational acylation of the protein (Zhang et al. 
2021).

The addition of this case also enabled confirmation of the 
gastrointestinal phenotype and the extension of phenotype 
to other organs, most notably the eye. Three out of the four 
reported patients were also found to have significant anterior 
chamber abnormalities (microcornea, colobomas) establish-
ing WNT2B disease as an occulo-intestinal disorder (Zhang 
et al. 2021). More recent data have also pointed to significant 
changes in adrenal function with three patients exhibiting 
hyperreninemic hypoaldosteronism. In terms of manage-
ment, patients required intensive parenteral nutritional and 
fluid management as infants. Three of the patients gradually 
improved with age in terms of enteral tolerance and absorp-
tion perhaps suggesting a critical developmental window for 
the role of WNT2B in intestinal function. The specific role 
and context of WNT2B function in different sites within the 
intestine (stomach, small intestine, and colon) remains to be 
explored and are the subject of ongoing studies.

Hoyeraal‑Hreidarsson syndrome, TERT, and DKC1

Dyskeratosis congenita (DC) is a multisystem disorder 
caused by impaired telomere maintenance. The hallmark 
of DC is the clinical triad of dysplastic nails, lacy reticu-
lar pigmentation of the upper back or neck, and oral leu-
koplakia (Savage and Niewisch 2022). Patients with DC 
are also at risk for myelodysplasia, pulmonary fibrosis, and 
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neoplasia of many tissues. Hoyeraal–Hreidarsson syndrome 
(HHS) is a severe variant of DC with the additional features 
of intrauterine growth restriction, cerebellar hypoplasia, 
immunodeficiency, and progressive bone marrow failure 
(Glousker et al. 2015). About one quarter of patients with 
HHS will also develop a severe enteropathy with chronic 
diarrhea (Glousker et al. 2015). Diarrhea presents in these 
patients at an average age of 6.7 years but may present soon 
after birth in some cases (Jonassaint et al. 2013). Dyskera-
tosis congenita has a prevalence of approximately 1–9 per 1 
million live births, while Hoyeraal–Hreidarsson syndrome 
represents only a small subset of these cases (Savage and 
Niewisch 2022).

DC and HHS are diseases caused by the inability of divid-
ing cells to maintain adequate telomere length and thereby 
avoid telomere crisis and apoptosis (Gramatges and Ber-
tuch 2013). To accomplish telomere elongation, telomerase 
(encoded by the TERT gene) forms a multi-protein complex 
at the ends of chromosomal DNA (Glousker et al. 2015). A 
distinct but related complex, the shelterin complex, serves 
the role of shielding the 3’ telomeric DNA overhang from 
recognition by DNA repair machinery. As a physical bar-
rier to the 3’ telomeric end, it also regulates the access of 
telomerase to its site of catalytic activity.

Deficiency in one of the vital components of either the 
telomerase complex or the shelterin complex results in the 
dyskeratosis congenita phenotype. Patients with DC are 
born with very short telomeres, < 1st percentile for their 
age bracket as measured by flow cytometric techniques 
(Glousker et al. 2015). Patients with HHS have exception-
ally short telomeres even among other cases of classical DC, 
which may account for their more severe phenotype (Alter 
et al. 2012). Only a handful of the DC-associated genes are 
found in association with HHS, and of these only certain 
variants seem to induce the syndrome.

Biopsy of patients with HHS involving congenital 
diarrhea demonstrates focally atrophic glandular and 
epithelial elements with apoptosis in both the colon and 
duodenum. This is accompanied by a mild mononuclear 
infiltrate and fibrosis in the lamina propria (Sznajer et al. 
2003; Jonassaint et al. 2013). While the exact mecha-
nism by which these patients acquire refractory diarrhea 
remains unclear, it is generally accepted that disorders 
of telomere biology result in stem cell failure in highly 
proliferative tissues (Bertuch 2016; Woo et al. 2016). It 
is, therefore, suspected that failure of the stem cell niche 
within the intestinal tract of these patients results in the 
observed glandular and epithelial atrophy, and in turn the 
refractory diarrhea.

DKC1, encoding the protein dyskerin, was the first 
gene found in association with DC (specifically the 
X-linked recessive form of the disease) in 1998 (Knight 
et al. 1998). Several years later, TERT, encoding human 
telomerase reverse transcriptase, was identified in asso-
ciation with autosomal dominant DC (Armanios et al. 
2005). Over the last 20 years, several more genes associ-
ated with autosomal dominant and autosomal recessive 
DC have been discovered, but the only genes with variants 
also seen in HHS include TERT, DKC1, RTEL1, TNIF2, 
ACD, and PARN. TNIF2 and ACD encode components of 
the shelterin complex while RTEL1 encodes a DNA heli-
case that associates with telomerase and PARN encodes a 
poly-A-specific 3’ exoribonuclease (Glousker et al. 2015; 
Bertuch 2016).

Dyskerin is a nucleolar protein composed of an N-ter-
minal dyskerin-like domain, a central TruB pseudouridine 
synthetase domain, and a PUA RNA-binding domain. 
Mutations in dyskerin account for 20–25% of identi-
fied cases of dyskeratosis congenita, and many of these 
represent de novo mutations (Bertuch 2016; Savage and 
Niewisch 2022). While over 50 disease-causing variants 
have been identified in DKC1, only a quarter of these 
cause HHS (Glousker et al. 2015; Bertuch 2016). These 
mutations are overwhelmingly missense mutations, with 
one identified intronic mutation. Most HHS-associated 
mutations in dyskerin cluster around the N-terminal dysk-
erin-like domain (e.g., p.Ile32Thr, p.Thr49Met) or around 
the PUA domain (e.g., p.Ser304Asp, p.Lys314Arg). Two 
HHS-associated mutations have also been identified in 
the TruB domain (p.Ser121Gly, p.Arg158Trp). As of this 
time, it remains unclear why some mutations manifest as 
classical DC and some manifest as HHS, with many vari-
ants which are HHS-associated in some patients manifest-
ing as DC in others (Glousker et al. 2015). The distinct 
lack of nonsense and frameshift mutations suggests that 
some residual dyskerin function is necessary for life, and 
this is corroborated by the observation that targeted Dkc1 
disruption in mice results in embryonic lethality (He et al. 
2002).

Telomerase is an endogenous reverse transcriptase 
which serves the important role of extending telomeric 
TTA GGG  repeats based on an associated RNA template, 
encoded by the hTR gene and attached via a pseudoknot/
template domain (Sekne et al. 2022; Liu et al. 2022). 
Human telomerase has four domains: the telomerase 
essential N-terminal (TEN) domain, telomerase RNA-
binding (TRB) domain, reverse transcriptase (RT) domain, 
and C-terminal extension (CTE) domain. As with DKC1, 
disease-associated mutations of TERT tend to be missense 
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variants rather than frameshifts or nonsense mutations. 
Over 50 disease-associated variants of TERT have been 
described in the setting of DC, HHS, idiopathic pulmo-
nary fibrosis, aplastic anemia, Revesz syndrome, and 
myelodysplastic syndrome (Glousker et al. 2015; Bertuch 
2016). Of these, only five variants have been described 
in association with HHS: p.Pro530Leu, p.Thr567Met, 
p.Ala880Thr, p.Arg901Trp, and p.Phe1127Leu. The vari-
ants p.Ala880Thr and p.Arg901Trp fall within the RT 
domain and impair telomerase catalytic activity, while 
p.Pro530Leu and p.Thr567Met fall within the TRB 
domain. The p.Phe1127Leu mutation falls within the CTE 
domain and results in a substitution only five residues 
from the C-terminus of the protein. Of note, this is the 
only variant of TERT which is associated with autosomal 
dominant inheritance of HHS, although the disease pen-
etrance is incomplete. It has been suggested that TERT as 
well as the related gene TERC may display the anticipa-
tion phenomenon. This is explained by the theory that a 
de novo variant may result in a degree of telomere short-
ening insufficient to cause disease over an individual’s 
lifetime, but significant enough to cause disease in the 
next generation if these short telomeres are passed on 
(Mason and Bessler 2011).

DC and HHS are multisystem disorders. Once either 
diagnosis is made, patients must be screened for involve-
ment of the gut, lungs, eyes, liver, and bone marrow. The 
gastrointestinal manifestations can cause significant mor-
bidity and necessitate colectomy and chronic parenteral 
nutrition in some patients (Jonassaint et al. 2013). Bone 
marrow failure secondary to disorders of telomerase biol-
ogy does not respond to immunosuppression as it is not 
an autoimmune process; however, exogenous androgens 
have been effective in some patients (Fernández García 
and Teruya-Feldstein 2014). The only cure for hemato-
logic involvement is allogeneic hematopoietic stem cell 
transplant (Fioredda et al. 2018).

EGFR deficiency

The EGFR gene encodes the epidermal growth factor 
receptor (EGFR). The EGF signaling pathway has been 
well characterized as a vital mitogenic signaling path-
way which supports and regulates the stem cell niche in 
many organs, including the gut (Abud et al. 2021). While 
most of the literature surrounding this pathway focuses 
on the important role of EGF gain-of-function in can-
cer biology, rare cases of congenital EGFR variants with 
impaired function have also been described. The first of 
these cases was reported by Campbell et al. in 2014, who 

described a patient with skin erosions, alopecia, tricho-
megaly, watery diarrhea, and respiratory difficulties with 
recurrent pulmonary infections (Campbell et al. 2014). 
This patient was found to have a homozygous missense 
mutation in EGFR by whole-exome sequencing. Subse-
quently, Ganetzky et al., Hayashi et al., and Earl et al. 
reported additional isolated cases and Mazurova et al. 
identified 18 cases across 16 Roma families (Ganetzky 
et al. 2015; Hayashi et al. 2018; Mazurova et al. 2020; 
Earl et al. 2020). Interesting, all patients outside of the 
Roma cohort had severe diarrhea, but only 3 of the 18 
patients in the Roma cohort developed these symptoms, 
suggesting that genotype may be predictive of gut involve-
ment. Cases of congenital EGFR hypofunction have been 
almost uniformly fatal in the neonatal period, with most 
cases resulting in death before 6 months of age and only 
two reported patients living beyond infancy (Mazurova 
et al. 2020; Earl et al. 2020).

Descriptions of histopathology in patients with EGFR 
hypofunction are scarce in the literature, but the infor-
mation available paints a picture of mild focal inflam-
mation with generally preserved tissue architecture 
(Hayashi et al. 2018; Earl et al. 2020). At present, the 
exact mechanism by which EGFR hypofunction results 
in severe diarrhea remains unclear; however, study of 
diarrhea in the setting of EGFR tyrosine kinase inhibition 
for the treatment of malignancy suggests a multifactorial 
pathology involving atrophic changes, inflammation, and 
secretory diarrhea (Hirsh et al. 2014; Rugo et al. 2019). 
Inhibition of Egfr in mice has been shown to decrease 
pluripotency and self-renewal and to increase differentia-
tion in intestinal stem cells, which is thought to account 
for the atrophic changes in EGFR inhibition (Yu et al. 
2019). Patients with EGFR mutations also display short-
ened telomeres for their respective age bracket, similar 
to patients with dyskeratosis congenita (Ganetzky et al. 
2015).

Among the 23 cases reviewed, only three pathologic 
variants have been identified. 22 patients demonstrated 
homozygosity for p.Gly428Asp while only the one case 
reported by Hayashi et al. demonstrated compound het-
erozygosity for p.Arg98* and p.Ile365Asn (Hayashi 
et al. 2018; Mazurova et al. 2020; Earl et al. 2020). The 
lack of nonsense and frameshift mutations observed 
in EGFR is suggestive that some residual function in 
this pathway is necessary for life, consistent with the 
observation that complete Egfr knockout leads to pre-
implantation death of mouse embryos (Yu et al. 2019). 
The p.Gly428Asp mutation falls within the second 
ligand-binding domain of EGFR, and studies indicate 
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decreased affinity of this mutant receptor for immobi-
lized EGF (Siwak et al. 2010; Ganetzky et al. 2015). In 
contrast, the p.Ile365Asn mutation falls in-between the 
two ligand-binding domains, and may alter the three-
dimensional structure of the receptor in a way that simi-
larly decreases its affinity for EGF.

At current, there are no consensus treatment guidelines 
for diarrhea in these patients. Many of the patients described 
required total parenteral nutrition. Given the severity of the 
diarrhea and electrolyte abnormalities observed in the set-
ting of this intrinsic gut defect, gut transplant may be of 
utility. Unfortunately, many of these patients present with 
multiorgan dysfunction which may pose a barrier to suc-
cessful transplantation.

Genetic and diagnostic outlook

In the words of Sir Humphrey Davy, “Nothing tends so 
much to the advancement of knowledge as the applica-
tion of a new instrument” (Davy 1812). The landscape of 
human genetics has changed rapidly in the past 20 years 
and only shows signs of further acceleration with the 
application of next-generation sequencing (NGS) and 
CRISPR technologies. Next-generation sequencing has 
proven to be a revolutionary technology. It may be used 
to generate a panel of known genes associated with a 
specific clinical syndrome, utilized for broad sequencing 
of the entire genome, or targeted at the approximately 
22,000 coding genes of the human genome (Choi et al. 
2009; Behjati and Tarpey 2013). While the protein-cod-
ing genes make up only 1% of the genome, they harbor 
approximately 85% of known disease-causing variants. 
As such, whole-exome sequencing has been the modal-
ity of choice as a cheaper, easier to analyze alternative 
to genome sequencing that is less biased than a discrete 
gene panel. Utilizing whole-exome sequencing of trios, 
the Deciphering Developmental Disorders Study was able 
to achieve diagnoses in 40% of over 1000 cases uniden-
tified of congenital disorders (Wright et al. 2018). As 
a consequence, these data have also led the large-scale 
discovery of novel developmental diseases and a deeper 
understanding of developmental biology (Deciphering 
Developmental Disorders Study, 2015; (Kaplanis et al. 
2020). Our own analysis of our CoDE patient cohort has 
indicated a similar diagnostic success rate.

Whole-exome or -genome sequencing (WES/WGS) 
is becoming increasingly utilized by clinicians in many 
specialties, as testing becomes progressively more avail-
able and turnaround times for results become shorter. As 

the biotechnology industry races to advance technologies 
necessary for widely available genetic sequencing, the 
cost of sequencing a genome has dropped from 100 mil-
lion US dollars in 2001 to less than 1000 US dollars in 
2021, outstripping the pace of even Moore’s Law for com-
puter processing power (Wetterstrand 2021). This has led 
to adoption of exome sequencing in some centers for rapid 
screening of selected newborns (Holm et al. 2018). Given 
the current cost and turnaround times for WES/WGS, 
there is ongoing consideration of expansion of universal 
newborn screening to include more rare diseases includ-
ing certain CoDE disorders where early diagnosis can 
significantly impact management or treatment. Although 
the costs of sequencing continue to drop, the availability 
of genetic sequencing remains restricted to high-income 
countries, or specialist tertiary hospitals and academic 
centers. Extending access to communities more broadly 
should be an important goal moving forward. In addition 
to access, the limitations to sequencing are changing from 
economic and practical to ethical and sociological: How do 
we ensure proper informed consent for these cases? How 
do we balance the wellbeing of the infant and their family, 
the right of family members to the privacy of their own 
genomes, and the benefit of this knowledge to society at 
large (Remec et al. 2021)? Genetic studies involving eth-
nic groups face unique concerns regarding equity, such as 
those of the Navajo Nation, who placed a moratorium on 
genetic research studies within their jurisdiction in 2002 
over concerns for data mistreatment and potential for injus-
tice (Claw et al. 2021).

The oldest of the disorders described in this paper 
were originally identified as functional protein deficien-
cies using basic biochemical methods and time-consum-
ing mapping onto respective chromosomal locations. The 
patients described in these articles were diagnosed only 
due to the availability of research expertise and funding. 
Now, patients with new gene mutations are being iden-
tified in routine clinical practice at high-volume centers 
with the aid of next-generation sequencing. This has led 
to a rapid increase in the array of known disease-causing 
variants, due in part to the contributions from molecular 
geneticists and clinicians analyzing exome sequences both 
within and outside of a research context (Rockowitz et al. 
2020). As the cost of sequencing continues to drop and 
this technology becomes further integrated into clinical 
practice, the rate of discovery may yet increase for CoDE 
disorders. The new challenge for the field will be putting 
this torrent of genetic data into the context of intestinal 
physiology and deciphering the underlying cell biological 
mechanisms involved.
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Therapeutic outlook

As the genetic basis of CoDE disorders becomes increas-
ingly more defined and precise, the next major challenge 
in the field relates to the development of therapies for 
these rare disorders. A critical first step in this process is 
understanding the tissue pathophysiology, genotype–phe-
notype correlations and cell biology related to the epi-
thelial proteins involved. Studies on the natural history 
of individual disorders and in-depth analysis of tissue 
histology are needed including the use of new spatial 
methods such as multiplex immunofluorescence (Hickey 
et al. 2022), spatial transcriptomics (Moffitt et al. 2016) 
and machine-learning based analysis (Syed et al. 2019). 
An important effort as part of these analyses are resources 
for the research community such as patient registries, and 
systematic characterization of intestinal changes such as 
tissue and cellular atlases for CoDE disorders. The for-
mation of national and international consortia to study 
these diseases such as the Pediatric Congenital Diarrhea 
Consortium (PediCoDE; www. pedic ode. org) has now 
brought together many of these community resources and 
an important next step for the field is to leverage these 
tools for therapeutic benefit.

One major method for both understanding biology and 
the development of therapies is the use of patient-derived 
intestinal primary cells or enteroids in both three- and 
two-dimensional models. Since CoDE disorders involve 
epithelial dysfunction, enteroids represent a uniquely 
powerful model for these disorders and accurately reflect 
the cellular changes seen in the native intestine. Recent 
studies in a number of disorders have highlighted their 
use in understanding mechanisms of epithelial dysfunction 
(van Rijn et al. 2019; van Vugt et al. 2021; Duclaux-Loras 
et al. 2022). Recent studies have also shown how enteroids 
may be leveraged to accelerate therapy development by 
acting as a patient-specific method for therapy validation 
(Jardine et al. 2020). In addition to validation, resource 
generation and biobanking of patient samples may soon 
enable medium throughput primary screening for potential 
therapies.

The identification of the genetic basis of disorders 
has also presented the promise of direct gene-targeted 
therapy based on specific variants. Antisense oligonu-
cleotides (ASOs) represent a particularly attractive option 
for this application, as they can be designed upon the 
basis of the coding sequence alone. ASOs are modified 

nucleotide sequences which are capable of changing pro-
tein expression by interacting with immature mRNA to 
either promote mRNA degradation or to affect mRNA 
splicing (Oberemok et al. 2018). These therapeutics have 
found success in the treatment of neurodevelopmental 
and neurodegenerative disorders, such as nusinersen for 
spinal muscular atrophy and inotersen for hereditary tran-
sthyretin amyloidosis (Finkel et al. 2017; Benson et al. 
2018). In an example of this type of precision therapy, 
Kim et al. identified a rare case of Batten’s disease in a 
young patient, determined the causative variant by whole-
exome sequencing, and used this information to develop 
a splice-altering OSA (milasen) which was then used to 
treat this patient in a N-of-1 clinical study to significant 
effect (Kim et al. 2019). ASOs are, however, primarily 
useful in cases with gain-of-function variants or variants 
in which an existing, unaffected splice variant may be 
phenocopied by exon skipping. Another major hurdle, 
specific to their use in CoDE disorders, is the delivery 
and retention of intact ASOs within the GI tract. The use 
of ASOs and other gene therapies for intestinal genetic 
disorders, while holding tremendous promise, are there-
fore not quite ready yet for clinical application.

Summary

Monogenic intestinal epithelial disorders or CoDE dis-
orders are a unique group of genetic intestinal disorders 
characterized by primary epithelial defects that lead to 
altered fluid and electrolyte transport, barrier disrup-
tion, and defects in tissue development and regenera-
tion (Tables 1 and  2). Many CoDEs exhibit little to no 
chronic mucosal inflammation although several disorders 
are characterized by varying levels of mucosal inflamma-
tion that is largely secondary to their primary epithelial 
dysfunction. This is distinct from genetic disorders that 
can be characterized as very early-onset IBD or primary 
immunodeficiency with intestinal involvement that pri-
marily affect immune cell function. The genetic basis 
of CoDE disorders is now increasingly well defined 
and information on specific disorders as outlined in this 
review continues to grow. The next frontier in the field 
is to translate these new genetic and biological insights 
into interventions that can significantly change the lives 
of CoDE patients.

http://www.pedicode.org
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Table 1  Genetics of CoDE disorders

Disorder Name Inheritance Incidence (fraction of live 
births)

High prevalence popula-
tions

Protein function

Congenital chloride diar-
rhea

(MIM #214700)

SLC26A3 AR 1 in 40,000 (Saudi Arabia, 
Kuwait, Finland), 1 in 
200,000 (Poland)

Arab, Finnish, Polish Cl–/HCO3
– exchanger

Congenital sodium diarrhea
(MIM #616868)
(MIM #614616)

SLC9A3 AR Unknown Finnish Na+/H+ exchanger (NHE3)
GUCY2C AD Unknown Unknown Guanylate cyclase

Lysinuric Protein Intoler-
ance

(MIM #222700)

SLC7A7 AR 1 in 60,000 (Finland, 
France)

Finnish, French, Japanese Amino acid transporter

Glucose-galactose malab-
sorption

(MIM #606824)

SLC5A1 AR Unknown Arab, Amish Na+–glucose cotransporter

Primary bile acid diarrhea
(MIM #613291)

SLC10A2 AR Unknown Swedish Apical bile acid transporter
SLC51B AR Unknown Unknown Basolateral bile acid trans-

porter
Acrodermatitis entero-

pathica
(MIM #201100)

SLC39A4 AR 1 in 500,000 (Netherlands) None Zinc transporter

Congenital lactase defi-
ciency

(MIM #223000)

LCT AR 1 in 60,000 (Finland) Finnish Disaccharidase

Sucrase-isomaltase defi-
ciency

(MIM #222900)

SI AR 1 in 5,000 (Europe), 1 in 
33 (Native Canadian, 
Alaskan, and Greenlan-
dic)

Canadian, Alaskan, and 
Greenlandic Inuit

Disaccharidase

Trehalase deficiency
(MIM #612119)

TREH AR/AD 1 in 100,000 (Worldwide) Finnish and Greenlandic 
Inuit

Disaccharidase

DGAT1 deficiency
(MIM #615,863)

DGAT1 AR  < 1 in 1,000,000 (World-
wide)

Ashkenazi Jewish Triglyceride synthesis

Abetalipoproteinemia
(MIM #200100)

MTP AR 1 in 1,000,000 (World-
wide),

1 in 70,000 (Ashkenazi 
Jewish)

Ashkenazi Jewish Microsomal triglyceride 
transfer protein

Hypobetalipoproteinemia
(MIM #615558)

APOB AR/AD Unknown None Lipid absorption

Chylomicron retention 
disease

(MIM #246700)

SAR1B AR  < 1 in 1,000,000 (World-
wide)

French Canadian, North 
African

Intracellular chylomicron 
trafficking

Enterokinase deficiency
(MIM #226200)

TMPRSS15 AR Unknown None Pro-enterokinase

EAGLES syndrome
(MIM #606358)

AGR2 AR Unknown Syrian Protein disulfide isomerase

WNT2B deficiency
(MIM #618168)

WNT2B AR Unknown Unknown Growth factor

Dyskeratosis congenita, 
Hoyeraal–Hreidarsson 
syndrome

(MIM #613989)

TERT AR/AD  < 1 in 1,000,000 (Europe) Unknown Maintenance of telomeres
DKC1 XR
RTEL1 AR
PARN AR
TINF2 AD Shelterin complex
ACD AR

EGFR deficiency
(MIM #616069)

EGFR AR Unknown Unknown Growth factor receptor
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Table 1  (continued)

Disorder Name Inheritance Incidence (fraction of live 
births)

High prevalence popula-
tions

Protein function

Microvillus inclusion 
disease

(MIM #251850)

MYO5B AR  < 1 in 1,000,000 (Europe) Navajo, Arab Cellular trafficking, polarity, 
and signaling

STX3 AR Unknown Syntaxin

UNC45A AR Unknown Chaperone
Tufting enteropathy
(MIM #613217)

EPCAM AR 1 in 100,000 (Western 
Europe)

Arab, Mexican Cell–cell adhesion and 
signaling

Syndromic  Na+ diarrhea /
tufting enteropathy

(MIM #270420)

SPINT2 AR 1 in 500,000 (Western 
Europe)

Unknown Serine protease inhibitor

Trichohepatoenteric syn-
drome 1 (THES1)

(MIM #222470)

TTC37 AR  < 1 in 1,000,000 (World-
wide)

Pakistani, French, North 
African

Cell polarity and signaling

Trichohepatoenteric syn-
drome 2 (THES2)

(MIM #614602)

SKIV2L AR/AD  < 1 in 1,000,000 (World-
wide)

Turkish, French Helicase

Familial hemophagocytic 
lymphohistiocytosis 5

(MIM #613101)

STXBP2 AR 1 in 1,000,000 (World-
wide)

Turkish, Kurdish, Pakistani Syntaxin-binding protein

TTC7A deficiency
(MIM #243150)

TTC7A AR Unknown French Canadian Protein transport and traf-
ficking

Congenital Disease of 
Glycosylation type 1b

(MIM #602579)

MPI AR  < 1 in 1,000,000 (World-
wide)

Unknown Mannose phosphate isomer-
ase

Congenital Disease of 
Glycosylation type 1 h

(MIM #608104)

ALG8 AR  < 1 in 1,000,000 (World-
wide)

Unknown Glucosyl-transferase

MEDNIK syndrome
(MIM #609313)

AP1S1 AR  < 1 in 1,000,000 (World-
wide)

French Canadian Clathrin coat assembly

Enteric anendocrinosis
(MIM #610370)

NEUROG3 AR Unknown Unknown Transcription factor–cell fate

X-linked lissencephaly
(MIM #300215)

ARX XR Unknown Unknown Homeodomain transcription 
factors

Enteric dysendocrinosis
(MIM #600955)

PCSK1 AR Unknown Unknown A hormonal endopeptidase

Mitchell-Riley syndrome
(MIM #615710)

RFX6 AR Unknown Unknown Transcription factor–cell fate

Intractable Malabsorp-
tive Diarrhea of Infancy 
syndrome

(MIM #618662)

PERCC1 AR Unknown Iraqi-Jewish Enteroendocrine cell dif-
ferentiation

AR autosomal recessive, AD autosomal dominant, XR X-linked recessive
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