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"The stars are made of the same atoms as the earth."  I usually pick one small 

topic like this to give a lecture on.  Poets say science takes away from the 

beauty of the stars -- mere gobs of gas atoms.  Nothing is "mere."  I too can 

see the stars on a desert night, and feel them.  But do I see less or more? 

The vastness of the heavens stretches my imagination -- stuck on this carousel 

my little eye can catch one-million-year-old light.  A vast pattern -- of which 

I am a part -- perhaps my stuff was belched from some forgotten star, as one 

is belching there.  Or see them with the greater eye of Palomar, rushing all 

apart from some common starting point when they were perhaps all together. 

What is the pattern, or the meaning, or the *why*?  It does not do harm to the  

mystery to know a little about it.  For far more marvellous is the truth than 

any artists of the past imagined!  Why do the poets of the present not speak  

of it?  What men are poets who can speak of Jupiter if he were like a man, but 

if he is an immense spinning sphere of methane and ammonia must be silent? 

-- Richard P. Feynman (1918-1988) 
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Hair culture, hair development, molecular genetics and diseases  
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What’s so important about hair? 
 

The human hair, while pretty dull in comparison to that of other mammals or 

the feathers of birds, is an extremely important component of social 

interaction. Some areas of the body show denser hair growth than others and 

seem to be designed to grab our attention. Most will not be seen in everyday 

life as clothing usually covers them. The one area that is almost always visible 

is the scalp and the hair that is on it receives an inordinate amount of 

attention, perhaps as a consequence of our instinctive need to see hair.  

In many cultures throughout history, the hairdo was and still is one of myriad 

ways in which to inform others of one’s station in life and political, social or 

religious orientation. Having no hair at all is usually seen as undesirable 

despite efforts by Hollywood to position bald actors as sex symbols (Yul 

Brynner is a good example1) and the image of detachment from worldly 

matters presented by the depilated scalps of Buddhist monks. A recent survey 

held among women and non-balding men has shown that men with a full 

head of hair are seen as more virile, attractive and intelligent than men who 

are bald or balding2. What’s more, the balding males themselves think along 

these lines3,4 and have been doing so since biblical times. In the story of 

Samson and Delila, a man’s power is believed to reside (among other places) 

in his hair and we still seem to believe this. 

 

Whatever the reasons for our infatuation with this skin appendage, we are 

confronted every day with commercials telling us that having beautiful hair, 

to be obtained through the use of shampoos containing all manner of often 

mysterious and always expensive additives, is the most important thing in 

life. The evolutionary basis for this perception is unclear. While it is true, that 

the state of the hair can reflect one’s general health, there seems to be no clear 

correlation between the amount of hair on the scalp and success in life as 

measured by the ability to procreate and survive long enough to provide for 

the resulting children. Nevertheless, the scalp hair is tremendously important 
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and no effort is usually spared when something untoward -like losing it- 

happens to it. A simple Google search for “hair” returns no less than 

32,500,000 hits, most of them commercial web sites peddling novel or not 

quite so novel means of growing hair where there used to be none. Many 

thousands of web sites are devoted to the restoration of hair growth via an 

impressive array of low-, high- and ultrahigh-tech methods. None of those 

seem to be entirely satisfactory or rational despite eons of medical and 

magical research. As a testament to human resolve in the face of the 

inevitable, one of the oldest medical recipes ever found describes a tincture 

that Egyptian males used to treat their balding pates. It contained, among 

other interesting ingredients, fried and subsequently pulverized dog’s paws. 

It is hard to see the rationale behind this concoction but we, in a country 

where homeopathy is taken seriously by about 80% of the population5, should 

not be too quick to laugh it off as a superstition of the Dark Ages. Modern 

treatments are often not much better or more rational.  

Fortunately, the human obsession with beautiful hair is not limited to women, 

balding males, cosmetics/pharmaceutical companies and quacks. 

Increasingly, (molecular) biologists and physicians alike are coming to 

appreciate the beauty of hair, not as a cosmetic accessory, but as a model 

system for all aspects of growth and development. It so happens that the hair 

follicle is an organ that shows continuous and cycling growth, remodelling 

and death during life. It is accessible and can suffer from hereditary diseases 

caused by a single gene. The latter disorders can lead to hair loss and 

structural abnormalities of hair and as such are experiments of nature that 

demonstrate the importance of a particular gene for normal hair growth. They 

tell us something about its normal function. The genes are there to be 

discovered by whoever takes an interest in them. During the past five years, 

many facets of the developmental biology of the hair follicle have been 

elucidated using genetic diseases as model systems. The components 

discovered vary from p53 homologs to proteins required for cell adhesion and 

communication. The gene and protein networks that are emerging as 
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regulators of hair follicle growth and differentiation are turning out to be 

highly complex and are becoming more complicated with every new 

discovery made. For each piece of the puzzle that we can add, two or more 

pieces are found to be still missing.  
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This review; some thoughts on the study of rare (hair) diseases 

 

In the following review of hair follicle genetics, it will be noted that several 

sub-processes are discussed in separate sections. This was done for 

conceptual reasons but also to emphasize the modularity of the processes. 

Hair follicle development and growth are not regulated in a linear manner. 

Rather, it consists of several interlocking processes. It is of interest to note that 

almost every gene or protein whose function is known was discovered as a 

result of research into the genetic basis of a hereditary human or murine 

disease. Very few proteins have been discovered by means of inductive 

reasoning. This review focuses on the processes of development rather than 

on its disorders, hence the proteins and genes receive more attention than 

their diseases. However, diseases are perhaps among the most important 

phenomena that biology has to offer. 

By identifying and investigating rare “new” diseases, the scientist and the 

physician-scientist can contribute to our knowledge of hair development. The 

power of genetics in dissecting disease mechanisms is aptly illustrated by the 

knowledge gained from the study of hereditary cancer syndromes.The 

venerated James Paget made a most eloquent statement in this regard, more 

than a century ago: “We ought not to set them aside with idle thoughts or idle 

words about “curiosities” or “chances”. 

Not one of them is without meaning; not one that might not become the 

beginning of excellent knowledge” 6. McKusick, in his Foreword to Bean's 

1967 Rare Diseases and Lesions, enumerates the reasons for studying rare 

diseases.  He lists four reasons "that rare conditions are, or should be of 

interest to physicians":  

• Rare disorders can teach us much about the normal or about more 

common disorders.  

• Rare manifestations are sometimes valuable clues to the existence of 

grave internal disease.  
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• People have them. 

• They are a break in the routine and "keep [the physician's] powers of 

observation from undergoing atrophy”. 

 

There are those who feel that the study of rare diseases is too costly, of 

academic interest only and not relevant for medicine as a whole. This myopic 

view of medical research seems to be rather prevalent among physicians these 

days and is unfortunate, for it is they who witness Nature’s experiments 

every day. Nature does not have a conscience or an ethical committee; the 

diseases it has created are nasty ones that result in much grief and suffering 

for those unlucky enough to be affected by them. Nature is amoral (not 

immoral!). We cannot ourselves create such diseases in humans and making 

mice suffer through them is not a particularly nice thing to do either. Hence, 

whenever we are offered the opportunity to learn about biological pathways 

by studying one of Nature’s experiments we should be quick to take it for we 

are offered a unique, perhaps once-in-a-lifetime, insight into the inner 

workings of human biology. 

It is the author’s firm hope that someday, all doctors will appreciate unique 

cases as equally valuable as large cohorts subjected to double-blind, placebo-

controlled studies, t-tests and Kaplan-Meier survival curves. 
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Chapter 1 

Molecular genetics of hair follicle growth and 

development 
Some parts of this introduction were previously published in various journals  7-10 
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Basic hair morphology 

 

While the regulation of hair follicle differentiation, development and growth 

is highly complex, the basic anatomy of the hair follicle is in comparison 

relatively simple. An understanding of it is required for the review that 

follows. Figure 1 shows the main components of a single hair follicle. It is 

important to realize that every part has a function, sometimes more than one. 

As such, the hair follicle is an organ in its own right.  

Hair grows from follicles, invaginations of the skin epithelium. A central and 

conspicuous component is the dermal papilla at the follicle base (1a). This 

structure is vital for hair growth as it signals to the germinative part of the 

hair follicle (1b) to grow and differentiate during hair cycling. The cells in the 

bulb divide and differentiate, with the cells of the cortical layer forming the 

bulk of the hair keratin (1c). The cortex is surrounded by several sheaths of 

cells. The outer root sheath is continous with the surface epithelium (1d). The 

sheaths have unique characteristics in terms of gene expression but their 

significance is uncertain. The outer root sheath is known to play an important 

role in hair follicle cycling (see the discussion on the HR gene). The bulge of 

the hair shaft (1e) is located near the insertion of the m. arrector pili and is 

believed to be the place where skin stem cells reside11. 

The hair cycle is a fascinating phenomenon whose eventual elucidation 

promises to teach us much about the intricacies of the regulation of growth 

and development. There are three phases: anagen, katagen and telogen. All 

phases can be further subdivided based on morphology, gene expression 

patterns and growth characteristics. For this review, an understanding of the 

main phases suffices. 

During anagen, the hair shaft is growing. The hair bulb is in close proximity to 

the dermal papilla. The duration of anagen is highly variable and determines 

the length that the hair may eventually reach. In the human scalp, the anagen 

phase may last up to seven years. Anagen is followed by the relatively short 
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catagen. This phase lasts about two weeks and is characterized by a 

constriction of the middle part of the hair bulb. The expanded base of the hair 

distal to the constriction becomes a “club” that ascends in the hair follicle 

tract, trailing an epidermal strand that is connected to the dermal papilla. The 

epidermal strand is formed by connective tissue sheath of the hair. During 

catagen, the dermal papilla also starts to ascend. Thus, some “false” hair 

growth occurs during catagen but it is caused by the upward migration of the 

hair. Towards the end of catagen the epithelial strand shortens progressively 

and almost disappears. The dermal papilla starts to migrate downward again 

and the telogen phase commences. This phase lasts a few weeks and is 

followed by ejection of the hair. Some authors consider this as a phase of its 

own called exogen12,13. Towards the end of the telogen phase, the stem cells 

from the bulge region migrate downward14, meet the papilla and start 

forming a hair anew. It will be evident from the above that telogen is not 

simply a resting phase. Furious activity is taking place, paving the way for 

regeneration of the hair follicle. 
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Hypotrichosis 
 

Complex systems can break down. If it happens in an organism, the result is a 

disease whose symptoms are the result of the absence or other dysfunction of 

a component of the system and the compensatory action taken by the intact 

parts. As such, symptoms are not to be understood solely in negative terms 

but can also seen as positive in the sense that they reflect and reveal 

components of a biological network that are not normally visible. An excellent 

example is fever. This symptom shows that we have a thermostat in our 

brains that regulates core body temperature. 

When a complex system such as the hair follicle breaks down, the result is 

often loss, abnormal structure or absence of the hair. If the dysfunction is the 

result of a single gene defect, chances are that the hair follicle will never 

properly develop. As a result, hair growth is absent at birth and will either be 

disturbed later on or never occur at all. Reduced or absent hair growth as a 

result of a genetic defect is called hypotrichosis to distinguish it from the 

result of loss of hair that was previously normal as for instance in male 

pattern baldness or alopecia areata. Depending upon the nature of the defect, 

the hairs that do grow may experience of more or less atypical abnormalities 

such as defects of the cuticle, altered growth speed and altered chemical 

composition. The word hypotrichosis implies a negative symptom, i.e., the 

absence of something that should be there. With the above in mind, one might 

also see the symptom as a positive one. The absence or the abnormality of the 

hair is a sign that the hair follicle is no longer functioning normally, showing 

that the causative gene functions in an ectodermal appendage. The extent to 

which the genetic network that governs hair growth can compensate 

determines whether some hair growth will or will not still occur. The 

presence and nature of the hair abnormality may even suggest a candidate 

gene. A good example is the human equivalent of the murine nude phenotype. 

The mice are hairless and have a severe immune deficiency. The human gene 

was found because it was noticed that some young children suffering from 
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immune deficiency had hypotrichosis and nail dystrophy. The insight that 

they resembled the nude mouse then prompted a search for the human 

homolog, resulting in the identification of the human winged helix-nude 

(WHN) gene15. Upon identification of the gene, the hair follicle can serve as a 

model system in which to study its function. The follicle is an accessible organ 

that can be cultured in isolation. Moreover, for most human hair disorders 

there exists a mouse equivalent. As several genes that are involved in hair 

growth have important functions elsewhere, the hair follicle may also serve as 

a model system for other processes that depend upon the presence of the gene 

product. The potential is almost limitless, but as a self-renewing organ the 

hair follicle serves best as a tool to study epidermal differentiation and 

regulation as well as stem cell biology. The obviously important part played 

by gap junctions (see below) in hair follicle function is also establishing the 

hair follicle as a model system for the study of gap junction biology. 
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Initiation of hair follicle differentiation 

 

Hair follicle development is a complex process that involves myriad 

interactions between many proteins. Details of the events governing the early 

stages of hair follicle development are now emerging. Here, an outline is 

presented of what is known about the molecular events governing hair follicle 

differentiation. For details of expression patterns and “minor” genes not 

directly involved in establishing the hair and regulating its cycle the reader is 

referred to comprehensive reviews published elsewhere16. 

Like all other ectodermal appendages, including specialised ones such as ears 

and eyes, the hair follicle starts out as an ectodermal placode. In essence, this 

is a circumscript area containing cells that have been assigned a specialised 

role. The hair follicle is no exception. Early in human embryogenesis, between 

9 and 12 weeks of gestation, the skin forms so-called ectodermal placodes in 

the region of the eyebrows and the chin. Here, ectodermal cells aggregate and 

will ultimately differentiate into the hair follicle17. There is evidence that the 

Delta-Notch pathway, known for its role in Drosophila neurogenesis, is 

involved in the initial delineation of the placode17.  By a process known as 

lateral inhibition, the cells that are destined to form the ectodermal part of the 

hair follicle are excluded from the remainder of the primitive skin or 

peridermis18. Why the placodes appear at a certain time is unclear. Perhaps a 

developmental “clock” is involved, like in somite development19. Shortly after 

the placode is separated from its surroundings, further differentiation is 

initiated. The placode signals to a small group of underlying mesenchymal 

cells to condense20,21. Cells in the basal layer of the periderm elongate and 

form the hair germ, which starts to grow downwards. The initiation of 

growth and differentiation is partly dependent upon the presence of the bone 

morphogenetic protein  (Bmp) inhibitor Noggin* that counteracts the 

                                                 
* A note on nomenclature: mouse gene nomenclature is used throughout, unless the discussion 
specifically concerns Homo Sapiens. See also 
http://www.informatics.jax.org/mgihome/nomen/gene.shtml 
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inhibition of growth by Bmp proteins secreted by the ectoderm and 

mesenchyme22. This system may be partly responsible for the maintenance of 

lateral inhibition and setting up the boundaries of the future hair follicle. 

Recent evidence from mouse research suggests that Wingless protein family 

(Wnt) signaling is involved around the time that the adhesion molecule P-

cadherin is upregulated and E-cadherin is down-regulated in the placode23-28. 

Wingless was first described as a Drosophila mutant lacking wings; the 

protein was subsequently found in mice and turned out to be a vital mediator 

of many intra- and intercellular signaling processes. It was originally 

identified as the site of integration of the oncogenic Murine Mammary Tumor 

Virus-129-32. Cadherins are transmembrane molecules that form the core of 

adherens junctions 33,34. They connect to alpha-catenin, which is related to 

vinculin and is required for interaction with the actin cytoskeleton35. Another 

catenin, ß-catenin, is structurally related to the Drosophila segment polarity 

gene Armadillo 35. It binds to E-cadherin but also functions as a transcription 

factor, connecting cell adhesion to transcriptional events as a signal 

transducer36. On its own, it is subject to degradation. It is part of a 

multiprotein complex containing Axin, PP2B, Gsk3ß and the “tumor 

suppressor”^ protein APC37-39. If unchecked by an external signal, Gsk3ß 

phosphorylates ß-catenin, marking it for degradation through the ubiquitin 

pathway40. However, upon receipt of a Wnt signal, the degradation 

machinery becomes inactive and ß-catenin is stabilized. Wnt proteins bind to 

a receptor called Frizzled41. The signal passed on through the receptor 

requires an interaction between Dishevelled-like (Dishevelled is a fruit fly 

protein that determines the orientation of body segments) proteins and 

Axin42.  Stabilized ß-catenin binds to and activates members of the Tcf/Lef1 

family of transcription factors43. Jamora et al. have recently demonstrated that 

Wnt3a  (a skin-expressed Wnt protein) can induce Lef-1 expression by 

stabilizing ß-catenin in cultured mouse keratinocytes when the Bmp 

                                                 
^ “Tumor suppressor” is a misnomer. The normal function of the protein is of course not the 
suppression of tumorigenesis. The term is used here because it is customary to do so. 
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antagonist Noggin is added to the culture11. Noggin is expressed by the 

dermal papilla, while Wnt3a is produced by the ectodermal placode. This 

requirement for Noggin is also present in vivo, as noggin -/- mice fail to form 

about two-thirds of their hair buds22. The combined Noggin/Wnt signal 

seems to function by negative regulation of E-cadherin expression through 

Lef1. The repression requires both Lef1 and ß-catenin. The simultaneous up-

regulation of P-cadherin expression sets the stage for the remodeling of the 

hair germ. Many of the subsequent steps are still unknown, but the nature of 

the early players offers a clue as to how subsequent hair follicle development 

might take place. Mice lacking the Lef1 gene have a phenotype reminiscent of 

the human disorder scalp-ear-nipple syndrome (MIM 181270∗)44-48. They lack 

body hair and whiskers and have underdeveloped mammary glands, 

illustrating the importance of Lef1 mediated signalling in the development of 

the hair follicle and confirming that the Wnt-ß-catenin-Lef1 pathway is 

required for the development of skin appendages. That mammary glands are 

affected too shows that the building blocks of skin appendages are basically 

identical regardless of the nature of the appendage. The early steps in hair 

follicle morphogenesis are outlined in figure 2a. 

Lef1 can regulate the activity of a signalling pathway that is intimately 

connected to apoptosis although there does not seem to be feedback. A 

recently identified TNF-ß family member, ectodysplasin (Eda), is a target of 

Lef1 signalling. Ectodysplasin, encoded by a gene on Xq28, has two slightly 

different conformations that bind to related but distinct receptors. The most 

important type, Eda-A1, interacts with Edar, a tumour necrosis factor receptor 

family member that is also known as Downless, because the mouse mutant 

lacks fur49-52. The Eda receptor requires an adaptor molecule called Edaradd.  

Doffinger et al.  demonstrated that Dl triggers NF-kappa-B (NFκB) activation 

through the Nemo (NFκB essential modulator) protein53. It is interesting to 

note that this signal cascade is involved in apoptosis as well as cell survival. 

                                                 
∗ MIM numbers refer to the disease entry in the Online Mendelian Inheritance in Man database at 
http://www.ncbi.nlm.nih.gov/omim 
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NEMO is a so-called I-kappa-kinase (Ikkγ, or Ikbkg) encoded by a gene on 

Xq28. Iκß is a protein complex that inactivates the NFκB protein complex by 

trapping it in the cytoplasm. I-kappa-kinases phosphorylate Iκß and mark it 

for ubiquitination, thus removing the inhibition on NFκB54. NFκB itself is a 

complex that can regulate several genes involved in inflammation and 

apoptosis. Depending upon the upstream signaling event, NFκB can either 

induce apoptosis or prevent it55,56. This balance depends in part upon the 

presence of the cylindromatosis (Cyld) gene, whose protein product Cyld 

targets Nemo for deubiquitination 57-59. Apparently, too much NEMO activity 

is detrimental as CYLD mutations in humans lead to familial cylindromatosis 

or Brooke-Spiegler syndrome (MIM #605041)60, demonstrating the 

functionality and importance of an intact NFκB pathway in the hair follicle. 

Inhibition of Cyld increases resistance to apoptosis, suggesting a mechanism 

through which loss of Cyld contributes to oncogenesis. It was shown  that this 

effect can be relieved by salicylic acid and derivatives that inhibit NFκB 

activity57-59, which immediately suggests a therapeutic intervention strategy 

to restore growth control in patients suffering from familial cylindromatosis. 

Makris et al. showed that female mice heterozygous for Ikbkg (Nemo) 

deficiency develop a dermatopathy characterized by keratinocyte 

hyperproliferation, skin inflammation, hyperkeratosis, and increased 

apoptosis61. Although Ikbkg +/- females eventually recovered, Ikbkg -/- 

males died in utero. Humans with defects in EDA-A1, its receptor EDAR or 

the adapter EDARADD suffer from X-linked hypohidrotic ectodermal 

dysplasia (Christ-Siemens-Tourraine syndrome, MIM #305100) or autosomal 

dominant/recessive hypohidrotic ectodermal dysplasia (MIM 

#129490/224900), respectively51,62,63. Patients suffering from these disorders 

lack hair and sweat glands and have defective teeth. In addition, they have 

dysmorphic features of the mid-face. A mouse mutant called Tabby has 

mutations in the mouse ectodysplasin gene56. Another mouse mutant called 

Downless (dl) lacks a functional ectodysplasin receptor50,51. The human 

phenotype partly overlaps that of mice lacking the epidermal growth factor 
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receptor (Egfr) gene and recent work has demonstrated that the 

Ectodysplasin-Edar complex probably interacts with the Egfr pathway since 

high doses of Egf can partly rescue the Tabby phenotype64. How this 

interaction takes place is currently unknown, but it is possible that the 

interaction is on the level of p38/MAP-kinase since both pathways can 

regulate this protein kinase although in an opposite manner65,66.  

The symptoms of hypohidrotic ectodermal dysplasia are very similar to those 

of the human disease incontinentia pigmenti type 2 (IP2, Bloch-Sulzberger 

syndrome, MIM #308300).  Indeed, biopsies and cells from IP2 patients 

exhibit defective IKBKG expression but normal expression of IKK catalytic 

subunits. The symptoms of IP2 are more severe than those of hypohidrotic 

ectodermal dysplasia but are otherwise quite similar. IP2 is caused by 

inactivating NEMO mutations67 and thus represents the human counterpart 

to the abovementioned Ikbkg +/- mouse. Human males affected by the X-

linked mutation die in utero. Apparently, deficiencies in the EDA-EDAR-

EDARADD-NFΚB pathway may confer an increased sensitivity to apoptosis. 

The LEF1 signal thus never reaches the target cell; instead, the target cell dies. 

Observations made in cell cultures and in patients suffering from hereditary 

disorders affecting NFκB signaling support this view. Failure of EDA to bind 

to its receptor in tissue culture results in failure of the ectodermal placode to 

initiate its next stage of development, evagination into the mesoderm52. Thus, 

EDA seems to be required for the initiation of growth and differentiation of 

epidermal appendages that is made possible by the changes in E-cadherin 

expression. Interestingly, a recent report suggest that Eda may be required for 

the initiation of Bmp, Shh and Lef1 expression, suggesting that the interactions 

described so far may not be linear68. However, it is important to realize that 

proteins interact in networks that tend to break down upon the failure of one 

or more components. Hence, this finding probably means that early hair 

follicle development depends on a number of interlocking feedback systems 

in which Eda has a prominent function. This hypothesis is consistent with the 

possible requirement for Eda in cell survival that was discussed above. The 
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same report implicated mesenchymal Activin A as an inducer of Edar 

expression and WNT as the inducer of Eda expression68.  Activin A may be 

the long sought-after mesenchymal signal that induces the ectodermal 

placode to form. That Tabby mice lack body hair placodes is consistent with 

this hypothesis. It would be of interest to have conditional skin-specific 

activin A knockouts. Figure 2b summarizes the rest of the hair follicle 

initiation pathways. 

It is also of interest to note that a system that is very similar to the one 

described above is used in feather branching in birds69 showing the 

extraordinary amount of evolutionary conservation in the machinery of 

appendage development. In the feather as in the hair though, initiating 

growth is only the first step of development. 
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Polarity and growth 

 

Upon initiation of hair growth, the axes of the future hair follicle need to be 

established.  As the follicle elongates, the lower end becomes bulbous and 

develops a deepening cavity that will enclose the dermal papilla. The 

ectodermal part of the hair follicle acquires directionality by growing towards 

the dermal papilla (the condensed mesenchyme underneath the ectodermal 

placode) in an oblique direction. The Bmp’s mentioned previously play a role 

in the establishment of up versus down22. Proximo-distal (and left-right as 

well) polarity is probably established by Sonic Hedgehog (Shh). During normal 

development, Shh expression in the hair follicle is stronger on one side of the 

hair follicle (the side that the future hair grows away from) than on the 

other70. This differential expression gives rise to differential growth, resulting 

in orientation of the hair follicle along an antero-posterior axis. The Wnt-7a 

gene may also be involved71. Shh is a homolog of the Drosophila gene 

Hedgehog, a signalling molecule responsible for the establishment of segment 

polarity, regulation of limb growth and initiation of neural tube formation 72. 

How the differential expression is brought about is still unclear, although the 

homeobox gene Cutl1 (a homolog of the Drosophila gene Cuticle) seems to be 

required for Shh expression and may be involved in determining which cells 

respond to Bmp or Wnt signalling with Shh production73. The mouse Shh 

knockout has a severe, lethal phenotype with limb and neural tube 

abnormalities. It is less well-known that this mouse also has abnormal hair 

growth74,75. The hair follicles that develop are abnormally large, whereas the 

dermal papilla is too small. Some differentiation of hair matrix cells takes 

place but hairs do not form. Apparently Sonic Hedgehog is required for 

proliferation of the dermal papilla; the effect is mediated by Gli2. The Gli2 

gene is a mammalian homolog of the Drosophila segment polarity gene 

cubitus interruptus76. Shh binds to a receptor known as Patched1, or Ptch1 77. 

This transmembrane protein is interacting with a 7-transmembrane signal 
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transducer (probably G-protein coupled) called Smoothened (Smoh)78,79. The 

signalling process is complex. In the unbound state, Ptch inhibits Smoh 

function through an as yet unknown mechanism. Upon binding of Shh to 

Ptch1, Smoh is released from inhibition and inhibits Costal2 (Cos2) activity, 

probably via Fused (Fu). Cos2 is a microtubule binding protein, connecting 

the cytoskeleton to a signal system in manner that is similar to the E-

cadherin/ß-catenin system. Target genes of the Shh signal system are among 

others En1 and Gli1-3, Bmp genes and Wnt genes. In humans, mutations in 

PTCH1 cause basal cell nevus syndrome (MIM #109400) 80,81. The most 

prominent features of basal cell nevus syndrome are developmental 

disturbances and basal cell carcinomas, suggesting an intimate link between 

hair follicle development and oncogenesis. Indeed, it has been hypothesized 

that basal cell carcinomas arise from skin stem cells that are committed to a 

hair follicle fate (Tilli et al., in press). The available molecular evidence 

suggests that this is indeed true82. Abnormal hair has not been described as 

part of this phenotype although in our experience patients tend to have rather 

coarse and curly hair. The importance of SHH signalling in human hair 

development is made clear by disorders that affect the processing of the SHH 

protein. It is synthesized as a precursor that traffics to microsomes and 

undergoes cleavage of a signal peptide. Within the endoplasmic reticulum, it 

undergoes autoproteolytic cleavage into a 19 kDa N-terminal product  (SHH-

N) and a C-terminal product of 25 kDa (SHH-C)83-85. All of the known 

biological patterning activity resides in SHH-N86. The cleavage is auto-

catalytic, but a reaction intermediate is hydrolyzed by cholesterol that 

becomes attached to the C-terminus of SHH-N87,88. This unusual modification 

is required for the biological activity of SHH-N. There are some human 

hereditary disorders that elegantly demonstrate the importance of this 

process for normal development of the skin and hair. The Conradi-

Hünermann-Happle syndrome (MIM #302960) is characterized, among other 

symptoms by linear ichthyosis, coarse lusterless hair and linear alopecia89. It 

is caused by a deficiency of 3-beta-hydroxysteroid-delta(8), delta (7)-
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isomerase, a principal component of the cholesterol biosynthetic route. The 

coding gene, Emopamil-binding protein  (EBP), is located on Xp1190-92. As a 

consequence of the mutation, cholesterol availability in affected cells is too 

low for normal SHH signaling. Because the disorder is X-linked dominant, 

affected females will show functional mosaicism as a consequence of 

lyonization93. Affected hair follicles either do not grow or show disturbed 

orientation, resulting in either linear alopecia or coarse hair; exactly what 

would be predicted from the role of SHH in hair follicle development.  A 

related disorder is called CHILD syndrome (MIM #308050). CHILD is an 

acronym for congenital hemidysplasia, ichthyosis and limb defects. It is 

caused by deficiency of a 3-beta hydroxysteroid dehydrogenase (NSDHL) 

that takes care of a step in cholesterol biosynthesis prior to that effected by the 

EBP protein94. As expected, symptoms can be more severe than in Conradi-

Hünermann-Happle syndrome and include linear alopecia and again, coarse 

hair95. Interestingly, CHILD syndrome shows extreme lateralization of the 

symptoms. The known role of SHH in left-right determination96 may partly 

explain this phenomenon. CHILD syndrome thus represents a very important 

lesson about the development of symmetry and asymmetry in humans. 

Unfortunately, we do not yet understand it. 

The regulation of genes such as En1 is another mechanism by which Shh 

regulates tissue polarity97. If the latter is over-expressed, normal tissue 

polarity is disrupted, resulting in ectopic hair growth98. That Shh can regulate 

the expression of Bmp and Wnt genes suggests the presence of a feedback loop 

in growth regulation. Shh is a secreted molecule that can signal over a 

distance of several cell diameters99. Hence, the signal may be used to precisely 

delineate growth zones. In the developing feather, Shh promotes cell death of 

barb ridges whereas Bmp promotes survival69. An intricate balance between 

death and growth thus sculpts the prospective feather barb. It is conceivable 

that a similar process is taking place in the developing hair follicle. The 

subsequent stages in hair development are far less well elucidated at the 

molecular level.  
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Follicle cycling and apoptosis 

 

Once established and fully differentiated, the hair follicle must initiate its 

cycle of continuous growth and remodelling. In contrast to many other 

mammals, humans do not moult regularly. Hair follicle cycling in humans is 

asynchronous although a seasonal influence on the length of different parts of 

the hair cycle has been noted100. The author is aware of two patients suffering 

from true seasonal hair loss. They may represent so-called atavistic mutations, 

where a more primitive phenotype emerges once modern regulatory 

mechanisms are out of the way. X-linked hypertrichosis (MIM 307150) is 

another fascinating example of an atavism101,102. Little is known about the 

regulation of hair follicle cycling in humans. It is probably influenced (as it is 

for example in sheep), by sex hormones, light and circadian genes. One 

hormone known to influence the hair cycle is prolactin. In mice, prolactin can 

induce a transition from anagen to catagen103,104. Since prolactin secretion is 

stimulated by light exposure105 it is logical to assume an influence of prolactin 

on seasonal variations of hair growth as seen in other mammals106-114.  There 

are no firm data for humans, but it is of interest to note that one of the 

symptoms of hyperprolactinemia can be hair loss115,116. Perhaps 

unsurprisingly, another hormone involved in adapting the organism to the 

seasons, melatonin, also influences hair growth in various mammal 

species117,118. It will be of interest to examine the melatonin responses of 

human hair.  

Global regulation of hair follicle cycling is still something of a mystery, but 

the molecules governing the transitions between the phases of the follicle 

cycle are now coming into view.  

The molecular mechanisms of anagen initiation are now being charted and, 

perhaps unsurprisingly, they are the same as those that initiate the 

development of the hair during embryogenesis. In telogen skin, the dermal 

papilla shows strong Bmp4 expression. Bmp4 functions as an inhibitor of 
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anagen; it was predicted more than ten years ago that telogen skin contains an 

inhibitor of anagen119. Upon transition to anagen, the dermal papilla, outer 

root sheath and hair germ start to express Noggin, thus antagonizing Bmp4120. 

As demonstrated by Jamora et al., Noggin can, together with a Wnt signal, 

down-regulate E-cadherin expression and set the stage for remodelling of the 

hair follicle11. The entire sequence of early hair development is repeated in 

early anagen120-122. The events preceding the changes in Noggin expression are 

unknown. Plucking the hair or traumatizing it in another way is known to 

initiate anagen, preceded by apoptosis of cells remaining after removal of 

telogen hair follicles123,124. Chase and Eaton found that there is a minimum 

number of hairs that needs to be plucked for anagen to be initiated125. 

Apparently, some secreted factor that can be released by trauma initiates 

anagen if there is enough of it. Several proteins have been proposed as the 

signal but none have been confirmed as such16. Neurotrophin-3 has been 

implicated in anagen development as well126, suggesting that the central 

nervous system or parasympathetic nervous system can in some ways 

influence the hair cycle, too. Probably, a combination of external signals such 

as prolactin or melatonin combine with an internal “clock”, perhaps 

analogous to circadian rhythm proteins, times the initiation of anagen. Several 

human clock genes, involved in the regulation of circadian rhythms, are 

expressed in skin and mucosa127,128. Their mRNA levels correlate with the cell-

cycle, such that high levels of hPER1 are followed by DNA synthesis127. The 

clock proteins may also be involved in regulating the initiation of anagen or 

the response of hair follicle cells to mitogenic signalling. Alternatively, an 

oscillating gene expression system such as the one that regulates somite 

identity may be involved19,129-133. Here, oscillating levels of the Lunatic Fringe 

gene and several members of the bHLH family (such as mammalian Hairy 

genes) are thought to regulate Notch expression134,135. Intriguingly, periodic 

Notch signalling depends on the presence of Wnt3a/ß-catenin signalling136. 

Wnt signalling is also involved in the initiation of the anagen phase as 

described above. These circular relationships suggest a central role for Wnt 

31



 

signalling in hair follicle growth and cycle control. The clock governing the 

hair follicle cycle may very well be a modified version of the one that patterns 

the early embryo.   

During the hair cycle, there is intense remodelling of several parts of the hair 

follicle. Progression through the various phases of the cycle requires correct 

remodelling; if this process goes awry, hair loss may ensue. Indeed, careful 

study of a mouse and human hair loss phenotype has provided compelling 

evidence for a central role of the zinc-finger containing transcription factor 

HAIRLESS (HR). In 1998, Ahmad et al demonstrated that mutations in the HR 

gene cause the hereditary autosomal recessive disease atrichia universalis 

with papular lesions (MIM #209500/203655)137,138. In an inbred Pakistani 

family, newborn children underwent ritual shaving at one week of age. 

Affected children, though born with hair, never grew any after the shaving. 

Hence, the first moult did not take place. Affected children were incapable of 

growing terminal hair or vellus hairs. On the scalp they developed papular 

lesions. Recent data and careful examination of patients shows that these 

lesions are not limited to the scalp but may also be found on the knees and 

elbows. Examination of similar lesions in the homologous mouse hairless 

mutant has demonstrated that these lesions are hair follicles that have 

degenerated to cysts filled with keratinous material. Panteleyev et al have 

convincingly demonstrated that this is caused by a failure of hair follicles to 

properly localise apoptosis during the anagen-catagen transition139. Mice that 

carry a mutation at the Hairless (Hr) locus develop seemingly normal hair 

follicles but shed their hairs completely soon after birth. Their hair follicles 

degenerate into characteristic dermal cysts shortly after the onset of the first 

catagen. Instead of undergoing their normal catagen-associated involution, 

the hair bulb and central outer root sheath disintegrate into separate cell 

clusters, thus disrupting all epithelial contact with the dermal papilla. The 

now isolated hair follicle portions form cysts while re-growing. Some dermal 

papilla cells that normally do not undergo apoptosis also die. Loss of 

functional Hr leads to a premature, highly deregulated catagen.  More recent 
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work has shown that apoptosis occurs as early as the anagen-catagen 

transition and takes part in reorganising the hair follicle in such a way that 

the hair can be ejected without taking all of the bulb and root sheaths with 

it140. It is of interest to note that analysis of the Hr function offers a glimpse 

into the regulation of hair follicle cycling - two independent regions of Hr 

mediate binding to thyroid hormone receptors 141,142. Hr interacts with histone 

deacetylases, enzymes that modulate chromatin structure and thereby repress 

gene activity 143. Hr appears to be functioning as a co-repressor. Thus, Hr may 

be involved in modulating the effects of thyroid hormone on hair growth. 

Perhaps this explains the hypotrichosis that is often observed in the context of 

hypothyroidism. To make matters even more complex, inactivating mutations 

of the vitamin D receptor (VDR) result in vitamin D resistant rickets (MIM 

#277440) with a congenital atrichia that is identical to the one caused by HR 

mutations, suggesting that the proteins interact with each other 144. Indeed, it 

was recently demonstrated that the vitamin D receptor (VDR), a zinc finger 

protein that belongs to the same family as HR, interacts with the HR protein 
145. The latter inhibits expression of VDR target genes. The hair phenotype 

resulting from inactivating VDR mutations suggests that the HR/VDR 

complex represses a repressor of cycling. This type of negative regulation is 

not uncommon (the sonic hedgehog receptor functions in this way146) and the 

idea that the basic state of hair cycle progression is a “blocked” one is 

intriguing because it is quite compatible with Panteleyev’s observations of 

aberrant apoptosis140. Using apoptosis as a kind of clock to time hair follicle 

cycling makes biological sense since apoptosis tends to be an all-out process 

that is itself not easily fine-tuneable whereas an apoptosis-blocking agent can 

be regulated precisely. Doubtlessly, many other proteins are involved in the 

anagen-to-catagen transition. For instance, injection of Tgfβ1 into anagen hair 

follicles of mice induces early apoptosis and entry into catagen147,148. Normal 

catagen follicles show co-localization of Tgf receptor-II and apoptotic hair 

follicle cells147, strongly suggesting a role for Tgfβ1 in normal hair follicle 

cycling. It is tempting to speculate that Τgfβ1 is also active in adult life by 
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taking part in regulating apoptosis. More recent results suggest that the 

perifollicular vasculature may also be involved in catagen induction149; a 

single report suggests that skin mast cells may actually regulate the hair 

follicle cycle150. Hair follicle cycle regulation is a highly complex process; the 

more we know about it, the more daunting the complexity will become. A 

systems biology approach that integrates extensive computer modelling of 

genetic pathways with molecular cell biology will eventually be needed to 

help us understand it 151.  
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Cycle length control 

 

Comparatively little is known about how the length of the different phases of 

the hair follicle cycle is regulated. This is an important issue: the length of the 

anagen phase determines the length that the hair can attain. The angora 

mutation in cats, mice and hamsters has been known since ancient times and 

has been thoroughly bred into these animals for the beautiful lustrous coats it 

generates. The phenotype in mice is caused by mutations that either delete or 

render dysfunctional the Fgf5 gene152. This member of the fibroblast growth 

factor family apparently limits the length of the anagen phase152, a behaviour 

that is entirely consistent with that of other fibroblast growth factors. In mice, 

the angora mutation lengthens the anagen phase by approximately three 

days153. Other than their name might suggest, most of them effect negative 

regulation of growth processes. For instance, FGF3 inhibits longitudinal bone 

growth154. Activating mutations in the target receptor FGFR3 are known to 

cause the disorders achondroplasia, hypochondroplasia and thanatophoric 

dwarfism155-158. In these skeletal dysplasias, growth has been severely 

restrained. Interestingly, the mutations lead to increased growth in another 

FGF target organ, the skin. Severe varieties of achondroplasia can be 

accompanied by acanthosis nigricans and activating mutations in FGFR2 can 

lead to severe acne159,160. It is highly likely that FGF5 has a similar mode of 

action in regulating the length of the anagen phase of the cycle and that it 

does so in human hair as well. The ability to induce an angora mutation in 

humans would be of considerable interest for cosmetics if the anagen phase 

can be lengthened without causing fragility of the hair. In angora mice, the 

increased anagen length comes at a price since the hair cuticle shows 

structural defects that can be expected to weaken the hair153.  

In humans, long lustrous hair is appreciated very much and it is logical to 

assume that the angora mutation also affects humans (figure 3). It is tempting 

to speculate that the (recessive) mutation has been selected for in performing 
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artists and fashion models. It may be of interest someday to conduct a survey 

for the presence of hypomorphic FGF5 alleles in them.  
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The HOX code and hair 

 

In segmented organisms such as humans and fruit flies, segment identity is 

determined largely by the so-called “HOX code”. Several Drosophila genes 

that code for DNA binding proteins are involved in the regulation of 

segmentation and segment identity. Genes such as Antennapedia are involved 

in determining the identity of appendages; the Antennapedia mutant has legs 

on its head instead of antennae. Such transformations, where one segments 

obtains the identity of another, are called “homeotic” (from the Greek 

′Οµοιος, meaning “of a similar nature”). The genes that can effect such 

transformations all share a 183-bp DNA binding domain that was named 

“homeodomain” or “homeobox”. There are 39 vertebrate Hox homeobox 

genes that are arranged in four parallel loci (A, B, C, and D). The genes in each 

cluster can be aligned on the basis of homology within the homeobox to form 

so-called paralog groups. The paralog groups are numbered 1-13. The Hox 

genes from paralogs 1 through 8 can be related to specific HOM-C genes such 

as Antennapedia161. The paralogs 9 through 13 appear to be equally related to 

the Drosophila Abdominal-B (Abd-B) gene162. The interesting thing about the 

linear arrangement of the vertebrate Hox genes is that their expression in the 

vertebrate paraxial mesoderm reflects their arrangement on the chromosome. 

That is, the Hox genes that are 5’ in the cluster are expressed later and in more 

caudal areas than the genes that are 3’. This beautiful phenomenon is called 

co-linearity163 and it is seen in all vertebrates with homeobox gene clusters. 

The Abd-B gene in Drosophila specifies abdominal segments, its human 

paralogs specify caudal and abdominal structures, a truly stunning display of 

functional evolutionary conservation. The HOX code, then, is defined as the 

combination of Hox genes expressed at a particular time in a particular locus 

or segment. Segment identity is determined by the code. One of the most 

important discoveries regarding the homeobox genes in recent years has been 

that, in humans and in mice, they are also involved in determining the 
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identity of appendages such as digits and the genital system164,165. For 

instance, dominant missense mutations in the human Abd-B class HOXA13 

gene can cause hand-foot-genital syndrome (MIM #140000), a rare disorder 

characterized by abnormalities of distal limb patterning and Müllerian duct 

fusion166. Perhaps unsurprisingly, other studies have expanded the role of 

Hox genes even further and shown that some are expressed in skin, in a 

region-specific manner. In mice,the Abd-B paralog Hoxc13, a very posterior 

member of the Hox-C complex, is expressed in hair follicles throughout the 

body as well as in vibrissae and, curiously, in the tongue, hinting at the 

possibility of evolutionary ties between hair and tongue development. Mice 

lacking Hoxc13 suffer from posterior vertebral defects, as expected. They also 

are born without vibrissae and later suffer from alopecia as a result of brittle 

hair. Hair follicles are formed normally, but the hairs break before they 

emerge167. As it turned out, Hoxc13 regulates keratin gene expression168. The 

hair keratin promoters contain numerous putative Hox binding core motifs: 

TAAT, TTAT, and TTAC168. Quite surprisingly, Hox genes are apparently not 

involved in patterning the hair but in regulating the expression of its 

constituents. It is not clear how this makes sense from an evolutionary point 

of view. Hoxc13 seemingly violates the principle of co-linearity as it is 

expressed throughout the skin, but the first expression of this particular Hox 

gene in mice is seen during segmentation. There, co-linearity is respected. It 

seems as if the Hox genes were co-opted for other tasks and are utilized after 

being set up for use during segmentation169. The same applies to other Hox 

genes that have been put to use in other processes such as cardiovascular 

morphogenesis170. With the Hox genes involved in hair keratin regulation, it 

should be relatively straightforward for the genome to actually specify the 

mix of keratins in a hair by altering the HOX code. Although an unproven 

supposition, it is not unreasonable to speculate that regional differences in 

hair texture are due at least in part to variations in the keratin content as 

dictated by the HOX code. 
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Regional specificity-where to grow hair and make it look like it 

should 

 

Hair structure and growth pattern are not the same all over the body. Some 

areas lack hair altogether whereas in others, the hairs are paired with 

apocrine sweat glands and may play a role in spreading pheromones171,172. 

The basis for this regional specifity is not well understood. Variations in 

texture may be specified by the HOX code, but we are pretty much in the 

dark as to why, for example, we do not have hair on the palms of our hands. 

It is quite possible that the genes that are involved in inducing hair growth 

also impart some form of specificity. For instance, the mouse Tabby mutant 

selectively lacks zigzag and guard hairs in the coat. Auchene hairs, peri-anal 

hairs and vibrissae are relatively unaffected173. Obviously, different hair types 

have different requirements for their morphogenetic processes. 

Unfortunately, this last statement more or less sums up the current state of 

our knowledge.  

The question of the simple presence or absence of hair can probably be 

answered a little more easily. The engrailed-1 (En1) knockout mouse shows a 

transformation of ventral paw structures to dorsal ones98. Not only are the 

tendons specified as dorsal ones, the normally bare ventral paws are hairy in 

this mouse. Engrailed-1 is a mammalian homolog of the Drosophila gene 

Engrailed. By now, it should not be a surprise anymore to learn that Engrailed 

is a homeobox gene that is essential for early patterning events in the 

developing fruit fly embryo. In Drosophila, Engrailed induces Hedgehog (Hh) 

expression in the posterior part of abdominal segments and in the posterior 

part of the wing imaginal disc (the ectodermal placode from which the wing 

develops)174. The Hh protein, in turn, diffuses to neighbouring cells where it 

induces expression of the Drosophila Bmp homolog Decapentaplegic and of 

Wingless (Wg)174. These specify the anterior boundary. It will be obvious to the 

reader that these events almost exactly mirror early events in mammalian hair 
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follicle morphogenesis. As research progresses, more parallels will without 

doubt be found. Several other Drosophila genes involved in segment 

specification and growth turn out to have mammalian homologs that are 

involved in hair growth, limb development and so on (for example: cubitus 

interruptus and the GLI family, Patched and the mammalian PTCH genes). We 

will need to understand Drosophila development to truly understand hair 

follicle biology. 

Meanwhile, in the En1 knockout mouse, the transformation of the ventral 

paw can now be understood from the Drosophila model as an expansion of 

Wingless expression. The phenotype associated with absence of Wnt-7a 

elegantly confirms this idea by showing dorsal-to-ventral transformations175. 

From experiments in the domestic chicken it appears that the dorsalizing 

activity of Wnt-7a in is mediated through the regulation of the LIM-

homeodomain transcription factor Lmx-1. The human equivalent is associated 

with the hereditary disorder nail-patella syndrome (NPS, MIM #161200), 

characterized by congenital absence of nails and patellae as well as kidney 

failure176. The absence of nails is likely to be the consequence of a patterning 

defect, where the fingertip ventral domain, probably specified by EN1 or a 

homolog thereof, has expanded to include the dorsal surface. The absence of 

patellae is likewise the possible result of a dorso-ventral patterning defect. 

From the above, one might expect patients to show an abnormal hair 

distribution but no hair defects have yet been described in nail-patella 

syndrome. This may be the consequence of an ascertainment bias or a true 

absence of abnormalities.  

Nature uses the same tools over and over again. The same genes that specify 

where the hair will grow are also used to start growing the hair. Once the 

embryo has developed to term, they are used to maintain the hair follicle 

cycle. In our search for “master” genes that control the fate of the embryo, 

such circular mechanisms are unsatisfying. There must be some kind of 

beginning in the Cartesian sense. What genes determine where EN1 will be 

expressed and specify ventral regions? Though largely conjectural, it is highly 
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likely that Drosophila again will be the key to understanding. In the fruit fly, 

the earliest establishment of pattern is mediated through maternal effect 

genes such as Bicoid177. Next, the antero-posterior polarity is further 

subdivided by gap genes such as Krüppel and Hunchback178, after which 

individual segments are sequentially established by pair-rule and 

segmentation genes bearing strange names, such as Fushi tarazu, Even-skipped 

and  Engrailed. There does seem to be some kind of hierarchy and it is the 

author’s opinion that we can fully expect to find a similar hierarchy of 

patterning genes, including maternal effect genes, in the human. Hence it can 

be predicted that hair-bearing regions are specified by the mammalian 

equivalents of the genes that specify regions of En1 and Wg expression in fruit 

flies. Fushi tarazu (Ftz) is one of them179. It belongs to the Antennapedia class of 

homeobox genes. In humans, “dorsal” apparently translates to “hairy” in 

many cases (this principle can be appreciated by paying a visit to any beach 

during summer), and given the amount of evolutionary conservation seen so 

far in these pathways, it is tempting to speculate that a gene or genes similar 

to Ftz is/are involved as a kind of master regulator. A PSI-BLAST180 search of 

the high-throughput genome sequencing (HTGS) and SWISSPROT databases 

(http://www.ncbi.nlm.nih.gov) with the protein sequence of the Drosophila 

Ftz mRNA finds no obvious orthologs, but it is interesting to note that several 

homeobox genes of paralog group 5 show significant homology extending 

into the FTZ domain that defines fushi tarazu. Human HOX genes may be 

involved in the specification of hair-bearing regions. A conditional knockout 

of (several of) the Hox genes in mouse skin would be of great value in 

addressing this proposition. 
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The cytoskeleton and intercellular adhesion  

 

Obviously, hair is more than just growing cells. Most of the visible part of the 

hair consists of heavily cross-linked (through sulphur bridges) alpha-keratins 

of the “hard” variety. Keratins are members of the intermediate filament 

protein family and have even been found in the lowly cephalochordate 

(invertebrate) Amphioxus181. Such an impressive degree of evolutionary 

conservation usually implies that the protein has a vitally important and non-

redundant function and indeed, intermediate filament molecules are essential 

for maintaining the structural integrity of metazoan (multicellular organisms) 

cells. Intermediate filaments get their name from the fact that their diameter 

(10 nm) is intermediate between that of microfilaments such as actin (6 nm) 

and microtubules (around 20 nm). Interestingly, special proteins belonging to 

the intermediate filament family, the nuclear lamins, are found in the nuclear 

envelope. The gene structure of lamins suggests that they may be the 

progenitors of the cytoplasmic intermediate filament proteins182. This 

observation allows for many interesting speculations about the evolution of 

metazoan eukaryotic cells. The construction of a nucleus was an obvious 

innovation, allowing the emergence of eukaryotes. Bacteria and other 

protozoa do not have a nucleus. How the eukaryotic ancestor acquired a 

nucleus is the subject of intense debate and will maybe forever remain an 

unanswered question. A 1996 paper by Gupta and Golding suggests a 

chimeric model183. "Chimeric" refers to an organism containing tissues from at 

least two genetically distinct parents. The Gupta-Golding model proposes 

that the first eukaryotic cell arose as the result of a fusion between a Gram-

negative eubacterium (host) without a cell wall and an archaebacterium 

(symbiont). The nucleus appeared as the result of the folding in of the host’s 

membrane around the engulfed cell and apparently allowed the construction 

of complex biparental genomes. Single-celled eukaryotes and plants are 

different. Their nuclei do have membranes and nuclear pore complexes but 
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lack lamins and inner nuclear membrane proteins182,184. It would seem that 

these nuclear envelope proteins constitute another innovation that 

subsequently allowed for the evolution of multicellular non-plant organisms 

(metazoa), the first of which probably resembled modern sponges. 

Interestingly, the more complex the metazoan, the more lamins it seems to 

have. Caenorhabditis Elegans (a small nematode or roundworm) only has one 

lamin gene albeit one with unusual properties185,186.  Vertebrates have some 

inner nuclear membrane proteins that are absent from invertebrates (the 

Lamin Associated Proteins (LAP)). Plants have nuclear membrane genes that 

have no homologs in other metazoan genomes, suggesting that they evolved 

their nuclear envelope separately. Hence, the emergence of a nuclear 

envelope is intimately linked to the emergence of multicellularity. Why 

multicellular life requires special nuclear envelopes will remain the subject of 

conjecture. The connection between developing a cytoskeleton and 

multicellularity is easier to understand in a teleological way. A single-cell 

organism does not require mechanical rigidity because, obviously, gravity 

and internal turgor will work together to impart some stiffness upon the cell. 

There is no danger of structural damage under the influence of gravity or the 

feeble forces exercised by the cell’s motor proteins as they move. Multicellular 

organisms on the other hand will require an intra- and extracellular scaffold 

to prevent their entire structure from collapsing under the influence of 

gravity. The other stresses generated by the interaction with the physical 

environment must also be dissipated. The evolution of exo- and 

endoskeletons is a good example of adaptation to physical stress on the 

macroscopic scale.  

On the microscopic scale, the intracellular scaffold or cytoskeleton has 

evolved to a high degree of efficiency and intricacy in the vertebrate 

integument. Skin, hair and nails require a great deal of mechanical strength 

and their cytoskeleton has evolved accordingly. In mammalian hair and skin, 

the most important cytoskeletal proteins are the α-keratins. The alpha refers 

to the fact that the central rod domain of mammalian keratins is an α−helix. In 
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reptiles and their distant relatives the birds, the central domain of the main 

keratins is a β-sheet. The different tertiary (and probably quaternary) 

structures doubtlessly explain the structural differences between reptilian 

appendages and their mammalian counterparts. Keratins come in many sizes 

and types, but can be subdivided into acidic (type I) and basic (type II) 

groups. Their clustering in paralogous groups on chromosomes 17 and 12 

respectively suggests that they evolved through duplication events from a 

single common ancestor. The acidic keratins are keratins (KRT) 9-20 and the 

hair keratin group Ha, the basic keratins are KRT8-18 and the hair keratin 

group Hb. Interestingly, KRT 8 and 18 are the first to be expressed in 

embryogenesis and are thought to be the oldest of the lot in evolutionary 

terms.  Again, it seems that embryogenesis recapitulates some aspects of 

evolution. The genes coding for keratins 8 and 18 are exceptional in that they 

are both in the type II cluster on chromosome 12, supporting the notion that 

the different keratins evolved through a series of duplications. Keratins are 

never alone – they exist as obligate heterodimers of one acidic and one basic 

keratin. Most keratins only have one partner but some promiscuity exists. K1 

can pair with keratins 9 and 10 as demonstrated by our and other groups’ 

finding that mutations in the K1 gene can lead to a palmoplantar keratoderma 

that is virtually indistinguishable from that caused by mutations in K9 

(Terrón et al, unpublished data)187,188. The only difference is in the extent of 

the palmoplantar keratoderma – K1 keratoderma extends onto the proximal 

wrist crease since K1 is expressed up to that area.  K9 keratoderma is limited 

to the palmar side of the hand and does not extend beyond the distal crease. 

The clinical phenotypes associated with keratin gene mutations have shown 

that keratins are highly tissue-specific, being expressed preferentially in 

circumscribed skin layers and areas. In the hair, trichocyte keratins form the 

bulk of the hair fiber. These specialized keratins are sulfur-rich, allowing the 

formation of disulphide bonds that strongly connect the molecules and 

impart significant elasticity and tensile strength upon the hair. A “perm” is 

possible because of these disulphide bonds. If they are broken by either 
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heating or chemical disruption, the hair can be molded into a desired shape 

that may or may not be aesthetically pleasing. Cooling the hair will allow 

disulphide bonds to form anew, fixing the hair in its new shape. It will be 

obvious that repeated chemical and thermal attack on the keratins would lead 

to denaturation of the proteins with loss of tertiary structure and function. 

Hence, the result of the perm is often a weathered appearance to the hair, 

prompting the disappointed clients to again visit their hairdresser for repairs 

to their damaged coiffures. Mutations affecting trichocyte keratins can be 

expected to lead to hair abnormalities that closely mimic those seen after a 

failed perm. Indeed, in patients suffering from the hair disorder monilethrix, 

mutations in the trichocyte keratin genes hHb1 and hHb6 were first identified 

by Winter et al. in several unrelated pedigrees189,190. We recently 

demonstrated that a mutation in hHb3 can also cause a classical monilethrix 

phenotype (van Steensel et al, in press). In monilethrix, the hair is brittle, 

doesn’t grow long and has a weathered appearance. In all, it looks like a 

failed perm. Microscopic examination shows a beads-on-a-string appearance 

that lends the disease its name (“monile” means necklace). The spacing of the 

beads is strictly regular. We do not know why. Interestingly, a scarring 

alopecia leading to permanent baldness can occur in monilethrix. Apparently, 

the hard keratins are also an important component of hair follicle structural 

integrity. This does not necessarily mean that they are expressed in the cells of 

the inner or outer root sheaths. Those have their own keratins.  

In epithelia, keratins are connected to protein complexes that reside in the cell 

wall and are called desmosomes. They firmly connect neighbouring cells to 

each other. By inserting into the desmosome, keratins in one cell can connect 

indirectly to those in another cell and form an intricate intermediate filament 

network that imparts mechanical strength upon the tissue191. 

The importance of this scaffold in maintaining tissue integrity is vividly 

illustrated by the severity of the blistering disorders that result either from 

autoimmune attack on desmosome constituents or from congenital absence of 

a desmosome protein192. The composition of desmosomes changes with cell 
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type and adapts itself to the functional requirements of the cell. In epithelia, 

desmosomes anchor keratin intermediate filaments to the cell membrane193. In 

other cell types such as Purkinje cells of the heart and meningeal cells they 

anchor desmin and vimentin intermediate filaments, respectively. Three 

protein families make up the main building blocks of desmosomes. These 

include the desmosomal cadherins (desmogleins and desmocollins), the 

armadillo family proteins (plakophilins and plakoglobin) and the plakins 

(desmoplakin, periplakin, plectin and envoplakin)191. Each family has its own 

defining protein motifs. Most of our current understanding of desmosome 

assembly comes from immuno-electron microscopy and in vitro reconstitution 

studies that departed from earlier work on adherens junctions. From these 

studies it was predicted that intermediate filaments bind to desmoplakin, 

which in turn binds plakoglobin that is associated with the desmosomal 

cadherins194. The latter constitute the core of the desmosome. By and large, this 

model seems to be an adequate general description of desmosome structure. 

However, it has become increasingly difficult to map the interactions between 

the various proteins as more protein family members are being discovered. 

Also, lateral interactions rather than the linear chains described above seem to 

play an important role in determining desmosomal plaque mechanical 

strength. The extent of these interactions is largely unknown. Recent data also 

suggest that desmosomes may have other functions besides maintaining 

structural tissue integrity. For instance, the desmosome protein Plakoglobin 

can interfere with ß-catenin signaling by linking with Apc and with 

Lef/Tcf195,196. If overexpressed in Xenopus, plakoglobin can mimic ß-catenin 

overexpression and cause axis duplication197. Plakoglobin is also capable of 

activating c-myc and of inhibiting apoptosis198. These findings could indicate 

that desmosomes can function as signal transducers and may as such be 

important for hair follicle morphogenesis. In what respects these signaling 

capabilities contribute to the skin phenotype observed in hereditary 

desmosomal disorders remains to be determined, but the study of the 
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availabe mouse models may supply information that helps to answer this 

question. 

Components that do not belong to any of these families may serve other 

functions 199. To complicate matters even further, recent evidence suggests that 

members of a particular gene family may partly or completely take over the 

function of a missing protein. For instance, forced Desmoglein (Dsg) 3 

expression in mouse skin can prevent the blistering that occurs upon injection 

of pemphigus foliaceus antibodies against Dsg1200. In the blistering disorder 

pemphigus foliaceus, this happens in the oral mucosa, where enough Dsg3 is 

made to protect the mucosa from the blistering resulting from the autoimmune 

attack on Dsg1.  It is an important observation that suggests that gene therapy 

for desmosomal disorders can take the form of stimulating expression of genes 

that can compensate for missing ones. Obviously, precise knowledge of protein 

interactions in vivo is a requirement for such therapy. Finally, clinical 

observations also indicate that there exist interactions not predicted from the 

model nor observed in vitro. Keratinocytes from patients with a 

PLAKOPHILIN-1 (PKP1) mutation show collapse of the intermediate filament 

network, indicating that PKP-1 interacts with keratins. This interaction can 

explain part of the phenotype caused by the mutations (chapter 10)201. From 

these observations, it is clear that in vivo model systems, e.g., knockouts, are 

urgently needed to complement in vitro research. At present there are only 

four known mouse models, one of which is a naturally occurring desmoglein3 

null mutant called balding. The desmoplakin and plakoglobin mutants die in 

utero, precluding in vivo study 202,203. The lanceolate mutant is bald due to 

absence of functional desmoglein4204. The balding and lanceolate mutants show 

that mutations affecting desmosomal components can lead to hair loss. In 

humans, mutations in the already mentioned PKP1 gene lead to ectodermal 

dysplasia-skin fragility syndrome (McGrath syndrome, MIM #604536), a 

disorder characterized by progressive loss of sparse, curly hair as well as 

extreme fragility of the skin 201,205. DESMOPLAKIN1 (DSP1) mutations and 

deletion of JUNCTIONAL PLAKOGLOBIN1 (JUP1) lead to quite similar 
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disorders characterized by woolly hair, palmoplantar keratoderma and heart 

rhythm disturbances with ventricular dilatation206,207. In the case of JUP1 

deletions, the resulting disorder is also known as Naxos disease (MIM 

#601214), because cases cluster on the Greek island of Naxos207. The disease 

caused by DSP1 mutations is also known as Carvajal-Huerta syndrome (MIM 

#605676). 
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Communication 

 

While most of this review has focused on intracellular events and long-range 

communication, the discussion of desmosomes shows that what happens 

between neighbouring cells is quite important. It has become increasingly 

clear that skin and hair follicle cells are utterly dependent for their normal 

functioning on their ability to quickly exchange information with their 

neighbours. The differentiation events described above require a means for 

rapid intercellular communication. In Drosophila for instance, Wingless 

signalling in the foregut depends on the presence of innexins, the fruit fly 

equivalent of vertebrate gap junctions208. Indeed, it seems that a failure to 

establish rapid communication channels can result in sometimes dramatic 

malfunctions of skin and its appendages. 

Gap junction or “connexin” genes code for 4-pass transmembrane proteins 

that can assemble to form hexameric aqueous channels or connexons in the 

cell membrane. Connexons in adjacent cells will pair to form an intercellular 

passage, the gap junction, that allows for quick transport of water, ions and 

small (<1kDa) molecules. The gap junction proteins form a large family of at 

least 24 proteins that are divided into three families based on sequence 

similarity.  Gap junction assembly can be heterotypical, with different 

connexins making up a connexon, or homotypical, in which case the 

connexon is composed of one connexin type only209. The basis for this 

selectivity is poorly understood, as are the functional consequences. There is 

little doubt that channel composition is of vital importance for several aspects 

of its function. The connexins are named either for their molecular weight in 

kilodaltons (eg., connexin26, 30 and so on) or after their family affiliation (eg., 

GJA1, GJB6 et cetera). Both naming systems are used interchangeably in the 

literature. Gap junctions are found throughout the animal kingdom, mainly in 

tissues that require their constituent cells to be electrically coupled and 

engage in rapidly networked behavior. For instance, the hair cells in the 
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cochlea are responsible for the mechano-electrical transduction of sound 

waves transmitted to the inner ear. Of vital importance for this function is the 

maintenance of a high intracellular potassium level throughout the hair 

cells210,211. The gap junctions between the hair cells allow a quick passage of 

potassium ions, maintaining a constant potassium concentration in all hair 

cells and effectively linking them into a syncytium. Similarly, in the Purkinje 

system in the heart, the gap junction channels effect electrical coupling and 

allow propagation of the sinus node signal212. In peripheral nerves, 

propagation of the action potential requires the presence of gap junctions213. It 

is not known what gap junctions do in the skin in a physical sense. There are 

some data suggesting that they are involved in the propagation of Ca2+ waves 

in the skin214. Considering the importance of Ca2+ in epidermal 

differentiation, the influence that gap junctions exert on skin differentiation 

may be mediated at least in part by their effect on Ca2+ signalling.  

The developments in the field of intercellular communication have been 

rapid. Increasingly, clinical phenotypes are correlated with specific gap 

junction gene mutations, offering insight into the function of gap junctions in 

the skin. For instance, congenital hypotrichosis and thickening of the nails can 

be caused by disturbances of gap junction intercellular communication 

(chapter 6)215. Of particular interest in this regard are the gap junction genes 

GJB2 (connexin26) and GJB6 (connexin30). Mutations in the former can cause 

widely different phenotypes depending upon the exact nature of the 

mutation9. There is a strong genotype-phenotype correlation that is presently 

poorly understood. The keratitis-ichthyosis-deafness syndrome (KID, MIM 

#148210) is caused by three different mutations in GJB2 – G12R (glycine to 

arginine), S17F (serine to phenylalanine) and D50N (aspartic acid to 

asparagine) 216,217. See chapter 4. KID syndrome is characterized by a severe 

erythrokeratoderma, keratitis, bilateral sensorineural deafness and a 

propensity to develop squamous cell carcinoma 216. A scarring alopecia causes 

hair loss but there is also a congenital hypotrichosis. The hystrix-like 

ichthyosis-deafness syndrome (HID, MIM #602540) is identical with KID, 
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being associated with D50N 218. Curiously, a mutation that is very near G12, 

namely N14K (asparagine to lysine) causes a phenotype that differs 

considerably from KID syndrome (chapter 7)219. Hypotrichosis is part of it as 

are deafness and nail dystrophy, but there is neither keratoderma nor 

keratitis. Whence the difference is presently unclear although some recent 

data suggest that D50N is a gain-of-function mutation causing gap junctions 

that contain mutated connexins to signal too strongly. Perhaps this explains 

the hyperproliferation of skin observed in KID syndrome. However, GJB2 is 

known to interact with GJB6, which may also explain part of the phenotype. 

Also, there is evidence to suggest that interference with GJA1 (connexin43) 

may be responsible for the occurrence of skin symptoms, at least in the 

context of dominant GJB2 and GJB6 mutations220. The in vitro findings are 

supported by our recent identification of a deletion mutation affecting the C-

terminus of GJA1, causing oculo-dento-digital dysplasia (MIM #164200) with 

palmoplantar keratoderma (van Steensel et al., in press; chapter 8). Skin 

symptoms have never been described as a symptom in ODDD. However, all 

mutations described so far were missense mutations affecting the first 

intracellular and transmembrane domains of GJA1. It seems that the C-

terminus of GJA1 is instrumental in some way in causing the skin symptoms. 

This finding suggests that an important interaction between GJB2, 6 and GJA1 

may take place through the C-terminal domain of GJA1. 

The dominant GJB6 mutations G11R (glycine to arginine), V17E (valine to 

glutamic acid) and A88V (alanine to valine) can cause Clouston syndrome 

(MIM #129500), a highly variable phenotype of hypotrichosis, palmoplantar 

keratoderma and nail dystrophy 221,222. The variability is such that nail 

thickening may be the only symptom215. It is to be expected that several cases 

of simple hypotrichosis (for instance hypotrichosis simplex) or isolated 

twenty-nail dystrophy will turn out to be caused by GJB6 mutations. All 

available data suggest a vital role for gap junction communication in hair 

growth and development but it is not understood what this role is. An 
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international collaborative effort to understand the consequences of gap 

junction mutations is currently underway.    
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Some recent developments and the need for a new publishing 
system 
 

The above review was by no means exhaustive. Some genes involved in the 

patterning of skin and its appendages were not mentioned because of their 

relatively small role in the whole. Others were not because their role wasn’t 

known when writing the part of the review that they should be in. Some 

recent developments should be mentioned because they point to previously 

unknown participants in hair development or because they support some 

hypothesis presented above. 

The hypotrichosis-lymphedema-telangiectasia syndrome (HLT, MIM 

#607823) is a rare disorder, first described by us in 1998 and characterized by 

congenital hypotrichosis, lymphedema and vascular defects such as 

telangiectasias (chapter 15)223. We recently found recessive as well as 

dominant mutations in the SRY-box containing transcription factor SOX18 224. 

While it is not yet known why the mutations lead to hair loss, it was recently 

demonstrated that the vascular adhesion molecule VCAM-1 is a target of 

SOX18 regulation, explaining at least part of the phenotype 225. Other targets 

of SOX18 are not yet known, but it is of interest to note that a related SOX 

gene product, SOX17, can negatively regulate the WNT-ß-catenin-TCF 

pathway in Xenopus by binding directly to the armadillo repeats in ß-catenin 
226. Jamora et al have convincingly shown that the WNT pathway is essential 

for the earliest steps of hair follicle development 11. It is likely involved in the 

control of hair follicle cycling as well. Thus, it is tempting to speculate that the 

absence of SOX18 leads to inappropriate activity of ß-catenin with 

disturbances of the hair follicle cycle as a consequence. Elucidating the role of 

SOX18 and ß-catenin in the control of hair follicle growth and cycling will be 

of great value for our understanding of hair follicle biology. Nail 

abnormalities are not part of the HLT syndrome, suggesting that SOX18 has a 

function that is unique to hair and vascular endothelia.  
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New syndromes? 

 

In molecular dermatology, the identification of new syndromes is of great 

importance as they point to as yet unidentified key players in the 

development of integumentary structures.  The HLT syndrome that was 

mentioned above is an example. 

An interesting “new syndrome” that will teach us much about epithelial 

patterning was recently reported in a Mexican family 227. Affected persons 

suffered from ulnar ray hypoplasia and palmar polyonychia, that is, the 

presence of nails on the palmar surfaces of the fingertips. Obviously, a normal 

nail is not supposed to be there. One of the reasons for this is polarization, the 

process by which dorsal and ventral identity of the limb is determined and 

that was explained above. The phenotype in this family is curiously similar to 

that of the En1 knockout mouse and may be caused by absence of EN1 or one 

of its interacting proteins. Elucidating its cause will be of great value for 

understanding nail patterning.  

Nail growth can also be affected in hereditary disease as for instance in 

Clouston syndrome or the pachyonychias. These disorders demonstrate the 

importance of communication and structural integrity of the cytoskeleton. 

That there must be other proteins governing nail thickness is aptly 

demonstrated by the phenotype of HOPP syndrome (MIM 607658, chapter 14) 
228. “HOPP” is an acronym of Hypotrichosis-Osteolysis-Periodontitis-

Palmoplantar keratoderma. A peculiar keratoderma and acro-osteolysis are 

some of its most conspicuous symptoms, but of particular interest here are the 

nail abnormalities. From an early age, they are irregularly thickened, dark 

yellow and strongly curved. The nails look as if they are affected by a 

mycosis.  

The entire symptom complex strongly resembles Papillon-Lefèvre/Haim-

Munk syndrome (PLS/HMS, MIM #245000/#245010)229,230 while sharing the 

osteolysis with pycnodysostosis231,232 (“Toulouse-Lautrec’s disease”, MIM 

#265800). Both are cathepsin diseases. Cathepsins are proteolytic enzymes 
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that are involved, among others, in lymphocyte and monocyte function by 

proteolytically activating enzymes involved in cellular killing, such as 

granzyme A. They process antigens for presentation by the class II major 

histocompatibility complex 233-235. Apparently, some also serve an important 

role in normal cornification as well but it is not yet known which. Perhaps 

they are required for normal desquamation by cleaving desmosomal 

structures, similar to the serine protease SPINK5 236-238. Several cathepsin 

genes were analyzed in HOPP syndrome but no mutations were found. Thus, 

the existence of HOPP syndrome points to an unknown cathepsin or a protein 

that closely interacts with the cathepsins that are expressed in skin and 

monocytic lineage cells and must have a pivotal role in nail growth and 

development.  

 

ArXiv for biosciences 

 Current progress in molecular biology is such, that any written review is 

outdated by the time it appears in print or even online. Online papers, 

unfortunately, often appear long after they have been submitted due to the 

time-consuming review process. The lack of a system such as arXiv 

(www.arxiv.org) that accepts physics papers and publishes them online, 

allowing peer review and prompt experimental validation of the results by 

anyone who is capable of doing so, is seriously holding back the biological 

sciences. Progress is being sacrificed to the accretion of “scoops” and the 

gratification of egos and there are no signs of impending change in this 

regard. As long as impact factors and citation indices are used to measure the 

scientific “quality” of researchers in the biosciences the system will remain in 

place. 
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Aims of this thesis 
 

Considering the above, the aims of this thesis can now be stated as follows: 

1. To demonstrate the genetic basis of different inherited diseases 

affecting the hair and other organ systems with a special focus on gap 

junction diseases; 

2. To  provide a thorough clinical description of the diseases caused by 

the various mutations that we found in the course of our research; 

3. To describe new and/or rare syndromes that point to yet unidentified 

genes and their proteins that play key roles in normal hair 

development; 

4. To provide a synthesis of current knowledge and indicate the direction 

that future research efforts may take. 
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Chapter 2 
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The Gene for Hypotrichosis of Marie Unna Maps between D8S258 and
D8S298: Exclusion of the hr Gene by cDNA and Genomic Sequencing
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Summary

Hypotrichosis of Marie Unna (MU) is an autosomal
dominant hair-loss disorder with onset in childhood. A
genomewide search for the gene was performed in a large
Dutch family using 400 fluorescent microsatellite mark-
ers. Linkage was detected with marker D8S258, and
analysis of this family and a further British kindred with
additional markers in the region gave a combined max-
imum two-point LOD score of 13.42, with D8S560.
Informative recombinants placed the MU gene in a 2.4-
cM interval between markers D8S258 and D8S298. Re-
cently, recessive mutations in the hr gene were reported
in families with congenital atrichia, and this gene was
previously mapped close to the MU interval. By radia-
tion-hybrid mapping, we placed the hr gene close to
D8S298 but were unable to exclude it from the MU
interval. This, with the existence of the semidominant
murine hr allele, prompted us to perform mutation anal-
ysis for this gene. Full-length sequencing of hr cDNA
obtained from an affected individual showed no muta-
tions. Similarly, screening of all exons of the hr gene
amplified from the genomic DNA of an affected indi-
vidual revealed no mutations. Analysis of expressed se-
quences and positional cloning of the MU locus is
underway.
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Introduction

Alopecia is a common genetic trait in humans, primarily
affecting males, in the form of male pattern baldness
(Dawber 1997). Although intrinsically benign, the cos-
metic effect of alopecia is considerable, and, therefore,
demand for novel treatments for baldness is correspond-
ingly large. Recently, a small number of genes have been
identified in which mutations produce human hair loss,
either alone or in conjunction with other ectodermal
defects.

A single-gene form of baldness, congenital atrichia
(MIM 203655; also called “congenital atrichia with pap-
ular lesions”), has been described in the literature. Con-
genital atrichia is an autosomal recessive disorder caus-
ing complete loss of all hair, beginning at an early age
(Ahmad et al. 1993). Recently, the congenital atrichia
gene was mapped to chromosome 8p22-p21, and mu-
tations were reported in the human homologue of the
murine hair-loss gene, hairless (hr), in a number of fam-
ilies (Ahmad et al. 1998a, 1998b; Cichon et al. 1998;
Nothen et al. 1998; Zlotogorski et al. 1998). The hr
mouse was originally described in 1926 (Brooke 1926),
but it was not until recently that the murine gene was
identified (Cachon-Gonzalez et al. 1994). The hairless
protein is a putative transcription factor thought to be
involved in the regulation of the hair cycle, although the
precise molecular mechanisms have yet to be elucidated
(Panteleyev et al. 1998b). The genomic organization of
the human hr gene has been recently described, including
an alternate transcript that shows some degree of epi-
dermal specificity (Cichon et al. 1998; Ahmad et al.
1999). Ahmad and colleagues extensively analyzed the
tissue distribution of hr expression (Ahmad et al. 1999).

Mutations in the hair keratins hH6b and hH1b have
been shown to cause monilethrix, which is a structural
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Figure 1 Pedigrees of two white families with MU that were used for linkage analysis, showing autosomal dominant inheritance. A,
Pedigree of family 1, who are of Dutch origin. B, Pedigree of family 2, who are of British origin. Asterisks (*) indicate individuals from whom
DNA was available for study.

disorder of the hair and often is accompanied by alopecia
(Healy et al. 1995; Winter et al. 1997a, 1997b). In ad-
dition, a number of ectodermal dysplasia genes and loci
have been identified in which alopecia is one of the ep-
ithelial defects. The conditions involved include X-linked
ectodermal dysplasia, caused by mutations in the EDA
gene (Kere et al. 1996); skin fragility/ectodermal dys-
plasia syndrome, caused by loss of plakophilin-1 ex-
pression (McGrath et al. 1997); Clouston syndrome,
which maps to 13q11-q12.1 (Kibar et al. 1996); and
Papillon-Lefevre syndrome, which has been recently
mapped to 11q14 (Laass et al. 1997).

In 1925, the Hamburg-based dermatologist Marie
Unna described a new type of autosomal dominant al-
opecia, which she had observed in an extended northern
German pedigree (Unna 1925). This disorder is now
known as “hypotrichosis of Marie Unna” (MU; MIM
146550). Later, Ludwig (1953) reexamined the same
family, and, since these first descriptions, a number of
others have appeared in the literature (Borelli 1954; Ste-
vanovic 1970; Peachey and Wells 1971; Solomon et al.
1971; Bentley-Phillips and Grace 1979; Speigel and
Hundeiker 1979; Wirth et al. 1985). MU is a rare dis-
order and is characterized by hair loss in a Norwood
(or Hamiltonian) pattern (Dawber 1997). At birth, scalp
hair is sparse, and the eyelashes and eyebrows are es-
pecially affected. During childhood, hair growth ensues,
but the hairs that appear are coarse and wiry. In contrast
to congenital atrichia—which appears, on the basis of
the small number of cases so far studied, to result in
complete hair loss in the early years of life—MU causes

hair loss in the years close to the onset of puberty. Al-
though eyebrows and body hair are somewhat affected
in MU, progressive alopecia of the scalp is the main
feature of the disorder. Identification of the MU gene
may give a valuable insight into the molecular-genetic
mechanisms underlying other types of baldness in hu-
mans and may open the door to novel therapeutic ap-
proaches. Here, we show that the MU gene maps to a
locus on human chromosome 8p.

Patients and Methods

Clinical Findings

The pedigrees of families studied are shown in figure
1. Family 1 was of Dutch origin, family 2 of British
origin. All kindreds examined exhibited the hallmarks
of autosomal dominant inheritance, as previously de-
scribed for MU. Affected persons in both families
showed typical progression of alopecia, as illustrated in
figure 2.

The proband in family 1, individual VI-2, a 47-year-
old white female, presented to the outpatient clinic of
the Department of Clinical Genetics at the Free Univer-
sity Hospital in Amsterdam with complaints of pro-
gressive hair loss. Apparently, hair growth had been
sparse and wiry since childhood. Eyebrows and eye-
lashes had always been thin. Although the hair report-
edly did grow during childhood, the vertex and parietal
areas remained bald. At the onset of puberty, the hair
loss apparently worsened. Axillary and pubic hair failed
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Figure 2 Clinical appearance of MU disease in similarly affected females from (A) family 1 (individual VI-2) and (B) family 2 (individual
IV-25). Both show the characteristic pattern of hair loss.

to develop. After the birth of her first child, the hair loss
again increased. According to the patient, her mother
and several other family members had an identical dis-
order. The same abnormalities were found in the pa-
tient’s mother, whose disease history was identical. Ad-
ditional affected family members were also examined
and had very similar abnormalities of the hair, as well
as almost identical disease histories. The pedigree was
consistent with an autosomal dominant pattern of inher-
itance.

On examination, the patient was found to have ex-
tensive bitemporal and parieto-occipital alopecia (fig. 2).
No hair-follicle openings were evident in the bald area.
The remaining hair was coarse and wiry, and some hairs
showed a wavy hair shaft. Eyelashes and eyebrows, as
well as terminal hair on the rest of the body, was scarce.
Teeth, eyes, and nails were normal. Microscopic ex-
amination of the hair showed irregular hair shafts (not
shown). Knotting the hair resulted in square knots, a
diagnostic feature of MU. Identical clinical and micro-
scopic abnormalities were found in additional family
members.

Family 2 was of British origin, and affected individuals
presented with clinical histories essentially identical to
those of the Dutch family described above. A diagnosis
of MU was made. Informed consent was obtained, and
blood samples for DNA analysis were collected from
members of both families.

Genotyping and Linkage Analysis

Four hundred microsatellite markers were derived
from the Applied Biosystems LMS2 mapping panel (Per-
kin-Elmer) and were used according to the manufac-
turer’s recommended protocol with minor modifica-
tions. The main changes were that DNA was used at a

concentration of 100 ng/ml, instead of the recommended
25 ng/ml, and that 40 PCR cycles were used. In brief,
markers were PCR amplified by use of a fluorescently
labeled primer and Amplitaq Gold polymerase (Perkin-
Elmer), in buffer containing 2.5 mM MgCl2. The re-
sultant PCR products were analyzed on an ABI 377 au-
tomated DNA sequencer. Gel data were extracted by use
of the ABI Genescan software, and microsatellite peaks
were analyzed by use of the ABI Genotyper program.
For the initial genome screen, 24 meioses from family 1
were used and linkage was scored by eye. Markers that
showed only one recombination event or that were either
partially or completely uninformative were used to an-
alyze 30 meioses from family 2. Two-point LOD scores
were computed by the MLINK algorithm of LINKAGE
version 5.1, under the assumptions of a mutant-allele
frequency of .001 and 99% penetrance. Marker-allele
frequencies were assumed to be equal in the population.

Mutation Detection for the hr Gene

cDNA was prepared from primary epidermal keratin-
ocyte cultures, as described elsewhere (McLean et al.
1995). The entire coding sequence of the human hr gene
was amplified in a series of overlapping fragments by
reverse transcription–PCR (RT-PCR) with primers de-
rived from the published cDNA sequence (Genbank ac-
cession number AF039196; Ahmad et al. 1998a). RT-
PCR was performed under standard conditions, and the
products were directly sequenced with the ABI Prism
system. Sequencing ladders were analyzed on an ABI 377
DNA sequencer. These same primers were used to am-
plify genomic DNA templates, by the Boehringer High
Fidelity PCR system. The 3′ UTR sequence was obtained
by 3′ rapid amplification of cDNA ends (RACE) PCR
with the Clontech Marathon kit. The 5′ UTR sequence
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Table 1

Combined LOD Scores for MU Families 1 and 2, for 8p Markers

MARKER

LOD SCORE AT v �

0 .01 .05 .10 .20 .30 .40

D8S511 �27.39 �2.37 1.49 2.53 2.50 1.66 .72
D8S1827 �18.65 �1.33 1.77 2.67 2.66 1.89 .91
D8S549 �11.21 �.78 1.25 1.73 1.56 1.03 .48
D8S1731 �27.48 �1.68 2.59 3.78 3.76 2.69 1.31
D8S261 7.53 7.45 7.03 6.37 4.81 3.11 1.44
D8S1715 3.53 3.46 3.15 2.75 1.96 1.20 .54
D8S258 3.33 8.13 7.99 7.23 5.35 3.33 1.43
D8S282a 11.91 11.71 10.84 9.69 7.19 4.51 1.80
D8S560a 13.42 13.18 12.18 10.90 8.18 5.28 2.33
D8S298 6.59 10.89 10.61 9.65 7.30 4.70 2.08
D8S1786 10.48 10.28 9.46 8.42 6.27 4.07 1.92
D8S1733 9.25 9.08 9.37 7.47 5.61 3.68 1.69
D8S1752 10.96 10.78 10.04 9.03 6.84 4.50 2.12
D8S1739 �4.60 2.28 2.65 2.80 1.86 1.12 .48
D8S1771 �6.86 3.30 4.16 4.04 3.08 1.87 .74

a Showed no visible recombinants.

Figure 3 Haplotype analysis of part of family 1, showing the
two recombinants that delineate the 2.4-cM MU critical region be-
tween markers D8S258 (distal) and D8S298 (proximal). As shown in
figure 4, distances of markers from the telomere, according to the
Généthon map, are: D8S258, 40.3 cM; D8S282, 41.6 cM; D8S560,
42.2 cM; and D8S298, 42.7 cM.

of cDNA and the genomic equivalent, which includes
an intron equivalent to intron 1 in the murine sequence,
was obtained by a combination of 5′ RACE and cross-
species PCR with primers designed from the murine 5′

UTR sequence. Mutation detection was performed on
an affected individual from family 1 by use of both the
cDNA and the genomic DNA strategies, making, in each
case, a comparison with cDNA or genomic DNA from
a normal, unrelated individual.

Radiation-Hybrid Mapping

Exon 3 of the hr gene was amplified by use of primers
located in the flanking introns, 2 and 3: HRe3.L (sense
strand, 5′ CCC CTT CCT TCT TGC TTG TC 3′) and
HRe3.R (antisense strand, 5′ ATA AAG CCT ACA GAC
CCC GC 3′). This sequence tagged site was used to
screen the Stanford G3 radiation-hybrid panel (Research
Genetics), which gave the following data vector: hr 00
0000000000000000000000000000000100000100100
11000000010000000000101000000001000000. The
microsatellite markers D8S258 and D8S298 were also
mapped, with the published primers and conditions.
Markers were used to screen the panel in triplicate to
ensure accuracy, and the resultant data vectors were
mapped via the Stanford radiation-hybrid website.

Results

Mapping of the MU Gene to Human Chromosome 8p

A genomewide search for the MU gene was under-
taken by use of the ABI LMS2 mapping panel, which
consists of 400 fluorescently labeled microsatellite mark-
ers spaced at intervals !10 cM across the genome. Ini-
tially, 24 meioses from family 1 were analyzed, and link-

age was assessed by eye. Linkage was detected with
markers D1S206, D4S1597, D5S400, D8S258, and
D18S57. Genotyping of additional individuals from
families 1 and 2 revealed that four of these linkages were
false, the exception being D8S258, which is located on
chromosome 8p. With the latter marker, analysis of ad-
ditional meioses in family 1 and family 2 resulted in a
significant combined two-point LOD score of 3.33 at
recombination fraction (v) 0, as shown in table 1. Link-
age analysis was performed on both families by use of
an additional 14 microsatellites in the vicinity of
D8S258, to further define the locus. Two-point LOD
scores obtained by genotyping both families with these
markers are outlined in table 1. A highly significant max-
imum combined two-point LOD score of 13.42 at v �

was obtained with marker D8S560.0
Two critical recombinants were observed in individ-

uals from the Dutch family (family 1; fig. 1), with mark-
ers D8S258 and D8S298, as shown in figure 3. These
recombination events place the MU gene in the interval
between these markers, representing a genetic distance
of 2.4 cM, based on the current CEPH-Généthon Inte-
grated Map.

Exclusion of the hr Gene as a Candidate for MU

The MU locus is well within the interval to which the
human hr gene has been mapped, mutations in which
cause the recessive hair-loss disorder congenital atrichia
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Figure 4 Radiation-hybrid map of MU locus, based on the Stan-
ford G3 panel. Distances are in cR10,000. On the basis of this mapping
panel, the hr gene was located 7 cR10,000 from marker D8S298 but
could not be ordered relative to this and nearby markers. Note that
the order of markers is different from that given by the Généthon
linkage map (see table 1): D8S560 and D8S1733 are in reverse order.
Our linkage data are consistent with the Généthon order. Physical
mapping of the locus should resolve this inconsistency.

(Ahmad et al. 1998a; Cichon et al. 1998). Specifically,
the previous mapping studies had placed the hr gene in
the interval between D8S261 and D8S1771, by use of
radiation-hybrid mapping (Cichon et al. 1998). Since we
had critical recombinants with D8S258 and D8S298,
which are 2.4 cM apart in the middle of this region, we
performed radiation-hybrid mapping using the Stanford
G3 panel to discover if the hr gene lies within this MU
critical region. D8S258, D8S298, and the hr gene were
scored in triplicate on the G3 panel. Data vectors ob-
tained for D8S258 and D8S298 were identical to those
reported by the Stanford Human Genome Center. The
hr gene was placed 7 cR10,000 (centiRays for a 10,000
rad radiation hybrid panel) distant from D8S298 (fig.
4). However, the G3 panel was unable to resolve the
order of markers at this locus. (A description of how
the G3 radiation hybrid panel was constructed and an
explanation of the units of distance used can be found
at the Stanford radiation-hybrid website.) Therefore, we
were unable to exclude the hr gene from the MU interval
by this means and proceeded to analyze the hr gene for
mutations in MU. Interestingly, the order of markers on
the G3 map of this region (fig. 4) is not fully consistent
with the Généthon linkage map of the locus (table 1).
Specifically, the positions of D8S560 and D8S1733 are
reversed on these two maps. Our linkage data are con-
sistent with the Généthon ordering of these markers, and
one possibility is that the G3 data for these markers have
been switched. Physical mapping of the locus should
further resolve these inconsistencies.

Mutation detection for the hr gene was performed in
two ways. First, the entire hr cDNA was amplified by
RT-PCR using mRNA derived from skin-biopsy samples
from an affected individual in family 1 and a normal
unrelated individual and was fully sequenced. The UTRs
of the human hr mRNA were not present in the GenBank
entry for the gene and so were first determined by 5′ and
3′ RACE techniques. This was particularly important in
the case of the 5′ UTR sequence, which contains an in-
tron in mice and therefore might harbor splicing mu-
tations (Cachon-Gonzalez et al. 1994). Sequencing of
the cDNA revealed a number of minor sequence changes
from the published human hr cDNA sequence (Ahmad
et al. 1998a), as reported (Cichon et al. 1998; Ahmad
et al. 1999). All changes observed were also detected in
normal unrelated individuals and were therefore ex-
cluded as pathogenic mutations. Second, mutation de-
tection was performed by use of genomic DNA. Initially,
the intron-exon organization of hr was not available,
and so we determined it independently, although these
data have been recently reported by other groups (Ci-
chon et al. 1998; Ahmad et al. 1999). We found the
intron-exon organization of the gene to be identical to
that published. We also cloned the 5′ UTR sequence from
cDNA and genomic DNA by a combination of 5′ RACE

PCR and cross-species PCR, using primers derived from
the murine sequence. Like the murine sequence, the hu-
man 5′ UTR of the hr gene contains an intron (Cichon
et al. 1998; Ahmad et al. 1999). Again, no mutations
at the genomic DNA level, including all intronic splicing
and branch point sites, were found in an affected person
from family 1.

Discussion

Here, by genomewide linkage analysis with fluores-
cent microsatellite markers, we have mapped an auto-
somal dominant gene for a human hereditary hair-loss
syndrome, MU. On the basis of two critical recombi-
nation events in the Dutch family studied (family 1; fig.
1), we have shown that the gene for MU is located in a
2.4-cM region between Généthon markers D8S258 (dis-
tal) and D8S298 (proximal) on human chromosome
8p22-21 (fig. 3). A strong candidate gene in this region
is the human homologue of the murine hairless gene, hr,
which was previously mapped to the center of a region
delineated by markers D8S261 and D8S1771 (Ahmad
et al. 1998a). Homozygous mutations in this gene have
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been demonstrated in families with the autosomal re-
cessive disorder congenital atrichia. These include ho-
mozygous missense mutations (Ahmad et al. 1998a,
1998b; Cichon et al. 1998); homozygous deletion mu-
tations (Zlotogorski et al. 1998; Ahmad et al. 1999);
and a homozygous splice-donor mutation (Cichon et al.
1998). Homozygous loss-of-function mutations in the
murine hr gene have recently been shown to underlie
various rhino mouse phenotypes: hrrh-8J (Ahmad et al.
1998d); hrrhY (Panteleyev et al. 1998a); and hrrhChr (Ah-
mad et al. 1998c), in addition to the original hairless
phenotype (Cachon-Gonzalez et al. 1994). The hr poly-
peptide is a putative transcription factor that may con-
trol apoptotic events in the hair cycle (Panteleyev et al.
1998b). Here, we have performed higher-resolution ra-
diation-hybrid mapping of hr but have been unable to
exclude it from the MU critical region. We have shown
by radiation-hybrid mapping that hr lies very close to
D8S298, a marker with which we observed recombi-
nation in MU (fig. 4). However, we were not able to
place this gene outside the MU locus by this method.

Autosomal dominant inheritance has not been de-
scribed for congenital atrichia, and the heterozygous car-
riers of the mutant alleles reported are apparently
asymptomatic (Ahmad et al. 1993, 1998a, 1998b; Ci-
chon et al. 1998; Zlotogorski et al. 1998). We speculated
that MU might be caused by dominant-negative muta-
tions in hr, whereas the mutations seen in congenital
atrichia act in a recessive, loss-of-function fashion. Sup-
port for this hypothesis was gained from examination
of the Mouse Genome Database. There are several in-
dependent mutant alleles of the hr gene in mice, such as
the rhino alleles hrrh (Howard 1940), hrrh-8J (Ahmad et
al. 1998d); hrrhY (Panteleyev et al. 1998a), and hrrhChr

(Ahmad et al. 1998c), the bald allele hrba (Garber 1952);
and the insertional mutant hrTgN5053Mm (Jones et al.
1993). All of these alleles are recessive; however, one
mouse mutant known as “near-naked,” hrn, is allelic
with the recessive hr mutations and shows semidomi-
nance, giving a milder hair-loss phenotype in heterozy-
gotes and a more severe phenotype in homozygotes
(Stelzner 1983). This evidence, combined with the close
proximity of the human hr gene to the MU locus, led
us to postulate that MU might well be a dominantly
acting mutation in hr, and so we undertook mutation
detection for this gene in our MU patients, using both
cDNA and genomic DNA. However, no mutations were
found by either approach.

In conclusion, the MU gene maps to a locus close to
but apparently distinct from the hr gene on 8p22-21.
There are several expressed sequence tags that map to
this region, none of which represent good candidates
and the vast majority of which are anonymous (NCBI
Gene Map ’98). Extensive BLAST analysis of these se-
quences (Altschul et al. 1990; Altschul et al. 1997) failed

to identify any of them with homology to hr, to other
transcription factors, or to other potential candidates.
We are now constructing a physical map of the locus to
allow identification of the MU gene, a gene that un-
doubtedly encodes a protein that plays an important role
in hair development and maintenance in humans.
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Cutaneous Biology

HID and KID syndromes are associated with the same connexin
26 mutation
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Summary Background Keratitis–ichthyosis–deafness (KID) syndrome is a debilitating ectodermal dysplasia

that predisposes patients to develop squamous cell carcinomas in addition to leading to profound

sensory deafness and erythrokeratoderma. We recently demonstrated that KID can be caused by a
specific missense mutation in connexin 26 (GJB2). Another syndrome, called hystrix-like

ichthyosis–deafnesss (HID) syndrome, strongly resembles the KID syndrome. These disorders are

distinguished mainly on the basis of electron microscopic findings. We hypothesized that KID and
HID syndromes may be genetically related.

Objective To demonstrate by mutation analysis that HID and KID syndromes are genetically

indistinguishable.
Methods DNA was extracted from paraffin-embedded tissue samples of the first HID syndrome

patient described in the literature. Since the KID syndrome mutation abolishes an AspI restriction

site, we were able to screen the patient’s DNA by polymerase chain reaction and subsequent
restriction enzyme analysis.

Results Restriction analysis of the connexin 26 gene in HID syndrome demonstrated the presence

of the KID syndrome mutation that we previously described. This result was confirmed by direct
DNA sequencing.

Conclusions We show that KID and HID syndromes are identical at the molecular level and

confirm the clinical impression that these syndromes are one and the same. That previous clinical
reports made a distinction may be a consequence of sampling artefacts; alternatively, genetic

background effects such as the presence of concurrent mutations in other skin-expressed genes may
modify the phenotype.

Key words: cancer, connexin, deafness, erythrokeratoderma, ichthyosis

Hystrix-like ichthyosis–deafness syndrome or HID syn-

drome (MIM 602540) is an autosomal-dominant
inherited keratinizing disorder characterized by senso-

rineural deafness and spiky hyperkeratosis affecting the

entire skin. The disease manifests itself shortly after

birth primarily with erythroderma. After the first year

of life, the phenotype develops, with spiky and cobble-
stone-like hyperkeratosis covering the entire skin

surface. Palms and soles are only mildly affected.

Scarring alopecia can be part of the syndrome. A mild
punctate keratitis has also been described in some

patients.1–4 HID is considered to differ from the similar

autosomal-dominant keratitis–ichthyosis–deafness or
KID syndrome (MIM 148210) in the extent and time

of occurrence of skin symptoms and the severity of the

associated keratitis. The KID syndrome, although the
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name suggests otherwise, is believed to represent a type
of erythrokeratoderma with skin changes already

present at birth. In addition, a severe palmoplantar

keratoderma has been reported in patients suffering
from KID syndrome. Electron microscopic features were

also reported to differ between the two disorders.1,5–11

Otherwise the phenotypes are similar.12 An intriguing
characteristic of both syndromes is the cancer pre-

disposition. Both HID and KID syndrome patients show

an increased incidence of squamous cell carci-
noma.10,13–16 This unique symptom separates HID

and KID syndromes from a group of disorders charac-

terized by a very similar skin phenotype, the erythro-
keratodermas. These skin diseases can also be

associated with sensory deafness and can be caused

by mutations in two members of the connexin gene
family, specifically connexin 31 (GJB3 gene)17 and

connexin 30.3 (GJB4).18 Clouston syndrome (hidrotic

ectodermal dysplasia 2, MIM 129500) is another
disease associated with skin abnormalities, nail dystro-

phy and alopecia and is linked to mutations in

connexin 30 (GJB6).19 Specific mutations in several
connexins are also associated with non-syndromic

sensorineural deafness.20 Connexins are membrane

proteins, that assemble into hexameric hemichannels
(connexons) that dock with a neighbouring hemichan-

nel in an adjacent cell to form intracellular aqueous

communication channels known as gap junctions.
These are present in virtually all mammalian cells and

serve as conduits for ions and small molecules (up to

1 kDa) allowing rapid exchange of information be-
tween cells. The protein structure is highly conserved

among different mammalian species, especially at the

membrane-bound and extracellular protein domains
essential for correct folding, protein–protein interac-

tions and voltage gating.21

Recently we identified a connexin 26 mutation in a
patient diagnosed with KID syndrome.22 The missense

mutation (D50N) is located at the first extracellular

protein domain and may disrupt proper protein inter-
actions between connexins or gap junction voltage

gating. The same mutation was found in seven other

KID patients.23 In addition, two other missense muta-
tions in the first intracellular connexin 26 protein

domain were found in two other patients.23

Here, we present evidence that KID and HID

syndromes are both associated with an identical

connexin 26 missense mutation and may represent a
spectrum of phenotypic variability associated with one

single gene mutation.

Case report

The patient represents the first case described in the

literature.1,24 Skin changes had been present since
birth and were progressive. The patient suffered from

severe bilateral sensory hearing loss. Keratitis was not
present. The formation of multiple squamous cell

carcinomas was noted since the age of 31 years. These

tumours occurred predominantly on the lower legs.
Treatment consisted of surgical removal and there was

no evidence of recurrence after complete excision. The

patient’s son is also affected, suggesting autosomal-
dominant inheritance.4

Upon physical examination we saw spiky hyperkera-

tosis and sharkskin-like ichthyosis on the face and
scalp. Dark-yellow to grey hyperkeratosis and erythro-

Figure 1. Extensive spiky hyperkeratosis covering most of the skin

with a slightly erythrodermic aspect. Cobblestone-like hyperkeratosis

is present on the scalp. Hypotrichosis of eyebrows, eyelids and scalp is

likewise present.
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derma were present over the entire skin surface

(Fig. 1,2). The palms and soles were affected by a

grey-brown hyperkeratosis. A hearing test performed
by measuring EEG potentials revealed profound bilat-

eral neurosensory hearing loss. Electron microscopic

examination of skin biopsies demonstrated reduction of
tonofilaments and the presence of membrane-bound

granules containing an undefined mucous substance

(data not shown), as previously described.1

Methods

Mutation analysis

Prompted by the clinical similarity between KID and
HID syndromes, we examined genomic DNA extracted

from paraffin-embedded tissue samples for the presence

of a connexin 26 mutation. The DNA was extracted
using the Puregene DNA isolation kit (Gentra systems,

Minneapolis, MN U.S.A) according to the manufac-

turer’s instructions. The single exon connexin 26
primer sequences were as follows: Cx26F, GCA TGC

TTG CTT ACC CAG ACT C; Cx26R, AGG GGA GCA

GAG CTC CAT TG; Cx26FS, CAG AAG GTC CGC ATC
GAA GG; Cx26RS, GCT TCG AAG ATG ACC CGG AAG.

Results

Because the known KID mutation (148G fi A;
D50N) abolishes an AspI restriction site, we analysed

this site by polymerase chain reaction and restriction
digestion and demonstrated that the HID patient is

heterozygous for lack of the restriction site (Fig. 3). The

KID syndrome patient described previously22 shows an
identical restriction pattern in contrast to her healthy

family members (Fig. 3). Subsequently, we confirmed

the presence of the mutation by direct sequencing and

found no additional variations in the connexin 26 gene
(data not shown). The sequences were assembled and

analysed with the Phred–Phrap–Consed software

tools.25–27 The mutation was a G fi A transition
designated 148G fi A, causing an aspartic acid to

asparagine change at codon 50 (D50N). This mutation

has been found previously by this group and
others22,23 in patients diagnosed with KID syndrome.

Discussion

We present evidence that KID and HID syndromes are
identical on the molecular level: patients with both

disorders carry the heterozygous missense mutation

D50N in the highly conserved first extracellular domain
of connexin 26. The disputed12 clinical distinction

between the two syndromes was based on age at onset

of symptoms and a supposed lack of involvement of

Figure 3. AspI digests of connexin 26 polymerase chain reaction
products (primers Cx26F–Cx26RS). Lane 1, Digest derived from HID

syndrome patient; 2, KID syndrome patient;22 3, healthy brother of

KID patient;22 4, KID patient’s unaffected mother.22 M indicates DNA

size markers; arrow indicates undigested mutant allele (550 bp,
digested products: 295 and 255 bp).

Figure 2. Erythroderma and impressive cobblestone-like hyper-

keratosis around the knees that in some areas abruptly changes into

a spiky hyperkeratosis.
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palms and soles.12 The latter symptom is not a reliable
indicator, as palm and sole involvement in KID

syndrome is quite variable.6 The keratitis in HID

syndrome is supposed to be less severe than that found
in KID syndrome, but the number of reports available

for examination preclude firm conclusions in this area.

Moreover, keratitis is in itself a rather non-specific
symptom that does not serve well to differentiate disease

entities. Ultrastructural features were previously repor-

ted to distinguish the two disorders. Specific changes in
HID syndrome were reported to consist of reduction of

tonofilaments in the epidermis and excess formation of

so-called �mucous granules�1 and accumulation of this
undefined mucous material in the intercellular spaces of

the epidermis. However, there is a report of similar

abnormalities in patients diagnosed with KID syn-
drome.28 Failure to find them in other KID patients

may be a sampling artefact as the erythrokeratoderma

has a regional distribution, with some skin areas being
more severely affected than others. It is conceivable that

the presence of electron microscopic abnormalities

correlates with the presence of severe skin symptoms.
Despite the tenuous clinical evidence for a distinction

between HID and KID syndromes, variability in clinical

presentation of KID syndrome exists. Genetic back-
ground effects such as concurrent mutations and

polymorphisms in other skin-expressed genes can

explain this phenomenon. Such digenic mutation effects
have been previously observed for connexin-associated

forms of deafness.29 Nevertheless, there are no solid

clinico-pathological arguments to differentiate the dis-
orders. This notion is now confirmed by our finding of

the KID syndrome-associated D50N mutation in the

connexin 26 gene in our patient.
In conclusion, we show that HID syndrome is

genetically identical to KID syndrome. This result

confirms the clinical impression that KID and HID
syndromes represent a single disease entity.
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ical activity, whereas tacrolimus, with its small molecular
weight of 900, has been shown to penetrate the epidermal
barrier. There have been several reports of the clinical use of
topical tacrolimus ointment to treat atopic dermatitis.5 The
local action of tacrolimus on the skin of patients with atopic
dermatitis seems to involve the function of T cells and
Langerhans cells. More recently, some reports describe its use
in other dermatoses such as psoriasis,6 contact allergy7 and
pyoderma gangrenosum,8 but the effectiveness of tacrolimus
in these diseases is not fully confirmed.9 CAD is thought to be
a T-cell-mediated type 4 hypersensitivity response,10 and it is
therefore entirely logical that tacrolimus ointment should be
successful in this condition.
We hope that this report will stimulate further evaluation

of tacrolimus ointment in other patients with CAD and open
up new investigations into the pathomechanisms and treat-
ment of this disease.
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Connexin 30.3 (GJB4) is not required for normal skin
function in humans

SIR, Connexins are the major protein components of gap
junctions, intercellular communication channels that are
vital for cell growth and differentiation in various tissues.
During the past few years, mutations in several different

connexin genes (GJB) have shown that these genes have a
tissue-specific distribution. Several groups have shown that
mutations in connexin 31 (GJB3) and connexin 30.3 (GJB4)
are associated with the autosomal dominant skin disorder
erythrokeratoderma variabilis of Mendes da Costa (EKV).1–3

The phenotype of this debilitating skin disorder is character-
ized by early onset of sharply demarcated scaly erythematous
skin lesions that tend to migrate across the body. Sensori-
neural deafness can be part of the phenotype and is caused by
specific mutations.3 Progressive symmetric erythrokeratoder-
mia (PSEK) shares many features with EKV and both
phenotypes are considered to be manifestations of the same
basic disorder.4

We present a 4-year-old boy who first presented to our out-
patient dermatology clinic at the age of 2 years with patchy
redness and scaling of the skin. These abnormalities had been
present since birth but worsened after 8 months of age.
According to the parents, the patches initially appeared on
the face and later spread across the entire body. The family
history was negative for similar disorders. The non-consan-
guineous parents were of Dutch descent. Physical exami-
nation at 2 years of age showed symmetrical, sharply
demarcated gyrated red patches on both cheeks with slight
whitish scaling and induration. Light and electron micro-
scopic examination of the lesions showed acanthosis, hyper-
keratosis, parakeratosis, and a slight inflammatory infiltrate
in the dermis. No clumping of tonofilaments or acantholysis
was seen (data not shown). During follow-up, the skin lesions
spread across the body, starting with the extremities (Fig. 1).
The keratoderma did not respond to topical treatment
and subsequently oral acitretin (Neotigason�; Roche)
0Æ5 mg kg)1 daily was given. Response to this treatment
was satisfactory. There were no clinical suspicions of hearing
loss. The results of the physical examination, history and light
and electron microscopy are consistent with the EKV ⁄ PSEK
phenotype.
Genomic DNA from peripheral blood leucocytes was

isolated from the parents, the patient and his sister. The
connexin 30.3, 31, 31.1, 30, 26 and loricrin genes were
analysed for mutations by polymerase chain reaction (PCR)
and direct sequencing. In the patient a heterozygous 94CfiT
change in codon 32 of connexin 31 was identified, changing
a conserved arginine to a tryptophan (R32W). In addition, a
homozygous 4-bp deletion (154–157delGTCT) in GJB4 was
detected (Fig. 2A). The nucleotide changes in GJB3 and GJB4
eliminate an NciI and an AspI restriction site, respectively.
Subsequent restriction analysis showed both parents and the
maternal grandfather to be heterozygous for the GJB4
deletion (Fig. 2B). The mother and maternal grandfather
were both heterozygous for the GJB3 variation. The patient’s
GJB3 ⁄ GJB4 genotype was identical to that of his unaffected
sister, excluding either DNA variation as causative for the
disease. However, we cannot exclude modifier genes or
external factors triggering the disease phenotype in the
context of this connexin genotype. Subsequently, we exam-
ined 84 unrelated controls and found five heterozygotes for
the GJB4 deletion (allele frequency 0Æ03) and three for the
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GJB3 variation (0Æ02). Both variations apparently represent
normal polymorphisms in the Dutch population. All geno-
types were confirmed by sequence analysis.
The deletion in GJB4 leads to a frameshift and consequently

a nonsense codon resulting in a non-functional protein
product that is truncated after the first transmembrane
domain. The GJB4 deletion does not induce nonsense-
mediated RNA decay, as we could detect mRNA transcripts
in a skin biopsy from the patient by reverse transcription–PCR
analysis (data not shown). It has been shown that connexin
31 knockout mice do not have a phenotype except for a
transient placental dysmorphism.5 Apparently, other con-
nexins can compensate for the lost proteins. Our patient and
his sister show that this is true for humans also, as they
effectively represent connexin 30.3 knockouts. It also shows
that connexin 30.3 is not required for normal skin function
or embryonic development in humans.
The nucleotide transition in connexin 31 changes a highly

conserved arginine to a tryptophan in the first transmem-
brane domain (R32W). Kelsell et al. have previously des-
cribed this nucleotide change in a family with palmoplantar
keratoderma and hearing defects.6 They suggested that it

contributed to the high-frequency hearing loss observed in
some family members but also mentioned that it might be a
polymorphism. Our findings now confirm those by López-
Bigas et al., who found the variation in 17% of normal
individuals examined.7 However, the major difference in
allele frequency suggests that the variation is less common in
the Dutch population than in the Spanish population.
Our results demonstrate that EKV ⁄ PSEK is a genetically

heterogeneous group of disorders. Connexin mutations are
detected in some typical cases of EKV,1,2 while other cases
lack mutations.3 No mutations are described in typical cases
of PSEK. The PSEK patient described by Ishida-Yamamoto
et al. is not typical and in our opinion probably represents a
case of Vohwinkel syndrome.8 Analysis of connexin 30.3, 31,
31.1, 30, 26 and loricrin did not identify causative mutations

Figure 1. Clinical skin features of the patient with erythrokerato-

derma variabilis ⁄ progressive symmetric erythrokeratodermia (see

main text for description).

Figure 2. Sequence analysis of GJB3 and GJB4 in a family with a

sporadic case of erythrokeratoderma variabilis (EKV) ⁄ progressive
symmetric erythrokeratodermia (PSEK). (A) Sequence traces of the

patient’s GJB3 heterozygous 94CfiT variation and GJB4 homozygous
154–157delGTCT deletion compared with wild-type. (B) Polymerase

chain reaction–AspI restriction analysis of DNA samples from the

EKV ⁄ PSEK family. Both the patient and his healthy sister are

homozygous for theGJB4 deletion (arrow, 948 bp; digested fragments,
674 and 278 bp). Lanes 1 and 8, markers; lane 2, grandfather; lane 3,

grandmother; lane4, father; lane5,mother; lane6, affected son; lane7,

unaffected daughter. Family members indicated with a dot are het-
erozygous for the GJB3 variation (restriction analysis not shown).
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in our patient. These findings confirm the previous report
about the genetic heterogeneity of the EKV ⁄ PSEK pheno-
type.3
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7 López-Bigas N, Rabionet R, Arbones ML, Estivill X. R32W variant

in connexin 31: mutation or polymorphism for deafness and skin

disease? Eur J Hum Genet 2001; 9: 70.
8 Ishida-Yamamoto A, McGrath JA, Lam H et al. The molecular

pathology of progressive symmetric erythrokeratoderma: a frame-

shift mutation in the loricrin gene and perturbations in the cor-

nified cell envelope. Am J Hum Genet 1997; 61: 581–9.

Enumeration of the frequency of Langerhans cells in
epidermis

SIR, I wish to comment on the influence ageing might have on
the density of human Langerhans cells (LCs), with reference
to the paper by Bhushan et al.1

On enumerating epidermal LCs, two sources of bias have to
be taken into account: (i) the so-called �edge effect�,2 and (ii)
the effects of shrinkage, leading to a bias called the �reference
trap�.3

(i) If discrete objects such as epidermal LCs contained in a
microscopic field are to be counted, a rule is required on how
to proceed with the objects (cells) that cut the edge of the field.
Several solutions to this problem have been proposed; one of
the most readily applicable has been provided by Gundersen2

using a so-called �unbiased counting frame� (Fig. 1).
(ii) The �reference trap� is related to the shrinkage of the

specimen, which is clearly age-related. A famous example is
the presumed loss of neurones during the ageing process. In

histological specimens from the brain, the number of neurone
profiles (only a cell profile can be seen in the specimen, not
the cell itself) seems to be decreased in brains from older
people. However, Haug et al.3 convincingly demonstrated
that this phenomenon is due to the considerably higher
shrinkage of brains from younger persons in formaldehyde
fixative. Thus, neurones appear more densely packed in these
brains, suggesting more neurones.
In order to get an unbiased estimation of the number of

particles in a thick specimen, the �reference volume�, i.e. the
epidermal volume of the punch biopsy, should be determined,
taking into account the amount of shrinkage.4,5 In the case of
epidermal sheet preparations derived from punch biopsies, it
is not necessary to know the reference volume. Here, the
exact area of the epidermis is the circular area of the punch
instrument. After processing, this area is again determined,
e.g. by point counting or by computerized morphometry. The
shrinkage ratio can then easily be determined, allowing for a
correction of the number of LCs counted per unit area. For
further details, the reader is referred to the book of Howard
and Reed.4
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Figure 1. ATP-ase stained Langerhans cells (LCs) in an epidermal
sheet preparation with superimposed �Gundersen frame�. Only the LCs
within the frame which are not dissected by the solid (�forbidden�)
lines are counted. There are five LCs (more or less sharply demarcated
due to the thickness of the epidermal sheet) contained within the

reference area (a–e). The LC (x) cut by the solid line is not counted.

CORRESPONDENCE

� 2002 British Association of Dermatologists, British Journal of Dermatology, 147, 1264–1281

85



86



 

Chapter 6 

 

 

87



 88



ORIGINAL ARTICLE
See related Commentary on page xiii

Clouston Syndrome Can Mimic Pachyonychia Congenita

Maurice A.M. van Steensel, Marcel F. Jonkman,� Michel van Geel, Peter M. Steijlen,W.H. Irwin McLean,w
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We studied three families su¡ering from nail abnormal-
ities who had previously been diagnosed as pachyony-
chia congenita. No keratin gene mutations were
detected. Sequencing of connexin 30 (GJB6 gene) in
these patients identi¢ed heterozygous missense muta-
tions G11R and A88V that are known to be associated

with Clouston syndrome. This unexpected ¢nding ex-
pands the Clouston syndrome phenotype and suggests
that some patients diagnosed with pachyonychia may
in fact be su¡ering from Clouston syndrome. Key words:
connexin 30/genodermatosis/GJB6/nail dystrophy/pachyony-
chia congenita. J Invest Dermatol 121:1035 ^1038, 2003

C
louston syndrome (hidrotic ectodermal dysplasia,
HED, OMIM 129500) is an autosomal dominant
ectodermal dysplasia characterized by hypotrichosis,
severe nail dystrophy, and often palmoplantar hy-
perkeratosis as well as hyperpigmentation of the

skin over large joints (Rajagopalan and Tay, 1977; Fraser and Der
Kaloustian, 2001). Teeth and eccrine gland function are normal.
Sensorineural deafness can be part of the phenotype; mental re-
tardation has also been described (Copeland et al, 1977). The de-
gree of the alopecia and the hyperkeratosis are apparently
variable, with lack of the latter having been reported in one fa-
mily. Mutations in the gap junction protein connexin 30 (GJB6
gene) have been found in several families of di¡erent ethnic ori-
gins. Almost all families described so far have inherited one of
two recurrent missense mutations, G11R or A88V (Lamartine
et al, 2000). Recently, we have described a novel connexin 30 mu-
tation, V37E, in a sporadic case of Clouston syndrome (Smith
et al, 2002).
Pachyonychia congenita (PC) is a group of ectodermal dyspla-

sias whose most obvious phenotypic characteristic is hypertrophic
nail dystrophy. Some forms of PC are known to be caused by
mutations in di¡erentiation-speci¢c keratins. There are two main
types of the disease: type 1 (PC-1) where nail dystrophy is often
accompanied by focal keratoderma and sometimes oral leukoker-
atosis (Jadassohn and Lewandowsky, 1906); and type 2 (PC-2)
where there are a variable number of additional features includ-
ing pilosebaceous cysts, natal teeth, and angular chelosis (Jackson
and Lawler, 1951). The PC-1 phenotype is associated with muta-
tions in keratins 6a and 16 (Bowden et al, 1995; McLean et al,
1995), whereas the PC-2 phenotype has been linked to mutations
in keratins 6b and 17 (McLean et al, 1995; Smith et al, 1998).
Here we describe three patients, all originally diagnosed with

variant forms of PC. The oldest patient was su¡ering from what
was originally thought to be a new type of PC consisting of mild
thickening of the nails associated with hypotrichosis universalis.

The other two patients were su¡ering from pachyonychia only.
Hearing was normal in all three patients. An unexpected ¢nding
of a connexin 30 mutation in these patients indicates that the di-
agnosis should be Clouston syndrome, warranting evaluation of
previously described ‘‘new’’ hair�nail dysplasias. All patients were
seen with informed consent and all investigations with the ap-
proval of the appropriate local Medical Ethics Committees.

MATERIALS ANDMETHODS

Mutation analysis Genomic DNAwas extracted from whole blood by
standard procedures. A 1104 bp fragment spanning the full length of the
GJB6 gene (connexin 30) was ampli¢ed with primers Cx30P1 (forward)
50 GGC AGG GAG TTG AAG TTG TAA 30 and Cx30P2 (reverse) 50
ACG TTG TGT ATG AAT GGA GCA 30 as previously described (Smith
et al, 2002). PCR products were puri¢ed using the Qiaquick PCR
puri¢cation kit (Qiagen, Crawley, UK) and sequenced on an ABI 3100
automated DNA sequencer (ABI, Foster City, CA) using primers Cx30P1,
Cx30P2 (above), and Cx30P7 (reverse) 50 GAC CCC TCT ATC CGA
ACC TT 30.
Mutation G11R does not create or destroy any restriction site so a primer

was designed with a mismatch to create a new BclI site in combination
with the mutation. Genomic DNAwas ampli¢ed using primers Cx30BclI
(forward) 50 TGG ATT GGG GGA CGC TGC ACA CTT TGA TC 30
(mismatched base underlined) and Cx30P8 (reverse) 50 CAC TTC CTG
GGC AGC CAC CAC GAG GAT CAT 30 in standard PCR bu¡er
containing 1.5 mM MgCl2 and 4% dimethylsulfoxide. PCR conditions
were 941C 5 min�1; 941C 30 s, 551C 45 s, 721C 1 min� 35; and 721C
5 min�1. The resultant 128 bp fragment was digested with 10 U BclI
(New England Biolabs) at 501C for at least 4 h. Digests were analyzed on
3% agarose minigels.
Mutation A88V abolishes an HaeII site. Genomic DNA was ampli¢ed

with Cx30P1 and Cx30P2 (as above) and PCR products were digested
with 8 U HaeII (New England Biolabs) at 371C for a minimum of 4 h.
Digests were analyzed on 1.5% agarose minigels.

RESULTS

Clinical ¢ndings Two of the families in this study have been
reported previously. Brie£y, the proband in family 1 (van
Steensel et al, 2001) is a 63-y-old Dutch male, who was
originally diagnosed with a new variant of PC, consisting of
thickening of the nails (Fig 1a) and almost universal

Reprint requests to: Dr Frances J. D. Smith, Human Genetics Unit,
Ninewells Medical School, University of Dundee, Dundee DD1 9SY,
UK. Email: fjsmith@hgmp.mrc.ac.uk
Abbreviation: PC, pachyonychia congenita.
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hypotrichosis (Fig 1b). The alopecia and nail phenotype was
entirely consistent throughout a¡ected members of the family.
No tooth abnormalities were noted and sweating was normal.
Notably, hearing was normal and deafness did not occur
elsewhere in the family. Several family members were a¡ected in
a manner consistent with autosomal dominant inheritance. DNA
was available for study only from the proband.
The proband in family 2, a 13-y-old male of Moroccan

descent, was diagnosed with PC without other abnormalities
(Fig 1c). His parents were not consanguineous. The case was
previously described in Chang et al (1994). Several members of
his family were also a¡ected with a combination of nail
thickening, yellow discoloration of nails, and subungual hyper-
keratosis. The abnormalities appeared during the ¢rst few months
of life. The nail changes were identical to those seen in PC
associated with keratin mutations; hence the disorder was
considered as a possible allelic variant. Due to problems of patient
consent and access, DNAwas only available from the proband.
The proband in family 3 was a 25-y-old Dutch woman, who

was also ¢rst diagnosed with a variant of PC due to nail
deformities (pincer nails, subungual hyperkeratosis, and chronic
paronychia) (Fig 1d, e). Her ¢ngernails were all divergent with
thickening of the nail plate, distal onycholysis, subungual
hyperkeratosis, and paronychia. The toenails were thickened and
curved and she su¡ered from very mild focal keratoderma of the
soles, mainly on the heels (not shown).There was no alopecia, the
eyebrows were sparse laterally, and the eyelashes were both thin
and sparse. Hearing was normal. Since 1996, the proband has
su¡ered from relapsing infections of the ¢ngernails, which began
as green discoloration with pus formation underneath the nail
folds. She has been treated with cipro£oxacine and itroconazol
and uses latex gloves for contact with water. As a child she was
admitted to hospital because of patchy alopecia of the scalp,
which had been interpreted as alopecia areata. Her mother had
thickened toenails and excessive callus formation on the soles,

suggesting dominant inheritance. No other family members were
a¡ected. DNAwas available only from the proband.

Identi¢cation of connexin 30 mutations PC has previously
been shown to be caused by dominant-acting mutations in
di¡erentiation-speci¢c keratin genes, K6a, K6b, K16, and K17,
that are expressed in the nail bed and other ectodermal
structures (Bowden et al, 1995; McLean et al, 1995; Smith et al,
1998). We screened these keratin genes as previously described
(Smith et al, 1999a; 1999b; Terrinoni et al, 2001); however, we
found no mutations in any of the patients (data not shown). The
GJB6 gene (connexin 30) was chosen for screening because of the
pachyonychia-like nail changes we observed in our recently
reported Clouston syndrome patient, who had a novel connexin
30 mutation (Smith et al, 2002).
In both families 1 and 2 we found a heterozygous missense

transition mutation 31G-A by direct sequencing of PCR
products. The mutations predict the substitution of an arginine
for a glycine at codon 11 of the connexin 30 polypeptide (G11R),
as shown in Fig 2. This mutation, in combination with a
mismatch primer, creates a novel BclI restriction enzyme site,
which was used to con¢rm the mutation in connexin 30 PCR
fragments by restriction digestion. This mutation has been
previously reported in nine out of 12 classical Clouston
syndrome kindreds of various ethnic backgrounds (Lamartine
et al, 2000).
In family 3, we identi¢ed a heterozygous missense mutation

263C-T, which leads to the predicted amino acid change
A88V in the connexin 30 protein (Fig 2). This mutation has also
been reported previously in three cases of Clouston syndrome
(Lamartine et al, 2000). Mutation A88V deletes an HaeII
restriction enzyme site, which was used to con¢rm the mutation
by restriction digestion (data not shown). Both mutations were
excluded from 50 control genomic DNA samples by the
restriction digests described above (data not shown).

Figure1. Clinical ¢ndings. (a) Fingernail of the pro-
band in family 1, showing subungual hyperkeratosis
and severe curvature of the nail. These features strongly
resemble the type of nail dystrophy observed in PC
due to keratin mutations; however, in this patient the
causative mutation is G11R in the connexin 30 gene.
(b) The proband of family 1 (shown here) and other af-
fected individuals in this kindred had nearly complete
alopecia. Only a few remaining hairs in the temporal
region can be seen. (c) Severe hypertrophic nail dystro-
phy of the toenails in the proband from family 2. This
patient carries the heterozygous missense mutation
G11R in the connexin 30 gene. (d) Fingernails of the
proband in family 3 showing some thickening of the
nail plate, distal onycholysis, subungual hyperkeratosis,
and paronychia. (e) Toenails of the proband in family 3
showing thickening and abnormal curvature of the
nails. This patient carries heterozygous missense muta-
tion A88V in the connexin 30 gene.
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DISCUSSION

Here, we describe three families where the original diagnosis was
that of variant types of PC. Upon mutation analysis, these pa-
tients all have genetic defects in connexin 30 that have been
shown previously to cause hidrotic ectodermal dysplasia, also
known as Clouston syndrome (Lamartine et al, 2000). Apparently,
Clouston syndrome can have many guises. The phenotype is
usually described as consisting of hypotrichosis; thick, ridged,
and extremely short nails; palmoplantar hyperkeratosis; and hy-
perpigmentation of skin over large joints. There is one report of
a family with Clouston syndrome lacking the palmoplantar hy-
perkeratosis but this symptom is not generally regarded as part of
the phenotype (Hassed et al, 1996). Palmoplantar hyperkeratosis
with hypotrichosis is also seen in a few cases of PC (Templeton
andWiegand, 1997) and other ectodermal dysplasias without pa-
chyonychia (van Steensel et al, 2002). In all the pachyonychia pa-
tients whom we have studied where mutations in keratin genes
have been identi¢ed, however, there have been no instances of
hypotrichosis or alopecia. Thus, the presence of alopecia in addi-
tion to hypertrophic nail dystrophy may be indicative of a con-
nexin defect, rather than a keratin mutation. Thickening of the
nails, shown here to be clinically very similar to the nail changes
seen in PC, can apparently also be a manifestation of Clouston
syndrome. Phenotypic variation has been reported previously in
relation to connexin mutations in both skin disease and hearing
loss, as reviewed recently (Kelsell et al, 2001; Richard, 2001a;
2001b). Speci¢cally, in GJB2 missense mutations D66H and
R75W have been shown to have variable e¡ects on the skin and
frameshift mutation 35delG gives rise to variable degrees of hear-
ing loss. Thus, the phenotypic variability reported here, i.e., nail
dystrophy with or without alopecia, is likely to be part of a gen-
eral phenomenon in the human connexin disorders.
In two patients, both of whom had been previously reported as

having variant types of PC (Chang et al, 1994; van Steensel et al,
2001), we demonstrated the presence of mutation G11R in con-
nexin 30. Family 1 also had associated universal hypotrichosis.
Complete hypotrichosis has been described in Clouston syn-
drome (Smith et al, 2002) and in hindsight the diagnosis should
have been entertained in this patient. In families 2 and 3, how-
ever, a¡ected family members had isolated pachyonychia in the

absence of other ectodermal abnormalities. These families were
more readily confused with pachyonychia, particularly the PC-1
(Jadassohn�Lewandowsky) variant, due to K6a/K16 mutations,
where the other ectodermal features, leukoplakia and focal kera-
toderma, may be mild or absent in some cases. Connexin 30 mu-
tations G11R and A88V were identi¢ed in families 2 and 3,
respectively.
It is of interest to note that the same mutation can have dispa-

rate e¡ects on hair, nails, and palmoplantar skin. At present, we
have no explanation for this observation; however, the genetic
background of di¡erent families and individual patients is likely
to play a role. It is possible that polymorphisms in keratins, con-
nexins, or other genes encoding epithelial structural molecules
could in£uence the phenotype. From the clinical phenotype
alone, it is not possible to distinguish the Clouston syndrome nail
dystrophy from the ones associated with keratin mutations. No
nail biopsies have been performed in our patients; it is therefore
not possible to establish a histologic correlation between geno-
type and phenotype.
Given our ¢ndings, it can be expected that some disorders

characterized by thick or brittle nails with or without hair ab-
normalities may turn out to be phenotypic variants of Clouston
syndrome. There exist several reports of patients su¡ering from
hair and/or nail dysplasias that have been classi¢ed as new disor-
ders (Calzavara-Pinton et al, 1991; Pinheiro and Freire-Maia, 1992;
Christianson and Fourie, 1996).We suggest that some of these pa-
tients could in fact be su¡ering from Clouston syndrome and
that they should be examined for connexin 30 mutations. As
connexin 30 is encoded by a small single exon gene, mutation
screening is both straightforward and inexpensive and should
perhaps be considered as part of the mutation screening protocols
for pachyonychia. Similarly, Clouston syndrome should be con-
sidered as part of the di¡erential diagnosis for pachyonychia and
vice versa. It should be noted that we have in fact sequenced a few
patients diagnosed as having a form of PC for all four keratins
involved in PC, i.e., K6a, K6b, K16, and K17, and also connexins
26 and 30. These patients did not have mutations in any of these
genes. Therefore, there are other as yet unknown genes that can
cause hypertrophic nail dystrophy that is clinically indistinguish-
able from PC.
In conclusion, Clouston syndrome can have a variable presen-

tation and can mimic other forms of hair and/or nail dysplasia.
We recommend that any patient diagnosed with a type of PC
with or without hair abnormalities be tested for the presence of
connexin 30 mutations. This will help expand the spectrum of
phenotypes associated with these mutations and may give some
clues as to the cause of the phenotypic variability.
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A Phenotype Resembling the Clouston Syndrome with Deafness
Is Associated with a Novel Missense GJB2 Mutation

Maurice A. M. van Steensel,�1 Peter M. Steijlen,� Reno S. Bladergroen,�1 Elisabeth H. Hoefsloot,w Connie M.
van Ravenswaaij-Arts,w and Michel van Geel�1
�Department of Dermatology and wDepartment of Human Genetics, University Medical Centre Nijmegen, The Netherlands

Mutations in GJB2 (connexin26) are associated with skin disorders and deafness. The Clouston syndrome

(MIM129500) is associated with mutations in GJB6 (connexin30). Here, we describe a patient suffering from a

Clouston-syndrome-like phenotype of thin hair, deafness, nail dystrophy, and mild erythrokeratoderma, caused by

a novel spontaneous missense mutation in GJB2. The heterozygous mutation in codon 42, AAC4AAG, changes

asparagine to lysine (N14K). Interestingly, this asparagine is near two of the residues mutated in Keratitis-like

ichthyosis deafness (KID) syndrome (G12R and S17F), yet the phenotype associated with N14K strongly differs

from the KID phenotype. Instead, there is clear phenotypic overlap with syndromes associated with connexin26 or

30 mutations. Our findings suggest that careful audiological evaluation of patients suffering from Clouston-

syndrome-like phenotypes is warranted and expand the spectrum of connexin26-associated disease.

Key words: Clouston syndrome/connexin26/gap junction/GJB2/hypotrichosis
J Invest Dermatol 291–293, 2004

Gap junctions are intercellular communication channels that
are vital for cell growth and differentiation in various tissues.
They consist of connexins, relatively small proteins that
belong to an extensive protein family that exist throughout
the vertebrate kingdom. During the past years, several often
syndromic skin disorders have been shown to be asso-
ciated with mutations in the skin-expressed connexin genes
GJB2, GJB3, GJB4, and GJB6 (Richard, 2000; Kelsell et al,
2001). Sensorineural deafness is a frequent component
of these disorders that otherwise have widely differing
phenotypes. One of the most intriguing gap junction genes
is GJB2 (connexin26, Cx26) that has been implicated in
several different disorders such as non-syndromic sensor-
ineural deafness, palmoplantar keratoderma with deafness,
and keratitis (and hystrix-like) ichthyosis deafness (KID/HID)
(Kelsell et al, 2001; van Geel et al, 2002; van Steensel et al,
2002). We now report a novel connexin26 mutation that
expands the spectrum of disorders associated with muta-
tions in GJB2. The phenotype associated with this novel
mutation resembles that of the Clouston syndrome
(MIM129500), which is usually associated with mutations
in GJB6 (Lamartine et al, 2000; Smith et al, 2002).
Interestingly, the mutation affects an asparagine that
neighbors amino acids associated with KID syndrome.

The patient, a 2-y-old girl, was born to non-consangui-
neous Dutch parents. There are no other sibs and the family
history was wholly unremarkable. Shortly after birth, it

became clear that the child suffered from severe bilateral
hearing loss that was later classified as sensorineural.
Atopic eczema was said to have appeared directly after
birth. Around age 6 mo, she fell ill and started refusing food.
In addition, a slight developmental delay was noted at
the time. At age 1, two episodes of viral enteritis led to
dehydration, necessitating hospitalization twice. At two
occasions during hospitalization, pronounced redness and
swelling of the oral mucosa and gingiva were noted. The
patient was referred to our department for diagnosis of her
skin and nail problems.

Upon examination, we noted mild scalp hypotrichosis
with lank, blonde hair. On the scalp some sharply
demarcated erythematous plaques with some desquama-
tion were present. In the neck we saw a papular exanthema
but no other signs of atopic eczema. The patient displayed
peculiar skin reactions upon application of brown adhesive
bandaging (Fig 1a), consisting of sharply demarcated red
plaques. The lesions resolved spontaneously with some
scaling. Slight frontal bossing with seemingly deep-set eyes
and 20-nail dystrophy were seen (Fig 1b–c, feet not shown).
No other abnormalities were present except for mild
perianal erythema. We could not substantiate the finding
of excessive redness and swelling of the oral mucosa. The
parents said that their daughter occasionally suffered from
severe itching. Sweating was normal. The diagnosis
presented some difficulty since the occurrence of nail
dystrophy with hypotrichosis suggests the Clouston syn-
drome. Deafness, however, is not normally part of the
Clouston syndrome phenotype. We considered the possi-
bility of a novel variant of the Clouston syndrome, possibly
associated with a GJB6 mutation and initiated connexin
mutation screening.

1Present address: Department of Dermatology, University
Hospital Maastricht, PO Box 5800, 6202 AZ Maastricht, The
Netherlands

Abbreviation: KID, keratitis-like ichthyosis deafness
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Informed consent was obtained from the parents. DNA
was isolated from peripheral blood lymphocytes using
protocols described elsewhere (Miller et al, 1988). We
amplified the coding regions of the skin-expressed
connexin genes GJB2, GJB3, GJB4, GJB5, and GJB6

(connexin26, 31, 30.3, 31.1, and 30, respectively) by PCR.
The PCR fragments were subjected to direct sequencing
as previously described (van Steensel et al, 2002). The
mutation analysis was repeated in an independent labora-
tory. Screening of 96 healthy controls for the nucleotide

Figure 1
(a) Erythematous skin lesions arising after applica-
tion of a brown adhesive bandage. (b) The fingernails
are dystrophic. (c and d ) The patient’s phenotype. Note
the frontal bossing in (d ) and seemingly deep-set eyes.
The hair is thinly implanted.

Figure 2
(a) Sequence traces showing the 44 C4G trans-
version mutation resulting in the substitution of
asparagine 14 for a lysine. (b) CLUSTALX alignment of
connexins from different mammalian species show-
ing conservation of N14 (m¼mouse, r¼ rat, h¼ human).
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variation was carried out by MboII restriction analysis of the
PCR products, where the mutated allele generates a site for
digestion. In GJB3, GJB4, GJB5, and GJB6, no mutations
or known polymorphisms were detected. In GJB2 (con-
nexin26), we found a heterozygous 44C4G transversion at
codon 42), resulting in a substitution of an asparagine by a
lysine (N14K, see Fig 2a). This asparagine is located at the
intracellular C-terminus of the protein and is conserved
among connexins (Fig 2b). The mutation was not found in
either parent or in 192 unrelated control alleles from the
Dutch population (with MboII restriction analysis). To our
knowledge, this missense mutation has not been previously
described in the literature.

Our results suggest that a phenotype resembling the
Clouston syndrome but associated with deafness can be
caused by a novel heterozygous mutation in GJB2. The
Clouston syndrome has thus far only been associated with
mutations in GJB6. Intriguingly, although most GJB2
mutations described to date are associated with unique
phenotypes, the N14K substitution that we found leads to a
phenotype that is remarkably similar to the Clouston
syndrome. This may be explained by involvement of residue
N14 in heterotypic connexon assembly. If mutated it may
interfere with the incorporation of GJB6; however, the
Clouston syndrome is not associated with absence of
GJB6, therefore this hypothesis seems unlikely. Alterna-
tively, some missense mutations in both connexins are
known to lead to disturbed gap junction conductivity
(Rabionet et al, 2000). Perhaps the N14K substitution has
an effect on heterotypic connexon assembly and results in
faulty gap junction function that is comparable with the
Clouston syndrome-associated GJB6 mutations G11R and
A88V. In addition, part of the phenotype may be explained
by a trans-dominant effect of the GJB2 mutation on GJA1
and GJB6 expression (Rouan et al, 2001). The associated
phenotype in our patient suggests that the effect of the
Clouston syndrome GJB6 mutations is mediated at least in
part by a similar mechanism. But neither trans-dominant
effects nor disturbance of gap junction assembly and
conductance can fully account for the phenotypes asso-
ciated with GJB2 mutations. For instance the mutations in
two different domains of the protein in KID/HID syndrome
(G12R/S17F and D50N) and the patient described here
(N14K) show that mutations in residues located close
together can result in radically different phenotypes. KID/
HID syndrome is associated with severe bilateral early-
onset keratitis, severe erythrokeratoderma, hypotrichosis,
and a propensity to develop squamous cell carcinoma of
the skin. Our patient on the other hand, suffering from a
mutation of a residue close to those affected in KID/HID
syndrome, has no keratitis, only mild erythrokeratoderma,
mild hypotrichosis, and brittle nails. Her phenotype is
actually more reminiscent of the Clouston syndrome.
Explaining the obvious differences between the phenotypes
is in our view difficult if we do not accept that at least some
residues of GJB2 may have very specific roles in protein
function that may not necessarily be related to gap junction
assembly and function. Our results also point to an
interesting difference between GJB2 and GJB6 with regard
to their role in hearing loss. Although it was suggested that
Cx26 and Cx30 form heteromeric connexons within the

inner ear (Marziano et al, 2003), the Clouston syndrome is
not associated with deafness. But a T5M mutation in GJB6
does cause dominant non-syndromic hearing loss (Grifa
et al, 1999). The GJB2 mutations that are associated with
skin symptoms then again all cause deafness. We have no
explanation for this difference but as in the skin, transdo-
minant effects on the expression of other connexins may be
responsible for the hearing loss. GJB2 may have a more
important role in gap junction assembly in the inner ear.
Alternatively, GJB2 may have interactions with other
proteins that are important for hair cell function that GJB6
lacks. Recent reports of an interaction with the transcription
factor YAF-2 support this notion (Rodina et al, personal
communication, 2003). Specifically, YAF2 protein could be
co-immunoprecipitated with aa161-226 C-terminal frag-
ment of Cx26 in vitro. Confocal microscopy revealed co-
localization of YAF2 and Cx26 on the plasma membrane
of HeLa cells stably co-transfected with those genes. This
finding suggests protein–protein interaction between YAF2
and Cx26 in vivo.

Further studies, for example in vitro experiments using
expression vectors bearing mutated connexin genes, are
urgently needed to understand the underlying mechanism
of the presently bewildering variety of connexin26-asso-
ciated disorders.
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A 2-bp Deletion in the GJA1 Gene Is Associated
With Oculo-Dento-Digital Dysplasia With
Palmoplantar Keratoderma
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Oculo-dento-digital dysplasia (ODDD, OMIM no.
164210) is a pleiotropic disorder characterized
mainly by ocular anomalies, varying degrees of
finger and toe syndactyly, andenamel defects. It is
caused by missense mutations in the gene coding
for the gap junction protein connexin 43 or GJA1.
Other types of mutations have so far not been
reported. Here we describe a Dutch kindred with
ODDD showing a new symptom, palmoplantar
keratoderma, and associated with a novel 2-bp
deletion mutation of GJA1. The dinucleotide de-
letion 780_781delTG is located in the cytoplasmic
C-terminal loop and leads to a frameshift. This is
predicted to lead to the production of a slightly
truncated protein with 46 incorrect amino acids
in the C-terminal cytoplasmic loop (C260fsX307).
This novel mutation may explain the presence of
skin symptoms. � 2004 Wiley-Liss, Inc.

KEY WORDS: gap junction; connexin; kerato-
derma; skin; oculo-dento-digital
syndrome

INTRODUCTION

Oculo-dento-digital dysplasia (ODDD, MIM no. 164210) is
characterized by the presence of ocular anomalies, small nose
with hypoplastic alae nasi, abnormal tooth enamel, and vary-
ing degrees of cutaneous syndactyly of fingers and toes.
Skeletal abnormalities such as hypoplasia or aplasia of phal-
anges can also be present [Thomsen et al., 1998]. Neurological
abnormalities such as leukodystrophic changes can be part of
the phenotype [Gutmann et al., 1991; Loddenkemper et al.,
2002]. Recently, missense mutations in the GJA1 gene that
codes for the gap junction protein connexin 43 were shown to
cause ODDD [Paznekas et al., 2003]. Apart from curly hair,
skin abnormalities have not yet been described in association
with ODDD [Adamski et al., 1994; Kjaer et al., 2004]. This
seems difficult to understand considering the evident impor-

tance ofGJA for skin gap junctions and its evident involvement
in gap junction skin disease [Rouan et al., 2001]. Here, we
report on a family having ODDD with skin symptoms, caused
by a novel deletionmutation inGJA1. The consequences of the
mutation may offer an explanation for the presence of skin
symptoms in this family.

CLINICAL REPORT

A 36-year-old woman of Dutch descent was referred to our
department fordiagnosis ofa syndromeofhyperkeratosis of the
palms and soles with several other abnormalities. Hair growth
was said to have always been sparse. She had syndactyly of
fingers and toes and had frequent caries, resulting in the
removal of several teeth. A pediatrician who examined
her daughter for growth retardation had previously noted
hypotelorism. The left eye was hypermetropic, while the right
one was myopic. More detailed ophthalmological examination
was never performed because the patient had no other
complaints. CT or MRI imaging of the brain had never been
performed either, also because neurological complaints had
never been present. Her 4-year-old son and 2-year-old
daughter also had varying degrees of syndactyly and facial
features similar to theirmother. The son hadhyperkeratosis of
the soles and palms though to a lesser degree than his mother.
He had bilateral myopia and had had eczema in early
childhood. The daughter’s hair was sparse and grew slowly.
The maternal grandmother was said to have died from
multiple sclerosis andhad syndactyly of the toes. Thematernal
great-grandfather was said to have had a syndactyly as well.
No mention was made of their having special facial features
and photographs were not available.

Upon examination of the proposita, we noted a distinctive
facial phenotype with hypoplasia of the alae nasi, short palpe-
bral fissures, prominent cheekbones, and freckling (Fig. 1).
The eyebrows were white and sparse and the eyes a pale blue.
The corneae were small. Several teeth contained fillings and
showed a brownish discoloration indicative of enamel hypo-
plasia. Two molars were missing. The hair appeared normal
but was curly. Axillary hair was absent. On the hands she had
short fifth digits bilaterally, the shortening being in themiddle
phalanx with a pronounced camptodactyly. There was no syn-
dactyly of the fingers. The nails were thin. The palms showed a
diffuse yellow–orange hyperkeratosis (Fig. 2a). On the feet,
there was bilateral syndactyly of the second and third toes
(Fig. 2b). The soles showed diffuse yellow hyperkeratosis with
a transgredient erythema bordering it. Biopsy of the skin
showed a non-epidermolytic hyperkeratosis. Both children
were available for examination.

The son wore glasses for his myopia and had pale blue eyes
with thin blonde hair. He had hypotelorismwith thin alae nasi
as well as short palpebral fissures with epicanthic folds. The
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scalp hair was rigid and short. Some brown discoloration was
evident on the front teeth. On both hands, the second phalanx
of the fifth digit was shortened and bowed giving rise to
camptodactyly (Fig. 3a). The nails were mildly dystrophic.
Light hyperkeratosis was noted. On the feet, the hyperker-
atosis wasmore pronounced. A syndactyly of the second, third,
and fourth toes was present bilaterally.

The daughter likewise presented short palpebral fissures
with epicanthic folds and a low nasal bridge. The teeth appear-
ednormal. The skinwaspale and the irideswerea strikingpale
blue. The scalp hair was sparse (Fig. 3b). On the hands she
had bilateral clinodactyly V. Both feet showed cutaneous
syndactyly of digits II–IV.

The patient and her children had a normal intelligence.
Neurological abnormalities were not noted. A skeletal survey
of the mother had been performed but was not available to us.
The radiological report stated that the middle phalanx of the
second, third, and fourth toes was missing bilaterally. Based
on the clinical abnormalities we diagnosed our patients with
oculo-dento-digital syndrome.

MUTATION ANALYSIS

Informed consent was obtained from the patient and she
assented to having her children examined as well. DNA was

isolated from peripheral blood leucocytes using methods
described elsewhere [van Steensel et al., 2002].

The GJA1 gene was amplified with PCR using primers
Cx43F 50-TGGGACAGGAAGAGTTTGCAC-30 and Cx43R 50-
CACCTGGTGCACTTTCTACAGCAC-30. GJA1 has a pseudo-
gene, hence the forward and reverse primers were designed
to be in the GJA1 intron and in the 30 UTR, respectively. The
gene was analyzed using PCR primers and the sequencing
primers Cx43FS 50-GGTGGCCTTCTTGCTGATCC-30, Cx43RS
50-TGGGCAGGGATCTCTTTTGC-30, and Cx43FS2 50-GGT-
TGCCCAAACTGATGGTG-30, using the BigDyeDeoxy termi-
nator systemandanABI3100 capillary sequencer (ABI). In the
patient and in her children we found a dinucleotide deletion
(Fig. 4). Thismutation is predicted to lead to a frameshift and a
premature stop. As the mutation generates a PflMI restriction
site, we used restriction analysis to screen 100 unrelated
controls in which we did not find the mutation.

DISCUSSION

Here, we describe a family having ODDD (MIM no. 164210)
with palmoplantar keratoderma and caused by a previously
undescribedmutation. The reading frame that results from the
deletion remains intact over 138 nucleotides, allowing for the
incorporation of 46 amino acids before premature termination.

Fig. 1. Facial phenotype of the proposita. Note hypoplasia of the alae
nasi.

Fig. 2. A: Thepropsita’s hands.Digit V onbothhands is shortened due to
hypoplasia of the middle phalanx. B: The proposita’s feet with cutaneous
syndactyly of the 2nd and 3rd toes.
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As the sequence does not correspond to any known functional
proteinas determinedbyPBLAST, it canbe expected todisturb
the conformation of the now shortened C-terminal part of
GJA1. Almost all mutations associated with ODDD found so
far have been in the N-terminus or early first transmembrane
domain, except for one codon duplication that affects the first
extracellular loop (E1) and a substitution that also affectsE1 in
a phenotype of ODDD with curly hair [Paznekas et al., 2003;
Kjaer et al., 2004]. To our knowledge, this is the first reported
mutation affecting the C-terminal cytoplasmic loop.

The family history is notable for the maternal grandmother
who was said to have died from multiple sclerosis. Since she

also had syndactyly of toes, it is tempting to speculate that she
in fact suffered from the progressive neurological symptoms
that are occasionally seen in ODDD and can include spastic
paraplegia, mimicking some of the symptoms of multiple
sclerosis [Loddenkemper et al., 2002]. Absence of middle pha-
langes has to our knowledge not been previously described,
although hypoplasia seems to be a common finding. Like 4-5
syndactyly, the shortening of middle phalanges seems to be a
variable finding and extreme shortening to thepoint of absence
would certainly seem to be possible in this regard.

While a chance association with the skin symptom is pos-
sible, we felt that the presence of the symptom in both mother
and son argues against that possibility. Also, the strong
and widespread expression of GJA1 in the skin [Tada and
Hashimoto, 1997] is consistent with such a finding. Why skin
symptoms are not found in ODDD caused by missense muta-
tions is not clear. It is currently thought that in ODDD caused
by missense mutations, connexin 31 (GJB5) can compensate,
having the same expression pattern as GJA1 (Hodgins M,
personal communication, 2004). Functional analyses of these
mutations have not been performed however. It is known that
skin disease-causing mutations in the gap junction proteins
GJB2 and GJB6 exert their effect partly through reduction of
GJA1 function [Rouanet al., 2001]. Therefore, it seemspossible
that the skin symptoms in ourpatients are the consequence of a
severe reduction of the contribution of GJA1 to gap junctions.
Indeed, preliminary analysis of the mutant demonstrates a
pronounced transport defect, with both wild type and mutant
GJA1 showing perinuclear accumulation (not shown). Cell
membrane staining is almost absent. The total amount ofGJA1
that is detectable by immunofluoresence in patient skin seems
to be severely reduced. It is not yet clear whether this is the
result of reduced expression or whether this is a posttrans-
lational effect. The known deleterious effect of mutations in
other gap junction proteins on the assembly of gap junction
hemichannels in the Golgi apparatus [Evans et al., 1999;
Martin et al., 2000, 2001; Marziano et al., 2003] supports the
latter hypothesis. Further studies will be needed to confirm it.
These should also show a less pronounced effect on trafficking
of missenseGJA1mutations that do not cause skin symptoms.
It will be of interest to examine the consequences of other
ODDDmutations. As these are in the transmembrane and E1

Fig. 3. A: The son’s left hand with pronounced hypoplasia of the middle
phalanx of digit V and camptodactyly. B: The daughter’s facial phenotype.

Fig. 4. Sequence traces showing a 2-bp deletion in GJA1.
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domains, they may have quite different effects on transport,
perhaps explaining the usual absence of skin symptoms in
ODDD.
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Does Recessive EKV Exist?

To the Editor:

We read the article by Terrinoni et al in the March issue of
the JID with much interest. In it, they described their finding
of a putative recessive GJB3 (connexin 31) mutation asso-
ciated with erythrokeratodermia variabilis (EKV). The exist-
ence of recessive skin disease-associated connexin
mutations would contribute significantly to our understand-
ing of gap junction biology. But we have a number of con-
cerns with the current report, that in our view, need to be
addressed before the existence of recessive EKV can be
accepted.

All data that are currently available with regard to gap
junction gene mutations associated with skin disease sug-
gest that the skin symptoms are caused by (trans-)dominant
effects of the mutations. Almost all skin disease-associated
mutations interfere with the transport of the mutant protein.
The mutant protein will, however, be incorporated into a gap
junction in the presence of a wild-type homotypic or het-
erotypic gap junction protein (Thomas et al, 2004). For
GJB2, mutations such as D66H, which is associated with
Vohwinkel’s syndrome, have been shown to interfere in a
trans-dominant manner with the expression of GJA1 (Rouan
et al, 2001; Thomas et al, 2004) and can lead to increased
sensitivity to apoptosis of keratinocytes (Bakirtzis et al,
2003). The dominant mutations in GJB3 that cause EKV
have been shown to be gain-of-function mutants that lead
to increased sensitivity to apoptosis of keratinocytes or in-
terfere with gap junction conductance (Di et al, 2002; Com-
mon et al, 2003; Rouan et al, 2003). Dominant mutations in
GJB6 can interfere with transport of the protein and impair
the assembly of heteromeric GJB6-containing gap junctions
(Common et al, 2002). At least one of the mutations asso-
ciated with KID syndrome, D50N, leads to a gain of function
of the gap junction (D. Gonzalez, personal communication,
2003). Dominant mutations associated with hearing loss
seem to traffic to the cell membrane but impair channel
function once inserted (Common et al, 2002; Marziano et al,
2003). They do not modify channel composition or lead to a
gain-of-function in contrast to the mutations associated
with skin disease. Recessive mutations associated with
hearing loss have been found mostly in GJB2, suggesting
that recessive missense or nonsense mutations in other
connexins that are expressed in the ear need not have
functional significance there with the possible exception of
GJA1 in which recessive mutations have been found in deaf
patients (Liu et al, 2001). These findings, however, have so
far not been replicated. The same observation may very well
apply to the skin. There is a previous report that describes a

recessive mutation in GJB3, L34P, and claims that it causes
EKV (Gottfried et al, 2002). The clinical data supplied are
scarce and, in our view, do not support the diagnosis of
EKV. Moreover, the paper shows that the mutant protein is
sequestered in the cytoplasm and does not contribute to
gap junction assembly. Functional studies showing altera-
tion of gap junction function were not performed. As stated
above, incorporation into a gap junction and alteration of its
function or, alternatively, interference with the composition
of the gap junction seem to be required for causation of a
skin phenotype. Also, the absence of a gap junction protein
does not necessarily have functional consequences. We
have shown that connexin 30.3 (GJB4) is not required for
skin function at all. Dominant point mutations in GJB4
cause EKV but homozygosity for a 4 bp-deletion in GJB4
appears to be a polymorphism, at least in the Dutch pop-
ulation (Macari et al, 2000; Van Geel et al, 2002). The po-
lymorphism is rare, underscoring the need for screening of a
sufficient number of controls. We note that Terrinoni et al do
not mention the number of controls used to exclude E100K
as a polymorphism. Finally, conservation of residues in
gap junctions is not a guarantee for their functional impor-
tance. The conserved arginine at position 32 in GJB4
can apparently be substituted by a tryptophan without
adverse consequences, as this change has been demon-
strated to be a polymorphism in Spanish and Dutch pop-
ulations (Lopez-Bigas et al, 2001; Van Geel et al, 2002). It
was also demonstrated that this polymorphism does not
lead to functional impairment of gap junctions (Rouan et al,
2003). In conclusion, the available functional data suggest
that gap junction mutants that cause skin disease seem
to be causing symptoms through a gain-of-function mech-
anism that requires incorporation of the mutant into a
gap junction.

Another concern is with the correctness of the clinical
diagnosis. The photographs accompanying the paper show
abnormalities that in our view could also be consistent with
the diagnosis of cyclic hyperkeratosis with ichthyosis as
described by Sybert et al (1999). A hallmark feature of this
particular disorder is an epidermolytic hyperkeratosis.
Looking at the histology depicted in Fig 1c of the paper,
there is a definite indication of epidermolysis there, partic-
ularly in the suprabasal layer, where cytolysis of keratin-
ocytes also seems to be present. This may also be an
artifact, but other features of EKV such as elongation of rete
ridges seem to be absent. There seems to be some hyper-
granularity of the granular layer but at the magnification and
quality provided it is not possible to discern whether actual
clumping of tonofilaments is present. Electron microscopy
would be helpful in this regard. The clinical appearance of
cyclic hyperkeratosis is also quite similar to that of EKV as
evident from Fig 3 in the Sybert et al paper. This keratinAbbreviation: EKV, erythrokeratodermia variabilis
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disease leads to migrating, erythematous, and sharply de-
marcated plaques that mimic EKV. It would be important to
know whether Terrinoni’s patient had any blistering shortly
after birth as this symptom can distinguish the two dis-
orders. As it is, we are not convinced that the diagnosis
EKV would be the correct one in the patient described by
Terrinoni et al. The diagnosis of cyclic ichthyosis with
epidermolytic hyperkeratosis seems more likely. We sug-
gest that the present case of EKV be tested for KRT1 mu-
tations. It is conceivable that testing of cases of apparent
EKV without mutations in GJB3 or 4 will reveal several KRT1
mutations.

A recessive mutation associated with a skin disease
would be a significant finding. We feel that the present case
report raises sufficient concerns to suggest that the further
confirmatory studies are required. First of all, we would
suggest that a KRT1 mutation be ruled out. Second, if the
diagnosis of EKV can be maintained, the E100K mutation
needs to be confirmed as such by testing an adequate
number of controls and with functional studies. It would be
of interest to examine whether the mutation influences the
expression or transport of other skin-expressed connexins
in any way and impairs gap junction functionality if inserted
into the membrane. Until these concerns are addressed, we
feel that there is insufficient evidence to accept the exist-
ence of recessive EKV caused by a homozygous E100K
substitution.
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Cryptic Splicing at a Non-Consensus Splice-Donor in a Patient
with a Novel Mutation in the Plakophilin-1 Gene

To the Editor:

Desmosomes are intercellular junctions that serve to anchor
intermediate filaments in one cell to neighboring cells,
creating a supercellular scaffold imparting mechanical
strength to cells and tissue. The desmosomal complex
contains members of the desmosomal cadherin, the plakin
and the armadillo repeat protein families (McMillan and
Shimizu, 2001). Plakophilin-1 (PKP1) is an armadillo protein,
mainly concentrated in the suprabasal layers of the
epidermis (Schmidt et al, 1997). PKP1 may interact either
directly with intermediate filaments or indirectly through
plakoglobin and desmoplakin (Kowalczyk et al, 1999),
hence playing a crucial role in the maintenance of
desmosome–intermediate filament interactions. This role is
illustrated by the human phenotype caused by homozygous
null and splice site mutations in plakophilin-1, ectodermal
dysplasia-skin fragility (McGrath) syndrome (McGrath et al,
1997, 1999; Whittock et al, 2000; Hamada et al, 2002). The
syndrome is characterized by skin fragility, disabling
cracking palmoplantar keratoderma, sub-total hypotricho-
sis, and nail dystrophy. The skin shows suprabasal
thickening of the epidermis and loss of cell cohesion in
the intermediate layers of the epidermis (acantholysis).
Nearly all patients reported so far were severely affected
children suffering from almost complete hair loss and
extensive skin erosions induced by light trauma. Reduced
sweating was also reported (McGrath et al, 1997). Hamada
et al (2002) recently reported a patient with a somewhat
milder phenotype of relatively few, late-onset skin erosions,
late-onset palmoplantar keratoderma, and alopecia. In this
patient, low residual expression of full-length PKP1 appar-
ently reduced the severity of his disease. Here we report a
patient whose phenotype is even milder and describe the
molecular mechanisms that may contribute to it. Informed
consent was obtained from the patient, Ethical Committee
approval according to the Helsinki guidelines was obtained
prior to this investigation.

A 33-y-old Dutch male suffered, since birth, from
vulnerability of the skin and recurrent cutaneous infections.
Ever since childhood he complained of extreme plantar
hyperkeratosis that hampered walking. No living relatives
could be located as the patient did not know his parents. He
presented with sharply demarcated, oozing erythematous
lesions predominantly on the buttocks and in the inguinal
area (Fig 1a). The lesions were induced by shearing trauma

and often showed secondary infection. There was no
blistering. The scalp hair was dark, thick and curly and
could easily be plucked without pain (Fig 1b). Eyebrows,
eyelashes, pubic and axillary hair were sparse. Marked
cracking hyperkeratosis was present on the soles of the feet
(Fig 1c). All toenails and some of the fingernails were
thickened and showed subungual hyperkeratosis. The
palms displayed circumscribed hyperkeratoses. In addition,
follicular hyperkeratoses were found on the thorax. Ophthal-
mologic examination showed stellate opacities of both
lenses. The teeth were normal and sweating was not
impaired. Histological examination of three biopsies ob-
tained from erosive lesions of the axillary and inguinal region
consistently displayed suprabasal splitting and acantholy-
sis. Acantholysis was also observed within the hair follicles
of the scalp. Electron microscopic examination of a skin
biopsy obtained from the elbow demonstrated clumping of
tonofilaments in keratinocytes (not shown).

We diagnosed the patient with ectodermal dysplasia-skin
fragility (McGrath) syndrome, and sequenced the coding
regions and exon boundaries of the plakophilin-1 gene on
genomic DNA to confirm the diagnosis (PCR primer
sequences and conditions available on request). A homo-
zygous G to A transition in the splice donor site of exon 9
(1680þ 1G4A, IVS9þ1G4A) was identified that putatively
abolishes the splice donor site (Fig 2a) and an XcmI
restriction site. The mutation was not detected by restriction
analysis in 168 control alleles from the Dutch population. No
other PKP1 nucleotide variations were detected in the
patient. Transcriptional analysis of RNA isolated from a skin
biopsy (RNEasy kit, Qiagen, Hiden, Germany) by RT-PCR
(Superscript first-strand synthesis system, Invitrogen, Bre-
da, the Netherlands) and subsequent sequencing (BigDye-
Deoxy Terminator kit, Applied Biosystems, Foster City, CA)
identified transcripts with retention of intron 9, besides a
smaller alternative-splicing product (Fig 2b). The latter
product results from splicing at a non-consensus (GC)
cryptic splice donor site within exon 9, allowing in-frame
splicing to exon 10 with the loss of 45 nucleotides from the
30 end of exon 9 (Fig 2b,c). The predicted protein product
lacks 15 amino acids in the sixth armadillo repeat, but will
otherwise be intact as a � 78.5 kDa product (Fig 2c).
Immunohistochemical staining of skin biopsies using a
monoclonal antibody directed against plakophilin-1 con-
firmed protein expression. Punctate PKP1 staining through-
out most layers of the epidermis was seen (Fig 1d).
Expression seemed to be strongest in the suprabasal
layers. In healthy individuals, the expression pattern was
essentially identical (Fig 1d). Using Western blottingAbbreviation: PKP1, plakophilin-1
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(NuPAGE high-performance gel and blotting system, In-
vitrogen) we were able to confirm expression of the
truncated protein (data not shown).

These results suggest that the relatively mild phenotype
observed in our patient is the result of a partial PKP1 protein
‘‘rescue’’. A cryptic splice donor site drives in-frame splicing
of approximately half of exon 9 to exon 10, consequently
allowing expression of a shortened but partially functional
protein. Immunohistochemical examination of skin biopsies
in our patient confirms the presence of the protein. The
phenotype may be explained by either insufficiency of
expressed shortened protein, or the armadillo repeat dele-
tion may interfere with the interactions between plakophilin-1
and its partner molecules.

Use of cryptic (alternative) GC splice sites has been
observed to account for 0.5%–1% of instances of splicing
in wild-type genes (Burset and Guigo 1996; Burset et al,

2000, 2001). Its occurrence has not yet been described for
plakophilin-1. Use of GC-cryptic splice sites in alternative
splicing elicited by abolishment of the normal splice donor
site is probably a rare event in human disease, as we have
not been able to find similar instances in the literature.
Recently, Hamada et al (2002) published a patient suffering
from a mitigated form of McGrath syndrome, induced by a
donor splice site mutation (2021þ 1G4A) causing in-frame
cryptic splicing among other splicing products. How-
ever, while their patient presents complete hypotrichosis,
our patient suffers only slight hair loss. The phenotype
described here is therefore even milder.

In conclusion, we describe a patient suffering from
ectodermal dysplasia-skin fragility syndrome caused by a
novel splice site mutation. His phenotype may be amelio-
rated through partial protein rescue made possible by use
of a non-consensus cryptic GC splice site, a phenomenon

Figure 1
Phenotype of the patient and immunohistochemical analysis of the skin. (a) Erosive skin lesions on the buttocks. (b) Relatively normal amount of
scalp hair; note the woolly hair. (c) Pronounced plantar hyperkeratosis with fissures and nail dystrophy. (d) Immunohistochemical analysis of PKP-1
expression in patient skin (mt) and in normal skin (wt). The patient skin shows pronounced hyperkeratosis and acanthosis with punctate PKP-1
staining throughout the epidermis ( � 5). Normal skin shows a similar membrane staining ( � 5). Insets: � 20 enlargement. Slides were subjected to
a standard peroxidase immunostaining procedure with primary mouse IgG1 anti-PKP1 monoclonal antibody (Clone PP1-5C2, Progen Biotechnik
GmBH, Heidelberg, Germany) and VECTASTAIN ABC reagent (Vector Laboratories, Burlingame, CA).
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that has not been previously described in the context of
human disease. Our results point to unexpected facets of
splicing regulation in the perspective of disease-causing
mutations.
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CASE REPORT

New syndrome of hypotrichosis, striate palmoplantar
keratoderma, acro-osteolysis and periodontitis not due
to mutations in cathepsin C

M.A.M.VAN STEENSEL , M.VAN GEEL AND P.M.STEI JLEN
Department of Dermatology, University Medical Centre St Radboud Nijmegen, PO Box 9101, 6500 HB Nijmegen, the Netherlands
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Summary We report a mother and daughter with a syndrome of hypotrichosis, striate palmoplantar
keratoderma, onychogryphosis, periodontitis, acro-osteolysis and psoriasis-like skin lesions. The

syndrome resembles Papillon–Lefèvre syndrome (PLS), characterized by palmoplantar keratoderma,

periodontitis and psoriasis-like skin lesions, and particularly Haim–Munk syndrome, an allelic
variant of PLS with acro-osteolysis. Both are caused by mutations in the cathepsin C gene (CTSC).

Our patients differ in the unique nature of the palmar keratoderma and hypotrichosis. We have

sequenced CTSC in the mother without finding mutations in either coding or non-coding parts of
the gene. We propose that our patients suffer from a new syndrome possibly caused by mutations in

a gene that has a functional or structural relation with CTSC.

Key words: acro-osteolysis, cathepsin C, Haim–Munk syndrome, hyperkeratosis, onychogryphosis,
periodontitis

Papillon–Lefèvre syndrome (PLS; MIM 245000) is

characterized by pronounced palmoplantar hyperkera-
tosis, psoriasis-like lesions on the extremities and

periodontitis leading to early loss of teeth. It was

recently shown to be due to mutations in the cathepsin
C gene (CTSC).1,2 In all cases described so far, inher-

itance was autosomal recessive. A rare allelic variant is

called Haim–Munk syndrome (MIM 245010).3 It is
distinguished from PLS by the additional symptoms of

acro-osteolysis, arachnodactyly and pes planus. The

patients with Haim–Munk syndrome described in the
literature were all related to a single family of Jews who

emigrated from Cochin, India, to Israel. We report a

woman of Dutch descent suffering from a syndrome
that resembles Haim–Munk syndrome. Inheritance

may be autosomal dominant as her daughter, born

after artificial insemination, has identical symptoms.
Our patients have additional symptoms including

hypotrichosis totalis. We show that the syndrome is

not caused by mutations in CTSC and thus constitutes a

new entity. We propose the name �HOPP syndrome�.
This is an acronym for hypotrichosis-osteolysis-peri-
odontitis–palmoplantar keratoderma syndrome, after

the defining symptoms.

Case report

A 52-year-old woman of Dutch ancestry was referred

to our out-patient clinic for evaluation of her life-long

ectodermal dysplasia. She gave a history of dystrophic
nails and absent eyebrows and lashes since birth, with

thickened palmoplantar skin since the age of 2 years.

At age 7 years, her scalp hair, which had always been
thinly implanted, started to fall out. The hair loss was

not accompanied by other symptoms such as pustules,

itching or scaling. Cutting her strongly curved nails
was nearly impossible, as it was very painful and

accompanied by bleeding. Around the same time, her

teeth began to be affected by caries and periodontitis
became apparent. At about 15 years of age, erythe-

matous scaly lesions appeared on the lower arms and

legs. When the patient was 18 years old, the skin of the
little fingers of both hands and of the index finger of the
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right hand was treated by X-irradiation, resulting in a
decrease of the hyperkeratosis. Three years later, all the

teeth were extracted because of advanced caries and a

dental prosthesis was fitted. A few years after that, all
nails were surgically removed, followed by radical nail

bed excisions and free skin grafting to cover the

resulting defects. The patient recently developed a
ventricular tachycardia of unknown origin, which is

being treated with a beta-adrenergic receptor blocker

and acenocoumarol. Electron microscopic examination
of the hair was performed at another centre and

reportedly showed pili torti et annulati. No diagnosis

was made at that time, but the patient was told that the
disorder was autosomal recessive with a 25% chance of

recurrence should she have children with her husband,

a second-degree cousin (Fig. 1).
On examination, we noted a peculiar, reticulate

pitted hyperkeratosis of the palms, spiky hyperkeratosis

of the soles, hypotrichosis universalis (Figs 2–4) and
periodontitis with absence of all teeth. We also noted a

lingua plicata. In addition, all nails were missing, many

fingers showing the scars of surgical nail removal and
subsequent skin grafting. Photographs of both hands

taken 25 years ago showed obvious onychogryphosis

(Fig. 5). Several fingers apparently lacked distal pha-

langes. All digits were thin and tapered towards the

tips. Erythematous scaling lesions resembling psoriatic

plaques were visible on the lower arms and upper legs.
Some hairs remained on the occipital and temporal

regions of the scalp. The hypotrichosis of the scalpFigure 1. Pedigree of the family.

Figure 2. (a) Hyperkeratosis of the palms. Notice the peculiar

reticular pattern and reduction defects of the fingertips. (b) Close-up
of the palmar hyperkeratosis showing �pitting�.
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seemed secondary to scarring alopecia, as hair follicle

openings were missing over most of the scalp. The

hyperkeratosis of the palms was highly unusual,
following a reticular pattern and showing many small

�pinprick� pits.
The patient has two children, a 15-year-old daughter

and a 17-year-old son, both born after artificial

insemination, as the patient and her husband wished

to prevent transmission of her supposedly autosomal
recessive disorder. The son is healthy, but the daughter

is affected by what appears to be the same disorder as

her mother. In her case, symptoms first appeared at the
age of 3 months and consisted of unspecified nail

abnormalities. At the age of 2 years, hyperkeratoses of

the feet appeared. At the age of 13 years, she started
suffering from joint pains. These were diagnosed as

�severe psoriatic arthritis� and methotrexate treatment

was prescribed. We were able to examine the daughter
and revise the X-ray photographs. The latter showed

no joint abnormalities. Periarticular bone density was

decreased, suggesting that the daughter, too, might be
suffering from osteolysis. Physical examination showed

onychogryphosis (Fig. 6a), hypotrichosis, periodontitis

and lingua plicata (Fig. 6b). She also had palmoplantar

keratoderma, but in her case the palmar keratoderma

was nummular rather than linear (Fig. 6a). The

Figure 3. Yellow spiky hyperkeratosis is evident on the soles.

Figure 4. Hypotrichosis affects most of the scalp. The eyebrows are

pencil stripes.

Figure 5. A 25-year-old photograph of the patient’s hands showing
pronounced onychogryphosis and linear keratoderma. A translation

of the caption is �Polykeratosis congenitalis Touraine (linear hyper-

keratosis of the palms and subungual hyperkeratosis)�.
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plantar keratoderma was similar to that seen in her

mother. She had erythematous, scaling lesions on the
lower arms and legs. The hypotrichosis and periodon-

titis were less severe than in the mother. The skin and

joint symptoms reportedly responded well to the
methotrexate treatment. There were no other affected

family members and the patient’s parents (both
deceased from unrelated causes) were not related.

We performed several additional investigations on

the mother to establish a diagnosis; the daughter
refused any such procedure. A punch biopsy was

taken from a hyperkeratotic area on the right hand

and a psoriasis-like lesion on the lower right leg, and
a wedge biopsy from the scalp in an area where some

hairs were present. We also took X-rays of the hands.

We isolated DNA from whole blood and analysed
CTSC for mutations using genomic polymerase chain

reaction. Histology of the punch biopsy from the

hyperkeratotic area showed abnormalities consistent
with a diagnosis of hyperkeratosis. No cornoid

lamellae were visible; parakeratosis could not be

demonstrated. The affected skin showed pronounced

Figure 6. (a) Daughter’s right hand, palmar view. Notice nummular
hyperkeratosis and onychogryphosis. (b) Lingua plicata in the

daughter.

Figure 7. X-ray photograph of the patient’s right hand. Note

decreased epimetaphyseal bone density of phalanges, missing termi-

nal phalanx of right little finger, and claw-like tufting of remaining

distal phalanges.
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orthohyperkeratosis but other abnormalities were not
seen. The biopsy from the leg showed hyperplasia and

hyperparakeratosis. The granular layer was absent.

The dermal papillae were elongated but did not show
the tongue shape typical for psoriasis. In the upper

dermis, there was a perivascular lymphocytic infil-

trate. A biopsy slide of the daughter was obtained
from another hospital and showed identical abnor-

malities. Examination of the scalp biopsy showed a

reduced number of hair follicles and only slight
scarring. A mild lymphocytic infiltrate was seen

surrounding some hair follicles. X-rays showed acro-

osteolysis of all digits, most pronounced in the little
finger of the right hand. Here, the distal phalanx was

totally absent (Fig. 7). The remaining distal phalanges

showed claw-like tufts as described previously by
Puliyel and Sridharan Iyer.4 Lastly, we sequenced all

seven coding exons, including intron–exon junctions,

of CTSC using intronic primers as listed in Table 1.
We found no pathogenic mutations in the exons or in

splice acceptor and donor sites. We also sequenced

about 150 nucleotides of the 5¢ and 3¢ untranslated

regions without finding changes from the published

sequence. We did detect a heterozygous C824 fi T

polymorphism that changes an ATC codon to ATT in
exon 6. Both code for threonine.

As the patient considered her palmoplantar kerato-

derma to be the most disabling of her complaints, we
treated her with acitretin 35 mg daily. After 6 weeks of

treatment the palmoplantar keratoderma had regressed

considerably, leaving clearly visible black pits in place
of the yellow keratoses (Fig. 8). The side-effects were

well tolerated and the patient was satisfied with the

result.

Discussion

The combination of onychogryphosis, acro-osteolysis,

palmoplantar keratoderma and periodontitis has been
previously described by other authors and is presently

known as Haim–Munk syndrome. We sequenced

CTSC and found no mutations. This suggests that

Figure 8. The patient’s left hand, palmar view, after 6 weeks on

acitretin 35 mg daily. Notice black �spikes� in linear distribution. The
yellow hyperkeratosis has disappeared.

Table 1. Polymerase chain reaction (PCR) primer sequences

Exon Primer sequence

Exon 1 forward 5¢-CAATCCCCTGCTGCTCAGTG-3¢
Exon 1 reverse 5¢-AAGCGGTAGTTGGCGTGGC-3¢
Exon 2 forward 5¢-GACTGTGCTCAAACTGGGTAG-3¢
Exon 2 reverse 5¢-CTACTAATCAGAAGAGGTTTCAG-3¢
Exon 3 forward 5¢-GGGGCACATTTACTGTGAATG-3¢
Exon 3 reverse 5¢-CGTATGTCTCATTTGTAGCAAC-3¢
Exon 4 forward 5¢-GTACCACTTTCCACTTAGGCA-3¢
Exon 4 reverse 5¢-GGAGGATGGTATTCAGCATTC-3¢
Exon 5 forward 5¢-CCTAGCTAGTCTGGTAGCTG-3¢
Exon 5 reverse 5¢-GTATCCCCGAAATCCATCACA-3¢
Exon 6 forward 5¢-CTCTGTGAGGCTTCAGATGTC-3¢
Exon 6 reverse 5¢-CAACAGCCAGCTGCACACAG-3¢
Exon 7a forward 5¢-TTGTGGGCTATGGCACTGACTC-3¢
Exon 7a reverse 5¢-GCTTCTGAGATTGCTGCTGAAAG-3¢
Exon 7b forward 5¢-CTTTCAGCAGCAATCTCAGAAGC-3¢
Exon 7b reverse 5¢-TCTCAGACTCATCAAACATCCAAGG-3¢
Exon 7a forward 5¢-GGGGTAACCATGTGTGTTATTCA-3¢
Exon 7b reverse 5¢-CCCCTTTACAACTGATGCAGA-3¢

PCR conditions were as follows: 5 min initial denaturation at 95 �C
followed by 35 cycles of 95 �C for 1 min, 55 �C for 30 s, 72 �C for

30 s. For primer pairs 1 and 7a the annealing temperature was

50 �C. A final extension step of 72 �C for 5 min was included. Prior to
the sequencing reactions, the PCR products were purified using the

shrimp alkaline phosphatase ⁄ exonuclease presequencing kit (USB

Science). Sequencing was performed using the BigDyeDeoxy Termi-

nator kit (Applied Biosystems) and sequencing reactions were ana-
lysed on an ABI 3700 capillary sequencer. Sequence fragments were

assembled and analysed for mutations using either the Phred-Phrap-

Consed11)13 or ContigXpress (Informax, Inc.) contig assembly soft-

ware packages.
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our patient suffers from a previously undescribed

disorder that shares many symptoms with Haim–

Munk syndrome but is a distinct entity. This notion is
supported by the finding of additional symptoms that

have not been previously described in Haim–Munk

syndrome patients: hypotrichosis, linear ⁄ reticular pal-
mar keratoderma, lingua plicata and ventricular

arrhythmias. Another symptom of Haim–Munk syn-

drome, pes planus, is lacking in our patient. Her
daughter has an identical phenotype, indicating that

the association with hypotrichosis is probably not

spurious.
The mode of inheritance is uncertain. We had no

opportunity to test for paternity and therefore cannot

rule out recessive inheritance. X-linked dominant
inheritance cannot be ruled out, although the lack of

a mosaic distribution of the lesions argues against

this mode of inheritance. If we accept that the
daughter is indeed the product of artificial insemina-

tion, autosomal dominant inheritance is the most

likely in this case. Our mutation analysis showed no
mutations in the coding sequence and splice do-

nor ⁄ acceptor sites of CTSC, suggesting that the

disorder we describe here is a new syndrome. This
notion is supported by the obvious differences with

Haim–Munk syndrome, PLS and other syndromes, as

summarized in Table 2.
One of the striking aspects of the phenotype was the

linear and reticulate hyperkeratosis of both hands.

Superficially, it resembled a porokeratotic eccrine and
ostial duct naevus. Histology, however, showed ortho-

hyperkeratosis not limited to the eccrine ducts. The

linear pattern on the fingers somewhat resembles the
hyperkeratosis seen in keratoderma palmaris et plan-

taris striata et areata Siemen–Wachter. This disorder is

characterized by linear and nummular hyperkeratoses
of the hands and feet. In one family the disorder was

shown to be caused by mutations in the adhesion

molecule desmoglein 1.5 Thus, the causative gene may
have a functional or structural relationship with

desmoglein 1.

Hypotrichosis is not a part of either PLS or Haim–

Munk syndrome. Lingua plicata, or �scrotal� tongue,
has been described as an isolated entity, but also in the
context of inherited disorders.6,7 Both hypotrichosis

and lingua plicata are rare traits and may therefore be

part of the syndrome. The pedigree is too small to draw
a firm conclusion in this regard. The same caveat

applies to the ventricular tachycardia of our patient. In

Naxos disease, a disorder caused by mutations in the
plakoglobin gene, ventricular tachycardias and other

cardiac disorders are combined with palmoplantar

keratoderma.8 A related disorder has recently been
described and is caused by desmoplakin mutations.9

However, in both disorders the hair is woolly and

hypotrichosis is not a feature.
Acro-osteolysis is one of the most striking aspects of

the phenotype and is a prominent feature of Haim–

Munk syndrome. This symptom is also seen in
pycnodysostosis and Hajdu–Cheney syndrome. The

former disorder is caused by mutations in the

cathepsin K gene that is expressed in osteoclast
lysosomes.10 Cathepsin C probably functions in oste-

oclasts as well, considering the acro-osteolysis in

Haim–Munk syndrome. Because acro-osteolysis is a
rare symptom, it is likely to be highly specific for a

disturbance in osteoclast function related to defective

functioning of lysosomal endopeptidases such as
cathepsins K and C. It is possible that the gene

causing our patient’s syndrome has a function that is

very similar to that of cathepsins C and K in
osteoclast lysosomes and skin.

In conclusion, we describe a patient and her daugh-

ter, both suffering from a novel, possibly autosomal
dominant syndrome resembling Haim–Munk syn-

drome. We have excluded CTSC as the cause by means

of direct mutation analysis, confirming that the
syndrome we describe is distinct from Haim–Munk

syndrome but is perhaps caused by a defect in a gene

that has a structural or functional relation with CTSC.
We suggest the designation �HOPP syndrome� as an

acronym for the distinguishing symptoms.

Table 2. Symptom matrix

Syndrome

Periodon-

titis

Lingua

plicata

Psoriasiform

lesions

Palmoplantar

keratoderma

Onycho-

gryphosis

Acro-

osteolysis

Pes

planus Hypotrichosis

Ventricular

arrhythmias

Papillon-Lefèvre + – + + – – – – –
Haim-Munk + – + + + + + + – –

Naxos disease – – – + – – – – +

Desmoplakin
disease

– – – + – – – – +

Our cases + + + + + + + – + +

M.A.M.VAN STEENSEL et al.
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A third case of HOPP syndrome—confirmation of the
phenotype

DOI: 10.1111/j.1365-2133.2004.05939.x

SIR, In the September 2002 issue of the British Journal of
Dermatology, we described a possibly novel syndrome of
hypotrichosis, acro-osteolysis, palmoplantar keratoderma,
peridontitis and onychogryphosis that we named �HOPP�
syndrome after the most obvious abnormalities.1 We reported
on two affected patients, a mother and daughter. The palmar
keratoderma followed a highly unusual reticular pattern. In
addition, both patients had a lingua plicata, which symptom
we did not at that time consider to be part of the phenotype.
The syndrome has been recognized in the OMIM database
(entry 607658) but until now has remained to be confirmed
as a separate entity by reports of unrelated patients.

Here, we report on a third, unrelated patient from Venezuela
suffering from what appears to be HOPP syndrome. His
phenotype is almost identical to that of the two Dutch patients.
This report confirms the existence of HOPP syndrome as a
unique entity and further delineates the phenotype.
A 24-year-old male presented to the Department of

Dermatology with palmoplantar keratoderma, onychogry-
phosis, psoriasiform plaques and alopecia. As an infant he
had been evaluated for pili annulati and curved nails. Later,
punctate palmoplantar keratoderma with keratotic papules
on the knees and elbows became evident. At 4 years of age he
started to lose his hair and psoriasiform plaques appeared on
his trunk. There was no family history of a similar disorder;
the patient’s parents were not consanguineous. After the
initial presentation, the patient was lost to follow-up.
On examination he was completely bald, with only a few

eyelashes remaining (Fig. 1a). Examination of the scalp

Figure 1. On examination the patient was completely bald, with only a few eyelashes remaining (a). The palmoplantar keratoderma followed a

reticulate pattern, with multiple punctate, pitted keratoses on the hands and feet (b). On his head, trunk and limbs there were dyschromic
overlapping round and oval macules, with colours ranging from off-white to brown to almost black (c). Examination of the oral cavity showed

lingua plicata and gingivitis (d).

CORRESPONDENCE
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suggested that the alopecia might be the result of a scarring
process. The palmoplantar keratoderma followed a reticulate
pattern, with multiple punctate, pitted keratoses on the hands
and feet (Fig. 1b). There was extensive onychogryphosis, with
long, thin fingers. On his head, trunk and limbs there were
dyschromic overlapping round and oval macules, with
colours ranging from off-white to brown to almost black
(Fig. 1c). These lesions were not associated with atrophy or
telangiectasias. On his extremities there were extensive
psoriasiform plaques. Examination of the oral cavity showed
lingua plicata and gingivitis (Fig. 1d). A biopsy of his palm
showed a nonepidermolytic hyperkeratosis. A biopsy of the
dyschromia on his back showed a hyperpigmented basal layer
with foci of absence of melanin. No inflammatory infiltrate
was observed. A biopsy of the scalp could not be performed.
X-rays of the fingers did not show clear-cut acro-osteolysis.
We report on a young male from Venezuela suffering from

what appears to be HOPP syndrome (OMIM 607658),
although acro-osteolysis of the fingers could not be unequivo-
cally demonstrated by X-ray examination. However, the
other symptoms exactly match those first described by us in
2002.1 Obviously, Papillon–Lefèvre syndrome should be
considered in the differential diagnosis, but the hypotrichosis
and peculiar palmoplantar keratoderma suffice to distinguish
the syndrome in this patient. This report confirms the
existence of HOPP syndrome as a defined entity and further
delineates the phenotype. It is of interest to note that the
lingua plicata, which was considered a possible minor
accompanying malformation in our first two patients, is also
seen in this new case. Furrowing and grooving of the tongue
does occur in 5% of the normal population (Gorlin, personal
communication to McKusick, 1982), but the prior probability
of finding this variant in three people suffering from a rare
disorder seems very low. Hence, lingua plicata is probably
part of the phenotype. That acro-osteolysis seems to be absent
may indicate that it is a variable part of the phenotype.
However, in the original patients, it was not present to the
same degree in mother and daughter either. It may well be a
symptom that slowly develops with age, in which case the
present patient will yet develop it. Pili annulati, seen in one of
the original patients, was also seen in this case. The
occurrence in at least two of three HOPP syndrome patients
suggests that it may be part of the phenotype. It does occur as
an isolated or autosomal dominant anomaly but is also seen
in the context of other syndromes such as pilodental dysplasia
with refractive errors.2 In HOPP syndrome, it may reflect the
dysfunction of the hair follicle that eventually results in its
loss. Co-segregation of the two traits seems unlikely because it
would have to have occurred twice in unrelated patients; the
prior chance of observing this is low. When in doubt about
the diagnosis, for instance when hypotrichosis is not (yet)
present, pili annulati may serve to differentiate HOPP
syndrome from related phenotypes.
Of particular interest in this patient is the dyschromia. It is

not a poikiloderma, as there are no telangiectasias. A mixture
of postinflammatory hyper- and hypopigmentation should be
considered given the history of widespread psoriasiform skin

lesions that may very well have left their mark. However, an
intriguing possibility is that the dyschromia is an idiopathic
one. It resembles dyschromia hereditaria symmetrica of Dohi,
a congenital disorder that has been linked to two loci on 1q21
and 6q24.3,4 The intriguing possibility of a contiguous gene
syndrome thus presents itself. No obvious candidate genes for
HOPP syndrome could be located using the human genome
browser at http://genome.ucsc.edu but the idea seems worth
pursuing. Alternatively, reticulate pigmentation of Dowling–
Degos or a Civatte poikiloderma might be considered,
although hypopigmentation is not a feature of either disorder.
At present, it is unclear whether the dyschromia is part of the
phenotype.
In conclusion, we describe here a third case of HOPP

syndrome. The symptoms in this patient are almost identical,
although he does not seem to suffer from acro-osteolysis.
Hence, the latter may be a variable part of the phenotype. The
phenotype is remarkably constant across ethnic boundaries,
suggesting limited genetic background influence and a crucial
role for the causative gene in normal skin function.
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Successful treatment of pityriasis lichenoides with
topical tacrolimus

DOI: 10.1111/j.0007-0963.2004.05920.x

SIR, Pityriasis lichenoides (PL) is an inflammatory skin
disease, in which two forms can be distinguished. The acute
form (PL et varioliformis acuta, PLEVA) shows sudden
eruption of papular lesions that evolve to central necrosis.
The chronic form (PL chronica, PLC) is characterized by small
scaly papules and may persist for months or years. The
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General discussion 
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Molecular biology is a fast-paced field. Any review is quickly outdated; 

today’s hot findings are tomorrow’s history. The introduction offered an 

outline of what is known today and, perhaps more importantly, of what is 

not. The dominant picture that may well emerge from it is one of daunting 

complexity. This should not deter us. Many complex systems obey a 

relatively limited set of rules but can show what is known as “emerging 

properties”239 because the number of participants and their interactions is so 

large. In a way, a biological system is a chaotic one in which the rules do not 

predict every possible outcome. In order to understand such a system, one 

only needs to understand the basic rules. Running simulations using these 

rules will not necessarily duplicate all observed outcomes. It will, however, 

predict the possible behavioral patterns of the system within given boundary 

conditions and starting values. The near future is likely to bring an increased, 

perhaps even complete, understanding of the earliest events in hair follicle 

morphogenesis. Because the same proteins that coordinate morphogenesis 

orchestrate hair follicle cycling, an understanding of the adult hair follicle will 

soon follow. While it is by no means certain that any therapy for acquired or 

congenital hair loss will soon be available, it seems reasonable to expect that 

other scientific fields will profit. 

Congenital hypotrichoses that closely resemble male pattern baldness are 

particularly interesting both from a scientific and commercial point of view. 

Hypotrichosis congenita of Marie Unna (HMU) mimics some key aspects of 

male pattern baldness and as such presented a natural target for study. The 

linkage analysis we performed is described in chapter 2.  While powerful, 

linkage is and will remain a black box approach – it enables one to identify a 

gene locus without any prior knowledge about the potential identity or 

function of the gene. Identification of a locus does not equal identification of 

the gene. We have been able to narrow down the HMU locus from the 

original 1.1 Mb to 350 kb and screened every gene in it for mutations. None 

were found. A small gap still remains in the sequence. It is not covered in the 
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human genome databases because no BAC clones containing it exist. What is 

in the gap remains to be determined.  

While HMU has not yet delivered as a model system, the study of other 

disorders has been more fruitful. In chapters 3-9, the results of mutation 

analysis in a group of related disorders caused by mutations in gap junction 

genes are described. Gap junctions are intercellular channels that allow the 

passage of ions and small molecules. They consist of several separate gap 

junction proteins, or connexins. Gap junctions are instrumental in connecting 

a group of cells into a functional unit. For example, gap junctions between 

cardiac myocytes are needed for the conduction of the electric signals that 

make the heart beat in time. A few years ago, it was rather unexpectedly 

shown that mutations in certain gap junction genes can cause skin disease. 

After these first results, several other skin diseases were found to be 

associated with gap junction gene mutations. We and others have now found 

that different mutations in a single gap junction gene can cause quite different 

phenotypes. Keratitis-ichthyosis-deafness (KID) syndrome, a disease that 

predisposes to skin cancer, can be caused by a mutation that changes glycine 

12 of the GJB2 (connexin 26) gap junction protein to an arginine (G12R). A 

mutation that changes the asparagine at position 14, only 2 amino acids away, 

to a lysine (N14K), causes a disease characterized by nail dystrophy and 

deafness. Apparently, the two different mutations have quite different effects 

on the eventual GJB2 protein. Intriguingly, our results show that germ line 

mutations in GJB2 predispose to squamous cell carcinoma (SCC). While it 

remains to be determined to what extent sporadic mutations in GJB2 can 

contribute to SCC, preliminary studies in our lab have demonstrated the 

presence of mutated GJB2 in 15% of SCC’s examined, suggesting that 

disturbed gap junction communication may have a causal role in skin 

carcinogenesis. Why and how such mutations can dysregulate growth and 

differentiation is currently the subject of intensive research.  

The diversity of the phenotypes associated with mutations in GJB2 shows that 

there must be many layers of complexity in the function of connexin 26. Some 
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recent data indicate that GJB2 has functions that are not related to its being 

part of a gap junction, suggesting that these may be disturbed by some of the 

mutations that cause skin disease but not by others. However, it is entirely 

possible that the final explanation will turn out to be even more complex. A 

possible explanation may be found in the observation that different mutations 

will affect the conformation of the protein differently. As a result, assembly of 

the protein into the gap junction will also be abnormal, as will be the gap 

junction’s eventual electrical properties and conductivity to water, ions and 

small molecules. However, crystal structure is not yet available for any gap 

junction protein, nor do we have one for an entire gap junction. Hence it is 

difficult, if not impossible, to predict the effect of mutations on conformation, 

let alone the effect they will have on gap junction assembly. One direction 

that future research needs to take is to examine the processes that may be 

regulated by gap junctions, in addition to the gap junctions themselves. 

Obtaining reliable crystal structure for a membrane-inserted gap junction 

protein should have top priority. 

Rather than going blindly, it may be wise to go back to the patients first. The 

diseases tell us what to look for. As an example, many gap junction mutations 

cause abnormal keratinization. Some mutations in GJB6 can cause a 

thickening of the nails that is indistinguishable from that caused by some 

keratin diseases (thesis, chapter 6). The obvious place to start is therefore the 

regulation of keratin gene expression by gap junctions, focusing on the 

keratins that are expressed in the nail bed. From other studies it is already 

known that gap junctions are involved in the conductance of calcium waves 

through tissues. Calcium is very important in keratinocytes, being involved as 

a second messenger in the induction of differentiation pathways such as the 

expression of keratin genes. It is quite possible that some differences between 

the phenotypes associated with the different mutations may be explained by a 

differential effect of the mutation on conductivity to calcium and, hence, the 

process of keratinization. Compare the phenotype of the N14K mutation to 

KID syndrome and the idea should be quite clear. 
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The final question in all medical research is always and will probably always 

remain the same: what’s the use of this research for the patient? The author 

firmly believes in the principle of “l’art pour l’art”. Whether or not research is 

in any way applicable is not relevant. Knowledge in itself is desirable; those 

who do not understand that should keep far from research or any other field 

where an inquisitive mind is essential.  It is fashionable nowadays even 

among those who consider themselves scientists to ask whether knowledge 

gained is applicable or “socially relevant”. For those people it is stated here 

that the knowledge gained by fundamental and applied genetics research will 

one day transform medical therapy. In some cases, the transformation is 

already happening with the introduction of imatinib mesylate (Glivec®) as 

one of the more dramatic examples. Glivec is targeted agains the tyrosine 

kinase active site of the BCR-ABL fusion protein that is causes the unchecked 

cell growth in chronic myeloid leukemia 240,241. Growth of the leukemic cells is 

inhibited while normal tyrosine kinase signaling remains mostly intact. Other 

tyrosine kinase inhibitors such as gefitinib mesylate (inhibiting the epidermal 

growth factor receptor, a tyrosine kinase), also known as Iressa®, show great 

promise for the treatment of solid tumors such as small cell lung carcinoma242.  

A very obvious benefit meanwhile is the increased accuracy of disease 

classification when assisted by molecular diagnostics. An accurate diagnosis 

is essential for genetic counseling, prognosis and, increasingly, for choosing 

an appropriate medical intervention. Again, the gap junction diseases provide 

a good example where it is clear that very diverse phenotypes can all be 

caused by mutations in GJB2. The identification of GJB3 and GJB4 mutations 

in erythrokeratoderma variabilis (EKV) is proving to be very useful in 

delineating EKV from diseases that can resemble it such as non-bullous 

ichthyosiform erythroderma, a disease requiring different clinical manage-

ment243.  

Once we understand the why, how and when of the way our bodies function 

down to the protein level we will be able to fix them when dysfunctional. In 

that respect, a biological machine does not differ significantly from a car or 
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any other complex mechanical construction. One example is described in 

chapter 10, where we analyzed the plakophilin-1 gene in a patient with 

McGrath syndrome. This disorder causes a severe defect in the adhesion 

between skin cells to such a degree that even slight trauma will result in a loss 

of cohesion. Erosions are the consequence. On the palms and soles, the skin 

attempts to repair itself and massive hyperkeratosis ensues. The fragility 

remains, however, resulting in painful fissuring. Most patients cannot walk 

because of it. The hair is lost because the follicles do not adhere to the 

surrounding skin. It’s a severe disease, of which our patient had a curiously 

mild manifestation. He could still walk and had most of his hair, although it 

was oddly curly and could be painlessly removed by pulling firmly. Mutation 

analysis showed a novel splice donor site mutation that should normally 

result in defective splicing of the gene and production of a non-functional 

protein. Our patient’s splicing machinery, however, made use of a so-called 

cryptic splice donor site (a site that is otherwise hidden from the splicing 

riboproteins), enabling the production of an almost correct messenger RNA. 

From that a nearly full length protein is produced. It lacks part of an essential 

DNA binding domain and is not fully functional but it serves to ameliorate 

the disease. Our finding suggests that one day, it may be possible to 

ameliorate or correct genetic disorders caused by aberrant splicing. For some 

disorders it has already been demonstrated that administration of certain 

antibiotics can help to correct splicing defects, thus improving clinical 

symptoms244,245. 

We see how Nature offers up clues for the scientist. The clinical scientist finds 

his or herself in a true Bonanza. Every disease contains a lesson, as shown in 

this thesis. Of particular interest are the “new” monogenic diseases, as these 

point to genes that have not yet been characterized, while at the same time 

showing what the consequences of dysfunction of that particular gene are. 

Careful analysis of the phenotype is necessary in order to get an idea of what 

the gene function may be, and of whether or not one really has to do with a 

new disease. In chapters 11-15, clinical studies in one extremely rare and three 
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new monogenic syndromes are described. The finding of a SOX18 mutation 

in patients with the hypotrichosis-lymphedema-telangiectasia syndrome224 

proves that identification of rare disorders can and will lead to the 

identification of important “new” developmental genes. 
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Future directions 

 

The future will doubtlessly bring some more new genes, many more new 

proteins and ever more questions. The way things are, we will probably run 

out of new human disease genes to discover in the next ten years or so. The 

next challenge is in systems biology, that is, the understanding of how the 

various proteins interact. Clunky terms such as “metabolomics”, 

“transcriptomics” and “proteomics” have been coined in the past but 

“systems biology” seems a more accurate description considering the subject. 

One of the key problems to tackle will be the massive amount of potential 

interactions in protein networks. The basic rules are relatively simple (binding 

is binding, regardless of the nature of the phenomenon at the atomary level) 

but the results are not. In order to simulate emerging properties, all 

interactions will have to be modeled. While considerable progress is being 

made in particular with relatively simple organisms such as baker’s yeast246 it 

will not be easy to extrapolate those data to more complex organisms such as 

insects or mammals. In the near future, it will probably become possible and 

feasible to model an entire yeast proteome and confidently predict the 

outcome of perturbations in the yeast protein network. For more complex 

organisms, one might envision that interactions within functional modules 

such as the cell cycle machinery will be modeled first and then verified using 

knock-out technology or comparable approaches. The emerging technology of 

RNA interference holds great promise in that regard, enabling high-

throughput knock-down of target genes247. If succesfull, the process can be 

scaled up to include more modules and the interactions between them. This 

problem, contrary to what may be thought, will not be NP-hard or -complete. 

Once an individual module has been fully modeled it may be treated as a 

black box as far as the inter-module network is concerned. The ideal is 

obviously to be able to model all protein interactions in silico without needing 

access to the organism of interest itself, unless perhaps for verification of 
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results. The computational requirements however exceed those that are 

currently available to most life scientists. It is thus quite probable that 

computational biology using “big iron”* will become one of the hottest fields, 

simply because we will all desperately need it to understand what a given 

protein network is doing. The problem becomes even more acute when 

considering pharmacology. High-throughput drug screening and rational 

drug design will give us a great many new interesting and promising ways in 

which to influence life, but there is no way that we are ever going to be able to 

test each and every new interesting drug in live systems. Thus, it is important 

that biological scientists be aware of and informed about the possibilities that 

current computer technology offers for the construction of relatively 

inexpensive big iron such as Beowulf clusters 248. Apple Computer hardware 

currently offers the most processing power per US dollar spent on it. 

Time to start saving up for a nice G5 cluster! 

                                                 
* Hacker term denoting large (super)computers or clusters 
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Most of our knowledge of human molecular biology stems from the study of 

human monogenic diseases, as demonstrated in this review. In effect, 

monogenic disorders are Nature’s equivalent of our mouse transgenic, 

knockout and “knock in” (or hit-and-run mutant249) systems. Their study has 

been and will be most rewarding in terms of understanding gained of 

complex biological processes. In this thesis, the results obtained during five 

years of studying rare hereditary hair and skin disorders are described. The 

project originated as a linkage analysis in a family with hypotrichosis 

congenita of Marie Unna (HMU, MIM #146550), a rare autosomal dominant 

disorder characterized by early loss of wiry scalp hair and generalized 

hypotrichosis, affecting both sexes equally250. Because we had access to a large 

pedigree, we chose to analyze HMU. The hair loss resembles male pattern 

baldness and HMU is considered as a monogenic model for the latter 

disorder. Finding the cause should provide significant insight into hair 

biology and the causes of hereditary and perhaps acquired hair loss. The 

causative gene proved elusive. We have now mapped the critical region on 

chromosome 8 in great detail, as described in chapter 2, and meanwhile 

narrowed down the locus to about 360 kilobases, but have not yet found a 

causative mutation. During our search we studied several other syndromes 

with hypotrichosis as a prominent symptom, in the hope that these disorders 

might serve as models and assist in identifying the HMU gene through a 

candidate gene approach. Several patients turned out to have mutations in 

gap junction genes, showing unexpectedly that gap junction communication 

is crucial for the maintenance and proper development of hair follicles and 

nails. As is shown in chapters 3 to 9, we were successful in finding novel 

connexin mutations, which has resulted in the initiation of functional studies 

in our lab since we wished to elucidate the intriguing diseases caused by 

mutations in gap junction genes. Chapter 10 reports our findings in a patient 

suffering from a rare desmosome disorder, whose unexpectedly mild 

phenotype led to the discovery of an unusual genetic mechanism that may 

one day be useful for gene therapy. Other patients, described in chapters 11 
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through 15, had diseases that were either extremely rare or had never even 

been described before. The patients who are suffering from diseases that have 

not yet been elucidated and who are described in the other chapters will 

hopefully one day make their contribution to our understanding of skin 

biology. One disease that we described first, the hypotrichosis-lymphedema-

telangiectasia syndrome, has now been elucidated, demonstrating the 

importance of SRY-box containing proteins for human and murine hair 

development and proving that key developmental genes can be identified 

through the careful clinical study of “new” syndromes. 
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Bijna alles wat we momenteel weten van menselijke haarbiologie komt voort 

uit de studie van erfelijke haarziekten. Voor geïnteresseerde artsen en 

biologen is het haar meer dan alleen een decoratief aanhangsel van de huid. 

De haarfollikel (ook bekend als haarzakje) is een miniatuur orgaantje waarin 

alle moleculaire processen die belangrijk zijn bij groei, ontwikkeling en (cel-

)dood zich afspelen. Door de ligging in de huid is de haarfollikel een 

aantrekkelijk studie-object. Zij is eenvoudig bereikbaar voor microscopisch of 

genetisch onderzoek. Bovendien zijn afwijkingen in het normaal functioneren 

ook altijd aan de buitenkant zichtbaar. Dit geldt voor de gehele huid en de 

dermatologie is voor de moleculair genetisch en biologisch geïnteresseerde 

arts dan ook een ideaal vakgebied.  

Dit proefschrift beschrijft de resultaten van bijna vijf jaar klinisch en vooral 

ook moleculair genetisch onderzoek aan menselijke erfelijke haarziekten. Het 

gaat veelal om zeldzame aandoeningen, die vaak niet alleen het haar treffen 

maar ook de huid zelf en andere huidaanhangsels zoals zweetklieren en 

nagels. Het onderzoek begon met koppelingsonderzoek bij hypotrichosis 

congenita of Marie Unna (HMU, MIM #146550), een zeldzame aangeboren 

haarafwijking gekenmerkt door grof, staaldraad-achtig hoofdhaar dat in de 

loop van de jaren uitvalt, terwijl overige lichaamsbeharing niet of nauwelijks 

aanwezig is. Mannen en vrouwen zijn aangedaan250. Wij kozen voor HMU 

omdat we toegang hadden tot grote families voor genetische analyse. Het 

partoon van haarverlies lijkt op dat bij mannelijke kaalheid en HMU wordt 

dan ook beschouwd als een model voor deze laatste aandoening. Het vinden 

van het oorzakelijk gen voor HMU zou dan ook inzicht kunnen verschaffen in 

de moleculaire biologie van de haarfollikel en in het bijzonder in de oorzaak 

van mannelijk patroon kaalheid. Het causaal gen is echter nog altijd niet 

geïdentificeerd. Zoals beschreven in hoofdstuk 2 hebben we de plaats waar 

het oorzakelijk defect moet liggen in kaart gebracht en intussen de omvang 

van het gebied teruggebracht tot circa 350 kilobases. Tijdens onze zoektocht 

hebben wij andere aandoeningen met hypotrichosis bestudeerd, deels in de 

hoop dat deze zouden kunnen dienen als model voor HMU en ingangen 
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zouden opleveren voor een kandidaatgen-benadering. Verschillende 

patiënten bleken mutaties te hebben in zogeheten gap junction genen die 

coderen voor communicatie eiwitten, de connexines. Onverwachts bleek 

aldus dat connexines essentiëel zijn voor een normale groei en ontwikkeling 

van haren en nagels. Zoals beschreven in hoofdstukken  3-9 hebben wij tal 

van niet eerder beschreven mutaties in verschillende gap junction genen 

gevonden. Inmiddels zijn in het laboratorium voor experimentele 

dermatologie functionele studies gestart die als doel hebben op te helderen 

waarom mutaties in connexines leiden tot de verschillende afwijkingen aan 

huid, haren en nagels. Al doende vindt men zo nu en dan wat onverwachts. 

Zo wordt in hoofdstuk 10 een patiënt beschreven die lijdt aan een zeldzame 

aandoening van de desmosomen. Dit zijn eiwitcomplexen die onder andere 

huidcellen bij elkaar houden. Onze patiënt had een onverwacht mild 

ziektebeeld in vergelijking met wat eerder was beschreven en we hebben 

laten zien dat dit het gevolg is van een vorm van gen-therapie waarbij door 

een speciaal genetisch mechanisme het gendefect wordt ondervangen. 

Zoals beschreven in hoofdstuk 11 tot en met 15 hebben wij bovendien een 

aantal “nieuwe” en een zeer zeldzaam syndroom beschreven. Het nut van dit 

soort beschrijvingen voor genetisch onderzoek is vooral gelegen in het feit dat 

het bestaan van een niet eerder beschreven ziekte bewijst dat er nog niet 

bekende genen betrokken zijn bij de aanleg van de in de ziekte betrokken 

organen. Een nauwkeurige klinische beschrijving is als het oorzakelijk 

gendefect eenmaal is gevonden van groot belang om te begrijpen wat het 

gevonden eiwit nu eigenlijk doet. Een goed voorbeeld is het hypotrichosis-

lymphedema-telangiectasia (HLT) syndroom, dat door ons enige jaren 

geleden voor het eerst is beschreven. De symptomen zijn kaalheid, 

lymfoedeem en afwijkingen aan kleine en grotere bloedvaten; soms ook  zijn 

er hartafwijkingen. De ziekte blijkt te worden veroorzaakt door mutaties in 

het gen SOX18. Dit codeert voor een zogeheten SRY-box eiwit. Deze klasse 

eiwitten is onder andere betrokken bij de groei van het skelet en de 

geslachtelijke ontwikkeling, maar het was nog niet bekend dat ze ook 
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betrokken zijn bij de ontwikkeling van haren en kleine bloedvaten in de huid.  

Doordat dit ziektebeeld werd afgegrensd konden vervolgens meer patiënten 

worden geïdentificeerd waarna het oorzakelijk gen kon worden opgespoord. 
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Figure 2. BMPs and EDA have a central role in hair follicle initiation.
The figure demonstrates extensive cross-talk between pathways.
Speculative interactions are indicated by dashed lines.
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Figure 3. Putative human Angora phenotype 
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