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5. DISCUSSION
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In the present work, the clinical features of CSHS have been characterized through detailed 
study of a well-defined cohort, supported by findings from an exhaustive literature review. In 
addition, a series of experimental in vitro and in vivo models have been developed in an attempt 
to replicate certain aspects of CSHS to better understand the underlyling pathophysiology of the 
disease. Key features of the analysis include a broad spectrum of skeletal findings, the novel 
observation of age-related clinical improvement in skeletal disease, evidence that phosphate 
and active vitamin D treatment, but not nevi removal, are effective at healing rickets and 
improving hypophosphatemic symptoms, and the lack of reports of malignant transformation of 
skeletal lesions. It must be emphasized that RAS-specific sequencing has not been performed 
in most reported cases compatible with CSHS, thus at present we cannot attribute the genesis 
of this syndrome and its manifestations solely to hyperactive RAS. Nevertheless, given that RAS 
mutations have been identified in the majority of epidermal and melanocytic nevi in its isolated 
and syndromic forms [57-60], and in other CSHS cases subject to specific sequencing [62], 
we reckon that RAS mutations represent CSHS’s main molecular etiology. 
To the best of our knowledge, the research here displayed represents at this day the most 
thorough effort to conceive this syndrome from a clinical and translational standpoint and to 
establish the role of RAS in FGF23 production.

The following subsections are structured to discuss the results of the work in relation to the thesis 
objectives. 
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5.1 Comprehensive analysis of CSHS clinical spectrum and 
natural history (Objective I)

The detailed phenotyping of the CSHS cohort and the analysis derived from an exhaustive 
literature review has allowed us to describe several clinical and pathophysiological features of 
CSHS, with a special focus on the skeletal component of the disorder. 
As expected in patients with hypophosphatemic rickets and skeletal dysplasia, fractures and 
deformities affected the majority of CSHS subjects. Similar to other mosaic disorders, such as 
MAS [4], the distribution and location of the dysplastic skeletal lesions varied, affected all skeletal 
compartments, and was not limited to the side of the body with the nevus. The spine was the 
skeletal site least affected by dysplasia.  However vertebral lesions are often diffi cult to discern 
on plain radiographs, which was often the only study performed, and the lower prevalence 
of spine involvement could be attributed to this. Scoliosis, on the other hand, was extremely 
common. The etiology of scoliosis in CSHS is not clear. It could be related to osteomalacia, 
but it should be noted that scoliosis has also been reported in association with other ENS in 
the absence of hypophosphatemia [186]. Hemibody asymmetry, impaired mineralization and 
possible underlying dysplastic vertebrae could account for the high prevalence of scoliosis in 
CSHS.

While skeletal dysplasia is a defi ning feature of CSHS, it was not mentioned in a third of the 
published cases. In these reports, it was impossible to determine if skeletal dysplasia were 
truly absent or if it were simply not appreciated or reported. The overall incidence of skeletal 
dysplasia was likely underestimated, given that in some cases it was clear from the images in 
the paper [53, 167, 170, 173] or confi rmed personally by the authors [50] that dysplastic 
lesions were present, but either not reported or reported simply as rachitic changes. In addition, 
abnormalities in phosphate were not reported in 7/51 subjects from the published reports, 
although 4 of these subjects had a past medical history of numerous insuffi ciency fractures [161, 
189, 190, 193] suggesting that hypophosphatemia might have been present at some point, but 
was not recognized. However, it is also possible that these cases in which hypophosphatemia 
was not detected were either erroneously classifi ed as CSHS, or on a less severe end of the 
clinical spectrum.

Unlike other genetic forms of FGF23-mediated hypophosphatemia, in which rickets develops 
in infancy (e.g., X-linked hypophosphatemic rickets), the onset of rachitic changes in CSHS is 
delayed. The range of the age of onset of hypophosphatemic manifestations in our cohort and in 
the literature review was broad (mean: 4 years, median 2.7 years, SD 3.6, range 1-14 years), 
emphasizing the importance of routine phosphate assessment in pediatric patients with ENS.  
In addition to the delayed clinical onset, an age-related remission of mineral abnormalities was 
also appreciated in some patients. These important fi ndings are similar to what is seen in patients 
with FD. In FD, which like CSHS is a disease of skeletal stem cells caused by somatic mosaic 
expression of gain-of-function mutations in GTPases (Gsα) [199], delayed onset is attributed to 
the time it takes for patients to develop a suffi cient mass of dysplastic tissue, while the loss of 
phosphate wasting is attributed to age-dependent apoptosis of mutation-bearing skeletal stem 
cells [144]. It is intriguing to speculate that a similar mechanism, age-dependent apoptosis 
and/or oncogene-induced senescence [200], may be responsible for the age-related waning 
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of symptoms in CSHS. Prospective long-term follow-up of our cohort and other CSHS patients 
will help determine the likelihood of skeletal disease resolution in these patients. 

Since the availability of FGF23 assays, elevations in FGF23 have been consistently reported 
in CSHS. All cases in which complete biochemical panels were assessed, displayed a 
profile compatible with FGF23-mediated hypophosphatemia. Therefore, it is overwhelming 
likely that excess FGF23 is the cause of hypophosphatemia in CSHS, although secondary 
hyperparathyroidism due to vitamin D insufficiency, as observed in some cases, is probably 
contributes to lower serum phosphate and impair mineralization. 

The best, currently approved, medical therapy for the hypophosphatemia of CSHS is the 
combination of oral phosphate and active vitamin D (e.g. calcitriol). Typically, 20-40 mg/kg of 
elemental phosphorus is given split among 3-5 daily doses.  Active vitamin D is necessary given 
that FGF23 suppresses the action of 1-α-hydroxylase, which is necessary for the conversion 
inactive 25-hydroxy vitamin D to active 1,25-dihydroxy vitamin D. Not surprisingly, and similar 
to what was attempted in the early days of X-linked hypophosphatemia treatment, most subjects 
treated with non-active analogs of vitamin D did not experience clinical recovery.  An optimized 
regimen with good patient adherence has the potential to reverse symptoms associated with 
rickets [201]. However, non-adherence is common due to the frequent dosing requirements 
(≥ thrice daily) and gastrointestinal side effects of oral phosphate.  Emerging therapies that 
may prove effective in the treatment of CSHS, and other disorder feauturing FGF23-mediated 
hypophosphatemia, include cinacalcet, which diminishes the phosphaturic effects of FGF23 
[202], and an anti-FGF23 monoclonal antibody, which blocks the action of FGF23 [203]. In 
fact, there is currently an ongoinig trial of aniti-FGF23 antibody in ENS-related hypophosphatemia 
(cNCI trial # NCT02722798).  In addition, FGFR1 inhibitors, such as BGJ398, which act on 
the RAS pathway, and which are associated with an increase in serum phosphate, may be a 
potential treatment for CSHS [204].  

Neoplastic growth was frequent in our cohort and published reports, which is not surprising given 
that RAS mutations are known to lead to unchecked cell proliferation and tumor development 
[205]. Although the vast majority of the neoplasms that have been identified in CSHS (table 4.9) 
have not undergone genetic sequencing, we assume that they are probably directly associated to 
CSHS’s pathophysiology since the same RAS mutations that cause CSHS are frequently detected 
in those neoplasms in their sporadic forms [206]. In regards to CSHS’ nevi malignant potential, 
CMN are the lesions that have the highest risk for cancerous transformation, albeit the risk for 
melanoma development appears to be very variable depending on the study (<1-5%) [207]. 
Currently is unclear whether preventive surgical excision reduces the risk of melanoma.  It is not 
uncommon for NS to transform into secondary benign tumors over time such astrichoblastoma or 
syringocystadenoma papilliferum, although the risk for malignant transformation, most frequently 
in the form of a basal cell carcinoma, is very low (<1%) and more common in patients 40 years 
or older [208]. The risk for malignant transformation of KEN is extremely rare [206]. Therefore, 
it is not currently recomended to remove EN for cancer prevention. 
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Despite the abundance of dysplastic and mutated skeletal tissue in CSHS, there were no reports 
of osteosarcoma or other skeletal malignancies. This could be related to the scarcity of RAS 
mutations found in bone cancer [209]. The lack of published cases of bone cancer in CSHS is 
comforting, but due to the small number of subjects reported it is advisable to err on the side of 
caution and evaluate the bone lesions periodically.  

The extra-cutaneous/extra-osseous abnormalities detected in our cohort and in the CSHS 
literature are similar to those encountered in other subtypes of nevoid syndromes, i.e. disorders 
characterized by the association of epidermal and/or melanocytic nevi with mosaic abnormalities 
in other tissues. We speculate that the postnatal phenotype, which ultimately defi nes a nevoid 
syndrome subtype e.g. Schimmelpenning syndrome [11], CSHS, or neurocutaneous melanosis 
[210] among others-, depends on the tissues derived from  the multipotent stem cell that was 
initially mutated. 

No apparent association with sex or ethnic background was detected with CSHS’s incidence. 
This may be explained by the fact that postzygotic mutations are considered random events and 
not the result of Mendelian inheritance [3],

The most common cutaneous fi ndings in our cohort and in the literature were EN. However, 
given that CSHS is very rare and that EN occurs in approximately 1/1000 births [8], it is likely 
that the relative prevalence and association of CSHS with PPK is much higher, given that PPK 
is extremely rare (only ~30-40 reports in the literature [15]), yet it was found in 16/51 of the 
published cases and in CSHS106. The skin lesions that characterize PPK, both epidermal and 
melanocytic nevi, originate from the ectoderm but have different embryonic origins (epidermis 
and neural crest, respectively). Yet, both types of lesions bear the same mutation implying 
mutagenesis in an early common progenitor prior to ectodermal differentiation [58]. It is likely 
that this mutated ectodermal progenitor derived from an even more primitive mutated pluripotent 
cell, explaining the high incidence of abnormalities in tissues derived from non-ectodermal 
layers (such as the skeleton) in PPK. In contrast, EN originate from the epidermis, so they can 
be caused by mutations either in very early progenitors, which could result in large cutaneous 
lesions and multi-systemic syndromes, a.k.a. ENS, or by mutations in more differentiated cells 
that result in small and solitary birthmarks, which constitute the most common presentation for 
an EN.  The low frequency of giant CMN could be attributed to its extremely low incidence 
(1<20,000 newborns) [13].
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5.2 Insights on the physiopathology of FGF23 overproduction in 
CSHS (Objective II)

The absence of additional mutations in the exome data from our index cases observed in our 
prior study [61], suggest that an activating RAS mutation is sufficient to drive FGF23-mediated 
hypophosphatemic rickets.  Yet, the tissue responsible for secreting FGF23 in excess in CSHS 
remains undetermined. In spite of the lack of a conclusive answer, several observations indicate 
that FGF23 is probably not produced by the skin lesions. First, the supernatant obtained from 
ground nevi in CSHS101 and CSHS105 did not demonstrate measurable levels of FGF23 
when measured via ELISA (Figure 4.7). The results were validated as the positive controls for 
this experiment were ground PMTs from a patient with TIO, which showed very high levels of 
FGF23. In addition, FGF23 inmunohistochemical tests performed on the nevoid skin of 5 CSHS 
patients were negative [61]. Further, other investigators have failed to identify FGF23 via qPCR 
and immunohistochemistry in the nevi [17, 104].  Nevi also appear unlikely to be the source of 
FGF23 as most syndromic and non-syndromic cases of EN and CMN, despite deriving from the 
same RAS mutations identified in CSHS, are not associated with hypophosphatemia. Moreover, 
it is highly improbable that all the different types of skin cells (e.g. keratinocytes, sebocytes, and 
melanocytes) affected in the spectrum of CSHS, are capable of secreting FGF23. Finally, data 
from studies on MAS, in which FGF23 has been detected in the mutant FD cells, is consistent 
with the hypothesis that dysplastic CSHS bone cells have the potential of secreting FGF23 
[150].

Contrary to our hypothesis, the skin has been postulated as the pathological source of FGF23 
in CSHS. This was initially proposed by Aschinberg et al. who reported on a boy with EN 
and severe rickets in whom removal of skin lesions was stated to result in normalization of 
blood phosphate [56]. The excised tissue was infused into a dog and was reported to result 
in increased renal phosphate excretion. However, a careful analysis of the data revealed that 
serum phosphate did not decrease in the dog, which is inconsistent with the hypothesis that the 
excised tissue led to dysregulated phosphate homeostasis. Similarly, Ivker et al. described a girl 
with severe hypophosphatemia, despite being appropriately treated with oral medication, in 
which nevi removal was eventually associated with an increase in serum phosphate. However, 
in that report it was not clear if oral treatment supplementation had been discontinued, and/or if 
compliance with treatment prior to surgery had been adequate [168]. Outcomes in other subjects 
in whom nevi removal was reported to be associated with an increase in serum phosphate 
were also confounded by concomitant treatment of hypophosphatemia with oral medications. 
Importantly, with careful observation in subjects CSHS101 and CSHS102, phosphate status 
was unchanged after nevi removal.  Therefore, it is unlikely that in CSHS the source of excess 
FGF23 is overproduction by the skin. Taking into account that normal bone is the physiological 
source of FGF23 [209], and that skeletal dysplasia is identified in most subjects with CSHS, it 
is more likely that dysplastic bone is the source of pathologically secreted FGF23. 

We conducted several in vitro and in vivo experiments to investigate whether bone and/or bone 
cells baring activating RAS mutations expressed/produced higher levels of FGF23. However, 
none yielded positive results.  In in vitro experiment I, cellular damage became visible after 10 
days of adenoviral transduction. Lack of FGF23 expression was expected (Figure 4.12) as we 
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assumed that this would negatively impact on hBMSC differentiation and potential hormone 
production. Paradoxically, what lead us in the fi rst place to developing an adenoviral system 
was the relative lack of hazardous effects adenovirus are known to exert on cells compared to 
other techniques of gene transfer. In fact, prior to this experiment, we had employed plasmid 
transfection and retroviral transduction with the same NRAS constructs on BMSC (data not 
presented), but early apoptosis (~3 days) prompted us to utilize a less hazardous system.
 
To address this technical problem, mutated hBMSC from a CSHS patient were employed as 
it appeared as an ideal solution to overcome the harmful effects derived from artifi cial gene 
transfer. Nevertheless, FGF23 gene expression remained negative in these cells as well (Fig. 
4.15). The fact these experiments were unyielding is not completely surprising since currently, 
there are no published reports that have shown BMCSs producing or even expressing FGF23.  
IDG-SW3 cells, on the other hand, were known to express Fgf23, at least at the transcriptional 
level [151]. Despite this promising feature, adenoviral transduction with the NRAS constructs 
did not increase Fgf23 expression at any time point (Figure 4.13). The possibility that dysplastic 
bone cells may secrete paracrine factors that would induce Fgf23 expression by healthy 
osteocytes was also investigated by treating IDG-SW3 cells with media in which mutant CSHS 
hBMCs had been cultured. Again, this approach did not yield positive results (Figure 4.14). 

We think that failure to retrieve positive data with these models relies on the diffi culty of replicating 
CSHS physiopathology in vitro. Considering that the skeletal dysplasia in CSHS probably 
originates from cells derived from mutated skeletal stem cells, BMSCs appear, at fi rst glance, 
as the most attractive option to study CSHS physiopathology in vitro instead of IDG-SW3 cells, 
which are a model for differentiated bone cells. Unfortunately, the ability of BMSCs to undergo 
osteogenic differentiation in vitro is limited with the current protocols. 

Our lack of success with these experiments prompted us develop a set of transgenic mouse 
strains in an effort to replicate the mineral abnormalities observed in CSHS by selectively 
expressing Ras mutations in bone tissue. Unfortunately, to date our mouse models did not show 
higher levels of Fgf23 expression in the bone or decrease in serum phosphate. These murine 
experiments are discussed in depth in section 5.3. 

In addition to the uncertainties regarding the source of FGF23, the molecular events that lead 
to an increase of FGF23 production secondary to RAS hyperactivity in CSHS are also unclear. 
Data derived from several studies point to FGFR1 signaling in bone cells as a reasonable link 
between RAS and FGF23 (FGFR association with the RAS pathway is discussed in section 5.3). 
Activating FGFR1 mutations have been identifi ed in osteoglophonic dysplasia, a rare skeletal 
dysplasia that has been sporadically associated with FGF23-mediated hypophosphatemia 
[89].  In line with these fi ndings, the introduction  of a conditional deletion of Fgfr1 in osteocytes 
in a mouse model of Fgf23 overproduction, has shown to decrease Fgf23 protein levels. [122]. 
In the same study, and consistent with our hypothesis, the administration of MAPK inhibitors to a 
osteoblast-like cell line reduced  Fgf23 expression [122]. Moreover, it has been demonstrated 
that local bone factors that bind to FGFR1, such as FGF2, stimulate FGF23 expression [123],  
whereas pharmacological inhibition of FGFR1 has shown to block it [204]. It is implied from the 
aforementioned data that FGFR1signaling is involved in FGF23’s physiological regulation. The 
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identification of a fusion gene composed of fibronectin (FN1) and FGFR1 in number of PMTs, 
provided additional convincing evidence for the role of FGFR1 signaling in the regulation of 
FGF23, in these cases in the setting of a pathological event [212].

The hypoxia-inducible pathway also links RAS and FGF23. Hypoxia is known to stimulate Ras 
activity, which in turn induces HIF1α expression [213]. HIF1α increases in several hypoxic 
conditions including cancer and ferropenia. As discussed in the Introduction, ferropenia induces 
FGF23 expression both in subjects with ADHR, a disease caused by mutations in FGF23’s 
proteolytic site, and healthy individuals. However, only high intact FGF23 levels are detected 
in ADHR subjects in this setting due to aberrant protein degradation [117]. In vitro studies on 
ADHR have demonstrated that pharmacological induction of HIF1α leads to increased FGF23 
expression and that this increase can be blunted with MAPK inhibitors [118], consistent with a 
role for the Ras pathway in the regulation of FGF23. 

Additional data implicating hyperactive RAS with pathological FGF23 secretion was suggested 
by a case-report that described a woman with a colon adenocarcinoma harboring an activating 
KRAS mutation who  also had oncogenic osteomalacia; inmunohistochemical tests were 
performed on the tumor and demonstrated the presence of FGF23 [214]. 

Given that CSHS appears to arise from RAS mutations, it is surprising that neither frank 
hypophosphatemia nor rickets are commonly reported in germline RASopathies. Nonetheless, 
a recent study comparing bone mineral density (BMD) in Costello syndrome, which is caused 
by germline RAS mutations, and healthy controls, revealed that blood phosphate in affected 
patients was lower in the group of Costello patients compared to a healthy control group [215]. 
Increased urinary phosphate excretion was detected in some subjects, but FGF23 levels were 
not assessed, so the status of phosphate homeostasis in patients with Costello syndrome remain 
unclear at this point. On a similar note, hypophosphatemia has been reported sporadically 
in subjects with neurofibromatosis type 1 (NF1), [216-218]. NF1 is caused by mutations in 
the neurofibromin 1 gene which encodes a protein that downregulates RAS by enhancing 
RAS’ GTPase activity [219]. In contrast to the mild renal phosphate wasting found in Costello 
patients, the abovementioned NF1 cases exhibited severe hypophosphatemia and osteomalacic 
manifestations, and elevated FGF23 was found in those in whom it was assessed. Interestingly, 
these symptoms commenced suddenly during adulthood as occurs most times in TIO secondary 
to PMTs. Possibly related to the pathophysiology of hypophosphatemia in NF1 are 2 reports on 
schwanomas, tumors occasionally found in the setting of NF1, that behaved clinically as PMTs 
[220, 221].
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5.3 The effects of hyperactive RAS in dysplastic bone formation 
(Objective III)

RAS signaling has a well-established role in all stages of skeletal development, therefore it 
is not surprising that RAS mutations in mesenchymal stem cells lead to alterations in skeletal 
development. In regards to RAS signaling in skeletal development, FGFRs play a prominent 
role. FGFRs are membrane bound tyrosine kinases that upon ligand binding can stimulate 
several pathways critical for cell proliferation and differentiation, the Ras-dependent MAPK 
pathway being the most frequently involved [222]. Relative to their role in skeletal formation, 
FGFR1 and FGFR2 have demonstrated to be key osteoblastogenesis and limb development, 
whereas growth plate formation and differentiation depends mainly on FGFR3 and to a lesser 
extent to FGFR1 expression [223]. The importance of FGFR signaling during skeletogenesis is 
highlighted by the fact that most chondrodysplastic and cranyosinostosis syndromes, in addition 
to other skeletal dysplasias, are secondary to activating FGFR mutations (e.g. FGFR3 mutations 
in achondroplasia, FGFR2 mutations in Crouzon syndrome) [224, 225]. 

Germline RASopthies provide additional and very obvious evidence of Ras hyperactivity in 
abnormal skeletal development. Orthopedic manifestations that are frequently detected in 
germline RASopathies include scoliosis, kyphosis, pectum carinatum, and hand deformities 
among others, some of which can also be found in CSHS subjects [226]. Nonetheless, 
dysplastic skeletal lesions similar to those observed in CSHS have not been reported in germline 
RASopathies. Perhaps certain distinctive features of CSHS’s pathophysiology such as the timing 
of the mutation during the postzygotic stage, the specifc mutations identifi ed in CSHS, and 
the interaction of mutant with WT cells that occur in mosaicism, could potentially explain the 
phenotypical differences between CSHS and germline RASopathies.
  
The fi rst window into the potential pathophysiological effects of these hyperactive RAS mutations 
in bone came from the direct histological examination of bone samples from patients with 
CSHS.  In the case of subject CSHS105, bone was taken from a radiographically dysplastic 
skeletal region, but microscopically, the tissue did not appear to have any abnormality other 
than osteomalacia (Figure 4.6).  This could represent a sampling error, but consistent with this 
observation were the fi ndings from a patient with CSHS in which a bone biopsy was also 
performed in a dysplastic-appearing area and no histological abnormalities were noted beyond 
osteomalacia [52]. In contrast, small islands of dysplastic-appearing fi brous cells were observed 
in histologic sections from the rib of CSHS104 (obtained at autopsy) (Figure 4.5) in which the 
presence of the NRAS mutation was also verifi ed. Nonetheless, these fi brotic islands were 
small, thus they may not represent the mixed lytic/sclerotic lesions seen on imaging. Further 
study of additional bone samples from patients with CSHS is necessary to better characterize 
the histological features of the CSHS skeletal dysplasia. Osteomalacia, on the other hand, has 
been confi rmed in the aforementioned bone samples as well as in the literature. Given that 
dysplastic-appearing bones seem to be more prone to fracture, it may be possible that the most 
prominent effect of these RAS mutations on the skeleton, in addition to a hypothetical effect on 
FGF23 production, is to inhibit local mineralization, instead of inducing structural abnormalities 
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in the organic component of the bone as seen in conditions such as FD. Direct comparison of 
bone from a non-dysplastic area vs a dysplastic bone lesion within the same individual could 
be very informative for this matter.    

In an effort to further characterize CSHS bone histology, CSHS hBMSCs (which had a mix 
population of WT and mutant cells) were transplanted to immunocompromised mice. Subcutaneous 
ossicle formation is a powerful system for accessing the intrinsic bone-forming (or dysplasia-
forming) capacity of skeletal progenitor cells that is accomplished in part by by removing cells 
from the complex in vivo milieu [144, 152]. Unfortunately, inadequate bone formation was 
observed with both the CSHS and WT hBMCSs ossicles, so conclusions regarding CSHS bone 
histology with this assay could not be drawn. While succesful subcutaneous ossicle formation 
can be informative, this technique is notorious for its poor reproducibility. Several factors that are 
difficult to control for may alter the ability to form ossicles e.g. the specific lot of FBS used for 
cell culture, the degree of immunodeficiency in the mouse strain (in some inmunocrompromised 
strains, immunodeficiency tends to drift over time), defective cellular cryopreservation,  cellular 
death during hydroxyapatite incubation, and the source of hydroxyapatite particles are some 
examples. The problem we experienced was not unique to CSHS.  Other well-established 
hBMCS transplant assays, e.g. FD [144], have also experienced difficulties.  Currently, new 
carriers are being investigated in our laboratory to improve this technique that lead to superior 
bone formation than with hydroxyapatite. In addition, new strains of immunocompromised mice 
are now being studied which are also delivering better and more consistent results. At present 
we are waiting to corroborate the benefits of these modifications on better established models 
before repeating the studies with our CSHS cells, which are in short supply.  

Perhaps the ultimate model for studying a disease is the generation of transgenic animal models.  
The mutated gene can be introduced globally, in a specific tissue, and/or expression controlled 
temporally via inducible systems.  Towards this end, mouse strains were developed to study the 
effects of Ras mutations in the bone. While transgene expression was clearly seen in skeletal 
tissue (Figure. 4.18), phenotypic abnormalities were not detected in the in vivo inducible models. 
In the case of the non-inducible model, none of the pups born had a positive genotype. 

There are several potential reasons that could explain the lack of an observable pathological 
skeletal phenotype in these mouse models. First, with the tamoxifen-inducible Cre-Lox systems, 
transgenic recombination only takes places in cells that are expressing the selected cre driver 
in the specific moment that tamoxifen is administrated (and in their daughter cells). Therefore, it 
is possible that even after using high doses of tamoxifen for 5 days, the Kras G12D transgene 
was not activated in enough bone cells to induce a skeletal dysplasia. One could argue that 
recombination appeared very abundant in the luciferase assay, but the luciferase reporter is 
known to deliver a hypersensitive signal. This means that luciferase is a good reporter to obtain 
a “yes/no” answer, but does not accurately quantify the amount of recombination. So while 
there was clearly reporter transgene expression in the appropriate tissue, it is still possible that 
the number of cells that actually underwent Cre recombination was insufficient to generate a 
skeletal phenotype. 
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Considering that CSHS probably arises from a primitive pluripotent stem cell, another possibility 
for the lack of results in the case of mouse model 1, is that the collagen 3.6 driver targeted cells 
(i.e. immature osteoblasts) that are probably too differentiated to generate a CSHS phenotype. 
In line with this thought, Remoli et al. generated a knock-in mouse model aiming to replicate FD 
by activating the mutant Gsα construct in early osteoblasts through a constitutively activated Col 
2.3 driver (which is very similar to the Col 3.6 driver) [227].  The results showed a mouse with 
a skeletal phenotype, but not that of FD, supporting the hypothesis that targeting differentiated 
cells to express the mutant transgene is not appropriate for disorders that are originated in more 
primitive cells.

To address this potential technical issue, we modifi ed our experimental design by replacing 
the tamoxifen-inducible collagen 3.6 Cre driver for the tamoxifen-inducible Prx1-Cre driver. As 
previously mentioned, Prx1 is expressed in the limb bud and craniofacial mesenchyme during 
embryonal development [158], and in a small subset of periosteal cells in postnatal life that 
are thought to have osteochondral potential [159]. This promoter has been used in skeletal 
developmental models [158] and in fracture models created to assess the origins of skeletal 
progenitors during soft callus formation [159].  
In our model, transgene induction was performed initially in post-weaned mice (21 days of postnatal 
life), but this approach did not lead to any visible radiographic or histological abnormality. In 
thinking that the key resided in activating the Kras transgene during embryogenesis, pregnant 
dams from mouse model 1 and 2, were treated with tamoxifen (data not presented), but this 
culminated systematically in abortion due to tamoxifen’s toxicity.

Consequently, we further modifi ed our approach and developed a non-inducible model with a 
Prx1 constitutive Cre driver. However, as previously discussed, none of the pups that were born 
from these breeding pairs harbored both the Prx1Cre and LSL-KrasG12D transgenes, implying 
that widespread expression of mutant Kras G12D in tissues expressing Prx1 is lethal in utero. 
This raises the point that certain mutations are so potent that even at the tissue level they need to 
exist in the mosaic state in order to be viable. 

An additional possible explanation for our lack of positive data is that KRAS G12D might not 
be an analogous mutation, at least at the bone level, to HRAS G13R and NRAS Q61R (the 
mutations that have been identifi ed in CSHS), and therefore does not yield a CSHS skeletal 
phenotype. Currently, it is accepted that the 3 main RAS proteins, HRAS, NRAS and KRAS, have 
both overlapping and non-redundant actions [65]. An example of RAS proteins demonstrating 
overlapping actions is seen in our cohort: both subjects CSHS101 and CSHS105 have EN, 
rickets and a skeletal dysplasia, but subject CSHS101 harbors an NRAS Q61R mutation 
whereas CSHS105 harbors a HRAS G13R mutation. In contrast, subject CSHS104 harbored 
a NRAS Q61R mutation but had a GCMN instead of an EN indicating that the same RAS 
mutation can also generate a different phenotype depending on the developmental program of 
the cell that was initially mutated. Non-redundancy is evident in the prevalence of specifi c RAS 
mutations in certain cancers and benign tumors e.g. KRAS mutations are the most frequent in 
pancreatic tumors, whereas NRAS and HRAS mutations are especially prevalent in melanoma 
and bladder cancer, respectively [65]. Further, studies have shown that Hras and Nras defi ciency 
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does not impair embryonic viability in mice [228], whereas Kras is necessary for embryonic 
development pointing to a unique role for this protein [229]. 

Taking into account our experimental results, we are planning to generate a fourth in vivo model. 
In this new mouse model a Hras G12V transgene designed with tetracycline response element 
will be targeted to the early limb bud mesenchyme cells, and a subset of the craniofacial 
mesenchyme, by the a constitutively activated Prx1Cre and a Lox-Stop-Lox-reverse tetracycline-
controlled transcriptional activator transgene.The latter gene will be responsible of activating 
the Hras mutant transgene, but will only be expressed in Prx1Cre positive cells and will only be 
activated after doxycycline administration. We believe that this model has several advantages 
compared to the previous ones: 

a. The analogy of the Hras G12V mutation to that of the mutations identified in CSHS
patients appears greater than that of Kras G12D. This transgene has also been identified 
in subjects with epidermal nevus [155]. 

b. Doxycycline can be administered safely during pregnancy. It lacks tamoxifen’s 
abortive effects.

c. Doxycline’s dose can be regulated. This is advantageous since perhaps a full standard
dose given during pregnancy may induce complete transgene activation which may 
lead to in utero lethality as seen in mouse model 3. We also anticipate that by regulating 
doxycycline’s dose, the creation of a mosaic phenotype will be facilitated.

d. This model also offers the possibility to study the effects of the Hras mutation postnatally.

To date, owing largely to technical issues, we haven’t been able to model the specific effects 
of RAS mutations in the bone, and therefore we have not been able to delinieate the specific 
mechanisms by which RAS hyperactivity induces dysplastic and unmineralized bone tissue and 
investigate its potential role in FGF23 overproduction. For these reasons, we are persisting in 
making technical modifications in the will of generating an in vivo model that will eventually 
allow us to clarify mechnistally the role of the activating RAS mutations in the genereation of the 
phenotype observed in CSHS. In addition, we expect that the ongoing collection of prospective 
data on CSHS patients by our group and others will enhance our understanding of this rare, 
fascinating, and we think ultimately biologically informative syndrome.  





6. STUDY LIMITATIONS 
AND STRENGTHS
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1. Small sample size: The number of patients in our cohort is very small. Hence, the 
results of our clinical analyses need to be validated with additional patients before 
generalizing our inferences to other CSHS patients. Nonetheless, our cohort is still the 
largest reported and most thoroughly phenotyped to date so it does provide valuable 
clinical information for physicians and patients.  

2. Limited acces to CSHS102 records: This patient was not personally examined by us 
and we only had limited access to her clinical records thus, the clinical characterization 
of this patient is less complete compared to that of the other subjects of our cohort.  

3. Lack of long-term follow-up in our CSHS cohort: This limits our understanding of the 
natural history of the syndrome. 

4. The retrospective nature of the literature review: This limitiation is coupled to the 
possibility of misclassifying some of the reported subjects as having CSHS. On the 
other hand, the literature review presented is the most exhaustive and thorough reported 
review on the topic which has allowed us to further characterize the syndrome and 
to support important findings from our cohort such as and age-related improvement of 
symptoms and lack of malignant transformation of the bone.

5. RAS-specific sequencing has not been performed in most reported CSHS individuals: 
Thus, at present we cannot attribute the genesis of this syndrome and its manifestations 
solely to hyperactive RAS.

6. Successful CSHS in vitro/in vivo models have not been generated: This has hampered 
our quest for answers regarding the CSHS’s physiopathologic mechanisms. Nonetheless, 
reporting negative data prevents other scientists from conducting uninformative 
experiments. In addition, certain aspects of the experiments have been informative, 
e.g. the fact that BMSCs do not express FGF23 thus should not be used as model 
FGF23-producing system or that the widespread expression of a potent Kras mutation 
in developmental skeletal tissues is lethal in mice. 
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7. CONCLUSIONS
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7.1 General Conclusion

CSHS is a complex, multisystem mosaic syndrome secondary to activating RAS mutations in the 
GTPase domain that affects the skin, the bone, phosphate homeostasis, and non-cutaneous/
non-ossesous tissues. The study of patients with the disease, and the analysis of tissues harboring 
such mutations obtained from patients or from experimental models, provide a biological 
framework in which to study the effects of hyperactive RAS in different organs and the role of 
RAS signaling in FGF23 regulation.
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7.2 Specifi c Conclusions

1. Prevalence of tumorigenesis appears increased in CSHS. However, to date, there is no 
evidence that there is an increased risk for malignant transformation of the dysplastic 
bone lesions.

2. Hypophosphatemia does not appear to be congenital in CSHS and tends to present 
after the fi rst year of life. 

3. FGF23 has not been detected in nevi from CSHS patients. Currently there is no 
convincing evidence that excising the nevus will improve phosphate status.

4. It is possible that CSHS-related hypophosphatemia resolves over time. 

5. The incidence of CSHS is proportionally much higher in PPK than in other nevi subtypes, 
but it is more frequently associated with EN, owing to the relatively higher incidence of 
EN vs. PPK in general population.

6. Adenoviral gene transfer can be hazardous to bone marrow stromal cells.

7. Activating RAS mutations do not induce an increase in FGF23 at the translation and/
or transcriptional level in human bone marrow stromal cells or IDG-SW3 cells. 

8. Ossicle formation assays performed through the subcutaneous implantation of bone 
marrow stromal cells with hydroxyapatite particles in immunocompromised mice is a 
techinique that has poor reproducibility. 

9. Postnatal induction with tamoxifen of Kras G12D in cells expressing the 3.6 kb segment 
of collagen 1α1 and Prx1 does not deliver a skeletal phenotype or induce systemic 
mineral abnormalities.

10. The widespread expression of Kras G12D in Prx1-expressing embryonal cells is 
embryonically lethal in mice.
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