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Case for support 
 
1. Title: The genetic basis and biology of dyskeratosis congenita and bone marrow failure 
  
2. Importance 
The research is important for several reasons: 
i. Dyskeratosis congenita (DC) and bone marrow failure (BMF) are a heterogeneous group of life 
threatening disorders affecting children and adults. They are unified by the inability of the bone 
marrow to make an adequate number of mature blood cells and patients die prematurely from 
infection or bleeding. Many patients with BMF remain uncharacterized at the genetic level and 
treatment remains unsatisfactory for many cases. Elucidation of their genetic basis and biology will 
provide new diagnostic and therapeutic strategies.  
ii. Our previous work has established that a subgroup of patients with idiopathic BMF (aplastic 
anaemia) have germline mutations in three DC genes (TERC, TERT and TINF2). Based on this 
link, any future research on DC and related diseases can be expected to result in a better 
understanding of BMF in general.  
iii. The 11 characterized DC genes are important in telomere maintenance as they encode 
components of telomerase, the shelterin complex or another component important in telomere 
maintenance. It is therefore likely that the genes responsible for the uncharacterized cases of DC 
are also important in telomere maintenance. This research can thus be expected to provide new 
insights into telomere biology, as we found with our recent discovery of the surprising link between 
a defective deadenylase (PARN) and impaired telomere maintenance as a new cause of DC.  
iv. As DC is a chronic disease with features of premature ageing (including early dental loss, 
premature greying, osteoporosis and cancer at a young age) a better understanding of DC will 
provide further insights into human development and ageing. Telomere length decreases with age 
and in DC patients there is accelerated shortening of telomeres. Telomere shortening is therefore 
one of the best biological markers of ageing and DC is the paradigm disorder associated with 
accelerated telomere shortening. 
v. DC and BMF can be regarded as disorders of stem cell function, for which telomerase is 
essential. The severe abnormalities seen in these disorders can therefore be regarded as ideal 
models of telomerase and stem cell dysfunction in humans. An increased knowledge of the 
pathogenesis of these disorders is likely to contribute to our understanding of the biology of human 
stem cells.  
vi. The uncharacterized cases include a heterogeneous mixture of BMF families (see Figures 1 
and 2). In addition to defining novel disease genes involved in telomere maintenance, it is likely 
that these studies will also identify genes important in other biological pathways whose dysfunction 
results in BMF syndromes. Indeed this has been found to be the case in three novel syndromes we 
recently characterized due to constitutional mutations in SRP72, ERCC6L2 and DNAJC21 
resulting in defects in protein processing, DNA repair and ribosome biogenesis, respectively. 
 
3. Scientific potential 
 
3.1 People and track record 
Professor Dokal is one of the world’s leading authorities on BMF. He established the worldwide DC 
Registry in 1995, which acts as a major resource for acquisition of patient material. Over the last 
21 years Profs Dokal and Vulliamy have established a strong collaboration. They have done much 
of the fundamental work that underpins our current knowledge about DC and related diseases. 
Their contributions in this field are summarized in section 3.3.1.2 below. 
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3.2 Environment 
Barts and The London School of Medicine and Dentistry (part of Queen Mary University of London) 
is one of the country’s premier research institutions, having all the facilities required for the 
execution of this project. The research group is based within the iconic Blizard Institute which has 
state of the art facilities for cell and molecular biology. There are extensive core facilities including 
a flow cytometry suite and an imaging suite. The group also benefits from The Barts Genome 
Centre. Here, the School invests heavily in supporting 5 technicians, a lab manager, equipment 
purchase and maintenance for this core facility. Other in-house facilities include mass spectrometry 
(Dr Cutillas), stem cell culture (Profs Nizetic and Philpot) and siRNA screening (Dr Bishop). The 
School hosts Genomics England with Prof Caulfield as its chief scientist. 
 
“Genetic Basis of Disease” is one of the School’s identified cutting edge research areas, with a 
significant grouping of research leaders in this field. Within the Blizard Institute alone there are a 
number of groups investigating the genetic basis of skin disease (Profs Kelsell and O’Toole), 
diabetes (Prof Hitman), brain tumours (Profs Marino and Sheer), gastro-intestinal disorders (Prof 
van Heel), colorectal cancer (Prof Silver) and epigenetic modifications (Prof Rakyan). The 
proposed work will therefore take place in a supportive environment with a critical mass of 
discipline related clinical and non-clinical scientists. 
 
The Blizard Institute is co-located with The Royal London Hospital where Prof Dokal sees patients 
with BMF; this co-location of the research and clinical facilities provides a unique opportunity for 
undertaking research on these disorders. 
 
3.3 Research Plans 
 
3.3.1 Work which has led to this proposal 
 
3.3.1.1 Biological resource  
For over 25 years our principal research interest has been BMF, a diverse group of life threatening 
disorders characterized by the inability to make mature blood cells1-2. The genetic basis and 
pathophysiology of many cases of BMF remains unknown and patients frequently die prematurely. 
From 1995, DC became a major focus of our research, as we believed this would be a good model 
of BMF. DC is a premature ageing syndrome, which in its classical form is characterized by muco-
cutaneous abnormalities (abnormal skin pigmentation, leucoplakia and nail dystrophy), BMF and a 
predisposition to cancer3. It is associated with premature mortality (principally due to BMF) and the 
therapy options are unsatisfactory. In order to characterize this disease, an international DC 
Registry was established. In addition to providing a biological resource this registry has enabled 
detailed documentation of the disease phenotypes and improved management of patients. To 
date, 643 patients from 431 families (238 of which have been genetically characterized) from 47 
countries have been recruited. Over 4000 DNA samples, 800 RNA samples and 200 patient cell 
lines have been stored.  
In addition to this focus on DC, our group has become a national and international referral centre 
for genetic analysis of patients with BMF in general. As a result, samples have also been stored on 
genetically uncharacterized patients with:  
 Constitutional BMF (n=311, 45 genetically characterized). Individuals with BMF 
associated with one or more extra-haematopoietic abnormality. 
 Familial BMF (n=63, 21 genetically characterized). Families with two or more first degree 
relatives with BMF, with or without extra-haematopoietic abnormalities. 
 Idiopathic BMF (n=392, 15 genetically characterized). Sporadic/simplex cases of BMF with 
unknown primary aetiology. 
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In summary, through national and international collaboration we have established a large registry 
of BMF patients. This represents one of the largest biological resources of BMF disorders 
internationally, and is especially enriched for inherited/genetic subtypes. 
 
3.3.1.2. Genetics and biology  
Since 1995, we have undertaken a number of research studies on BMF. Significant scientific 
advances that have arisen from this work include: 
i. Identification and characterization of seven DC genes4-10. 
ii. Some patients hitherto labeled idiopathic BMF (aplastic anaemia) are due to germline mutations 
in the DC genes TERC, TERT and TINF211-13. 
iii. DC is principally a disorder of defective telomere maintenance5,14-15. Since several of the DC 
genes encode components important in telomere maintenance and patients with DC have short 
telomeres these studies have demonstrated the critical role of telomeres in humans.  
iv. Disease anticipation is observed in families with telomerase mutations due to progressive 
telomere shortening through generations16-17. This represents the second clear mechanism of 
disease anticipation in humans. 
v. The finding of germline mutations in DC genes in classical DC patients as well as in other 
diseases (including idiopathic BMF, pulmonary fibrosis and the Hoyeraal-Hreidarsson syndrome11-

13,18-20) has unified a number of related disorders biologically. This has had a significant impact on 
diagnosis and treatment of this wide range of disorders21.  
vi. Recent identification and characterization of three novel BMF syndromes22-24. 
 
Collectively, these studies together with the work of others25-31 have led to the characterization of 
~70% of DC and < 20% of BMF and related diseases. The focus of this proposal is to identify the 
genetic basis and biology of the many uncharacterized cases of DC (section 3.3.2.1) and BMF 
(3.3.2.2) and to elucidate mechanisms that underlie drug therapy (3.3.2.3). 
 
3.3.2: Experimental design and methods to be used in this proposal 
 
3.3.2.1. Studies on DC 
 
3.3.2.1.1. Mutation analysis of known DC and inherited BMF genes 
We have developed a targeted BMF disease gene panel32. This includes all the known classical 
DC genes (DKC1, TERC, TERT, NOP10, NHP2, TINF2, TCAB1, CTC1, RTEL1, ACD and PARN) 
as well as several other BMF genes such as the recently characterized BMF syndrome genes 
(SRP72, ERCC6L2 and DNAJC21). These syndromes can have some features that overlap with 
DC. This targeted BMF gene panel will be used to identify mutations in all new DC cases. The 
identification of mutations is essential for immediate management. The continual referral of families 
to our BMF registry particularly from countries outside the UK, providing important primary material 
for the further characterization of genes involved in DC/BMF, is dependent on the provision of this 
mutation analysis. We remain the main group providing comprehensive DC genetic testing 
internationally. 
 
3.3.2.1.2. Identification of new DC genes 
In 193/431 families recruited to the DC Registry we have been unable to find an abnormality in any 
of the known DC genes. In 37/193 of these uncharacterized families, there are two or more 
affected individuals. These 37 uncharacterized DC families (with apparent recessive and dominant 
inheritance patterns) are shown in Figure 1 below. We believe these families will be crucial in 
identifying new DC genes. 
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New gene discovery has been an important component of the work in our laboratory for the last 20 
years. In the last four years we have principally employed whole exome sequencing33 to identify 
new BMF genes. Using this approach we have recently published on several disease genes21-23,34 
including the identification and characterization of the most recent DC gene (PARN)10, which 
demonstrated an unexpected link between deadenylation and telomere maintenance.  
 
In order to identify the disease genes in the uncharacterized DC families we plan to take a similar 
approach employing exome sequencing. We will prioritize the affected individuals from multiplex 
families (Figure 1) as this facilitates the variant filtering and segregation analysis of newly identified 
genetic variants. However, sporadic/simplex cases can also be characterized using this approach 
as we have recently shown in the BMF syndrome associated with biallelic mutations in 
DNAJC2123.  
 
Figure 1: Genetically uncharacterized multiplex DC families 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
One of the problems we face concerns a subset of patients, with classical or severe clinical 
presentation of DC, in whom exome sequencing has failed to identify the disease-causing 
variant(s). We will take several approaches to overcome this: (i) Increase our exome number, to 
find allelic series of rare exonic causes. (ii) Perform copy number variant analysis using targeted 
multiplex ligation-dependent probe amplification as well as genome-wide SNP arrays to search for 
exon loss, particularly in those cases in which monoallelic rare variants have been identified in the 
recessive DC genes. (iii) Investigate the possibility of differential allelic expression, again focusing 
on the monoallelic cases. (iv) Use Phenotips (a new patient phenotyping software35) to critically 
review phenotypes and group clinically similar patients accordingly. (v) Carry out selected genome 
sequencing to identify potential non-coding genetic causes. This remains a difficult task as the 
‘regulome’ is still relatively poorly annotated, but with rapid advances in this area, we expect this 
approach to become more accessible. It is notable that the multiplex families in our BMF registry 
are principally from outside the UK and therefore not eligible for recruitment into studies covered 
under the umbrella of Genomics England.  
 
3.3.2.1.3. Functional characterization of new genes and their variants identified in these studies will 
benefit from several assays/techniques that we have established in our lab. Our abundant 
collection of patient derived cell lines, including many from genetically uncharacterized cases, will 

(i) Apparent autosomal recessive inheritance (n=30): 
3 4 6 7 9 5 2 1 8 

10 11 17 16 12 13 14 15 

18 21 24 22 23 19 20 

26 25 27 28 29 30 

(ii) Apparent autosomal dominant inheritance (n=7): 
31 32 33 34 

35 36 37 
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prove very useful in these studies, as we have demonstrated recently10,24. The assays we will use 
include: 
i. Telomerase assays, a real-time quantitative-PCR adaptation of the telomerase repeat 
amplification protocol17,20. In addition to characterization of novel TERC and TERT mutations these 
assays will enable us to determine the effect of mutations in novel molecules that might affect the 
overall telomerase activity of the cell. 
ii. Telomere length measurement by Southern-blotting5,36, monochrome multiplex-qPCR10 and flow 
cytometry/fluorescent-in-situ-hybridization. We will extend our analysis of telomere lengths in DC 
families to include those that are presently uncharacterized. This analysis may provide additional 
information about the status of individuals in genetically uncharacterized DC families and therefore 
help in their assignment in genetic analysis. Telomere length data may also facilitate the selection 
of genetic variants for further investigation following exome sequencing; uncharacterized families 
with very short telomeres are likely to have mutations in new genes important in telomere 
maintenance.   
iii. Cell growth characteristics, cell cycle and apoptosis assays37-38. We have previously 
characterized the cell cycle and growth characteristics of genetically defined DC cells; DC cells 
exhibit abnormalities of cell growth, increased fraction of cells in the G0 phase of the cell cycle and 
increased rates of apoptosis. These assays will be used to establish the cell characteristics of the 
uncharacterized cases of DC.  
iv. DNA-damage response assays (e.g. DNA damage foci analysis using antibodies to DNA 
damage proteins, gamma-H2AX and 53BP138). We will determine the effect of novel mutations on 
DNA damage responses in the cell. By combining these assays with cell growth, cell cycle, 
apoptosis and telomere length measurements we should be able to identify new links between 
telomere dysfunction and genomic instability.   
v. Quantitation of TERC and other H/ACA small nucleolar RNAs (snoRNAs)7-8. Through quantitative 
measurement of TERC in primary material using a custom-designed TaqMan gene expression assay, 
we have demonstrated that low levels of TERC are accumulated in DC patients harboring DKC1, 
NOP10, NHP2 and PARN mutations as well as those patients with TERC mutations. We will 
quantitate TERC and other selected H/ACA snoRNAs in uncharacterized patients using SYBR-green 
quantitative RT-PCR. 
vi. Interfering RNA and CRISPR/Cas9 for selective study of individual genes7-8. We have used 
small interfering RNAs and small hairpin RNAs extensively in the characterization of novel disease 
genes, and will continue to do so. These knockdown studies are particularly important in mimicking 
hypomorphic mutations, where some residual activity remains. To investigate the impact of loss-of-
function alleles, we will employ CRISPR/Cas9 to create null alleles. To date, we have successfully 
used CRISPR/Cas9 to generate zebrafish knockouts (unpublished data) and are in the process of 
moving this technology to human cells. These studies will be most relevant when patient cells are 
not available and provide a powerful way of establishing the functional role of the new DC genes in 
normal physiology.  
vii. Expression of mutant proteins. Novel DC genes will be cloned into the pEGFP-C1 vector 
(Clontech) or the pLVTHM lentiviral vector (Addgene) and mutations will be introduced into the wild 
type sequence by site directed mutagenesis. Their subsequent transfection/transduction into 
primary human cells (fibroblasts) and cell lines (HT1080, HeLa, HEK293 and A549), with and 
without prior knock down of the corresponding wild type gene, will enable us to assess the impact 
of these mutations on subcellular localization in addition to the other readouts detailed above. The 
EGFP tag will also enable us to use an anti-GFP antibody to pull down the tagged proteins from 
transfected cells. This will allow Western and agarose gel analyses to determine the binding 
properties of a mutant protein to its interacting partners compared to the wild type form. We have 
recently used this approach to characterize the function of DNAJC21 and its variants.23 

viii. Assays to assess reactive oxygen species, RNA deadenylation and ribosomal biogenesis. In 
the last three years the identification and characterization of three new disease genes, 
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ERCC6L223, PARN10 and DNAJC2124, necessitated the establishment of these new assays in our 
laboratory. 
 
Collectively, these techniques/assays will enable us to determine the effect on a number of 
biological parameters in patient cells harbouring specific genetic variants as well as following 
knockdown and/or ectopic expression of any newly identified gene in human cells/lines. As 
highlighted above and demonstrated in our recent publications, we have used these approaches 
successfully in the characterization of several new disease genes10,22-24. 

 
3.3.2.2. Studies on BMF 
 
3.3.2.2.1. Mutation analysis in new cases of BMF 
We and others have shown that some cases of sporadic/simplex BMF are cryptic forms of DC due 
to constitutional mutations in TERC, TERT or TINF2. New patients with BMF will be screened for 
mutations in these genes using the targeted BMF disease gene panel referred to in section 
3.3.2.1.1. This information will provide direct input to appropriate management of new cases. 
Cases that are found to be normal with regard to these genes will be added to the samples of 
uncharacterized cases and included in the studies aimed at gene discovery.  
 
3.3.2.2.2. Identification and characterization of new genes in BMF  
In addition to 392 cases of idiopathic BMF and 311 cases of constitutional BMF, we have obtained 
samples from 63 families in which there are two or more affected individuals with BMF, of which 42 
are genetically uncharacterised (Figure 2). 

 
Figure 2: Genetically uncharacterized multiplex BMF families 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We will take a similar approach to that described in sections 3.3.2.1.2 and 3.3.2.1.3 above to 
identify and characterize new genes mutated in these BMF families. These new genes will then be 
screened for mutation in sporadic/simplex cases of BMF. As we have a relatively large collection of 
samples it should be possible to distinguish variants in these new candidate genes that are 
disease causing from those that might be bystanders.  
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(i) Apparent autosomal recessive inheritance (n=23): 
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3.3.2.3. Identification of a unifying mechanism for the BMF in the different BMF syndromes  
 
Despite significant advances in the genetics of DC and BMF the therapeutic interventions for the 
BMF (the principal cause of mortality) remain limited. The only curative option for the BMF is 
haematopoietic stem cell transplantation but this is not possible in all cases. Oxymetholone has 
proved effective in controlling the disease in some cases, but has a number of unwanted side 
effects. We have recently observed that danazol used at low doses (0.5-1.0 mg/kg/day) can 
produce durable trilineage haematological responses in DC patients39. This has subsequently been 
also reported by other investigators40. It is notable that danazol has also been shown to be 
efficacious in the treatment of BMF in patients with Fanconi anaemia41. Fanconi anaemia is a 
pleotropic BMF syndrome where the principal defect is in DNA repair. Additionally, we have 
observed that patients with biallelic mutations in USB142 and ERCC6L223 can also achieve 
trilineage haematological responses to danazol (patients attending our BMF clinic at The Royal 
London Hospital, unpublished observations). This suggests that danazol could be affecting an as 
yet uncharacterized common mechanism responsible for the haematopoietic defect in these four 
distinct genetic BMF syndromes. We would therefore like to determine the mechanism of action of 
danazol as this could provide a handle to identify the common BMF mechanism and suggest novel 
drug targets for the BMF syndromes. 
 
We have recently observed that danazol can increase the growth in-vitro of peripheral blood cells 
(lymphocytes) from a variety of BMF patients including those with DC and Fanconi anaemia43. 
Interestingly another agent, a telomerase activator (TA-65), also produced some positive effects 
but this was less marked than danazol. This provides us with a laboratory system to investigate the 
effects of danazol on a range of biological parameters that are relevant to the four different 
syndromes. We will undertake the following investigations: 
 
3.3.2.3.1. Studies to determine the effect of danazol on DNA repair (defective in Fanconi anaemia), 
telomerase activity (defective in DC), reactive oxygen species (increased in DC, Fanconi anaemia 
and patients with biallelic ERCC6L2 mutations) in peripheral blood lymphocytes obtained from 
these patients. We will also extend our experiments to haematopoietic progenitors such as - colony 
forming units-erythroid as well as CD34+ haematopoietic stem/progenitor cells obtained from 
patients (using blood and bone marrow) as there could be differences in the effect of danazol on 
differentiated (e.g. peripheral blood lymphocytes) and more primitive haematopoietic cells (e.g. 
CD34+ haematopoietic cells). As highlighted in section 3.3.2.1.3 we have established assays in the 
laboratory for all of these.  
 
The findings of these experiments will enable us to determine the range of effects danazol has on 
cells derived from different BMF patients. 
 
3.3.2.3.2. Analyses to identify global RNA changes following treatment with danazol. In addition to 
the functional assays outlined above we will undertake global RNA analysis (RNA-seq) to 
determine which RNAs change significantly upon treatment with danazol. We will obtain RNA from 
whole peripheral blood and CD34+ (haematopoietic stem) cells from patients with DC (e.g. with 
TERC mutations), Fanconi anaemia (subtype-A as this represents the majority of patients), as well 
as biallelic USB1 and ERCC6L2 mutations. In each experiment, we will compare RNA from 
patients who are being treated with danazol and a patient group who are not on therapy. We 
believe this will enable us to identify significant RNA changes that are common to danazol 
treatment, irrespective of the underlying constitutional genetic mutations. In turn this could provide 
a unifying mechanism(s) for the BMF if the RNAs with the most significant changes are associated 
with specific biological networks/pathways.  
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3.3.2.3.3. Analyses to identify global proteomic changes following treatment with danazol. Using a 
similar source of starting cells as in the two preceding sections we will obtain whole cell lysates 
(from peripheral blood) and undertake liquid chromatography-tandem mass spectrometry followed 
by global proteomic analysis. This will enable us to observe global effects on both the expression 
and post-translational modifications induced by danazol treatment on proteins in the different BMF 
subtypes. We will also focus specifically on phospho-proteomic analysis as phosphorylated 
proteins are key players in signaling networks44. The phospho-peptide signatures will be compared 
between the different disease sub-groups to determine if there are any peptide signatures that are 
shared following treatment with danazol. 
 
We believe that the power of these experiments lies in the fact that we will be looking for 
commonality of drug action among four different genetic subtypes of BMF. Collectively, they aim to 
detect the effects of danazol treatment at the cell, RNA and protein level that are shared in the 
different BMF syndromes. They therefore have the potential to identify a unifying mechanism of 
action of danazol and in doing so, they may identify new potential therapeutic target(s) for this 
group of patients. 
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4. Ethics and research governance 
The research will involve the use of blood (and sometimes bone marrow) samples obtained from 
patients with DC and BMF. Informed consent will be obtained from patients using consent forms 
that have been approved by the Central Office for Research Ethics Committees (Ref: 07/Q0603/5). 
The samples will be collected at routine clinical appointments; this will ensure patients are not 
having to make extra clinic visits and are not exposed to additional venipunctures. 
 
5. Exploitation and dissemination 
Our findings will be reported to patient groups through the worldwide DC Registry held at Barts and 
The London and which was originally created and maintained by Prof Dokal. This provides an 
excellent forum to disseminate information and raise patient awareness of treatment advances as 
they become available. Prof Dokal has facilitated the development of two Dyskeratosis Congenita 
Support Groups (The Gary Woodward Dyskeratosis Congenita Trust and DC Action). He is a 
Medical Advisor to these groups. This will assist in informing patients and their families of 
advances in DC and BMF. 
 
Furthermore, the Blizard Institute is home to “Centre of the Cell”, a venue designed specifically to 
engage with school children for the explanation and promotion of the types of scientific research 
that are conducted within our institute. It is the first centre of its kind in the world to be based within 
a working medical school research laboratory and hosts up to 40,000 visitors each year. With 
genetics and telomere biology being an essential aspect of mammalian cell biology and human 
health, our research fits perfectly into the scheme.  
  
 


