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Abstract:
Inherited bone marrow failure syndromes (IBMFS) represent a group of disorders typified by impaired
production of one or several blood cell types. The telomere biology disorders dyskeratosis congenita
(DC) and its severe variant Høyeraal-Hreidarsson (HH) syndrome are rare IBMFS characterized by bone
marrow failure, developmental defects, and various premature aging complications associated with
critically short telomeres. Here we identified biallelic variants in the gene encoding the 5'-to-3' DNA
exonuclease Apollo/SNM1B in three unrelated patients presenting with a DC/HH phenotype consisting of
early onset hypocellular bone marrow failure, B and NK lymphopenia, developmental anomalies,
microcephaly and/or intrauterine growth retardation. All three patients carry a homozygous or compound
heterozygous (in combination with a null-allele) missense variant affecting the same residue L142 (L142F
or L142S) located in the catalytic domain of Apollo. Apollo-deficient cells from patients exhibited
spontaneous chromosome instability and impaired DNA repair that was complemented by CRISPR/Cas9-mediated
gene correction. Furthermore, patients' cells showed signs of telomere fragility that were however not
associated with global reduction of telomere length. Unlike patients' cells, human Apollo KO HT1080-cell
lines showed strong telomere dysfunction accompanied by excessive telomere shortening, suggesting that
the L142S and L142F Apollo variants are hypomorphic. Collectively, these findings define human Apollo as
a genome caretaker and identify biallelic Apollo variants as a genetic cause of a hitherto unrecognized
severe IBMFS combining clinical hallmarks of DC/HH with normal telomere length.
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KEY POINTS 51 

 Biallelic Apollo variants cause a bone marrow failure syndrome with clinical hallmarks of 52 

dyskeratosis congenita but normal telomere length 53 

 Apollo is a genome caretaker critical for the proper development of the immuno-hematological 54 

system in humans. 55 

 56 
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ABSTRACT  59 

Inherited bone marrow failure syndromes (IBMFS) represent a group of disorders typified by impaired 60 

production of one or several blood cell types. The telomere biology disorders dyskeratosis congenita 61 

(DC) and its severe variant Høyeraal-Hreidarsson (HH) syndrome are rare IBMFS characterized by 62 

bone marrow failure, developmental defects, and various premature aging complications associated 63 

with critically short telomeres. Here we identified biallelic variants in the gene encoding the 5'-to-3' 64 

DNA exonuclease Apollo/SNM1B in three unrelated patients presenting with a DC/HH phenotype 65 

consisting of early onset hypocellular bone marrow failure, B and NK lymphopenia, developmental 66 

anomalies, microcephaly and/or intrauterine growth retardation. All three patients carry a homozygous 67 

or compound heterozygous (in combination with a null-allele) missense variant affecting the same 68 

residue L142 (L142F or L142S) located in the catalytic domain of Apollo. Apollo-deficient cells from 69 

patients exhibited spontaneous chromosome instability and impaired DNA repair that was 70 

complemented by CRISPR/Cas9-mediated gene correction. Furthermore, patients' cells showed signs 71 

of telomere fragility that were however not associated with global reduction of telomere length. Unlike 72 

patients' cells, human Apollo KO HT1080-cell lines showed strong telomere dysfunction accompanied 73 

by excessive telomere shortening, suggesting that the L142S and L142F Apollo variants are 74 

hypomorphic. Collectively, these findings define human Apollo as a genome caretaker and identify 75 

biallelic Apollo variants as a genetic cause of a hitherto unrecognized severe IBMFS combining clinical 76 

hallmarks of DC/HH with normal telomere length. 77 

 78 

 79 

 80 

 81 
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 86 

 87 
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INTRODUCTION 88 

 Inherited bone marrow failure syndromes (IBMFS) represent heterogeneous Mendelian 89 

diseases having in common an impaired production of one or several blood cell lineages 
1
. Growth 90 

delay, mucocutaneous abnormalities, developmental defects and cancer predisposition are other 91 

clinical outcomes that can manifest in IBMFS
1
. Dyskeratosis congenita (DC) and its severe variant 92 

Høyeraal-Hreidarsson (HH) syndrome are rare IBMFS. DC is mainly characterized by progressive 93 

bone marrow failure, premature aging manifestations and increased cancer predisposition, while HH 94 

can associate with early-onset bone marrow failure, intrauterine growth retardation (IUGR), 95 

microcephaly and/or cerebellar hypoplasia and immunodeficiency 
2,3

. Since DC and HH are caused by 96 

genetic defects impacting the integrity and/or the length of telomeres, they belong to a heterogeneous 97 

group of conditions termed telomere biology disorders (TBDs)
2-5

. Telomeres are constituted by double-98 

stranded TTAGGG repeats terminated by a 3' single-stranded sequence called G-overhang. 99 

Telomeres are decorated by a complex named shelterin 
6
 composed of six proteins (TRF1, TRF2, 100 

TIN2, RAP1, TPP1, POT1) among which TRF1 and TRF2 bind directly to the duplex telomeric DNA 101 

while POT1 binds to the single-strand G-overhang 
6
. Shelterin is essential to protect chromosome 102 

from degradation and/or fusion and to maintain telomere length 
7
. To date, variants in 11 factors 103 

(TERT, TERC, Dyskerin, NOP10, NHP2, TCAB1, TIN2, TPP1, CTC1, RTEL1, and PARN) that 104 

participate in telomere biology have been found to cause DC and HH 
2,3,8

. In DC and HH, the severity 105 

and onset of symptoms are generally correlated to the degree of telomere length reduction 
9,10

. Thus, 106 

telomere length determination is an effective approach to diagnose DC/HH in patients with IBMFS 107 

2,10,11
.  108 

 Apollo (SNM1B), encoded by the DNA cross-link repair 1B (DCLRE1B/Apollo; NC_000001.11) 109 

gene, is a 5'-to-3' DNA exonuclease that functions within the Fanconi anemia (FA) pathway and is 110 

involved in the repair of both mitomycin C (MMC)-induced DNA interstrand crosslinks (ICL) and DNA 111 

double-strand breaks (DSB) 
12

 as well as the stabilization of stalled replication forks and S-phase 112 

checkpoint activation 
13-17

. Moreover, the identification of single nucleotide polymorphisms in the 113 

DCLRE1B/Apollo locus associated with breast cancers and cutaneous melanoma supported a 114 

protective role of Apollo in genome integrity 
18,19

.  115 
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 Apollo also participates in telomere protection via an interaction between its TRFH Binding 116 

Motif (TBM) and the Telomeric Repeat Factors Homology (TRFH) domain of TRF2 
20-23

. Apollo KO 117 

mouse embryonic fibroblasts (MEFs) exhibited impaired production of G-overhangs and frequent 118 

telomere fusions at the newly-replicated leading-end telomeres. This observation suggested that the 119 

nuclease activity of Apollo is involved in the generation of G-overhang that avoids fusion of leading 120 

telomeres 
24-26

. In human cells, the role of Apollo at telomeres is less clear since its depletion induces 121 

telomere fragility causing multiple telomeric signals (MTS), that is however not associated with 122 

impaired G-overhang, increased telomere fusion or telomere shortening 
20,21

. Nonetheless, it has been 123 

demonstrated that human Apollo together with TRF2 and the topoisomerase TopoIIa function in DNA 124 

replication of telomeric sequences by alleviating topological stress 
23

.  125 

We previously described a HH patient expressing an aberrantly spliced Apollo transcript 126 

leading to the production of a truncated Apollo that exerted a dominant negative effect on the stability 127 

of telomeres without affecting their global length 
27

. Nonetheless, because we failed to identify the 128 

origin of the splice anomaly, we were unable to demonstrate a causal link between the truncated form 129 

of Apollo and the patient's clinical features 
27

. Thus, although Apollo appears to be important for 130 

telomere stability and genome integrity, its relative contribution to telomere maintenance and DNA 131 

repair remains elusive, especially in humans.  132 

 Here, we identified biallelic Apollo/DCLRE1B variants in children exhibiting clinical features 133 

akin to DC/HH that are, however, not associated with decreased telomere length. Our study defines 134 

human Apollo as a genome caretaker. 135 

 136 

 137 

 138 

 139 

 140 

 141 

 142 

 143 

 144 
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MATERIALS and METHODS 145 

Patients Informed consent was obtained from the families in accordance with the Declaration of 146 

Helsinki. The institutional INSERM and Assistance Publique–Hôpitaux de Paris review boards 147 

approved this study.  148 

Cells. Cells used in this study are described in supplemental Materials and Methods. 149 

Telomere length measurement by fluorescence in-situ hybridization and flow cytometry and 150 

Telomere restriction fragment analysis (TRF). The procedures for telomere length measurements 151 

are detailed in supplemental Materials and Methods. 152 

Whole exome sequencing and gene targeted sequencing. Sequencing approaches are detailed in 153 

supplemental Materials and Methods. 154 

Telomere Shortest Length Assay (TeSLA). TeSLA method, performed as described by Lai et al. 
28

,  155 

is described in supplemental Materials and Methods. 156 

Telomeric FISH. Telomeric FISH procedure  is described in supplemental Materials and Methods.  157 

Detection of telomere-dysfunction induced foci (TIF) and -galactosidase activity. Procedures 158 

are described in supplemental Materials and Methods.   159 

In-gel G-overhang assay. In-gel G-overhang assay was performed as described 
29

, with minor 160 

modifications detailed in supplemental Materials and Methods.  161 

CRISPR/Cas9-mediated Apollo gene correction. CRISPR/Cas9-mediated Apollo gene (DCLRE1B; 162 

Entrez Gene: 64858) correction procedure is detailed in supplemental Materials and Methods  163 

Expression Vectors. Vectors are in supplemental Materials and Methods.  164 

Sister chromatid exchange detection (SCE). SCE procedure is detailed in supplemental Materials 165 

and Methods.  166 

Western Blotting and coimmunoprecipitation. Western Blotting, coimmunoprecipitation and 167 

antibodies are detailed in supplemental Materials and Methods  168 

Sensitivity to genotoxics assay. Procedures to analyze the cellular sensitivity are detailed in 169 
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supplemental Materials and Methods.   170 

Statistical Analyses. Statistics procedures are detailed in supplemental Materials and Methods. 171 

 172 

 173 

 174 

 175 

 176 
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RESULTS 199 

Clinical features of patients 200 

 We studied three unrelated families, each having a single child with clinical features evocative 201 

of IBMFS. Patient 1 (P1) is a 7-year-old Caucasian boy presenting growth retardation (-3 SD weight 202 

and height) and microcephaly (-2.5 SD) (Table 1). At the age of 4 months, laboratory tests, performed 203 

because of multiple petechiae, revealed a trilinear cytopenia. Bone marrow aspirate showed 204 

hypocellularity with rare megakaryocytes and moderate dyserythropoiesis. Immunological evaluation 205 

revealed profound B and NK cell lymphopenia. The proportions of recent thymus emigrant T 206 

lymphocytes and central memory T cells were reduced suggesting dysfunctional T lymphocyte 207 

homeostasis (Supplemental Table 1). The patient needed transfusion support with platelet and 208 

erythrocyte concentrates at the age of 11 months. He had undergone allogeneic hematopoietic stem 209 

cell transplantation (HSCT) at 15 months of age. Other clinical features included facial dysmorphia 210 

(hypotelorism), delayed speech, and esophageal strictures that appeared at the age of 5 years.  211 

 Patient 2 is an 11-year-old Portuguese girl born from consanguineous parents. Intrauterine 212 

growth retardation (IUGR) was diagnosed in the 3
rd

 trimester. At birth, the patient was hypotrophic with 213 

weight at 1,685 g, height at 40.5 cm and head circumference of 31 cm (-2 SD) (Table 1). She 214 

presented with skin bruising and petechiae. Her hemogram revealed pancytopenia. A bone marrow 215 

aspirate revealed marked hypocellularity, reduced percentage of myeloid precursors, rare neutrophils 216 

with hyposegmented nuclei, and signs of dyserythropoiesis. Immunological evaluation showed a 217 

virtual absence of B and NK cells (Supplemental Table 1). She received transfusion support with 218 

platelet and erythrocyte concentrates. As severe progressive pancytopenia developed, allogeneic 219 

HSCT was successfully performed at 8 months of age. At 8 years of age she developed 220 

mucocutaneous features including hyperpigmented areas of the trunk and limbs, sparse scalp hair, 221 

leukoplakia, and dystrophic nails (Supplemental Figure 1).  222 

 Patient 3 is a 6-year-old Argentinian boy (Table 1) presenting with progressive bone marrow 223 

failure. His immunological evaluation evidenced profound B and NK cell lymphopenia (Supplemental 224 

Table 1). T lymphocyte count was normal but a slight reduction of recent thymus emigrant T 225 

lymphocytes was noted that was however not accompanied by a bias in T-cell repertoire, as inferred 226 

by T cell receptor gamma gene rearrangement analysis (Supplemental Figure 2) 
30

. He receives 227 
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transfusion support (platelet and erythrocyte concentrates) and immunoglobulin replacement since the 228 

age of 3 months. He developed an inflammatory bowel disease at 10 months of age. Endoscopy 229 

showed a severe ulcerative pancolitis with signs of chronicity. Until now, the patient does not present 230 

any mucocutaneous or neurodevelopmental features. 231 

 Overall, the association of early-onset bone marrow failure, immunodeficiency, developmental 232 

defects and premature aging features in the 3 patients were consistent with DC/HH 
2-5

. 233 

 234 

Patients exhibit normal global telomere length  235 

 Since DC/HH are classically associated with abnormally short telomeres 
2,10

, we assessed 236 

telomere length in patients. Surprisingly, telomere restriction fragment (TRF) analysis did not unveil a 237 

significant telomere length defect in patients' blood samples (obtained before HSCT) as compared to 238 

their parents (Figure 1A), and in contrast to HH patients with RTEL1 or PARN deficiency (Figure 1B) 239 

31-34
. Flow-FISH 

10
 further confirmed the normal telomere length in blood cells from P1 and P3 (P2's 240 

blood sample before HSCT was not available) (Figure 1C). The telomere length in P1 and P3's blood 241 

cells sharply contrasted with the critically short telomeres measured in 13 DC/HH patients carrying 242 

pathogenic variants in TBD-causing genes (Figure 1C). Collectively, these results indicate that the 3 243 

patients, although presenting clinical features akin to DC/HH, did not exhibit critically short telomeres 244 

as classically observed in these diseases.  245 

 Subtle telomere instability resulting from rare sudden telomere loss that does not translate to 246 

global telomere shortening has been previously reported 
35

. Telomere Shortest Length Assay (TeSLA), 247 

a highly sensitive method to detect the shortest telomeres 
28

, highlighted a significant increase in the 248 

frequency of very short telomeres in P1's blood cells (Figure 1D). Thus, the combination of TeSLA 249 

analysis and telomere length measurement by TRF and Flow-FISH suggested telomere instability in 250 

patients' cells that does not translate into global telomere length reduction.  251 

 252 

Biallelic Apollo variants in patients 253 

 To determine the molecular etiology of this atypical TBD we performed whole-exome 254 

sequencing in P1 and P3 and Haloplex targeted sequencing of 10 telomere-related genes in P2. This 255 
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analysis singled out Apollo/DCLRE1B as the only common gene carrying biallelic variants in the three 256 

patients. Sanger sequencing confirmed the Apollo variants which corresponded in P1 to a c.364C>T 257 

substitution leading to a premature stop codon (p.Arg122*; NP_073747.1) inherited from the healthy 258 

mother, and a c.426A>T substitution causing a p.Leu142Phe missense variant (thereafter noted 259 

L142F) inherited from the healthy father (Figure 2A; Supplemental Figure 3). P2 carried a 260 

homozygous Apollo missense variant that, as in P1, affected the amino-acid p.Leu142 but changing it 261 

towards a serine (c.425T>C; p.Leu142Ser, thereafter noted L142S). As expected in a context of 262 

consanguinity, both P2's healthy parents carried the c.425T>C; L142S variant at a heterozygous 263 

status (Supplemental Figure 3). P3 carried compound heterozygous Apollo variants consisting in a 264 

c.472C>T substitution producing a premature stop codon p.Arg158* inherited from his healthy mother 265 

and, as in P2, a substitution c.425T>C; L142S inherited from her father  (Figure 2A; Supplemental 266 

Figure 3). 267 

 The CADD 
36

 scores and the American College of Medical Genetics and Genomics 268 

standards 
37

 predicted the four Apollo variants to be deleterious/pathogenic. Apollo L142F and L142S 269 

variants were absent in gnomAD database, while both Apollo p.Arg122* and p.Arg158* variants were 270 

present at a very low frequency (Supplemental Table 2). Furthermore, according to gnomAD, loss-of-271 

function (LOF) variant observed/expected ratio for Apollo is of 0.2, suggesting intolerance of LOF 272 

variants. Direct sequencing of Apollo cDNA from P1’s fibroblasts detected the c.346C>T;p.R122* 273 

variant indicating that it does not cause nonsense-mediated decay (NMD) (Supplemental Figure 4). 274 

However, because the low endogenous expression of Apollo precludes its detection by specific 275 

antibodies
20,21

, we could not test whether the c.346C>T;p.R122* variant produces a severely truncated 276 

form of Apollo. P3's cells were not available to assess whether the c.472C>T; p.R158* variant causes 277 

NMD. 278 

 Apollo belongs to the -CASP family of proteins characterized by the presence of a specific 279 

clamp (the -CASP domain) inserted into the -lactamase domain and covering the nuclease active 280 

site 
38

. The Apollo residue L142, located in the -lactamase domain (Figure 2B), is highly conserved 281 

across species and in other -CASP proteins (Supplemental Figure 5). Apollo's 3D structure 282 

highlights that L142 participates in the hydrophobic core of the metallo--lactamase domain (Figure 283 

2C). It is located nearby the conserved D145 residue (Supplemental Figure 5) that binds the amino 284 
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acid H276 that is believed to bind the phosphodiester cleaved by the nuclease 
39

. L142F and L142S 285 

substitutions are thus predicted to indirectly impact the Apollo nuclease activity by structural 286 

disturbance nearby the active site.  287 

 Telomere localization of Apollo depends on the interaction of its TBM domain with the TRFH 288 

domain of TRF2 
20-22,24,26

. To know whether the L142S and L142F variants could impact Apollo's 289 

stability/expression and/or its interaction with TRF2, we performed immunoblots and co-IP with 290 

extracts from HEK293T cells transfected with wild type (WT) or mutant FLAG-tagged Apollo-291 

expressing vectors. The similar detection of WT and Apollo mutants indicated that the L142S and 292 

L142F variants did not modify the Apollo expression/stability, at least not in the context of 293 

overexpression (Figure 2D). However, a consistent reduced amount of endogenous TRF2 was co-294 

immunoprecipitated with the Apollo mutants (Figure 2D) suggesting that, although at a distance from 295 

the TBM (Figure 2B), both variants partially impaired Apollo interaction with TRF2.   296 

 Altogether, these results indicate that the 3 patients carry biallelic variants in Apollo. At least 297 

one allele in each patient corresponds to a missense variant affecting the amino acid L142 that does 298 

not impact Apollo expression/stability but partially reduces its capacity to interact with TRF2 and is 299 

predicted to impact the catalytic activity of Apollo. 300 

 301 

Patients' cells exhibit some telomere aberrations but not global telomere shortening  302 

 To examine the functional consequences of Apollo variants on telomere stability we analyzed 303 

the phenotype of primary fibroblasts obtained from P1 and P2. TRF analysis did not reveal abnormal 304 

telomere length in patients' primary fibroblasts (Figure 3A), an observation congruent with the results 305 

obtained in patients' blood cells (Figure 1). Furthermore, unlike primary fibroblasts from TBDs patients 306 

with short telomeres (e.g. RTEL1-, TIN2- and PARN-deficient fibroblasts 
31,33,34,40

), or even RTEL1-307 

deficient patient's primary fibroblasts with normal telomere length 
41

, P1 and P2's primary fibroblasts 308 

did not exhibit an increase in telomere dysfunction-induced foci (TIFs) 
42,43

 and senescence-309 

associated -galactosidase activity (Supplemental Figures 6A-B) suggesting that telomeres in 310 

patients' fibroblasts are not overwhelmingly deprotected. Next, TeSLA performed in patients' primary 311 

fibroblasts uncovered a slight increase in the frequency of very short telomeres that was however not 312 

statistically significant (Supplemental Figure 6C). Even though we precisely quantified the input DNA 313 
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used for TeSLA analysis, we consistently noticed a reduction of the number of bands (corresponding 314 

to PCR-amplified products) in samples from both patients' fibroblasts compared to controls 315 

(Supplemental Figure 6C). Since TeSLA depends on annealing of a primer to the telomeric G-316 

overhang 
28

, this suggested a reduced availability of G-overhang in patients' cells, which would be in 317 

accordance with the role of Apollo in the generation of G-overhang from the leading telomere 318 

described in murine models 
24-26

. In-gel hybridization assays confirmed an overall reduction of 30-50% 319 

of the G-overhang in patients' cells (Supplemental Figure 6D). Since the calculated G-overhang 320 

value corresponds to the portion of the telomere that is single stranded, we also corrected for the 321 

effect of the telomere length by multiplying the native/denatured signal by the mean TRF length (MTL). 322 

Also these values, reflecting the absolute G-overhang length, were reduced as compared to the WT 323 

controls (Supplemental Figure 6D, experiment #3). We next performed telomeric FISH on 324 

metaphase spreads of SV40-transformed fibroblasts to detect putative telomere aberrations (Figure 325 

3B). P1 and P2 patients' cells exhibited a slight but significant increase of telomere-telomere fusions. 326 

P2's fibroblasts also had a statistically significant increase of MTS reflecting telomere fragility 
44

, while 327 

P1's cells exhibited a significant, although moderate, increase of dicentric chromosomes and sister 328 

chromatid fusions (Figure 3B-C). Other telomere aberrations were not overrepresented in patients' 329 

cells.  330 

  We concluded from these analyses that the Apollo-mutated patients' cells exhibit some signs 331 

of telomere instability and reduced G-overhang that are not associated with global telomere shortening 332 

and hallmarks of dysfunctional telomeres (i.e., TIFs and senescence), a situation different from the 333 

one observed in classical TBDs 
31,33,34,40,45

.  334 

 335 

Chromosome instability and DNA repair defect in patients' cells 336 

 Next, we assessed whether patients' Apollo-deficient cells could exhibit genome instability and 337 

impaired DNA repair. Metaphase spreads in patients' SV40-transformed fibroblasts highlighted a 338 

significant increase in spontaneous radial chromosomes (Figure 4A-B), which represent 339 

intermediates of recombination associated with genomic instability. The frequency of radial 340 

chromosomes was further increased in MMC-treated patients' cells treated (Figure 4B). As compared 341 
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to WT cells, MMC-patients' cells also showed a significant increase in chromosome breaks (Figure 342 

4A-C) and sister chromatid exchanges (Supplemental Figure 7), suggesting a defect in ICL-repair. 343 

The reduced cell survival of MMC-treated patients' Apollo-mutated fibroblasts confirmed an impaired 344 

ICL repair, which was however not as pronounced as cells from a FA patient (Figure 4D), and not 345 

associated with defective FANCD2 ubiquitination (Supplemental Figure 8). The DNA repair defect 346 

was not restricted to ICL since P1 and P2's fibroblasts also exhibited an increased sensitivity to 347 

aphidicolin that causes replicative stress by inhibiting DNA polymerase (Figure 4E), as well as to 348 

phleomycin, a DNA double-strand break-inducer (Figure 4F). These results indicate that DNA repair 349 

of several distinct DNA injuries is impaired in patients' Apollo-mutated cells.  350 

 Next, we used CRISPR/Cas9-mediated homology-directed repair to correct the homozygous 351 

L142S Apollo variant by a WT sequence in P2's hTERT-immortalized SV40-fibroblasts. We obtained a 352 

P2's SV40-hTERT cellular clone carrying a WT Apollo sequence in one allele, therefore corresponding 353 

to a heterozygous carrier of the L142S Apollo variant (noted P2
L142S/WT

; Figure 4G; Supplemental Fig. 354 

9). While the native P2's clone with the homozygous L142S Apollo variant (noted P2
L142S/L142S

) 355 

exhibited reduced cell survival upon phleomycin treatment, P2
L142S/WT

 cells behaved similarly to WT 356 

cells (Figure 4H). This result provides evidence of a causal link between impaired DNA repair and the 357 

presence of biallelic Apollo variants in patients' cells. 358 

 Collectively, our results indicate that the biallelic Apollo variants identified in patients cause 359 

telomere fragility, spontaneous genomic instability, and impaired DNA repair.  360 

 361 

Telomere phenotype in human Apollo KO cell lines 362 

 The complete loss-of-function of Apollo is embryonic lethal in mouse 
24,26,46

 and Apollo KO 363 

MEFs exhibit sharp telomere abnormalities, mostly characterized by leading telomere fusions 
24,26,46

. 364 

This severe phenotype contrasts with the rather limited telomere defect observed in patients' cells. We 365 

thus asked whether a complete lack of Apollo in human cell lines could have a stronger impact on 366 

telomere stability than the one found in patients' cells. We generated two HT1080 Apollo KO cell lines 367 

(#1 and #2) by using CRISPR/Cas9 with two distinct RNA guides (Supplemental Figure 10). Unlike 368 

patients' cells, HT1080 Apollo KO cell lines exhibited telomere dysfunction as inferred by the 369 

significant increase in TIFs (Figure 5A). In addition, both HT1080 Apollo KO cell lines exhibited a 370 
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significant augmentation of telomere-telomere fusion and dicentric chromosomes (Figure 5B), while 371 

other aberrations was not augmented (data not shown). Furthermore, TeSLA pointed out a significant 372 

increase in very short telomeres in Apollo KO cell lines (Figure 5C) and, as observed in primary 373 

fibroblasts from patients, a reduced number of bands amplified by TeSLA, suggesting defects in G-374 

overhang formation (Figure 5C; Supplemental Figure 6C). Accordingly, in-gel hybridization 375 

highlighted a ~50% reduction of the relative G-overhang signal in the HT1080 Apollo KO cell line #1 376 

(Figure 5D). Strikingly, in-gel G-overhang assay also highlighted a sharp reduction of global telomere 377 

length in the Apollo KO cell line (Figure 5D). Correction for the effect of the global telomere length 378 

resulted in even a greater reduction in the absolute overhang length to 17% of the WT control (Figure 379 

5D). The assessment of global telomere length by Southern analysis of TRF confirmed that both 380 

HT1080 Apollo KO cell lines exhibit critically short telomeres as compared to a WT HT1080 cellular 381 

clone at a similar passage (Figure 5E).  382 

 Collectively, these analyses reveal that the complete loss-of-function of Apollo in human cells 383 

leads to a marked telomere phenotype more severe than the one observed in Apollo-deficient patients' 384 

cells. This result supports the idea that the Apollo L142F and L142S missense variants found in 385 

patients are hypomorphic. 386 

 387 

 388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 

 399 
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DISCUSSION 400 

 Herein we provide evidence that biallelic variants in Apollo cause a severe form of IBMFS 401 

characterized by early onset bone marrow failure, immunodeficiency (mostly B and NK lymphopenia), 402 

mucocutaneous anomalies, and several developmental defects (including microcephaly and 403 

intrauterine growth retardation). These clinical features are indistinguishable from the telomere biology 404 

disorders DC and HH 
2,3

. Remarkably, however, unlike patients with classical DC/HH, cells from 405 

Apollo-deficient patients did not exhibit excessive overall telomere shortening. This finding defines 406 

biallelic variants in Apollo as a cause of a hitherto unrecognized IBMFS, which shares many hallmarks 407 

with DC/HH but is distinguished by normal overall telomere length. Since telomere length 408 

measurement represents an accurate and reliable mean to diagnose short telomere syndromes 
10

, we 409 

propose that Apollo should be considered as a candidate gene in patients presenting clinical features 410 

of TBDs but normal telomere length. Since DC/HH are cancer-prone diseases 
2,47-49

, Apollo patients 411 

might be at risk to develop cancer. Furthermore, heterozygous carriers of variants in classical TBD-412 

causing genes are predisposed to prematurely develop fibrosis and other age-related ailments 
2,50,51

. 413 

The Apollo-deficient patients' parents, who are heterozygous carriers of Apollo variants, are still young 414 

and healthy so far. A careful attention should be paid to ensure that they would not prematurely 415 

develop age-related diseases.  416 

 Consistent with the reported role of Apollo in DNA repair 
13

, we showed that patients' Apollo-417 

deficient fibroblasts exhibited spontaneous chromosome anomalies, impaired repair of ICL and DSBs, 418 

and increased sensitivity to replicative stress. Importantly, CRISPR/Cas9-mediated correction of one 419 

Apollo-mutated allele complemented the DNA repair defect in P2's cells, demonstrating the causal link 420 

between Apollo deficiency and impaired DNA repair in these cells. Notably, we noticed that patients' 421 

Apollo-deficient cells shared several features with cells from FA patients, including increased 422 

frequency of radial chromosomes and defective ICL repair. These observations, congruent with 423 

previous studies conducted in Apollo-depleted human cells, support the idea that Apollo functions in 424 

the FA pathway 
14,15,52

. The normal FANCD2 ubiquitination in MMC-treated Apollo-deficient cells 425 

suggests that Apollo functions downstream of this step in the FA/BRCA pathway as previously 426 

suggested in Apollo-depleted cells 
12,14

. However, the extremely severe phenotype of Apollo-deficient 427 

patients (requiring HSCT before the age of 18 months in two of them) contrasted with the progressive 428 
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bone marrow failure usually detected between 5 - 10 years of age in FA patients 
1
. Furthermore, unlike 429 

blood cells from FA patients 
53

, blood lymphocytes from the three Apollo-deficient patients did not 430 

exhibit increased chromosomal breakages in the presence of the ICL-inducer diepoxybutane (Table 431 

1). Interestingly, sensitivity to ICL-inducer restricted to fibroblasts but not to blood cells has also been 432 

observed in RTEL1-deficient HH patients 
54,55

, raising the possibility that RTEL1 and Apollo may 433 

participate in a common DNA repair pathway. Together, these observations rule out a diagnosis of 434 

Fanconi anemia in Apollo-deficient patients and suggest that Apollo-deficiency causes defects in 435 

biological processes that differ from and expand beyond the classical FA/BRCA pathway.  436 

 Recently, Mendez-Bermudez and colleagues have proposed that some factors originally 437 

devoted to warrant proper DNA replication and repair have evolved to be recruited and act at 438 

telomeres 
56

. Interestingly, phylogenetic analyses suggested that Apollo might be one of these factors 439 

since its TBM domain coemerged with the two telomeric paralogues TRF1 and TRF2, presumably to 440 

direct the specific binding of Apollo to TRF2 
27,57

. The importance of the interaction between Apollo 441 

and TRF2 has been further substantiated by a comparative genomic analysis that pinpointed the 442 

existence of variants in the TBM of Apollo and in the TRFH domain of TRF2 in long-lived Galapagos 443 

giant tortoises compared to short-lived turtles 
58

. This finding argues that variation in the strength of 444 

TRF2-Apollo interaction could influence aging and organismal lifespan. The fact that both missense 445 

Apollo variants L142S and L142F reduce the interaction with TRF2 supports the notion that they might 446 

contribute to the premature aging phenotype observed in patients. Furthermore, the decreased 447 

interaction between TRF2 and the Apollo L142S and L142F mutants suggests that the -lactamase 448 

domain containing the L142 residue might possess a second interface that stabilizes the TBM-449 

dependent Apollo-TRF2 interaction. This hypothesis will require further investigations.  450 

 Studies conducted in Apollo KO MEFs established that the nuclease activity of Apollo 451 

participated in the generation of the 3' G-overhang of the leading telomere 
24-26

. The 30-50% reduction 452 

of G-overhang signal observed in Apollo-deficient patients' cells was similar to the one found in Apollo 453 

KO MEFs, supporting the idea that the patients' variants impair Apollo nuclease activity. However, 454 

several clues suggest that the L142S and L142F Apollo are hypomorphic rather than complete loss-of-455 

function mutants. First, Apollo KO mice are unviable 
24,26,46

 and none of the three patients carry 456 

biallelic null Apollo alleles, but all carry at least one missense Apollo variant affecting the residue 457 
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L142. Furthermore, we noticed that the frequency of telomere fusions in Apollo-deficient patient cells 458 

was less pronounced than Apollo KO MEFs. Along the same line, other telomere anomalies detected 459 

in patients' cells were not accompanied by an increase in TIFs and premature senescence, in contrast 460 

to Apollo KO MEFs 
20,21,24,26

. Lastly, human Apollo KO HT1080 cell lines exhibit a more pronounced 461 

telomere phenotype than patients' cells. In particular, the telomerase positive Apollo KO human 462 

HT1080 cell lines exhibited a severe telomere length defect contrasting with the normal telomere 463 

length measured in patients' Apollo-deficient cells. This raises the possibility that the critically short 464 

telomeres caused by the absence of Apollo could result from the high frequency of sudden telomere 465 

loss detected by TeSLA and/or uncontrolled telomere degradation by undetermined nuclease that 466 

could not be compensated by telomerase activity. Alternatively, one cannot exclude that Apollo 467 

contributes to the recruitment and/or activity of telomerase to telomeres. In these two last hypotheses 468 

we assume that the presence of Apollo at telomeres, even at a low level (e.g. in depleted cells by 469 

siRNA/shRNA) or with defective nuclease activity, would suffice to warrant telomere maintenance and 470 

partial telomere protection. This surmise is further supported by the observation that a nuclease-dead 471 

Apollo mutant expressed in Apollo KO MEFs exhibit a telomeric protective effect despite an impaired 472 

G-overhang generation at leading telomeres 
26

. Collectively, these findings led us to propose that the 473 

L142F and L142S Apollo mutants, although deleterious, retain some protective function compatible 474 

with life. Future studies will be necessary to further determine the structural and functional impact of 475 

the L142F and L142S Apollo variants and figure out what governs the phenotypic differences between 476 

patients' Apollo-deficient cells and murine and human Apollo KO cell lines.   477 

 We conclude from this study that biallelic Apollo variants leading to both impaired DNA repair 478 

and telomere instability are responsible for a hitherto unrecognized IBMFS akin to Høyeraal-479 

Hreidarsson syndrome that is however not associated with excessive telomere shortening. These 480 

findings define Apollo as a genome caretaker critical for the proper development of the immuno-481 

hematological system in humans. 482 

  483 

 484 

 485 
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TABLES 662 

 663 

Table 1. Clinical features of patients 664 

 665 

IUGR: Intrauterine growth retardation; SD: Standard deviation; DEB: Diepoxybutane; HSCT: 666 

Hematopoietic stem cell transplantation; ATG: Anti-thymocyte globulin; GVHD: Graft versus host 667 

disease; WG: Weeks of gestation; DEB: Diepoxybutane; HSCT: Hematopoietic stem cell 668 

transplantation; NA: Not applicable. 669 

 670 

 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 

 681 

Patient	1	(P1) Patient	2	(P2) Patient	3	(P3)

Male Female Male

No Yes No
French	caucasian Portuguese Argentinian

IUGR No Yes,	<	3rd	percentile No
Prematurity No Yes	(36	WG) No
Microcephaly Yes	(<	2	SD) Yes	(<	2	SD) No

Dysmorphy Yes	(hypotelorism) Yes No

Yes,	at	4	months Yes,	at	birth Yes,	at	3	months
Yes Yes Yes

Developmental	delay Speech	delay Mild	learning	difficulties No
Cerebellar	atrophy No No No

Esophagal	strictures Esophagal	strictures Inflammatory	colitis	

Oral	leukoplakia	

Nail	Dystrophy

Skin	hyperpigmentation	

No No No

HSCT	at	15	months,		alive HSCT	at	8	months,	alive Alive,	under	transfusion	

support	and	Ig	replacement

Fludarabine,	Busulfan,	ATG Fludarabine,	cyclophosphamide,	ATG NA

No Cutaneous	GVHD NA

	HSCT	conditioning	regimens													

None None

	Toxicity	

Mucocutaneaous	features

Outcome

Increased	DEB-induced	

chromosome	breaks	in	blood	cells

Hypocellular	bone	marrow	failure
Immunodeficiency

Sex

Consanguinity

Gastrointestinal	features

Ethnicity

Neurological	features

Developmental	features
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Figure legends. 682 

Figure 1: Telomere length in blood cells from patients. (A) Telomere length determined by 683 

telomere restriction fragment (TRF) assay in DNA from blood cells from patients P1, P2, P3 and their 684 

parents (P3's father sample was not available). (B) Graphic representation of TRF data obtained in (A) 685 

as well as in 8 age-matched controls, 8 RTEL1-deficient patients, and 2 PARN-deficient patients 686 

described in 
31-34

. (C) Relative telomere length in comparison with the tetraploid control cell line (1301) 687 

measured by Flow FISH in blood cells from P1, P3, P3's mother and 13 DC/HHS patients with variants 688 

in DKC1, TERT, TERC, RTEL1 or TINF2. Lines represent the 1st, 10th, 50th and 90th percentiles of 689 

telomere length of healthy controls. (D) (Left) Detection of the shortest telomeres by TeSLA performed 690 

in blood cells from P1 and an age-matched healthy donor. (Right) Graphic representation of TeSLA 691 

data with statistical analyses reveals a significant increase in telomere loss events in P1's blood 692 

sample.  A two-tailed student t-test was used for statistical analyses of band size and a χ2 test was 693 

used for analysis of fraction <1.5kb. 694 

 695 

Figure 2. Genetic analysis identified Apollo variants in the patients. (A) Pedigrees and Apollo 696 

variants identified in individuals P1, P2 and P3 by Sanger sequencing. (B) Domain architecture of the 697 

human Apollo with the localization of the identified variants of P1, P2 and P3. NLS: nuclear localization 698 

signal; TBM: TRFH binding motif. (C) Ribbon representation of the 3D structure of human Apollo 699 

catalytic domain (pdb 5AHO, 
39

, with two coordinated zinc ions and two tartrate molecules at the active 700 

site. Details of the region surrounding L142 are given in the box at left, highlighting the hydrophobic 701 

core in which L142 participates, in the vicinity of motif A D145 (bond with motif B H247, itself bound to 702 

a tartrate molecule, which may represent the phosphodiester cleaved by the nuclease 
39

). (D) Co-703 

immunoprecipitation of endogenous TRF2 with WT or mutated forms of FLAG-Apollo. Picture 704 

representative of three independent experiments.  705 

 706 

Figure 3. Telomere phenotype in patients' fibroblasts. (A) Telomere length determined by TRF in 707 

primary fibroblasts from two healthy controls and patients P1 and P2. Population doubling is indicated 708 

in brackets. (B) Representative pictures of normal chromosomes and chromosomes with the indicated 709 

telomeric aberrations detected by FISH. (C) Quantitative analysis of telomeric aberrations detected by 710 

FISH in SV40-transformed fibroblasts from two age-matched healthy controls and P1 and P2 at similar 711 

passages (from passage 3 to 8). Ctl1 fibroblasts are from a healthy male individual, and Ctl2 are from 712 

a healthy female individual). Results from 5 independent experiments for P1 and 2 for P2 (Counted 713 

chromosomes: Ctl1: n = 1,945; Ctl2: n =1,462; P1: n = 3,325; P2: n = 2,631) Averages are shown and 714 

chi-square tests were applied to compare Ctls with either P1 or P2.  715 

 716 

 717 

 718 
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Figure 4. Genome instability and DNA repair defect in patients' cells. (A) Representative picture 719 

of normal chromosomes, radial chromosomes and chromosome found in metaphase. (B-C) 720 

Quantitative analysis of radial chromosomes (B) and chromosome breaks (C) in untreated and MMC-721 

treated cells. Cells from a Fanconi (FANC-G deficient) patient are used as a sensitive control. 722 

Percentage of events per chromosomes is indicated (2 independent experiments); Counted 723 

chromosomes: Ctrl -MMC: n = 583; Ctl +MMC: n = 929; P1 -MMC: n = 789; P1 +MMC: n = 620; P2 -724 

MMC: n = 710; P2 +MMC: n = 674; Fanconi -MMC: n = 811; Fanconi +MMC: n = 965). (D) MMC 725 

sensitivity of SV40-transformed fibroblasts from P1 and P2, a Fanconi patient, and control. Mean and 726 

standard deviation of triplicates are represented. Result representative of 4 independent experiments. 727 

A two-tailed standard t-test was used. (E) Aphidicolin sensitivity of SV40-transformed fibroblasts from 728 

P1 and P2, control, and control with ATR inhibitor (ATRi, 10µM). Mean and standard deviation of 729 

triplicates are represented. Result representative of 3 independent experiments. A two-tailed standard 730 

t-test was used. (F) Phleomycin sensitivity of SV40-transformed fibroblasts from P1 and P2, a 731 

Cernunnos-deficient patient 
60

, and a healthy control. Mean and standard deviation of triplicates are 732 

represented. Result representative of 5 independent experiments. A two-tailed standard t-test was 733 

used. (G) Schematic representation of the correction of one Apollo variant in P2's cells via 734 

CRISPR/Cas9 generating a heterozygous Apollo-mutated P2 cell line (noted P2
L142S/WT

). (H) 735 

Phleomycin sensitivity of hTERT SV40-fibroblasts from P2, P2
L142S/WT

 and a healthy control. Mean and 736 

standard deviation of triplicates are represented. Result representative of 3 independent experiments. 737 

A two-tailed standard t-test was used. 738 

 739 

Figure 5. Telomere defects in HT1080 Apollo KO cell lines. (A) Quantitative analysis of TIFs in the 740 

two HT1080 Apollo KO clones and WT cells. (WT: n = 88, KO #1: n = 55; KO #2: n = 66). (B) 741 

Quantitative analysis of telomeric aberrations detected by FISH. Percentage of events per 742 

chromosomes (Counted chromosomes: WT: n = 715; KO #1: n = 887; KO #2: n = 528). Averages and 743 

chi-square tests were applied to compare Ctl with either P1 or P2. (C) (Up) Detection of the shortest 744 

telomeres by TeSLA performed in WT HT1080 cell line and in the two Apollo KO HT1080 cell lines #1 745 

and #2. (Down) Graphic representation of TeSLA data with statistical analyses. A two-tailed student t-746 

test was used for statistical analyses of band size and a χ2 test was used for analysis of fraction <1kb. 747 

(D) Measurement of G-overhang signal by native versus denatured in-gel hybridization method with C-748 

rich telomeric probe in WT and Apollo KO #1 HT1080 cell lines. The value of the 3’ overhang was 749 

normalized to the control. Values after correction for the effect of the telomere length aare also 750 

indicated (noted MTL*Nat/den). (E) Telomere length determined by telomere restriction fragment 751 

(TRF) assay with DNA from the WT and the Apollo KO HT1080 cell lines #1 and #2.  752 
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