
A De Novo Apparently Balanced Translocation [46,XY,t(2;9)
(p13;p24)] Interrupting RAB11FIP5 Identifies a Potential 
Candidate Gene for Autism Spectrum Disorder

Jasmin Roohi1, David H. Tegay2,3, John C. Pomeroy2, Sandra Burkett4, Gary Stone4, 
Roscoe Stanyon4,5, and Eli Hatchwell1,6,*

1Department of Genetics, Stony Brook University, Stony Brook, New York 2Department of 
Pediatrics, Stony Brook University Medical Center, Stony Brook, New York 3Department of 
Medicine & Medical Genetics, New York College of Osteopathic Medicine, Old Westbury, New 
York 4Comparative Molecular Cytogenetics Core, National Cancer Institute, Fort Detrick, 
Frederick, Maryland 5Department of Animal Biology and Genetics, University of Florence, 
Florence, Italy 6Department of Pathology, Stony Brook University, Stony Brook, New York

Abstract

Autism spectrum disorder (ASD) is a severe developmental disorder of the central nervous system 

characterized by impairments in social interaction, communication, and range of interests and 

behaviors. The syndrome's prevalence is estimated to be as high as 1 in 150 American children yet 

its etiology remains largely unknown. Examination of observed cytogenetic variants in individuals 

with ASD may identify genes involved in its pathogenesis. As part of a multidisciplinary study, an 

apparently balanced de novo translocation between chromosomes 2 and 9 [46,XY,t(2;9)(p13;p24)] 

was identified in a subject with pervasive developmental disorder not otherwise specified (PDD-

NOS), and no distinctive dysmorphic features. Molecular characterization of the rearrangement 

revealed direct interruption of the RAB11 family interacting protein 5 (RAB11FIP5) gene. 

RAB11FIP5 is a Rab effector involved in protein trafficking from apical recycling endosomes to 

the apical plasma membrane. It is ubiquitously expressed and reported to contribute to both 

neurotransmitter release and neurotransmitter uptake at the synaptic junction. Detailed analysis of 

the rearrangement breakpoints suggests that the reciprocal translocation may have formed 

secondary to incorrect repair of double strand breaks (DSBs) by nonhomologous end-joining 

(NHEJ).
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INTRODUCTION

Autism spectrum disorder (ASD) [Online Mendelian Inheritance in Man (OMIM) 209850] 

is a severe developmental disorder of the central nervous system. It is characterized by 

impairments in three behavioral areas: social interaction; verbal and non-verbal 

communication; and range of interests, activities and patterns of behavior [American 

Psychological Association, 1994]. The syndrome is divided into five DSM-IV subtypes: 

Autistic Disorder, Asperger's Disorder, Disintegrative Disorder, Pervasive Developmental 

Disorder Not Otherwise Specified (PDD-NOS) and Rett Disorder [American Psychological 

Association, 1994]. With the exception of Rett Disorder, diagnosis and classification of 

ASD depends on the pattern of observed behaviors; reliable neurobiological or genetic 

markers do not exist for most cases of the disorder [Bienvenu and Chelly, 2006]. Given the 

prevalence of the disorder (as high as 1 in 150 American children), a clearer understanding 

of etiology is necessary for diagnostic and therapeutic purposes [Centers for Disease Control 

and Prevention, 2007].

One approach to candidate gene identification involves molecular analysis of observed 

cytogenetic variants in affected individuals. This strategy has facilitated positional cloning 

of disease genes in several disorders, including complex and late onset diseases such as 

schizophrenia and diabetes [Bache et al., 2006]. We describe an apparently balanced de 

novo translocation between chromosomes 2 and 9 [46,XY,t(2;9)(p13;p24)] in a subject with 

Pervasive Developmental Disorder Not Otherwise Specified (PDD-NOS). Trans-locations 

may affect the expression of genes through a variety of mechanisms including, most 

directly, interruption of specific genes, implicating such genes strongly in disease etiology 

[Abrams and Cotter, 2004].

MATERIALS AND METHODS

Cytogenetic Analysis

Ninety-two individuals with ASD and their biological parents were recruited into a genetic 

study of the syndrome [see Roohi et al., in press for study details]. Initial evaluations 

included cytogenetic analysis of each subject. Twenty trypsin-Giemsa banded metaphase 

spreads from two culture vessels were analyzed for chromosome number and structure in the 

proband described in this report. All cells had a normal chromosome number of 46 with one 

X chromosome and one Y chromosome. In addition all cells had an apparently balanced 

reciprocal translocation between part of the short arm of one chromosome 2 homolog and 

part of the short arm of one chromosome 9 homolog [i.e., t(2;9)(p13;p24)]. All other 

chromosomes were structurally normal at a resolution of 650 chromosome bands (Fig. 1). 

Parental chromosome analyses revealed that the translocation was de novo. Paternity was 

confirmed across 16 genetic markers by The Genetic Testing Laboratories, Inc. 

(www.gtldna.com).

Flow Karyotype and Fluorescent In Situ Hybridization (FISH)

The chromosome 9 derivative was isolated as previously described [Dumas et al., 2007]. 

Purity of the flow sort was confirmed with FISH as previously described [Dumas et al., 
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2007]. The chromosome 2 derivative co-migrated with normal chromosomes and could not 

be collected individually.

Bacterial Artificial Chromosome (BAC) Microarray Analysis

The subject's chromosome 9 derivative and chromosomes 2 and 9 from a normal donor were 

Phi29 amplified (Genomiphi V2 kit, GE Healthcare, Cat# 25-6600-31) and fluorescently 

labeled with BioPrime Array CGH Genomic Labeling Module (Invitrogen, Cat# 18095-12) 

(chromosome 9 derivative, Cy3/chromosome 2+chromosome 9, Cy5). Unincorporated 

nucleotides were removed with G50 column purification (GE Healthcare Cat# 27-5330-01). 

Fifty microliters of each labeling reaction was combined with 100 μg of Cot-1 and 500 μg of 

yeast tRNA. The material was ethanol precipitated, resuspended in 34.5 μl of TE, and then 

heated for 100°C for 10 min. 45.5 μl of 1.6× SlideHyb Buffer #3 (Ambion, Cat# AM8863) 

(concentrated with a speedvac) was added and the sample incubated at 37°C for 1 hr. 

Hybridization was performed onto a tiling path BAC array as previously described 

[Christian et al., in press]. As part of a larger study, BAC microarray analysis was also 

performed on the subject's genomic DNA [Christian et al., in press].

Oligonucleotide Microarray Analysis

One microgram of the subject's phi29 amplified chromosome 9 derivative and 1 μg each of 

phi29 amplified chromosomes 2 and 9 was fluorescently labeled with Cy3 or Cy5 as 

previously described [Selzer et al., 2005]. Hybridization was performed onto a custom 

385,000 oligonucleotide NimbleGen fine tiling array spanning chr2: 73,030,173–73,429,557 

and chr9: 1–5,000,000. Probes were selected from repeat-masked sequence at an average 

spacing of 7bp. Cy3/Cy5 [Chr.9 Der./(Chr2 + Chr9)] fluorescent ratios were calculated for 

each spot after image processing with NimbleScan version 2.3 software (NimbleGen 

Systems, Inc., Madison, WI). Rearrangement breakpoints were determined by automated 

segmentation analysis of data sets and the test versus reference log 2 ratios averaged at 

window sizes corresponding to 1× and 10× the median probe spacing. Data was visualized 

with SignalMap version 1.9.0.03 software (NimbleGen Systems, Inc.).

Polymerase Chain Reaction (PCR)

PCR was performed to amplify the coding regions of Rab11FIP5 and the derivative 

chromosome junction fragments in the proband. Amplification of exons was performed as 

part of an ongoing Hi-Res Melt study of RAB11FIP5 in a cohort of individuals with ASD. In 

addition to Hi-Res Melt analysis, the proband's products were sequenced directly. PCR 

conditions are described in Table S1. PCR of the chromosome 9 derivative junction 

fragment was carried out in a 50 ml reaction mixture containing 50 ng DNA, 0.2 mM dNTP, 

1 μM of each primer, 1.25 U HotMaster Taq polymerase, and 1× HotMaster buffer (Fisher, 

Cat # FP2200310). Reactions were held at 95°C for 2 min, followed by 35 cycles of 

denaturation at 95°C for 30 sec, annealing at 63°C for 30 sec, and extension at 68°C for 30 

sec, followed by a final extension at 68°C for 10 min. Products were visualized on an HDA-

GT12 Genetic Analyzer. PCR primers unique to the chromosome 9 derivative were designed 

using the oligonucleotide array data (chr2FTGAAGGTGTCTGCAGCTTTC, chr9R-

TGAAGTCTCTGTCCTGATAATGG).
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To identify the chromosome 2 derivative breakpoints, inverse PCR was performed as 

previously described [Sambrook and Russell, 2001]. Genomic DNA from the proband was 

digested with DpnII and ligations performed at 0.1, 0.5, and 1 ng/μl concentrations. Primers 

were designed using the chromosome 9 derivative breakpoints and the ligation products 

amplified with the reaction conditions described above. Ligation products were amplified 

with DpnII_chr9FGCACATCTGGAAATCATTGATC and DpnII_chr9R-

CCTCAGAAGTCCTCTCTTTTGG or DpnII_chr2F-TGTAGGCCCTTCTGGAGTGT and 

DpnII_chr2R-GATGCAGATGAGAGGCT-G. PCR primers unique to the chromosome 2 

derivative were designed after successful amplification of the junction fragment by inverse 

PCR (chr9F-TGGAAGAAGCAATGGGGTTT and chr2R-

AAGCGTGAGTCGGAGGAGT).

Junction DNA Analysis

GC-content profiles were drawn in draw_chromosome.gc.pl [Paces et al., 2004]. Repetitive 

elements were identified using the UCSC Genome Browser tracks and RepeatMasker, and 

Tandem-Repeat Finder [Benson and Dong, 1999; Jurka 2000; Smit et al., 2007]. The 

EMBOSS program EINVERTED was applied to search the translocation breakpoints for 

palindromes [Rice et al., 2000]. Regions of sequence similarity were identified with NCBI 

Blast 2 Sequences (http://www.ncbi.nlm. nih.gov/blast/bl2seq/wblast2.cgi) [Tatusova and 

Madden, 1999]. Z-DNA was predicted by ZHUNT (http://gac-web.cgrb.oregonstate.edu/

zdna) [Ho et al., 1986]. The dreg program from The University of California at Merced 

(http://ccb.ucmerced.edu/cgi-bin/app/emboss/index/dreg) was used to identify sequence 

motifs associated with mutations such as deletions and translocations.

RESULTS

Clinical Findings

The proband was evaluated through this study at 10 years 4 months of age with a diagnosis 

of PDD-NOS. He was born full-term with normal growth parameters after an uncomplicated 

prenatal course to non-consanguineous, reportedly non-autistic, Caucasian parents. Family 

history was significant for one maternal first cousin and one paternal first cousin with 

autism. Parental concern first arose at the age of 18 months due to poor verbal 

communication, repetitive behaviors and minimal eye contact. His first single words were 

noted at the age of 7 months but phrase speech was absent until 4 years of age. He was 

diagnosed with hypotonia at 3 years of age and brain MRI and EEG were unremarkable at 

that time. Seizures, self-injurious behaviors, regression, auditory and visual deficits were not 

present. IQ was reported as 80. He received speech, physical therapy and alternative 

schooling.

At 10 years of age he was described as increasingly social but lacking some ability to 

understand abstract concepts with persistence of occasional repetitive behaviors. His height, 

weight and head circumference were at 3%, 97%, and 15%, respectively. He lacked 

significant dysmorphic features aside from mild hypertelorism and bilateral 5th finger 

clinodactyly.
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Molecular Analysis

Cytogenetic analysis identified an apparently balanced de novo translocation between 

chromosomes 2 and 9 [46,XY,t(2;9)(p13;p24)] in an individual with ASD (Fig. 1). Whole 

genome BAC microarray analysis of the proband's genomic DNA failed to detect any copy 

number variations at a resolution of ~150 kb (data not shown). To investigate the 

rearrangement further, chromosome flow sorting was performed and the chromosome 9 

derivative successfully isolated (data not shown). This derivative chromosome, normal 

chromosome 2, and normal chromosome 9 were Phi29 amplified and hybridized onto a 

tiling path BAC array, roughly mapping the translocation breakpoints to between clones 

RP11-91O12 and RP11-87C16 on chromosome 2 and clones RP11-17L15 and RP11-632L5 

on chromosome 9 (data not shown). The rearrangement was characterized in greater detail 

with a custom fine tiling oligonucleotide array designed with probes spanning the 

approximate translocation breakpoints (Fig. 2). The oligonucleotide array data was used to 

design PCR primers unique to the chromosome 9 derivative (chr2F and chr9R). These 

primers amplified a 384 bp product in the proband and the proband's flow sorted 

chromosome 9 derivative. No product was seen in the proband's mother or father or in a 

normal control genomic DNA sample (Fig. 3A). Sequencing of the junction fragment 

allowed delineation of the rearrangement boundaries; the 384bp product mapped to chr2: 

73,159,733–73,159,877 and chr9: 3,775,575–3,775,783 (Table S2).

Primers were designed to amplify the chromosome 2 derivative junction fragment using the 

rearrangement breakpoints identified above. However, PCR failed to generate a product in 

the proband, suggesting the rearrangement could be unbalanced. A small deletion, 

duplication, or insertion may escape detection by microarray analysis or karyotype. Inverse 

PCR and sequencing were performed to investigate the chromosome 2 derivative further. 

Primers were designed assuming at least one of the breakpoints identified for the 

chromosome 9 derivative was the same in the other derivative chromosome. Amplification 

with DpnII_chr9F and DpnII_chr9R yielded a 350 bp derivative chromosome fragment (data 

not shown). Primers were subsequently designed to amplify the chromosome 2 derivative 

junction fragment from genomic DNA (chr9F and chr2R) (Fig. 3B). PCR performed with 

these primers amplified a 248 bp product in with the proband's genomic DNA but not with 

DNA from the flow sorted chromosome 9 derivative or genomic DNA from the proband's 

mother, the proband's father, or a normal control. Sequencing mapped the derivative 2 

product to chr9: 3,775,403–3,775,566 and chr2: 73,160,921–73,161,005 (Table S2). 

RAB11FIP5 is the only gene directly interrupted by the rearrangement. Exonic sequencing 

of RAB11FIP5 failed to identify any other mutations in the proband (data not shown).

Junction fragment analysis included examination of the rearrangement breakpoint regions 

for repetitive elements with RepeatMasker and Tandem-Repeat Finder. Only the 

chromosome 9 breakpoints were within or near a repetitive element. Specifically, these 

breakpoints fell within a MSTD element (a long terminal repeat). Alignment of the trans-

location junctions with Blast 2 Sequences found no sequence similarity. Using 

draw_chromosome.gc.pl, the GC-content profiles for 4 Mb, 100 kb, and 10 kb around the 

translocation breakpoints were examined with sliding windows of 10,000, 1,000, and 100 

bp, respectively. The chromosome 2 breakpoints fell within a region of high GC content 
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(data not shown). In comparison, the chromosome 9 breakpoints were within a region of 

average GC content (data not shown). ZHUNT failed to predict Z-DNA at or near any of the 

translocation breakpoints. A search for palindromes with EINVERTED uncovered none. 

However, examination of the rearrangement breakpoints for motifs associated with mutation 

found the verterbrate/plant topoisomerase I consensus within 7 bp of all four translocation 

breakpoints (Fig. 4).

DISCUSSION

The reciprocal translocation described in our subject affects only one gene directly, Rab11 

family interacting protein 5 (RAB11FIP5) on chromosome 2. Along with the Ras GTPase 

Rab11, RAB11FIP5 is localized to subapical recycling endosomes (ARE) and the apical 

plasma membrane of polarized epithelial cells where it is involved in vesicle recycling, 

plasma membrane recycling, and transcytosis [Prekeris et al., 2000; Hales et al., 2001]. In 

neurons, recycling endosomes participate in the sorting and transport of neurotransmitter 

receptors. Park et al. found that recycling endosomes containing Rab11, in conjunction with 

myosin V, trafficked glutamate receptors to postsynaptic sites, contributing to long-term 

potentiation (LTP) of synaptic strength [Park et al., 2004; Lise et al., 2006]. RAB11FIP5, an 

effector of Rab11, is possibly involved in this process as well. This protein has been 

localized to the post synaptic density (PSD), a cellular structure specialized in receiving and 

transducing synaptic information, indicating it may play a role in postsynaptic signal 

transduction [Jordan et al., 2004]. In addition, RAB11FIP5 may contribute to the release of 

neurotransmitters into the synapse. A proteomic analysis of in vivo phosphorylated synaptic 

proteins identified it as a protein of the presynaptic active zone (a region where vesicles 

dock, fuse, and release their neurotransmitters into the synaptic cleft) [Collins et al., 2005]. 

Taken together, these findings suggest RAB11FIP5 is involved in neuro-transmitter signal 

transduction, possibly participating in neurotransmitter release and uptake [Jordan et al., 

2004].

In our proband, the translocation directly interrupts RAB11FIP5, causing a complete loss of 

function of the gene product from the affected chromosome. No deleterious mutations were 

detected in the proband's uninterrupted copy of RAB11FIP5, suggesting that 

haploinsufficiency of RAB11-FIP5 may contribute to subject's ASD. Certain gene functions 

are inherently dosage-sensitive. These include gene products involved in signal transduction 

with a function dependent on partial or variable occupancy of a receptor, DNA-binding site, 

etc.; gene products that compete with each other to determine a developmental or metabolic 

switch; and gene products that co-operate with each other in interactions with fixed 

stoichiometry [Fisher and Scambler, 1994; Strachan and Read, 1996]. RAB11FIP5 and 

Rab11 form a complex with a 1:1 stoichiometry and perhaps haploinsufficiency of either 

gene may be sufficient to produce a pathologic phenotype such as ASD [Meyers and 

Prekeris, 2002].

The mechanism of translocation formation is unknown for most rearrangements [Gajecka et 

al., 2006]. In some cases, a reciprocal translocation may be the result of two random double-

strand breaks (DSBs) followed by ligation between these broken chromosomes or the result 

of errors in programmed DSB repair mechanisms [Gajecka et al., 2006]. Two general 
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mechanisms mediate DNA repair: homologous recombination (HR) and nonhomologous 

end-joining (NHEJ). Little is known about how these repair pathways contribute to a 

rearrangement but NHEJ is often suspected as the mechanism when a translocation occurs 

between regions of little or no homology and there is an additional genomic alteration at the 

breakpoint junction such as a small deletion, duplication, or insertion [Gajecka et al., 2006].

To uncover potential factors contributing to the trans-location, the rearrangement 

breakpoints were investigated in detail. No sequence homology, including repetitive 

elements, was identified between the translocation breakpoints. In addition, detailed 

molecular analysis of the derivative chromosomes detected two small deletions, 1,044 bp on 

chromo-some 2 (chr2: 73,159,878–73,160,920) and 8bp on chromosome 9 (chr9:3,775,567–

3,775,574). Taken together, this data suggested NHEJ and improper repair of a DSB were 

involved in the creation of the translocation. DSBs may occur in regions prone to the 

formation of non-B DNA conformations, such as Z DNA. DNA features like a high GC-

content or palindromes may promote such conformations but analysis of the junction 

fragment regions found neither [Gajecka et al., 2006]. Examination of the translocation 

breakpoints for sequence motifs associated with site-specific recombination, mutation, 

cleavage, and gene rearrangement identified the verterbrate/plant topoisomerase I consensus 

sequence at, or near, all four breakpoints [Abeysinghe et al., 2003]. Incorrect repair of DNA 

topoisomerase I mediated DSBs may have been involved in the generation of the 

translocation. DNA topoisomerase I creates transient single-strand breaks while relaxing 

supercoils in DNA. These single-strand breaks can be converted into DSBs upon collision 

with replication forks [Adachi et al., 2004]. Repair of topoisomerase I induced DSBs by 

NHEJ, instead of HR, may create mutations, including reciprocal translocations [Adachi et 

al., 2004]. This mechanism is perhaps responsible for the formation of the reciprocal 

translocation observed in our subject.

The subject's family history is positive for ASD but there are no affected siblings. 

Furthermore, the presence of autism in both maternal and paternal relatives suggests 

multiple mechanisms in this family (the parents are nonconsanguineous). Because of the 

high prevalence of ASD in the general population, it is likely that in some families, different 

individuals with autism may have different underlying causes. Several siblings, from 

multiplex families, have already been described with different causes of ASD [Szatmari et 

al., 2007; Alarcon et al., 2008]. Despite the reasoning stated above, it is still possible that the 

disruption of RAB11FIP5 in our proband may be coincidental and not the direct cause of his 

PDD-NOS. However, we believe that disruption of RAB11FIP5 may contribute to ASD in 

our proband, for the following reasons. The gene's sequence is highly conserved and 

RAB11FIP5 plays an important role in the recycling endosomes. To date, no structural 

variation in this region has been described in normal individuals. In addition, RAB11FIP5's 

possible roles at both the presynaptic and postsynaptic junctions suggests it may be a strong 

candidate gene for the disorder. Several diseases have been linked to mutations or altered 

functioning of Rab proteins or Rab effectors, including mental retardation [Bienvenu et al., 

1998; Stein et al., 2003; Strutz-Seebohm et al., 2006]. RAB11FIP5 may also be involved in 

these disorders, as it has been shown that, generally, the pathology is the same whether it is 

the effector or the GTPase is itself that is not functioning [Stein et al., 2003]. Our future 
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plans include examining RAB11FIP5 in large cohorts of normal individuals and individuals 

affected with ASD.
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Fig. 1. 
De novo chromosomal rearrangement in an autistic male. A: Partial Karyotype of a 

46,XY,t(2;9)(p13;p24) individual. B: Ideogram of the Proband's normal chromosome 2, 

normal chromosome 9 and the two derivative chromosomes. (1) normal chromosome 2; (2) 

chromosome 2 derivative; (3) normal chromosome 9; (4) chromosome 9 derivative.
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Fig. 2. 
Oligonucleotide fine tiling array. A custom NimbleGen fine tiling array spanning positions 

chr2: 73,030,173–73,429,557 and chr9: 1–5,000,000 was used to map the rearrangement 

breakpoints. The Cy3/Cy5 log 2 ratios [Chr.9 Der./(Chr2 + Chr9)] deviate significantly from 

0 at chr2: 73,159,900 and ~chr9: 3,775,600, indicating the approximate rearrangement 

breakpoints.
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Fig. 3. 
Junction fragment PCR. A: Amplification with primers unique to the chromosome 9 

derivative. A 384 bp product was amplified in the proband (A02) and the proband's flow 

sorted chromosome 9 derivative (A03). No product was amplified in the proband's mother 

(A04), father (A05), a normal control (A06) or water (A07). B: Amplification with primers 

unique to the chromosome 2 derivative. A 248 bp product was amplified in the proband 

(A02). No product was amplified in the proband's flow sorted chromosome 9 derivative 

(A03), the proband's mother (A04), the proband's father (A05), a normal control (A06) or 

water (A07).
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Fig. 4. 
Localization of vertebrate/plant topoisomerase I consensus cleavage sites at rearrangement 

breakpoints. Topoisomerase I recognizes the following motifs: CAT, CTY, GTY, RAT. 

Sequence present on the derivative chromosome indicated by 8 bp long black bar. 

Topoisomerase I recognition site indicated by 3 bp long black bar. A: Topoisomerase I 

recognition site at chromosome 9 derivative breakpoint on chromosome 2. B: 
Topoisomerase I recognition site at chromosome 9 derivative breakpoint on chromosome 9. 

C: Topoisomerase I recognition site at chromosome 2 derivative breakpoint on chromosome 

2. D: Topoisomerase I recognition site near chromosome 2 derivative breakpoint on 

chromosome 9.
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