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Targeted mutation screening of 292 candidate genes in
38 children with inborn haematological cytopenias efficiently
identifies novel disease-causing mutations
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Introduction

Summary

Establishing a precise diagnosis is essential in inborn haematological cytopenias to
enable appropriate treatment decisions and avoid secondary organ damage. How-
ever, both diversity and phenotypic overlap of distinct disease entities may make
the identification of underlying genetic aetiologies by classical Sanger sequencing
challenging. Instead of exome sequencing, we established a systematic next genera-
tion sequencing-based panel targeting 292 candidate genes and screened 38 consecu-
tive patients for disease-associated mutations. Efficient identification of the
underlying genetic cause in 17 patients (44-7%), including 13 novel mutations,
demonstrates that this approach is time- and cost-efficient, enabling optimal man-
agement and genetic counselling.

Keywords: clinical haematology, immunodeficiency, paediatric haematol-
ogy, genetic disorders.

haemophagocytic lymphohistiocytosis, mitochondriopathies
as well as primary immunodeficiencies. Except for haemoglo-

Haematological cytopenias, i.e., deficiencies of one or several
blood cell components, are the shared hallmark of an extre-
mely heterogeneous group of either environmentally or
genetically triggered diseases. The identification of the under-
lying genetic aetiology of these diseases is particularly impor-
tant in children, in whom inborn disorders predominate.
These disorders comprise red blood cell membrano- and
enzymopathies, bone marrow failure syndromes, familial
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binopathies and hereditary spherocytosis, all of these are
orphan or even ultra-orphan diseases.

Our study was approved by the responsible institutional
review board and performed with the written informed con-
sent from patients, parents and/or legal guardians. We
included 38 children and young adults (17 males and 21
females) with a median age of 7-5years (range 0-1—
21-4 years; Fig 1A), who were referred consecutively to our
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hospital and who fulfilled established cytopenia criteria. The
patients’ DNA was analysed with a custom-designed targeted
enrichment panel (HaloPlex™; Agilent Technologies, Santa
Clara, CA, USA) that comprised the respective 292 candidate
genes (Table S1) similar to a recently established targeted
panel for genetic investigation of primary immuno-
deficiencies (Erman et al, 2017). Regions of interest included

all exons, exon—intron boundaries and promoter regions.

Sequencing was performed on a HiSeq3000 platform (Illu-
mina, San Diego, CA, USA) as described (Salzer et al, 2016;
Erman ef al, 2017). 98-5% of enriched exonic bases were
considered callable with a minimum read depth of 2. The
same calculation for a minimum read depth of 10 and 40,
revealed 96-4% and 88-2% coverage, respectively (not
shown). Sequencing data were analysed with a previously
established next generation sequencing (NGS)-data analysis
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Fig 1. Targeted NGS-based panel screen for efficient identification of genetic causes in inherited haematological diseases. (A) A total of 38
patients with molecularly undefined cytopenias were included in the study, and a disease-causing mutation was identified in 17 (44-7%). (B)
May-Griinwald-Giemsa stained peripheral blood smear showing characteristic dessicytes and a few target cells in Patient 8 with hereditary xerocy-
tosis caused by (C) a novel mutation in PIEZO1 (NM_001142864.2:c.4082A>G p.Q1361R). In Patient 9, who exhibited characteristic light micro-
scopy findings in (D) peripheral blood, i.e., gross anisocytosis, poikilocytosis and (E) bone marrow, such as erythroid hyperplasia and chromatin
bridges between nuclei of two separate erythroblasts, we identified (F) novel compound heterozygous variants (NM_138477.2:c.2044C>T p.R682X
and NM_138477.2:¢.3575T>C p.L1192S) in codanin 1 (CDANI) causing congenital dyserythropoietic anaemia type 1. In an infant (Patient 13)
with thrombocytopenia and giant platelets (G) [giant platelet (right) and eosinophilic granulocyte (left)], we identified a (H) known causative
mutation in MHY9 (NM_002473.4:¢.287C>T p.S96L) causing MYHO-related disease. NGS, next generation sequencing.
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pipeline that is based on current Genome Analysis Toolkit
(GATK) best practice recommendations (Salzer et al, 2016;
Erman et al, 2017). The potential relevance and recurrence
of variants was assessed with prediction tools (e.g. CADD),
ExAC and our internal dataset of more than 400 sequenced
individuals, as described (Salzer et al, 2016). Quality metrics
were generated using CollectHsMetrics (http://broadinstitute.
github.io/picard/command-line-overview.html, last accessed
13 April 2017) for analysis of target-capture sequencing data.
Additional details and genetic results are outlined in the Sup-
plementary Results. All identified variants which were
deemed potentially disease-causing were validated with capil-
lary sequencing as described (Salzer et al, 2016; Erman et al,
2017) or multiplex ligation-dependent probe amplification.
Collectively, we identified a causative genetic defect in 17/
38 patients (44-7%) including novel mutations in 13 of them
(Fig 1A). In 8/17 (47%) patients the results of molecular
testing were considered as ‘confirmatory’ and ‘diagnostic’ in
9/17 (53%), respectively. (Table I). Eleven of the patients
presented with anaemia (clinical and haematological details
are provided in Table S2) five of them with a normocytic
(spherocytic), chronic, haemolytic anaemia (CHA; Patients
1-5; Table I) and six with a macrocytic anaemia (Patients 6—
11, Table I). Within the subgroup of five patients with
hereditary spherocytosis (HS), we identified heterozygous
mutations in the Spectrin Beta, Erythrocytic gene (SPTB) in
two, and mutations in the Ankyrin I (ANKI) membrane pro-
tein encoding gene in the remaining three patients (Table I).
Contrary to the originally suspected congenital dyserythro-
poietic anaemia (CDA), Patient 6 had a pyruvate kinase defi-
cient anaemia due to a homozygous PKLR mutation
(Table I) (Unal & Gumruk, 2015). Two patients with mild
macrocytic anaemia had mutations in the gene encoding the
piezo-type mechanosensitive ion channel component 1
(PIEZO1): Patient 7 bore a previously described pathogenic
p.R2456H variant (Zarychanski et al, 2012), and Patient 8 a
novel p.Q1361R mutation located adjacent to the already
known p.R1358P mutation (Table I) (Albuisson et al, 2013).
This finding, together with the subsequent perception of
dessicytes in the respective blood smears (Fig 1B,C) was par-
ticularly relevant, given that splenectomy had been consid-
ered prior to identifying the disease as hereditary xerocytosis
(HX); this form of treatment is contraindicated in HX
because of an associated inherent increased risk of throm-
boembolic complications (Andolfo et al, 2016). In Patients 9
and 10, novel compound heterozygous mutations in codanin
1 (CDANTI) confirmed the respective diagnosis of CDA type
1 (CDAL), which originally had solely been based on the
morphological abnormalities of erythropoietic components in
the peripheral blood and bone marrow (Fig 1D-F; Table I).
Furthermore, we also identified a novel mutation in the ribo-
somal protein S29 gene (RPS29, p.A47T) in patient 11 with
Diamond-Blackfan anaemia (DBA) (Table I).
Disease-relevant mutations were discovered in two of four
patients with thrombocytopenia. The severe form of macro-
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thrombocytopenia in an infant (Patient 13; Table II; Fig 1G,
H; Table S3), was the consequence of a heterozygous muta-
tion in the gene encoding the myosin heavy chain 9 (MYH9,
p.S96L), while a novel heterozygous p.G165R mutation in
the RUNXI gene, which encodes the haematopoietic runt
related transcription factor 1, was responsible for a mild
form of chronic normocytic thrombocytopenia in an eight-
year-old girl (Patient 12; Table II; Table S3) (Sood et al,
2017).

Of the four leucopenic patients, the only mutation
detected was in a 17-year-old female with moderate neu-
tropenia and B cell deficiency, who suffered from recurrent
fever bouts and oral aphthous lesions (Patient 14: Table II;
Table S4). Her phenotype can probably be explained by a
heterozygous variant (p.P41A) in the gene encoding the
haematopoietic transcription factor GATA binding protein 2
(GATA2), which had been documented previously in a
patient with myelodysplastic syndrome (MDS) (Holme et al,
2012), despite a frequency of heterozygotes of 0-21% (134 of
123 458 total alleles) in gnomAD (http://gnomad.broadinsti
tute.org/, accessed March 2018) amongst non-Finnish Euro-
peans (Table II).

Similarly, we only discovered a clear genetic disease cause
in one of seven patients with bicytopenia. He suffered from
steroid-responsive DBA with anaemia and leucopenia and
carried a novel heterozygous splice-site donor frame shift
mutation in the ribosomal protein RPL5 gene (Patient 15;
Table II; Table S5).

We also discovered disease-predisposing mutations in two
of seven patients with pancytopenia (clinical details of the
two patients are provided in Table S6). We identified a
unique deletion encompassing exons 6-31 of the FANCA
gene in an eight-year-old girl with Fanconi anaemia (Patient
16; Table II; Figure S1) and a novel mutation in the non-
homologous end joining factor 1 gene (NHE]I, also termed
Cernunnos) (Patient 17; Table II). This finding not only dis-
closed that he suffered from a special form of immunodefi-
ciency with a severe B cell deficiency, but also helped to
explain his physical problems, growth retardation, micro-
cephaly and clinodactyly, which are also salient features of
this syndrome (Buck et al, 2006). He developed a mild pan-
cytopenic form of MDS with monosomy 7, which was even-
tually replaced by a 20q deletion.

As an alternative approach to whole exome or genome
sequencing (Yang et al, 2013), targeted sequencing panels
have hitherto been used for more narrowly defined groups of
haematological disorders, such as inherited anaemias (Agar-
wal et al, 2016; Roy et al, 2016), inherited bone marrow fail-
ure syndromes (Ghemlas et al, 2015), DBA (Gerrard et al,
2013) and thrombocytopathies (Lentaigne et al, 2016). Given
both the phenotypic overlap and diverse genotypic spectrum
of many of these conditions, we deliberately chose to use an
extended gene panel that covered a broad spectrum of
inborn haematological diseases. This approach enabled us to
include patients with diverse haematological conditions and

© 2018 The Authors. British Journal of Haematology published by John Wiley & Sons Ltd 253
and British Society for Haematology. British Journal of Haematology, 2018, 182, 251-258


http://broadinstitute.github.io/picard/command-line-overview.html
http://broadinstitute.github.io/picard/command-line-overview.html
http://gnomad.broadinstitute.org/
http://gnomad.broadinstitute.org/

Short Report

Aranoe Y Awoyoousrds Dessyd stsarodoI)A19s4p
rewzou sjuared ofuex PUSTITIOdAT Aouayop D<DSLITI:S VHD AeSowouayds
[ewzou Moy A)1Anoe MJ onsouderq  aseuny ajeAnILq  uoD Yy woy '862000 AN IDId  onddomeur 21949 Qorpune( 1 9-¥ 9
TP48)1579D°d
DODDDLID sa1foo10ds
DODDOPPYE8I M VHD
1503400197 ds TTL8TD snhdowrou
Bururels VNG paonpay Aroyeuwwryuo) Areyparoy av [oa0u 9oH OPFTPII NN DINV 21BI9POIN ompune( g LT S
sa1hooroyds
sypuowr £ d%e [nun LT4SIMFOSTN P VHO
suorsnjsuer) ‘ururels s1s01400191ds VOVVIRPEISH 01SH™ snidourrou
VNG paonpay Aroyewriguo)) Areypazoy av [oA0U JOH T9PFTETT00 AN NV 9)RISPOIN ompune( N 1 ¥
adky-prm
IVLLON "Ymoisar
udads ‘s1eaf g Je
Auwropauards Teroiqns sayhooroyds
+ Awo1293s4o9101d UM VHD sou0ls [[es
“Aymidey stso14o01ayds «€ST1O'd I<D/SH™ sndoowIou ‘Are8auwrouayds
SHOWSO Pasnpay Aroreurryuon Areypatoy av [Paou PH T9FPTPIT00 NN XNV QJBIPON opune( W 9-€1 €
sayhoo1ayds
Awroyouapds $SSJOLeh 1A d PIM VHD sauojs [[es
reroiqns ‘Surure)s 1503400197 ds ‘odnpeoch snidowrou ‘Afe8swrouayds
VINH paonpay Aroyeunguo) Areypazoy av [Paou 9ol 17868770100 AN q1ds 21BIOPOIN ompune( 8 4
£+5JS886TIN'd sa1hooroyds
adfy-prim DLISUIPPF96S MM VHO sauo)s [[ed
IVIIDN Surureys s1501400191ds T19652:7 snidourrou ‘Aredowrousayds
VNG paonpay £101RWIGUOD Areyparoy av [oa0u PH "8587C0100 AN 4LdS 2JeIPON opune( W L€1 1
O RULIOJUT dueAdy  sisouder( [eur] ue) uonenw uoneIA EliEs) S9IN)Bd) saImedj  Xo§  (s1edk)  juoned
[euonIppy [esturD) -LI2yu] Jo ad4j, [eo13o[ojewaey [eoturp Ay a8y
A

‘Sunuanbas [oued paseq-goHN pa1eSie) Suisn serworue palLIdYUT YIIM sjuanjed [] UT SJUBLIBA DTJOUSS 2ATIBSNED JO UONBIYNUIP] °] J[qe],

© 2018 The Authors. British Journal of Haematology published by John Wiley & Sons Ltd
and British Society for Haematology. British Journal of Haematology, 2018, 182, 251-258

254



Short Report

'sased sn0J4z019197 punodwod UT UOTIBINUI [9A0U

‘uopod doig <,

TV Ioquiawa | AJrurey aserdjsuendsouornon(d (N ‘IVILOA ©ONLo0IAId ejaq umnoads ‘grds <1 101oe) uonduosuer) pajepl junt

TIXNNY 67S utaroxd [ewosoqur ‘6zSJy ‘ST uraloid [ewosoqur STy O Pue IoAL @seuny ajeanidd 7Y ‘oseun| ajeanidd J ‘1 3wsuodwod puueyd uor aansussoueypaw adLy ozord ‘TOZAId ‘1
10)08) Surturof pua snogojowoy-uou ‘I/FHN ‘Sunpuenbas uonerousd jxou ‘SON ‘6 UrEYd LAY UISOAW ‘G AN Quworpuds onsepdsApopahuwr ‘SN Orewr ‘Jy ‘snoSLzowoy ‘WO $SnofAzoiaiey 9ol ¢ uiq
-o[Souaey JqH ‘g urjoxd Surpurq VIVD CVIVDO vV dnoid uonejuswedwod erworue 1wodue] YONV QW) J :Opruro[eur- ,G-UIS09 VN ‘snoaumguesuod ‘uo)) snofLzoray punoduwod ‘woy
eTIIPRUR dNAJOWIRY JTUOID VHD ¢ Uruepod ‘INVD ‘I 2d4) eruseue ono10d-onqA19sAp [e3TUadU0d Ty (D) ‘MOITRW dUO0Q ‘JA{ DAISSIIAI [REWIOSOINE Y [ ULIAYUE ‘IYNV UBUTWUOP [BWIOSOINE ‘(Y

SISB[QOIYIAID
A

AqH pue Adero eIuI RUER JO Yoe[ ‘BrUIPRUER
ISBUTUIRIP SUISOUIPE proxas g0 ueppe[g 1¥v'd v<Dee1d aanerauadarod4y
914>011£15 paresd]y “101RULIUOD) -puowrerq av [oA0U PO 760100 AN 625d¥  dNAd0I0RW 91949 W A 1
Aouegur ur
$109Jop OeIpIEd
10] A1981M8 sadpriq
‘erpAwoduris Teapnu-12)ut
‘uonewIojfew stsatodori£1asdp
T Lrerg) Aderayy Mzeedd tsa1hoornyrod
IS 9y Jo U019J19)UT I1<D68112 -ostue ‘VHD
sisarodojewaey I9PISU0d J1229d°d 1<DS1022 snddorewr [RID[[S $109J9p
Areqnpawrenxg onsouder( van AV [PAoul ‘wo) LSS AN INVAD 9)BIDPOJN  OeIpIed ‘Odipune( ]\ 6'L1 01
sagpriq
eruoRUe Ieadnu-19)ur
d)eIOpOU Aderotp SeetrTd ‘stsoarodon)A13s4p
uo I9je] ‘uejul UOIDJIIUT D<]SLSED tsa)4001my10d
se Juapuadap I9PISUOd £2899°d 1<D¥H0T? -ostue “YHD
UoISTysued], nsouderq vao yV  Paoul ‘wop TLPSETIAN  INVAD  ODAS0IRW 219498 W 43 6
dorpune( NiCIareX:! stsarodoIA19s4p
sojeAeI3Se JueLieA Awoyoouards SIS0JA0019X oaou D<VI80% s91401889p “VHD
Tojowoxd V115N proae Onsouger( Areyparopy P ‘av [2A0U 9oH TYISTKIT100 WN  10Zdld snd>onew prN d 1-0T 8
Frwdeurqnuqradiy Hoshd d
[errurey, jo sisouderp  Awojoaua[ds proae S1501£2019% V<OL9ELD $91401889p “VHO
M popIpy nsouderq Areyparoy av °H TYISTKIT100 WN  [0Zdld snddomewr pIy A 6l L
uoneuLIoJul dueAd[y  sisouder [eur] due) uonenw uonenN audn) $91N)8J Xog  (s1eak)  juemeq
[euonIppy [eoTuTD Reclingg Jo odAT, [eo1So[0reTIDRY By
A

(panunuo)) °1 S1qeL

255

© 2018 The Authors. British Journal of Haematology published by John Wiley & Sons Ltd

and British Society for Haematology. British Journal of Haematology, 2018, 182, 251-258



Short Report

"IV Joquiow | AJrurej aserdajsuenAsouorndn(s Jan ‘IVILON ©Oukoorphio epq ummoads ‘grds 1 1030ey uonduosuen paje[l juni
IXNNY 67S urold [ewosoqir ‘6z ‘ST urlold [BwWosoqil STy DI Pue oAl @seuny ajeanidd Ty ‘oseun| ajeanidd g ¢1 jusuodwod puueyd uor aansussoueydaw adLy ozard ‘TOZAId ‘1
10308} Suturof pua snodojowoy-uou ‘(TN Sunuanbas uonerausd JxoU ‘SON ‘6 UTeyd Aaedy ursoAw GHAJN Dwoipuss onsedsipopdwr ‘SN W N snoSAzowoy ‘WoH snoSAzoiay IoH & uIq

-opdoweey ‘JqH ‘g uwoid Surpuiq VIvO TV.IVO v dnoid uonejuswa(dwod erwoeue Tuodue] ‘YONVI Qewd) ¢ :oprwiofe- ,G-UIs0d VNG ‘snoaumngduesuod ‘uo)) snof4zo1)oy punoduwrod ‘wrop)

‘eTudkUe dNAJOWRY dTUOIYD YHO ¢ Uruepod ‘INvD ‘I 2d4) erwoeue onatod-o1qif1asdp [e3ruaduod TyqD) MOIIBW 2UO0Q ‘N DAISSIII [BWIOSOINE Y ¢] ULIAUE ‘TYNV GURUTWOP [BWOSOINE ‘(Y

saT[ewIoue
SN ‘eruadoydwA]-g [e19Ys
(02)1Pp 4q pasedar  juswadeuewr SAN yim deLT1d 919A3s pue ‘uonepIe)dr
¢/, Awrosouowr spedwr  Adusdyapounuurur [oAou D<19€T? eruadoydwif]-1, prrur mors
Afreniur SaQN nsouser( paurquio) qv ‘WOH  :TTYLFTO WN  I[AHN ‘eruadorfoued piry - Areydocomdiy W p1c  eiuadoildoueq LT
PIUIDRUR FREIET)
snddomeur priur SBIPIED ‘SP[OJ
uonjejuasard  juowaSeuewr pue eruadoonay prur sryuedrda
[BOTUI> PUE JUBLIBA syoedur [oA0u 1¢—9 suoxg eruadoyfooquionyy pue aseq
SuIes Sey I9)SIs UIM],  ‘AI0jRULIGUOD) BIWDBUY TUOOUR,] av ‘wWoH Jo uonopPq  VONVA 9JBIPOIN [eseu peorg I ¢-g  eruadojboueq 91
SUOISNJSULI)
1en3ar {(£11aqnd) eruadoona] ajeropowr $)29Jop JRIPIRD
asned proias 3:d 1dnpg ‘eTwdRUE d1Ad0IdRUI ¢5109J9p [e1D®]
Apua1md nq BTWIDBUR [oAou + 476 aanerauadaorodAy ‘uotjepIe)ar
‘1opuodsar profalg  AT01eWIYUO)  UBPPR[F-PUOEI(] av PH  :€'696000 NN S1dy ) Qpmorn - W €l eruadorforg ST
SUOISI|
juouraSeueur vivgd Aouanyep 10 g snojyde
eruadoyfoued sypoedur D<DITI?D pue eruadonnou pue 10A9]
210435 Jo apostda auQ onsouSerq  AousnYLp TVILVO av PH  F'8€97¢0 AN CVILVD 9JBIPOIN JUILINONY I 8- L1 eruadoona il
JusudgeURUI 1965°d (s10p03e1d JueId)
104 sa1ojoped syoedur I9pIOSIp 1<DL8TD eruadoyfooquioryy eruadoifo
[euar 10 Surreay oN onsouserq PABPI-GHAN av PH  FEFT00 NN 6HAN S1IAD0IDBUT 194G Susmug W 60 -oquuoIy[J, €1
Juswadeuewr so1od
snonordsuoour syoedur eruadoifooquuoryy [oA0u D<OHEETD eruadoyfooquioryy eruadoifo
Aroysty Aqrureg onsouserq  parerosse-TXNNY av PH  FFSLI0 WN - IXNAY PI'N QUON d 88 -oquuoryy, 4!
UOT)BULIOJUT 2OUBAJDI stisouSer(y [eury due)]  UOnEINUI uoneIny auan $2IN)3J saInjed]  Xag  (s1eak) odAy,  juemeq
[euonIppy [earurD -moyul  Jo adAT, [edo13070)ETIARY [eorur Ay By
A

‘Sunuanbas [oued paseq-goHN pajeSiel Sursn serwoeue uey) 19Y)0 seruadolfdo pajuayur ym syusned 9 UT SJUBLIBA JT)OUIS dATIBSNED JO UONBIYNUIP] °I] J[qE],

© 2018 The Authors. British Journal of Haematology published by John Wiley & Sons Ltd
and British Society for Haematology. British Journal of Haematology, 2018, 182, 251-258

256



thereby to also discover uncommon and unexpected diseases,
such as HX (Patients 7 and 8), CDA1 (Patients 9 and 10),
RUNXI1-related thrombocytopenia (Patient 12), GATA2-
related neutropenia (Patient 14), or NHE]-related combined
immunodeficiency with transformation to MDS (Patient 17).
Our overall diagnostic success rate of 44-7% is therefore
higher than similar targeted sequencing panel studies per-
formed previously. Given that 13 of our 17 genetically identi-
fied cases carried novel mutations and that these also
included several cases with ultra-rare haematological diseases,
of which only few cases are known so far, suggests that many
such cases may remain unrecognized and undiagnosed at ter-
tiary referral centres.

Considering the inherent difficulties often experienced
with the conventional diagnostic evaluation of childhood
cytopenias, their prevalent genetic origin, the plethora of
potentially involved genes and the heterogeneous types and
distribution of mutations, together with the reassuring results
presented herein strongly argue for the implementation of
such targeted sequencing screening programmes in the initial
diagnostic work-up of such diseases.
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