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Abstract

Bloom syndrome (BS) is an autosomal recessive disorder with characteristic clinical

features of primary microcephaly, growth deficiency, cancer predisposition, and

immunodeficiency. Here, we report the clinical and molecular findings of eight

patients from six families diagnosed with BS. We identified causative pathogenic vari-

ants in all families including three different variants in BLM and one variant in RMI1.

The homozygous c.581_582delTT;p.Phe194* and c.3164G>C;p.Cys1055Ser variants

in BLM have already been reported in BS patients, while the c.572_573delGA;p.

Arg191Lysfs*4 variant is novel. Additionally, we present the detailed clinical charac-

teristics of two cases with BS in which we previously identified the biallelic loss-of-

function variant c.1255_1259delAAGAA;p.Lys419Leufs*5 in RMI1. All BS patients

had primary microcephaly, intrauterine growth delay, and short stature, presenting

the phenotypic hallmarks of BS. However, skin lesions and upper airway infections

were observed only in some of the patients. Overall, patients with pathogenic BLM

variants had a more severe BS phenotype compared to patients carrying the patho-

genic variants in RMI1, especially in terms of immunodeficiency, which should be con-

sidered as one of the most important phenotypic characteristics of BS.
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1 | INTRODUCTION

Bloom syndrome (BS, MIM 210900) is a rare congenital disorder

presenting with primary microcephaly, growth deficiency, photo-

sensitivity, cancer predisposition, and immunodeficiency.1 BS is

inherited autosomal recessively2 and mainly caused by biallelic

loss-of-function (LoF) variants in the BLM gene.3 BLM encodes the

BLM helicase, which has essential roles in the maintenance of

genomic stability.4 Accordingly, cells from BS patients show high

levels of chromosome aberrations and mitotic defects, which

overall contribute to the pathogenesis of the disease.5,6 As an evi-

dence of genomic instability, BS patient cells show elevated rates

of sister chromatid exchange (SCE),7 which is used as a cytogenet-

ics test in the diagnosis of BS when molecular diagnostic tools are

limited.

The BLM helicase forms part of a protein complex, known as the

BTRR complex, which additionally includes the topoisomerase III alpha

(TOP3A, MIM 601243) and the RecQ-mediated genome instability

protein 1 (RMI1, MIM 610404) and 2 (RMI2, MIM 612426).8–10 The

BTRR complex dissolves DNA intermediates which occur during DNA

replication and repair processes.11,12 Apart from pathogenic variants

in BLM, pathogenic variants in the other three members of the BTRR

complex have been recently linked to BS.3,13,14 The phenotype of

patients with biallelic TOP3A variants was similar to those of patients

with pathogenic BLM variants in terms of primary microcephaly and

growth retardation.2,13 However, dilated cardiomyopathy, which is

not a typical characteristic of BS, was also reported in patients with

pathogenic TOP3A variants.13 Another study reported a large homo-

zygous deletion covering RMI2 to be associated with a BS phenotype

and the diagnosis was confirmed by increased SCE rates, although the

clinical features were reported as much milder than the classic BS

phenotype.14

Here, we report a patient cohort of eight individuals presenting

with main characteristics of BS phenotype. We identified one novel

and two previously described biallelic pathogenic variants in BLM in

six individuals and defined the clinical phenotype of patients with a

biallelic LoF variant in RMI1 that has recently been reported.13 We

further describe the molecular and clinical findings of the patients and

compare the phenotypic expression.

2 | MATERIALS AND METHODS

All subjects or their legal representatives gave written informed con-

sent to the molecular genetic analyses and the publication of the

results. This study was performed according to the Declaration of Hel-

sinki protocol and approved by the local institutional review board

(University Medical Center Göttingen, Germany).

Genomic DNA samples were screened for variants in BLM

(NM_000057.4) and RMI1 (NM_024945.3) using specific primers and

subsequent Sanger sequencing of amplified DNA (Supporting

Information).

WES analysis was done for two patients. DNA samples were

enriched and sequenced on an Illumina HiSeq4000 sequencer. The

variants were analyzed using the “Varbank” pipeline from Cologne

Center for Genomics (CCG). Filtering criteria are given in the

Supporting Information. The resulting variants were considered as

candidates when the phenotype–genotype link was built.

3 | RESULTS

3.1 | Mutational spectrum of Bloom syndrome
patients

The molecular analyses revealed three distinct pathogenic variants in

BLM in six patients (Figure 1A and Table 1). Using WES, we identified

a novel, possible pathogenic variant, c.572_573delGA;p.

Arg191Lysfs*4, in BLM in patient F1/II-4, which we confirmed by sub-

sequent Sanger sequencing. By using a custom-designed multigene

panel (Table S1), we were able to identify this novel BLM variant in

homozygous state in a second patient with BS (F2/II-2; Table 2). Con-

sanguinity was reported for both parents of family 1. In family

2, parental consanguinity was not reported, but both parents were

originating from the same village with less than 1000 inhabitants. A

homozygous variant (c.581_582delTT;p.Phe194*) in BLM was identi-

fied in patients F3/II-2 and F4/II-2 by WES and Sanger sequencing,

respectively. This variant has been reported previously.15 Further-

more, molecular investigation of BLM revealed homozygosity for the

missense variant (c.3164G>C;p.Cys1055Ser) in two siblings (F5/II-2

and F5/II-3) whose consanguine parents were heterozygous carriers.

All identified variants were confirmed by Sanger sequencing and seg-

regation analysis on all parents was carried out upon detection of a

sequence variant using the same sequencing approach (Figure 1B).

Additionally, we previously performed WES on the DNA of two

BLM-variant negative patients, both born to consanguineous parents

and presenting with a BS-like phenotype.13 WES revealed a single

truncating variant in RMI1 which was present in a homozygous state

in both patients.13 No other variant was detected which could explain

the disease phenotype.

3.2 | Clinical findings in Bloom syndrome patients

We reinvestigated the clinical features of our patients to determine

the spectrum of BLM- and RMI1-associated phenotypes. All index
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F IGURE 1 Pedigrees and the molecular characterization of pathogenic variants detected in BLM. (A) Pedigrees of five unrelated families with
disease-causing variants in BLM suggesting an autosomal-recessive inheritance pattern. (B) Electropherograms of the identified variants in BLM.
Affected siblings in each family carry disease-causing variants in BLM in the homozygous state (lower panels) while non-affected parents are
heterozygous for identified BLM variants (upper and middle panels). (C) Positions of the identified pathogenic variants are shown in reference to the
schematic representation of the BLM gene (left) and BLM protein (right). Exons are shown as dark boxes, 50- and 30-UTRs as open boxes. Conserved
domains of the BLM protein are shown in blue (helicase domain), purple (RecQ C-terminal domain), and black (nuclear localization signal) [Colour
figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Pathogenic variants identified in BLM and RMI1 in patients with Bloom syndrome phenotype

Family Patient Gene Exon Variant (homozygous) Predicted protein outcome Parental consanguinity Allele frequencya

1 F1/II-4 BLM 3 c.572_573delGA p.Arg191Lysfs*4 + �
2 F2/II-2 BLM 3 c.572_573delGA p.Arg191Lysfs*4 -b �
3 F3/II-2 BLM 3 c.581_582delTT p.Phe194* � 0.000008

4 F4/II-2 BLM 3 c.581_582delTT p.Phe194* + 0.000008

5 F5/II-2 BLM 16 c.3164G>C p.Cys1055Ser + 0.000017

F5/II-3 BLM 16 c.3164G>C p.Cys1055Ser + 0.000017

6c F6/1 RMI1 3 c.1255_1259delAAGAA p.Lys419Leufs*5 + 0.000008

F6/2 RMI1 3 c.1255_1259delAAGAA p.Lys419Leufs*5 + 0.000008

Note: Transcript numbers are as follows: NM_000057.4 for BLM and NM_024945.3 for RMI1.
aThe allele frequency is taken from ExAC database.
bThe parents are from the same village with less than 1000 inhabitants.
cPatients from this family with pathogenic variants in RMI1 have been previously reported.13
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patients suffered from intrauterine growth deficiency and had a small

head circumference. The most severe case of growth deficiency and

microcephaly was observed in patient F4/II-2 (Table 2). In addition,

growth hormones had been administered to F1/II-4, but treatment

was unresponsive. A narrow face, sunlight sensitivity, and café-au-lait

spots were observed in some but not all of the patients with patho-

genic variants in BLM. On the other hand, sunlight-sensitive skin

lesions, which are considered as a major phenotypic characteristic of

BS, were present only in two of our BLM-mutated patients (F2/II-2

and F3/II-2). Interestingly, neither of the patients with pathogenic var-

iants in RMI1 showed any dermatological characteristics of BS.

All patients with biallelic pathogenic variants in the BLM gene had

low immunoglobulin levels (Table 2). F5/II-2 experienced lower respi-

ratory system infections each year, and F1/II-4 had upper respiratory

system infections three to four times each winter. In contrast, neither

of the patients carrying the pathogenic variant in RMI1 had a history

of recurrent (respiratory) infections. Serum immunoglobulin levels for

patient F6/1 at the age of 7 were in normal range, testing for patient

F6/2 was not performed.

4 | DISCUSSION

In rare and ultra-rare diseases, data on the phenotypic and mutational

spectrum as well as possible phenotype–genotype correlations are

hard to be obtained due to the limited number of affected cases.

Although BS was described in 1954,16 the most comprehensive

patient cohort was reported in 2007 consisting of 134 BS patients.3

Yet, nine patients lacked a disease-causing variant in BLM, indicating a

likely genetic heterogeneity.3,6 In this study, we report eight individ-

uals diagnosed with BS. The molecular analyses revealed one novel

and two known LoF variants in BLM. Moreover, we included a previ-

ously described truncating variant in RMI1 into our study.13 Our

molecular diagnostic strategy for BS comprises direct (Sanger)

sequencing or NGS-based multigene panel sequencing of BLM, as the

majority of patients with BS/BS-like phenotypic features carry patho-

genic variants in BLM. These NGS-based approaches, including WES

analysis, should be considered as an important tool for the molecular

diagnostics, especially as pathogenic variants in additional genes have

been linked to a BS/BS-like phenotype.13,14 We hypothesize that

TABLE 2 Clinical findings of patients with pathogenic variants in the BLM and RMI1 genes

BLM RMI1

Patient ID F1/II-4 F2/II-2 F3/II-2 F4/II-2 F5/II-2b F5/II-3 F6/1a F6/2a

Gender F M F F M F F F

Age at exam (years) 163/12 16 310/12 136/12 82/12 17/12 7 13

Pre- and postnatal microcephaly + + + + + + + +

Intrauterine growth retardation + + + + n/a + + +

Length at birth z-score (SD) �4.3 n/a n/a N N N n/a n/a

Weight at birth z-score (SD) �5 N n/a �3,3 �2,7 N �1,7 �3,1

OFC at birth z-score (SD) n/a n/a n/a n/a n/a �3,2 n/a n/a

Postnatal growth deficiency + + + + + + + +

Height z-score (SD) �3,9 �4,6 �4,2 �6 �1,8 �2,3 �4 �2,9

Weight z-score (SD) �5,5 �4,7 �3,2 �4,9 �3,6 �4,2 �3,8 �0,9

OFC z-score (SD) �6 �5,1 �4,7 �7,6 �3,1 �5,1 �5 �5

Short stature + + + + + + + +

Narrow face � + � + + � � �
Skin lesions � + + � + + � �
Café-au-lait spots � + + + + + � �
Immunodeficiency + + + + + + -c �

IgG N low low low n/a low n/a n/a

IgA low low low n/a low low n/a n/a

IgM low low low n/a low low n/a n/a

IgG1 n/a N low n/a n/a N n/a n/a

Recurrent infections � + � � � + � �
Upper airway/pulmonary infections + + � + + + � �

Note: The following abbreviations are used: M, male; F, female; n/a, data not available; N, normal.
aThe two individuals carrying this pathogenic variant in this gene were previously reported.13

bWilms' tumor was detected and operated at the age of 5.
cImmunoglobulin levels were not specified for this patient, but reported to be in normal range.
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patients in the BS registry3 with no detected pathogenic variants in

BLM could likely have causative variants in other BLM-related genes,

which could be detected by NGS-based approaches.

In the current study, one novel frameshift variant in BLM

(c.572_573delGA;p.Arg191Lysfs*4) was detected in two BS patients.

The variant was classified as damaging by different in silico prediction

tools including SIFT (https://sift.bii.a-star.edu.sg), MutationTaster (www.

mutationtaster.org), and PolyPhen2 (http://genetics.bwh.harvard.edu/

pph2/), and it is predicted to induce a frameshift resulting in a premature

stop codon in the N-terminal region of the protein (Figure 1C). Parents

of family 1 reported consanguinity while parents of family 2 claimed no

relation although both were from the same village with less than 1000

inhabitants. Both families originated from the same country raising the

possibility of a founder nature of this variant and suggesting a common

ancestor haplotype. Furthermore, the c.581_582delTT variant that we

identified in families 3 and 4 had been previously described in a single

patient of Moroccan origin,15 and this variant is present in the general

human population with a minor allele frequency (MAF) of 8 � 10�6, in

line with an autosomal recessive pattern of inheritance (Table 1).

A distinct phenotypic characteristic of BS is the pronounced

immunodeficiency, which is as important as any other life-threatening

element of BS like cancer predisposition. We observed that all

patients with pathogenic variants in BLM presented immunodeficiency

resulting in recurrent infections, while patients with pathogenic vari-

ants in RMI1 did not show this clinical feature, pointing to a pheno-

typic variety among the BS patients. The strongest phenotypic

variance was observed between patients with LoF variants in different

genes, namely BLM and RMI1. Both, BLM and RMI1, encode members

of the BTRR complex; the major role within the complex may be

assigned to BLM and TOP3A proteins due to their enzymatic activity

on the DNA, although lack of RMI1 protein leads to defective cell pro-

liferation as well.17 Among the patients included in this study, individ-

uals with pathogenic variants in BLM showed more severe BS

phenotypic features compared to both individuals carrying the patho-

genic variant in RMI1. This RMI1 variant induces a frameshift

predicted to lead to a truncated RMI1 protein. Currently, we cannot

exclude expression and a residual function of this truncated RMI1

protein, which might result in a milder phenotype as observed in both

patients carrying the RMI1 variant. We conclude that pathogenic vari-

ants in the different members of the BTRR complex have a varying

impact on the severity of the BS phenotype, especially when compar-

ing BLM- and RMI1-associated phenotypes.

In summary, in eight patients presented with BS, we detected one

novel frameshift variant in BLM in two patients from two families, two

already known pathogenic variants in BLM in three families, and one

truncating variant in RMI1 in two individuals of a consanguineous fam-

ily.13 All variants were loss-of-function variants associated with the

BS phenotype. Moreover, patients with pathogenic variants in the

BLM gene showed more severe BS phenotypic characteristics in terms

of photosensitivity, immunodeficiency, and infection rate than the

patients carrying the RMI1 variant. The immunodeficiency profile of

BS is one of the most important characteristics of BS highlighting the

importance to protect patients with BS against any kind of infection.
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