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Abstract

Familial amyloid polyneuropathies (FAPs) are life-threatening, autosomal dominant diseases resulting, in most instances,
from transthyretin gene (77TR) variants. A small number of TTR variants lead to leptomeningeal amyloidosis (LA), which
is a rare FAP subtype with late-onset central nervous system (CNS) impairment symptoms. Previous studies suggest that
LA’s CNS selectivity was due to complete endoplasmic reticulum-associated degradation of highly destabilized mutants
in peripheral tissues. LA’s later age at onset (AAO) was due to lower choroid plexus secretory efficacy. This study reports
on a family with LA, including six symptomatic and three presymptomatic members. The LA diagnosis was confirmed by
leptomeningeal enhancement on contrast MRI, elevated cerebrospinal fluid protein levels, and positive Congo red staining.
The predominant symptoms included headaches, dizziness, vomiting, hallucinations, and cognitive impairments which
associated with obstructive hydrocephalus. The TTR p.D38G variant with the lowest secretory efficacy was identified as
the genetic cause by whole exome sequencing. The family had a statistically significantly earlier mean AAO of 31.3+7.4
(»=0.001). These uncommon phenotypes indicate unknown factors influencing the progress of CNS impairment via TTR
mutants. Medical imaging examinations suggest the potential early diagnosis value of contrast MRI and the importance
of ependyma involvement in LA. LA genetic and clinical data were reviewed and summarized. These findings expand the
FAPs’ phenotypic spectrum and are valuable in FAP diagnosis, treatment, and further research.

Keywords Genetics - Transthyretin - Familial amyloid polyneuropathy - Transthyretin-related amyloidosis -
Leptomeningeal amyloidosis

Introduction

Familial amyloid polyneuropathies (FAPs, OMIM 105210)
are a genetically and clinically heterogeneous group of life-
threatening multisystem diseases having autosomal domi-
nant inheritance [1]. They are characterized by the extracel-
lular deposition of insoluble amyloid fibrils on peripheral
nerves and other organs [2, 3]. FAPs can be caused by vari-
ants in the following four genes: the transthyretin gene (77R
), the apolipoprotein A1 gene, the gelsolin gene, and the
beta-2-microglobulin gene [4]. TTR-related amyloidosis
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(ATTR) is the most common genetic subtype [1]. The TTR
gene, located on 18q12.1, encodes a 20-amino acid signal
peptide and a 127-amino acid mature protein [5]. The mature
protein is a B-sheet-rich protein and assembles to a tetra-
meric carrier for thyroid hormones and retinol transport in
plasma and cerebrospinal fluid (CSF) [1, 2]. TTR mutants
destabilize the native tetramer into monomer resulting in an
aggregation of the predominantly mutant TTR protein [1, 6].
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This typically leads to death within 10 years after onset [1].
As of this writing (2018), more than 112 TTR gene variants
have been identified and considered as the genetic causes
for FAPs. The p.V50M (c.148G > A, formerly labeled as
“V30M” based on the sequence of mature protein) variant
accounts for 50% of the variants in ATTR patients [1, 4, 7].
ATTR prevalence is less than 1/100,000 in European popula-
tions and approximately 1/1,000,000 in the Japanese popula-
tion [8]. The wide variety of clinical phenotypes frequently
leads to misdiagnosis, a considerable time before correct
diagnosis and poorer patient outcomes [2, 9].

Most ATTR patients present with progressive length-
dependent sensory-motor polyneuropathy, autonomic dys-
function, gastrointestinal impairments, cardiomyopathy,
nephropathy, and/or ocular deposition before age 40 [1, 8, 9].
Ninety-five percent of all TTR protein in plasma is of hepatic
origin. The common ATTR therapeutic strategy is an ortho-
topic liver transplant (OLT) which can slow the progression
of peripheral and autonomic neuropathy [2, 6]. Leptome-
ningeal amyloidosis (LA) is a rare ATTR subtype, mainly
causing strokes and/or hydrocephalus [1]. It presents with
central nervous system (CNS) symptoms, including head-
aches, vomiting, ataxia, hearing loss, seizures, hemiplegic
paralysis, and dementia [2, 10]. These CNS pathological
changes are caused by the deposition of mutant TTR protein
secreted from choroid plexus and cannot be blocked by OLT
[8, 11]. LA diagnosis hallmarks include extensive leptome-
ningeal enhancement on contrast MRI and increased CSF
protein levels [10, 12].

This study reports on a family with early-onset LA
and identifies a p.D38G (c.113A > G, formerly labeled as
“D18G”) variant as the genetic cause using whole exome
sequencing. These unusual findings expand the ATTR phe-
notypic spectrum and have potential value in the diagnosis,
treatment, and elucidation of its pathogenic mechanisms.

Materials and methods
Subjects and clinical evaluations

A four-generation Han-Chinese family with LA was enrolled
in this study. An autosomal dominant inheritance pattern was
proposed based on the family history. Written informed con-
sent was obtained from ten family members. Detailed medi-
cal histories were collected from all participants. Enrolled
family members had a complete physical examination per-
formed by two neurologists. Peripheral blood samples were
obtained. Auxiliary examinations included: routine blood,
urine, and CSF examinations; ophthalmic examinations;
audiometric tests; abdomen ultrasound; electrocardiograph
(ECQG); ultrasonic cardiogram (UCG); electromyogra-
phy (EMG); CT scans; multiple MRI scans; and cerebral

angiography. The protocol of this study was approved by the
Institutional Review Board of the Third Xiangya Hospital,
Central South University, Changsha, Hunan, China.

Genetic analysis

A standard phenol—chloroform extraction method, as previ-
ously described, was used to refine genomic DNA (gDNA)
from all participants [13]. gDNA samples were randomly
fragmented by a Covaris sonicator. They were end-repaired,
enriched, and circularized into DNA nanoballs. Subse-
quently, whole exome sequencing was performed to com-
prehensively search for the disease-causing variant using a
BGISEQ-500 platform (BGI, Shenzhen, China). After data
filtering, the clean data were mapped to the human reference
genome (GRCh37/hg19) using Burrows—Wheeler Aligner
(v0.7.15). Picard tools (v2.5.0, http://broadinstitute.githu
b.io/picard/) were used to remove duplicate reads. Insertion
and deletion (InDel) realignment and base recalibration were
conducted by Genome Analysis Toolkit (GATK, v3.3.0).
All variants, including single nucleotide polymorphisms
(SNPs) and InDels, were detected and filtered by GATK
HaplotypeCaller. SnpEff tool (http://snpeff.sourceforg
e.net/SnpEff_manual.html) annotated and filtered variants
using the SNP database (v141) and the 1000 Genomes Pro-
ject. The in-house BGI exome database with 2,375 ethni-
cally matched Chinese controls was used to further sift out
remaining variants. Sorting Intolerant from Tolerant (SIFT,
http://sift.jevi.org/), Polymorphism Phenotyping version 2
(PolyPhen-2, http://genetics.bwh.harvard.edu/pph2/), and
MutationTaster (http://www.mutationtaster.org/) evaluated
the potential pathogenic effects of amino acid changes. The
Basic Local Alignment Search Tool (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) was applied to analyze the conserva-
tion of amid acid sequence. Using an ABI3500 sequencer
(Applied Biosystems Inc., Foster City, CA, USA), candi-
date variant was detected in all enrolled family members
via Sanger sequencing. The primer sequences for detecting
TTR c.113A > G variant were as follows: 5'-TCTTGTTTC
GCTCCAGATTTC-3" and 5'-TTTGGCAACTTACCCAGA
GG-3'. All variants in this study are described based upon
the transcript NM_000371.3.

Searches and statistical analysis

A search of PubMed was conducted to find LA cases in
reports published between 1 January 1980 and 31 July 2018
using the following query: (leptomeningeal amyloidosis) OR
oculoleptomeningeal amyloidosis. ATTR patients whose
CNS symptoms presented before OLT were included. LA
was defined as ATTR with CNS symptoms as the initial
symptoms. Age at onset (AAO) of disease was established as
the age at which certain ATTR-related symptoms appeared.
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Quantitative data were described as mean =+ standard devia-
tion to single decimal place. Statistical analysis was per-
formed by SPSS (v17.0) to test significance of differences
using Kolmogorov—Smirnov test and Student’s ¢ test. The
level of statistical significance was set to 0.05.

Results
Clinical features

This family had three presymptomatic individuals and
six symptomatic patients with a mean AAO of 31.3+7.4
(Table 1). All symptomatic individuals had periodic head-
aches and/or dizziness accompanied by vomiting as their ini-
tial symptoms. Hallucinations were present in four patients
(I:1, II:3, 11:6, and 1I:8). Fluctuating cognitive impairment
presented in three patients (I:1, II:3, and II:8). These symp-
toms worsened over time. Patient III:1 had limb numbness,
and patient II:8 had visual decline, but EMG and ophthalmic
examinations excluded peripheral neuropathy and vitreous
opacity in both patients. No patient had obvious hearing loss
symptom. Audiometric tests found bilateral, mild mixed
hearing loss in patient II:8 and normal hearing function in
patient III: 1, respectively. Physical examinations were nor-
mal for all participants. CT and MRI scans revealed obstruc-
tive hydrocephalus in three older symptomatic patients (II:1,
II:3, and II:8; Fig. la—c). There was a positive correlation
between symptom severity and the extent of interstitial
cerebral edema (Fig. 1a, b). Contrast MRI revealed exten-
sive enhancement of leptomeninges and ependyma in two
symptomatic individuals (II:8 and III:1; Fig. 2a, b). Par-
tial enhancement was discovered in three presymptomatic
individuals (III:2, II1:3, and III:6), primarily on the lateral
ventricle, the fourth ventricle, and the brainstem surfaces
(Fig. 2c, d). Earlier cranial MRI susceptibility-weighted
imaging (SWI) sequences and cerebral artery angiographies
(CT angiography or catheter angiography) showed a lack of
either micro-bleeding or subarachnoid hemorrhage (SAH) in
two symptomatic patients (II:8 and III: 1). However, the latest
gradient recalled echo-T2* (GRE-T2*) and SWI sequence
found superficial siderosis on patient II:8 cerebellar vermis
and lateral fissure surfaces. This patient had longer disease
course and more severe clinical symptoms including three
stroke-like episodes in the 6 months prior to the latest MRI
scans. Lumbar punctures found slightly elevated CSF pres-
sures (163.3 +58.9 mmH,0) in patient II:8 and slightly
lower CSF pressures (80 =+ 18.0 mm H,0) in patient III:1.
Patients II:8 and III:1 CSFs were both xanthochromic and
had significantly higher protein levels (282.3 +63.7 mg/
dL) along with normal or mildly increased white blood cell
counts (10.3 +6.1/mm?). Routine blood and urine exami-
nations, abdominal ultrasounds, ECGs, and UCGs were all
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normal. Contrast enhancement abnormalities were not found
in a cardiac contrast MRI examination of patient II:8. An
operation resected an intraspinal mass and partially less-
ened Patient III: 1 lower limb numbness (Fig. 1d). Thickened
arachnoid membrane and yellow caseous tissues wrapping
nerve roots were observed. Amyloidosis was confirmed by
positive Congo red staining on histological examination.
Patient II:3 underwent a resection of mass in the fourth ven-
tricle. Diffuse granular depositions were discovered in the
subarachnoid space and the ependyma surface. She died of
postoperative complications. Tissue blocks of these patients
were unavailable for immunohistochemical staining. Two
other patients (I:1 and II: 1) died of severe hydrocephalus and
one (I1:6) from a cognitive impairment-caused accident. The
mean age at death was 39.0+5.7. Detailed clinical presenta-
tions for all patients appear in Table 1.

Genetic findings

Taking into account the absence of immunohistochemical
staining and unusual clinical phenotypes, whole exome
sequencing was performed on patients (III:1 and III:6;
Fig. 3a). Average exome sequencing depths of 219.41x
(ITI:1) and 215.41x (III:6) provided sufficient accuracies to
call variants in 99.92% and 99.93% of the target regions,
respectively. After filtering known variants and performing
functional predictions, a known pathological heterozygous
missense variant, c.113A > G (p.D38G) in the TTR gene, was
identified in both subjects and suspected as the candidate
disease-causing variant in this family. No other potential
pathogenic variants in genes known to cause CNS amyloi-
dosis were found. This variant was subsequently confirmed
by Sanger sequencing (Fig. 3b). Further analysis discovered
this variant in all symptomatic and presymptomatic patients
and an asymptomatic 6-year male (IV:1). The 6-year-old
individual did not undergo a contrast MRI scan. This vari-
ant was absent from other unaffected family members (I:2,
II:5, II:9, and I1I:5; Fig. 3c). It was also absent from Exome
Aggregation Consortium, Genome Aggregation Database
and 2,375 ethnically matched controls in the in-house BGI
exome database. Multiple sequence alignments revealed that
the aspartic acid at position 38 is phylogenetically conserved
among various species from zebrafish to human, suggest-
ing its importance to the TTR protein structure and func-
tion (Fig. 3d). The variant was predicted to be “damaging”,
“probably damaging” and “disease causing” by SIFT, Poly-
Phen-2, and MutationTaster, respectively. Combined with
the previous reports and functional researches, this results
support classifying the p.D38G variant as a pathogenic vari-
ant applying the American College of Medical Genetics and
Genomics standards and guidelines for variant interpretation
[10, 14-18].
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Fig. 1 a, b CT scans of patient
1I:8, showing the hydrocephalus
and interstitial cerebral edema
when his clinical symptoms got
worse (a) and improved (b).

¢ T2-weighted MRI sequence
of patient II:8, showing the
hydrocephalus and aqueductal
stenosis. d T1-weighted MRI
sequence of patient III:1, show-
ing the intraspinal mass (arrow)

Statistical analysis

This family’s unusual AAO led us to search LA patients
reported in the PubMed database for genetic and clinical
information of LA and to verify the significance of this dif-
ference. Two hundred and thirteen articles were screened
and 60 cases with 15 different 77TR variants were extracted
from 32 reports (Supplementary Fig. 1). This includes 47
LA patients and 13 other ATTR patients with CNS symp-
toms [10, 12, 17-46]. The mean AAO was 45.1 +8.9 in 44
LA cases with detailed information (Table 2). Statistical
analyses show that the affected patients in this family have a
significantly earlier AAO than other LA patients (p=0.001)
or other p.D38G variant-associated patients (p =0.012).

Discussion
As of this writing (2018), nine TTR gene variants have
been reported to be associated with LA (Table 2) [47, 48].

The genotype—phenotype correlation for LA was reported,
while its underlying pathogenic mechanism is still somewhat

@ Springer

unclear. A proposed mechanism which may explain CNS
selectivity is that highly destabilized TTR proteins encoded
by these variants were completely degraded through the
endoplasmic reticulum-associated degradation mechanism
in peripheral tissues [16]. They could cause later CNS
impairment, because these mutants were secreted with lower
efficacy from choroid plexus due to a stabilizing effect of
thyroxine chaperoning, which is highly concentrated in
choroid plexus cells [16]. The prior study suggests that
the p.D38G variant caused LA with later AAO, because it
encoded the most unstable TTR protein which had the low-
est concentration in CSF [16]. In this study, identifying the
p.D38G variant in an early-onset LA family may indicate
another pathogenic mechanism or the presence of another
unknown regulating factor for this disorder. The hydro-
cephalus-associated clinical symptoms and the absence of
peripheral neuropathy, vitreous opacity, and cardiac impair-
ment further support the high CNS selectivity of the p.D38G
variant. Only mild hearing loss was found in a patient with
severe hydrocephalus, indicating that hearing loss is not a
frequent or early symptom in this family, unlike a Hungar-
ian family reported [10]. The clinical features of patients
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Fig.2 T1-weighted MRI
sequence shows extensive
enhancement of the adminis-
tered contrast medium at the
leptomeninges and ependyma
in symptomatic patient II:8 (a,
b), and partial enhancement in
presymptomatic patient I11:3
(c,d)

Fig.3 a Pedigree of the family
with leptomeningeal amyloido-
sis. b Chromatogram (genomic
DNA) of heterozygous TTR
¢.113A > G variant in symp-
tomatic patient (III:1). ¢ DNA
sequencing of wild-type TTR
gene in normal member (I:2). d
Conservation analysis of TTR
p-D38 amino acid residue

a
2
N/N
5
N/N N/V N/N
N/V N/V N/N N/V
. . Symptomatic patient
ﬂ O Presymptomatic patient
N/V
N: Normal allele [o] carier without contrast MR
V: Allele with 77R ¢.113A>G variant
c.113A>G

AGTTCTAGATGCTGTCC

franiie

J .

Cc

c.113A
4

AGTTCTAGATGCTGTCC
AGTTCTAGATGCTGTCC

il
\/ Y\ \[\/\\ |

d p-DISG
Human KCPLMVKVLDAVRGSPAIN
Chimpanzee KCPLMVKVLDAVRGSPAIN
Rhesus Monkey KCPLMVKVLDAVRGSPAVN
Dog KCPLMVKVLDAVRGSPAVN
Cattle KCPLMVKVLDAVRGSPAAN
House Mouse =~ KCPLMVKVLDAVRGSPAVD
Norway Rat KCPLMVKVLDAVRGSPAVD
Chicken KCPLMVKVLDAVRGSPAAN
Zebrafish HCPLTVKILDAVKGTPAGN
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with the p.D38G variant were homogeneous in the same
family, but heterogeneous between different families, such
as ataxia and hearing loss in the Hungarian family, SAH in a
Japanese family, and hydrocephalus in sufferers of this fam-
ily (Table 1) [10, 17]. These findings indicate the presence
of unknown genetic and/or environment factors that modify
the manifestations of LA.

Previous studies focused on LA blood vessel impairment.
Superficial siderosis was suggested as a possibly useful
hallmark of this disease [17]. GRE-T2* and SWI sequences
found superficial siderosis on patient with longer disease
course in this study, indicating that it is a later marker of
this disease as reported elsewhere [49, 50]. The positive
correlation between clinical symptom severity and hydro-
cephalus suggests the importance of ependyma involvement
in this family. The frequent periodic headaches and vomiting
symptoms in LA patients suggest that hydrocephalus is prob-
ably more frequent than recorded. The different extents and
degrees of leptomeninges and ependyma enhancement on
contrast MRI in the three presymptomatic patients indicate
the slow progress of CNS impairment, as well as the poten-
tial early diagnosis value of contrast MRI in the presymp-
tomatic stage.

CNS symptoms are rare in ATTR patients before OLT.
Due to the longer survival time provided by OLT, CNS
symptoms were observed in at least 31% of ATTR patients
with the p.V50M variant [11]. CNS impairment should be
considered as an important pathogenic mechanism and treat-
ment target for ATTR patients with the longer survival time.
Future studies in TTR animal models with different genetic
backgrounds which mimic LA phenotype may lead to new
target therapies for CNS impairment of ATTR.

Conclusions

We identified a p.D38G (c.113A > G) variant as the genetic
cause in a Chinese family with LA. The uncommonly early
AAO and the hydrocephalus-associated symptoms indicate
unknown factors influencing CNS impairment progression
in its sufferers. The important role of ependyma involvement
and the potential early diagnosis value of contrast MRI were
suggested. These findings expand the phenotypic spectrum
of TTR gene and have implications for the diagnosis, treat-
ment, and systematic study of ATTR.
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