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Abstract: Heterozygous HTRAT-autosomal dominant disease is
a gradually recognized hereditary cerebral small vessel disease
(cSVD) characterized by debilitating conditions and extensive
white matter hyperintensities (WMHSs), but doubts remain on
the underlying mechanisms of this disease. This review sum-
marizes the clinical, MRI, and molecular genetics features of
heterozygous HTRA7T-autosomal dominant disease in combina-
tion with two better-studied hereditary cSVDs. A total of 31
mutations in HTRAT-autosomal dominant cases documented be-
tween 2020 and 2023 were also reviewed, characterizing the
mutation features and clinical manifestations. This review aims
to gain better insight into the unique characteristics of the dis-
ease and its correlations with other hereditary cSVDs.
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INTRODUCTION

High-temperature requirement A serine peptidase 1 (HTRAI) gene
was first linked with hereditary cerebral small vessel disease (cSVD)
in patients harboring homozygous or compound heterozygous muta-
tions. This condition is clinically recognized as “cerebral autosomal
recessive arteriopathy with subcortical infarcts and leukoencephalop-
athy,” or CARASIL. Recent research has indicated the pathogenicity
of heterozygous HTRA1 mutations (Verdura et al., 2015), demonstrat-
ing that heterozygous variant carriers can exhibit similar clinical fea-
tures as CARASIL, albeit milder in severity. Characteristic clinical
symptoms and MRI features are present, including stroke, cognitive
impairments, gait disturbances, and white matter hyperintensities
(WMH) (Uemura et al., 2020). This emerging variant of hereditary
arteriopathy has been designated as HTRAI-autosomal dominant dis-
ease (Mancuso et al., 2020) or cerebral autosomal dominant arteriop-
athy with subcortical infarcts and leukoencephalopathy, type 2 (CA-
DASIL2, OMIM 616779).

To date, more than 70 symptomatic patients carrying over 50 mu-
tations have been reported. Since the first documentation of 11 pro-
bands in France with heterozygous HTRA1 mutations predicted to be
deleterious (Verdura et al., 2015), a series of familial cases have been
explored, including 4 mutations in 6 Japanese patients (Nozaki et al.,
2016), 5 mutations in Italian patients (Di Donato et al., 2017), 7 mu-
tations in Taiwanese patients (Lee et al., 2018) and 7 novel mutations
in Chinese patients (Zhang et al., 2022). The frequency of heterozy-
gous HTRAI carriers among individuals affected by non-NOTCH3
autosomal dominant cerebral small vessel disease (cSVD) has been
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estimated to range from 3.15% to 5.31% (Di Donato
et al.,, 2017; Lee et al., 2018; Nozaki et al., 2016;
Verdura et al., 2015; Zhang et al., 2022). Novel mu-
tations are continuously reported from across the
world.

Although the entity of symptomatic HTRAI
carriers is growing and the range of potentially
deleterious mutations is expanding, researchers are
still uncertain about the underpinning mechanism
of HTRA1-autosomal dominant disease. The differ-
ence between HTRAI-autosomal dominant disease
and CARASIL also remained ambiguous. This re-
view generalizes the clinical, MRI, and molecular
genetics features of HTRAI-autosomal dominant
disease in comparisons with other hereditary cS-
VDs, and summarizes the novel cases reported be-
tween 2020 and 2023, in seek of a comprehensive
understanding of the disease for future research.

HTRA1 GENE: STRUCTURE
AND FUNCTION

HTRALI gene is located on 10g26.13 and composed
of 9 exons. The HTRAI serine protease encoded by
HTRAL1 consists of 480 amino acids and is arranged
into four distinct domains: the insulin-like growth
factor binding protein (IGFBP, 33~98 aa), the Ka-
zal-like serine protease inhibitor (99~157 aa), the
trypsin-like serine protease domain (204~364 aa),
and the PDZ domain (365~467 aa). The serine pro-
tease domain can be subdivided into Loop D (LD,
283~291 aa), Loop 3 (L3, 301~314 aa), and other
regions, not L3/LD (Uemura et al., 2020). The pro-
tein forms a homotrimer, stabilized by the interac-
tions between three amino acids from each mono-
mer: Tyrl69, Phel71, and Phe278 (Truebestein et
al., 2011). Activation of HTRA1 protease relies on
the signal relay between 3 monomers, with L3/LD
playing an important role in the process.

The function of HTRA1 protease includes in-
teraction with various cellular signaling path-
ways. Regarding cSVD, the most notable pathway
regulated by HTRA1 protease is the transform-
ing growth factor-f (TGF-f) signaling pathway.
HTRAI protease cleaves and inhibits TGF-f ac-
tivation, thereby repressing gene transcription of
various downstream genes participating in extra-
cellular matrix protein synthesis (Hara et al., 2009).
However, contradictory evidence has emerged sug-
gesting that HTRA1 protease can increase TGF-3
release and signaling (Beaufort et al., 2014). It has
been suggested that TGF-[ participates in various
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pathogenic mechanisms in CARASIL (Xu et al.,
2023; Yamamoto & Thara, 2017), while the precise
role of TGF-f in heterozygous HTRAI-related dis-
ease requires further investigation.

FEATURES OF HTRAT-AUTOSOMAL
DOMINANT DISEASE COMPARED
WITH CARASIL

Although HTRAI-autosomal dominant disease and
CARASIL share a common genetic background
and exhibit similar characteristics, differences have
been depicted in terms of clinical features, MRI
characteristics, mutation site distributions, and his-
topathological features. Herein, we summarize the
major features of HTRAI-autosomal dominant dis-
ease while indicating its differences with CARA-
SIL, as shown in Table 1. These discrepancies are
important for understanding the unique features of
HTRAI-autosomal dominant disease.

1. CLINICAL FEATURES

Clinical manifestations of HTRAI-autosomal dom-
inant disease include stroke, cognitive decline, gait
disorders, psychiatric disorders, alopecia, migraine,
and spine disorders. The first symptom of onset is
mostly stroke (45%) (Xu et al., 2023). Extra-neuro-
logical features are less common, with spine dis-
orders present in 47.27% and alopecia in 20% of
cases. Clinical manifestations are highly variable,
even within families (Kondo et al., 2023). Consid-
ering epidemiological features, the ages of onset are
mainly around 40~50 years (Uemura et al., 2020;
Xu et al., 2023). Most patients present vascular risk
factors, with hypertension being the most prevalent
(50.91%) (Xu et al., 2023).

Compared with CARASIL, HTRAI-autosomal
dominant disease demonstrates milder symptoms,
showing later age of onset and fewer presenta-
tions of extra-neurological symptoms (Di Donato
et al., 2017; Uemura et al., 2020; Verdura et al.,
2015). Typical symptoms shared by both diseases
are stroke, cognitive impairment, gait disturbanc-
es, etc. Previous findings showed that HTRA1-au-
tosomal dominant disease patients exhibit a lower
prevalence of psychiatric disorders (Zhou et al.,
2022) and gait disturbances (p=0.019) (Uemura et
al., 2020; Zhou et al., 2022), but a higher occurrence
of stroke (p=0.089) (Uemura et al., 2020). Slower
progression of cognitive impairment was also noted
in HTRAI-autosomal dominant disease (p=0.017)
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HTRA1-AD CARASIL
Most common: stroke, cognitive
Clinical decline, gait disorders, psychiatric di-
features sorders. Less common: alopecia, and
spinal disorders.
o Most common: gait disorders, stroke,
Rare: migraine, . . . o
encephalopathy alopgma, spinal dlgordgrs: cognitive
" | decline, and psychiatric disorders.
Severity Less severe Severe

Stroke (459%)
40~60 yrs
Male predominance

Initial symptom
Ages of onset
Sex correlation

Vascular risk

factors prevalent (50.91%)

MRI features

WMHs Extensive
Lls Less
CMBs Less
“Arc sign” Rare or none

Mutation sites particularly L3/LD.

Histopathology
features
lamina splitting

Mostly present. Hypertension is most

Linker region or protease domain,

Intimal proliferation, medial smooth
muscle loss, hyaline degeneration, ad-
ventitial fibrosis, and internal elastic

Gait disturbance (most common)
20~40 yrs
Not pronounce

Common

Extensive
More
More

Common in late-stage
Disperse, infrequent L3/LD involvement

Severe presentation of intimal proli-
feration, medial smooth muscle loss,
hyaline degeneration, adventitial
fibrosis, and internal elastic lamina
splitting

HTRA1-AD: HTRA17-related autosomal dominant disease. CARASIL: cerebral autosomal
recessive arteriopathy with subcortical infarcts and leukoencephalopathy. WMH: white matter
hyperintensity. LI: lacunar infarct. CMB: cerebral microbleed. L3: loop 3. LD: loop D.

Table 1. Comparisons between HTRA7T-AD disease and CARASIL features.

(Liu et al., 2020). Ischemic attacks were commonly
demonstrated as onset events for HTRAI-autosomal
dominant disease (59.1%) (Liu et al., 2020). More-
over, migraine and encephalopathy were present in
several cases of HTRAI-autosomal dominant dis-
ease while considered rare in CARASIL patients
(Mancuso et al., 2020).

Extra-neurological symptoms also vary be-
tween the diseases. Several investigations indi-
cated high occurrences of early-onset alopecia
(20%~30%) and spondylosis (70%~100%) (Chen
et al., 2022; Lee et al., 2018; Nozaki et al., 2016)
in HTRAI-autosomal dominant disease, while oth-
ers reported absence of such symptoms (Di Donato
et al., 2017; Verdura et al., 2015). Nonetheless, the
overall proportion of extra-neurological features of
HTRAI-autosomal dominant disease is still lower
than CARASIL, which demonstrates alopecia in
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more than 90% of patients and spinal lesions in al-
most 100% of patients (Mancuso et al., 2020).

The features of epidemiological distributions and
vascular risk factors are also diverse between the
two diseases. The average age of onset in HTRA1-au-
tosomal dominant disease patients is 51.6~61.3
years, while that in CARASIL patients is around 30
years (Lee et al., 2018; Liu et al., 2020; Uemura et
al., 2020). Male predominance is more pronounced
in HTRAI-autosomal dominant disease compared
to CARASIL (Liu et al., 2020; Uemura et al., 2020;
Zhou et al., 2022). The prevalence of vascular risk
factors, particularly hypertension, is also significant-
ly higher in the former group (Liu et al., 2020; Uemu-
ra et al., 2020; Zhou et al., 2022). Conversely, consan-
guineous marriage backgrounds are more common
in CARASIL pedigrees due to the autosomal reces-
sive nature of the disease (Zhou et al., 2022).
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2. MRl CHARACTERISTICS

Extensive WMH (98%), mainly located in deep
white matter and periventricular regions is a pre-
dominant radiological hallmark of HTRAI-autoso-
mal dominant disease. The anterior temporal lobe
was affected in several cases (Lee et al., 2018; Zhang
et al., 2021), while spared in others (Muthusamy et
al., 2021). U-fibers remain primarily unaffected (Di
Donato et al., 2017; Nozaki et al., 2016). Lacunar in-
farcts (LIs, 75%) and cerebral microbleeds (CMBs,
55.77%) are less common findings (Xu et al., 2023).
Additionally, a characteristic status cribrosum, as-
sociated with dilated PVS, has been observed in
HTRAI-autosomal dominant disease (Nozaki et al.,
2016; Verdura et al., 2015).

Both HTRAI-autosomal dominant disease and
CARASIL present with prevalent MRI findings,
including WMHs, LIs, CMBs, brain atrophy, etc.
Findings from previous studies illustrated that
HTRAI-autosomal dominant disease patients tend
to exhibit lower proportions of WMHs than CAR-
ASIL, although both are highly correlated with
WMH (Uemura et al., 2020; Zhou et al., 2022).
The “arc sign”, which is a signature finding in late-
stage CARASIL patients, has not been reported
in HTRAI-autosomal dominant disease patients
(Chen et al., 2022; Kitahara et al., 2022; Nozaki et
al., 2015). On the other hand, Corpus callosum in-
volvement was reported in a few HTRAI-autosomal
dominant disease cases while uncommon in CAR-
ASIL (Chen et al., 2022; Wu et al., 2020). Consid-
ering the less prevalent features, CMBs were less
frequently documented in the HTRA1 heterozygous
family than in CARASIL (Shang et al., 2021).

3. MUTATION SITES

In HTRA1 heterozygous disease, a missense mu-
tation is the most common pathogenic mutation.
Other possible mutation forms include nonsense/
frameshift mutation and splice-site mutation. The
mutations are mostly clustered in exon 4 (~50%)
(He et al., 2023). Missense mutations are com-
monly localized in the linker region or the prote-
ase domain, particularly affecting the L3/LD loops
(Xu et al., 2023), whereas stop-gain mutations are
more widely distributed across the gene (Coste et
al., 2021). One plausible explanation for the aggre-
gation in L3/LD and the linker region is that these
regions are significant in enzyme activities. L3/LD
is essential for enzyme activation, while the linker
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region contains two stacking sites (Y169 and F171)
crucial for trimerization (Liu et al., 2020). Notably,
mutations located in the linker region were associ-
ated with later onset of symptoms but a predisposi-
tion for stroke occurrence (Shang et al., 2021).
Comparing HTRAI-autosomal dominant dis-
ease and CARASIL, the mutation distribution
patterns are quite diverse. Affected amino acids
in HTRAI-autosomal dominant disease are main-
ly located within the L3/LD loops and the linker
region (He et al., 2023; Liu et al., 2020; Uemura
et al., 2020). In contrast, CARASIL variants are
more dispersed in distribution and spread across
the protease domain, with relatively infrequent L3/
LD involvement (Grigaité et al., 2021). Considering
other domains, the Kazal-like region was involved
in some cases of HTRAI-autosomal dominant dis-
ease but was generally absent in CARASIL patients
(Liu et al., 2020; Zhou et al., 2022). The function of
the Kazal-like region remained largely unknown,
yet some studies suggested that it might play a role
in preventing autolysis of the HTRA1 enzyme(Li et
al., 2020; Riser et al., 2014). The divergence in mu-
tation distribution presumably underlies the differ-
ence in molecular mechanisms of the two diseases.

4. HISTOPATHOLOGY FEATURES

Histopathological demonstrations of HTRAI-auto-
somal dominant disease include intimal prolifera-
tion, medial smooth muscle loss, hyaline degenera-
tion, adventitial fibrosis, and internal elastic lamina
splitting (Nozaki et al., 2016). CARASIL demon-
strates similar features as HTRAI-autosomal domi-
nant disease, yet commonly in a severe form (Lee et
al., 2018; Nozaki et al., 2015; Uemura et al., 2020).
Overall, CARASIL and HTRAI-autosomal
dominant diseases share similarities but also
demonstrate important differences in clinical, ra-
diographical, and histopathological characteristics.
Comprehensive inspections of individual cases are
required for better distinction between the two.

PROPOSED MOLECULAR GENETICS
OF HTRA1-AUTOSOMAL DOMINANT
DISEASE

The molecular genetic mechanism underlying
HTRAI-autosomal dominant disease and its differ-
ences from CARASIL have long been the subject
of discussion. Upon the initial identification of het-
erozygous HTRA1 mutations, Verdura et al. (2015)
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proposed 2 possible mechanisms for their pathogenic-
ity: dominant-negative effect and haploinsufficiency.
Regarding the molecular mechanisms, researchers
have also linked HTRAI-autosomal dominant dis-
ease with dysfunction of the TGF-3 signaling path-
way, yet little evidence has been raised and controver-
sy remains. The following paragraphs review the two
hypotheses of heterozygous HTRA1 mutation patho-
genicity and the current understanding of the TGF-3
pathway involved in hereditary cSVD disease, hop-
ing to provide a deeper insight into the pathogenicity
of HTRA1-autosomal dominant disease.

1. GENETIC MECHANISM
OF HTRA1-AUTOSOMAL
DOMINANT DISEASE

(1) Mechanism 1: dominant-negative effect

Researchers postulated that in heterozygous mu-
tation carriers, normal enzymatic functions are
interrupted when the products of the mutant allele

WT

—a— > @ —
—m— —> @ —
HTRAI gene Normal protein

Dominant-negative
WT allele

—— > @
—— — @ —
Missense mutant allele Mutant protein
Haploinsufficiency
WT allele
—— > 0 —

LOF mutant allele

A
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interfere with the products of the wild-type (WT)
allele. This mechanism is termed the “domi-
nant-negative effect”, as demonstrated in Fig. 1A.

To test the assumed dominant-negative effect,
Nozaki et al. (2016) designed in vitro functional
tests involving co-transfecting cells with WT and
mutant plasmids and compared the mixture protease
activities with the control group. A positive result
would show less than half of protease activity in the
mutant group than in the WT group. As predicted,
all 4 heterozygous HTRA1 variants demonstrated
dominant-negative effects, while 2 out of 3 CAR-
ASIL variants displayed little reduction in protease
activities. This result further suggests that heterozy-
gous HTRA1 variants may have a more crucial im-
pact on protease activity compared with CARASIL.
The possible mechanisms with which mutant alleles
interfere with WT activities include (1) impairing
protease trimerization through damaging the linker
region, and (2) disrupting the protease activation
cascade by affecting L3/LD, which relays activation
signals to other monomers in the trimer.

&

Active enzyme, 100%

TeEA

HirAl

Enzyme activity <50%

‘Cy TGEp-R
st

=

S~ ‘ vi
( \( ’ Downstream transcripti
Enzyme activity 50%

B

Figure 1. Two possible genetic mechanisms and TGF-$ signaling pathway.

A: Genetic mechanisms of dominant negative and haploinsufficiency. WT, wild type;
HTRA1, high-temperature requirement serine peptidase A1; LOF, loss-of-function; TGFB,
transforming growth factor-f; TGFB-R, transforming growth factor-p receptor.

B: Effects of decreased HTRAT7 activity on downstream TGF-f signaling.

(2) Mechanism 2: haploinsufficiency

The dominant-negative hypothesis mainly applies
to missense mutations. In the cases of nonsense/
frameshift mutations and splice-site mutations,
the mRNA transcripts are degraded through non-
sense-mediated mRNA decay (NMD) (Coste et
al., 2021), thus no protein products of the mutant
allele are present to affect the WT allele. For these
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mutations, the pathogenicity was explained by hap-
loinsufficiency, which postulated that half of the
protease activity is insufficient for normal cellular
functions (Fig. 1A). Moreover, several missense
mutations were shown with decreased protease ac-
tivity but no dominant-negative effect (Lee et al.,
2018; Uemura et al., 2019). These mutations were
also hypothesized to demonstrate haploinsufficien-
cy effects.
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(3) Comparing the pathogenic features
of two variant categories

The pathogenicity of dominant-negative variants
was assumed to be higher than the loss-of-function
variants. Research indicated that patients carrying
mutations with dominant-negative effects demon-
strate severer and more widespread leukoenceph-
alopathy (Lee et al., 2018). Additionally, the pen-
etrance of stop-gain mutations was comparatively
low, thus not all haploinsufficient variants display
clinical symptoms (Coste et al., 2021). On the oth-
er hand, the disease severity of dominant-negative
variants was believed to correlate with residual
protease activity (Uemura et al., 2019), signifying
the importance of evaluating protease activities in
individual mutation cases.

(4) Doubts regarding the hypotheses

Despite substantial evidence supporting the dom-
inant-negative and haploinsufficiency explanation
for HTRA1-autosomal dominant disease, a few cas-
es challenged these theories. Some mutations capa-
ble of disease induction did not exhibit decreased
protease activities (Uemura et al., 2019; Verdura et
al., 2015), whose pathogenic mechanisms remained
unrevealed. Meanwhile, nonsense/frameshift mu-
tations were also associated with a dominant-neg-
ative effect, although simultaneously resulting in
less protein expression (Lee et al., 2018), casting
doubts on the effectiveness of dominant-negative
tests. Considering the distinction between heterozy-
gous HTRA1 variants and CARASIL variants, the
difference in protease activities has grown obscure,
as several mutations associated with both diseas-
es have been reported (Bekircan-Kurt et al., 2021;
Chen et al., 2022; Kondo et al., 2023; Muthusamy
et al., 2021). Further investigations are necessary to
elucidate the genetic characteristics of HTRAI-au-
tosomal dominant disease and its differences with
CARASIL.

2. MOLECULAR MECHANISMS
REGARDING THE TGF- PATHWAY

(1) TGF-g pathway and HTRA1-autosomal
dominant disease

As depicted in Fig. 1B, the downstream pathogen-
ic mechanisms of HTRAI-autosomal dominant

disease have been related to the TGF- pathway,
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similar to CARASIL. HTRAI protease encoded
by the HTRA1 gene normally functions as a serine
protease that cleaves prol GF-1 proteins in the en-
doplasmic reticulum (ER). The cleaved proTGF-f1
is then degraded through the ER-associated protein
degradation (ERAD) process, instead of secreting
to the extracellular matrix (ECM) and performing
biological functions. Decreased HTRA1 protease
activities lead to un-inhibited TGF-f1 secretion,
which can result in highly activated TGF-p1 sig-
naling (Shiga et al., 2011). TGF-p signaling path-
way plays an important role in cellular differentia-
tion, proliferation, and activation. TGF-f3 activates
downstream proteins through phosphorylation.
The canonical TGF-f signaling pathway involves
Smads, which can translocate into the cell nucle-
us and function as transcription factors (Derynck
et al., 1998). Non-Smad pathways have also been
discovered with parallel functions in targeting gene
transcriptions (Zhang, 2017).

Limited information regarding the changes in
the TGF-B pathway in HTRAI-autosomal domi-
nant disease has been reported. One research de-
tected elevated gene expressions downstream to the
TGF-[ pathway, although the levels of intermediate
TGF- substrates remained unchanged (Fasano et
al., 2020). Another research demonstrated increased
intermediate TGF-f3 substrates in HTRAI-autoso-
mal dominant disease patients (Zhuo et al., 2020).
These two pieces of research were generally con-
sistent with the hypothesized mechanism of TGF-3
pathway dysregulation, yet the discordance in de-
tails revealed the complexity of molecular regula-
tions. More effort is required for further analysis of
TGF-p pathway involvement in HTRAI-autosomal
dominant disease.

(2) Current knowledge of TGF- pathway
correlations with other hereditary cSVDs

To achieve a better depiction of the pathogenic fea-
tures of the TGF-$ pathway in hereditary cSVDs,
current understandings are summarized regarding
the associations between the TGF-f3 pathway and
two important hereditary cerebral small arterial
disorders, CARASIL and CADASIL.

In CARASIL patients, elevated levels of TGF-f3
and downstream gene expressions were detected
(Hara et al., 2009). The subsequent elevation of
ECM protein production was considered relevant
to vascular fibrosis, tunica intima thickening, and
various histopathological features in CARASIL
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and HTRA1I-autosomal dominant patients (Tikka et
al., 2014). However, contrasting pieces of evidence
have been reported in recent years. Beaufort et al.
(2014) demonstrated that a decreased TGF-f3 level
was found in HTRA1 mutant cells, which was re-
lated to a HTRALI protease substrate, latent TGF-f3
binding protein 1 (LTBP1). LTBP1 interacts with
major ECM components and sequestrates TGF-f3,
preventing its activation. Mutant HTRAI prote-
ase leads to decreased LTBP1 cleavage, decreased
TGF-f release, and reduced downstream signal-
ing. On the other hand, Kato et al. (2021) recently
demonstrated accumulated TGF-f8 with no concom-
itant elevation in downstream substrates or gene ex-
pressions related to HTRAI mutations. Rather, in-
creased levels of other HTRA1 protease substrates
in ECM, including latent TGF-$3 binding protein 4
(LTBP4) and fibronectin (FN), were suggested to
underly the vascular damage of HTRA1 mutations.
The contrasting results of different studies may
partly be due to the different experiment models
applied. Nonetheless, considering all information,
further investigations are required to clarify the
role of the TGF-f signaling pathway in the patho-
genic processes of HTRAI-related diseases.

TGF-f signaling pathway has also been associat-
ed with CADASIL, which is caused by mutations in
the NOTCH3 gene. Although the pathogenic genes
of CADASIL and HTRAI-related disease are dif-
ferent, similarities have been reported between the
two diseases, especially the diffuse WMH distribu-
tion in the anterior temporal lobe (Tikka et al., 2014;
Zhang et al., 2021). These phenomena may suggest
a commonly affected downstream pathway (e.g. the

Exploring HTRA1-Autosomal Dominant Disease...

TGF- pathway), thus requires further investiga-
tion. The mutant proteins tend to form deposits of
the Notch3 extracellular domain (Notch3-ECD) in
the vascular wall, which is considered a vital pro-
cess of disease onset (Tikka et al., 2014). Research
has discovered elevated LTBP1 proteins in Notch3
deposits and simultaneous dysregulation of the
TGF-p signaling pathway in CADASIL patients,
suggesting the involvement of the TGF-f3 pathway
in the CADASIL pathogenic process (Kast et al.,
2014). “Omic” studies have also found alterations
in substrate protein levels of TGF-f3 pathways in
CADASIL patients, including HTRA1 protease and
various Smad-binding proteins, further supporting
the association (Muifio et al., 2021). Moreover, the
low proliferation rate of vascular smooth muscle
cells (VSMCs) in CADASIL patients was found to
relate to increased TGF-[3 expression levels (Panahi
et al., 2018), indicating the participation of TGF-3
pathway in small arterial degeneration in CADA-
SIL, which might be responsible for the similarities
of these two hereditary CSVD caused by mutations
in different genes.

Mutations above the axis were reported only in
heterozygous HTRAI-autosomal dominant disease,
while mutations below the axis were also report-
ed in CARASIL. * Dominant-negative effect; #,
Decreased protease activity. SP, signal peptide do-
main; IGFBP, insulin-like growth factor binding
protein; Kazal, Kazal-type serine protease inhibitor
domain; Serine Protease, Trypsin-like serine pro-
tein domain; PDZ, PDZ domain; aa, amino acid.
The figure is drawn based on Figure 2 in our previ-
ous work of Liu et al. (2020).

*G283E
R274G  G283R
#R274W  S284N

#*R166L P275L *S284R #*R302Q
*A173P #G2T6A  $284G _L307P
#V175M #¥F278L  #P285Q
VI76A #V279M #F286V #*Q318H
#iﬁl!;?’\fm V279E _ *Q289Ter *T3191
79 ” D320N
$G10D .i*/l\{llkfl’_i}:l?.ler% #N324T
SI2IR o Y325 L335del
A1238 Q #¥V339M
RI33G QISIK #5205C #*G350E
ESITer C62R[sTerl06  S136G QI51Ter G206E F;?TO
{ r 1 V216M *1256T [ o D450H
@ ] IGFBP Kazal Serine Protease PDZ ‘
I 1 I |
022 33 98 157 204 l 364 467 480aa
L e sy
#R166C A252T #4P28SL — o Missense mu(alll(ms
*G295R
V297M ] Truncating mutations
R302Ter °

In-frame mutations

Figure 2. Distribution of 53 heterozygous HTRAT mutations.
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To sum up, the above-mentioned evidence
highlights the important pathologic correlations
of TGF- with hereditary cSVD. TGF-f has also
been related to vascular changes in Alzheimer’s
disease and sporadic cSVDs (Miiller et al., 2017),
further suggesting the close connections and im-
portant roles of the TGF- signaling pathway in
the pathogenesis of cerebral vascular diseases.
Therefore, the TGF- signaling pathway might
be a possible promise as a therapeutic target in
some hereditary ¢SVD and deserves further
investigation.

NOVEL CASES REPORTED
IN 2020 ~ 2023

A comprehensive overview of 31 mutations de-
tected across 43 unrelated families, all reported
between 2020 and 2023, is presented in Table 2.
These mutations encompassed 19 novel variants
that were undocumented before 2020. The major-
ity of mutations are missense mutations (22/31).
Of all mutations identified, most are concentrat-
ed within exon 4. Regarding protein domains, the
region not L3/LD is affected most (15/22), fol-
lowed by the linker region (3/22), L3 (2/22), and
LD (2/22). However, taking all reported mutations
into account, the most affected regions are still
L3 and LD loops, consistent with previous studies
(summarized based on our previous work of Liu
et al. (2020), as shown in Fig.2). The emerging in-
volvement of not L3/LD regions in heterozygous
disease suggests its influences on enzymatic func-
tions, which remained largely unclear. Functional
analyses regarding the region are lacking, and sev-
eral tested mutations showed contradictory results,
ranging from no influence on enzyme functions to
positive for dominant negative effect (Muthusamy
et al., 2021; Nozaki et al., 2016; Yao et al., 2022).
Investigation into the pathogenic mechanisms of
mutations in regions not L3/LD should be further
tested.

All reported variants were classified as “damag-
ing” or “probably damaging” by at least three dif-
ferent in silico tools (Table 2). The allele frequencies
acquired from The Genome Aggregation Database
(gnomAD) were low (<10-4) or not available. Due
to the relative absence of functional assessments in
recent studies, the pathogenicity of many variants
remains unclear, and further analyses are required
for better characterization of the mutant allele
functions.
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Table 3 summarizes the clinical features, MRI
characteristics, and risk factors of the reported
patients. Clinical presentations mainly included
cognitive impairment (37/42) and stroke (30/42),
followed by gait disturbances (20/42), psychiat-
ric disorder (9/42), and transient ischemic attack
(TIA, 8/42). Extra-neurological features including
spinal disorders (14/42) and alopecia (8/42) were
also reported. Considering MRI features, WMH
was highly involved in almost all patients (41/42),
while other features were less prevalent, includ-
ing cerebral microbleeds (CMB, 23/42), lacunar
infarcts (LI, 21/42), and enlarged perivascular
space (PVS, 9/42). A few patients presented with
atrophy (7/42) and intracranial hemorrhage (ICH,
4/42). Generally, the clinical landscapes and MRI
findings were similar to the features reported
previously.

The patients’ risk factors were diverse, span-
ning from the absence of risk factors (18/42) to
the existence of multiple factors such as hyper-
tension, diabetes mellitus, hypercholesterolemia,
and smoking. Hypertension was the most preva-
lent risk factor, present in 19 out of 42 patients.
All these suggested that monogenic cSVD should
not be ruled out with the presence of vascular risk
factors (Mancuso et al., 2020). Indeed, the onset
of symptoms in heterozygous carriers was con-
sidered relevant to the presence of vascular risk
factors (Zhou et al., 2022). The high frequency of
vascular risk factors in this review aligns with
previous statements.

DIAGNOSIS AND PROSPECTS OF
HTRA1-AUTOSOMAL DOMINANT
DISEASE

1. Factors influencing disease severity

The severity of HTRAI-autosomal dominant dis-
ease is influenced by various factors. First, the se-
verity of WMH (evaluated by Fazakas score) was
correlated with in silico predictions of mutation del-
eteriousness (evaluated by CADD-score, p<0.05)
(He et al., 2023). Second, increased phenotype se-
verity was associated with mutations in specific
regions (L3/LD and exon 4), smoking, hyperlipid-
emia, hypertension, and diabetes mellitus (Zhang
et al., 2021; Zhou et al., 2022). Last, Kondo et al.
(2023) considered vascular risk factors as the key
determinant of cSVD symptom onset in mutation
carriers.
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2. Diagnosis and Management

Clinical diagnosis of HTRAI-autosomal dominant
disease is challenging due to its late age of onset,
symptoms overlapping with other cSVDs, and the
prevalence of vascular risk factors in patients (Gri-
gaité et al., 2021). Of note, hereditary cSVDs should
not be excluded even when patients are present with
vascular risk factors and no significant familial
history (Mancuso et al., 2020). The American Col-
lege of Medical Genetics and Genomics (ACMG)
guidelines should serve as a crucial reference for
assessing the pathogenicity of mutations (Xu et al.,
2023). While effective treatments are currently un-
available, the management of vascular risk factors
holds potential significance in preventing the onset
and progression of the disease in heterozygous mu-
tation carriers (Grigaité et al., 2021). Additionally,
the TGF-[3 pathway might provide a potential target
for treatment developments, which requires further
research.

3. Prospects

Since its initial report in 2015, HTRA1-autoso-
mal dominant disease has undergone extensive
investigation. However, the validity of this dis-
ease is still a topic under debate. Some scientists
contend that heterozygous HTRAI mutations
are only risk factors for cSVD rather than deter-
minant factors for a novel disease (Zhou et al.,
2022). Future research is needed to address the
problem.

The reliability of functional analysis is also
considered uncertain. Variations in control group
designs in dominant-negative tests existed across
different studies. Nozaki et al. (2016) employed
WT/S328A as the control group, taking into con-
sideration the autolysis activity of WT proteases.
However, other studies utilized WT/- as control
groups (Lee et al., 2018; Zhang et al., 2022). This
raises the question of whether results obtained
through different research methods are directly
comparable.

Despite the prevailing doubts and inconsis-
tencies, a new possibility for laboratory analysis
has emerged. Qian et al. (2023) established the
first induced pluripotent stem cell (iPSC) line de-
rived from an HTRA1 symptomatic carrier, open-
ing up fresh opportunities for more precise and
authentic examinations of disease mechanisms
in vitro.
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CONCLUSION

HTRAI-autosomal dominant disease is a hereditary
c¢SVD characterized by stroke, cognitive decline,
and WMHs. Differentiation between HTRA 1-auto-
somal dominant disease and CARASIL is import-
ant for accurate clinical diagnosis and progress pre-
diction. The similarities of genetic and molecular
features among various hereditary cSVDs suggest
an underlying common pathogenic process. TGF-3
signaling pathway might be a promising therapeu-
tic target. While uncertainties and inconsistencies
persist, the continual progress in clinical under-
standing and laboratory techniques are promising
for improvement in the understanding of this dis-
ease in the foreseeable future.
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List of Abbreviations

cSVD: cerebral small vessel disease.

HTRATI: high-temperature requirement serine pep-
tidase Al.

CARASIL: cerebral autosomal recessive arteriop-
athy with subcortical infarcts and leukoencephalo-
pathy.

CADASIL: cerebral autosomal dominant arterio-
pathy with subcortical infarcts and leukoencepha-
lopathy.

IGFBP: insulin-like growth factor binding protein
TGF-f: transforming growth factor-3.

NMD: nonsense-mediated mRNA decay.
gnomAD: The Genome Aggregation Database.
TIA: transient ischemic attack.

WMH: white matter hyperintensity.

CMB: cerebral microbleed.

LI: lacunar infarcts.

PVS: perivascular space.
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ICH: intracranial hemorrhage.

iPSC: induced pluripotent stem cell.

ER: endoplasmic reticulum.

ERAD: ER-associated protein degradation.
ECM: extracellular matrix.

LTBP: latent TGF-f binding protein.

FN: fibronectin.

Notch3-ECD: Notch3 extracellular domain.
VSMC: vascular smooth muscle cells.
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