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ARTICLE INFO ABSTRACT

Background: Although highly heritable, few genes have been linked to spontaneous intracerebral hemorrhage
(SICH), which does not currently have any evidence-based disease-modifying therapy. Individuals of African
Stroke ancestry are especially susceptible to SICH, even more so for indigenous Africans. We systematically reviewed
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Africans ) the genetic variants associated with SICH and examined opportunities for rapidly advancing SICH genomic
Trans-omics research for precision medicine.
Genetics

Method: We searched the National Human Genome Research Institute-European Bioinformatics Institute
(NHGRI-EBI) Genome Wide Association Study (GWAS) catalog and PubMed for original research articles on
genetic variants associated with SICH as of 15 June 2019 using the PRISMA guideline.

Results: Eight hundred and sixty-four articles were identified using pre-specified search criteria, of which 64 met
the study inclusion criteria. Among eligible articles, only 9 utilized GWAS approach while the rest were can-
didate gene studies. Thirty-eight genetic loci were found to be variously associated with the risk of SICH, he-
matoma volume, functional outcome and mortality, out of which 8 were from GWAS including APOE, CR1,
KCNK17, 1q22, CETP, STYK1, COL4A2 and 17p12. None of the studies included indigenous Africans.
Conclusion: Given this limited information on the genetic contributors to SICH, more genomic studies are needed
to provide additional insights into the pathophysiology of SICH, and develop targeted preventive and therapeutic
strategies. This call for additional investigation of the pathogenesis of SICH is likely to yield more discoveries in
the unexplored indigenous African populations which also have a greater predilection.

1. Introduction tool in unravelling the pathobiology of this devastating disease [9,10].

Despite this broad understanding that genetic variations contribute

Spontaneous intracerebral hemorrhage (SICH) refers to non-trau-
matic bleeding into the brain parenchyma [1] of which up to about 80%
are non-lobar [2]. About half of stroke-deaths are due to SICH which
has no disease-modifying treatment (unlike ischemic stroke) [3] and
accounts for huge societal costs [4,5]. Developing interventions to mi-
tigate its devastating outcomes requires a better understanding of its
risk factors and pathophysiology [6,7]. With heritability of SICH esti-
mated to be as high as 44% [8], genomic studies constitute a powerful

substantially to the pathogenesis of SICH,> only a few risk variants have
been identified or validated, with none discovered so far in continental
Africans in whom it is four times more common [8,11-16].

The objective of this systematic review is to document genetic
variants currently reported to be associated with SICH with the goal of
exploring their role in the pathophysiology of the disease while pro-
posing future directions.
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2. Methods
2.1. Search strategy

We searched PubMed and the National Human Genome Research
Institute-European Bioinformatics Institute (NHGRI-EBI) GWAS catalog
up till 15 June 2019 using the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guideline. The search terms were
“spontaneous”, “intracerebral”, “hemorrhage”, “stroke”, “genetic”,
“genomic”, “risk” and “variant”. In the first round of search, sponta-
neous intracerebral hemorrhage was variously combined with genetic
risk, genomics and genetic variants while in the second round, hae-
morrhagic stroke was variously combined with genetic risk, genomics
and genetic variants. Additional articles were obtained through cross-
referencing. All articles identified were further scrutinized for eligibility
while duplicates were removed. No additional articles were found from
Google Scholar.

2.1.1. Eligibility criteria

Included were GWAS and candidate gene studies published up till
15 June 2019. All studies were full length original research articles that
were published in English language. We excluded review articles, stroke
studies of ischemic or subarachnoid hemorrhage type, studies of SICH
that were not on genomics, animal studies, case reports and the Ethnic/
Racial Variations of Intracerebral Hemorrhage (ERICH) study protocol
paper [17], which was the only protocol paper in the search results.
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Fig. 1 shows the PRISMA flow diagram.
3. Results

Initial search returned 864 articles comprising 856 from PubMed, 3
from NHGRI-EBI GWAS database and 5 from cross-referencing. These
were further scrutinized, resulting in identification of 75 duplicates
which were removed from further analysis, leaving 789 articles. Of the
remaining 789 articles, only 64 (11 in African Americans) met the
eligibility criteria for the systematic review and these were included in
the data synthesis. Only 10 of the 64 articles utilized GWAS (Table 1)
while the rest utilized candidate gene approach (Table 2). Tables 1 and
2 describe all the included studies including their year of publication,
susceptibility risk locus/gene name, genetic variant locus, odd ratio,
sample ancestry, and sample size. Overall, 38 genetic loci were found to
be variously associated with the risk of SICH, haematoma volume,
functional outcome, recurrence and mortality, out of which 8 were from
GWAS (i.e. APOE, CR1, KCNK17, 1q22, CETP, STYK1, COL4A2 and
17p12) (Table 1). Several other loci were identified from candidate
gene analyses as shown in Table 2. Of all the genetic variants identified,
22 of the 62 studies which reported significant associations (35.5%)
have small to moderate effect sizes with odd ratio (OR) < 1.5. Cau-
casians, Hispanics, African Americans and Orientals were variously
included in all these studies which reported various degrees of asso-
ciations of genetic variants with risk and outcome of SICH but none
included indigenous Africans.
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NHGRI — EBI: National Human Genome Research Institute- European Bioinformatics Institute

Fig. 1. PRISMA flow diagram.
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4. Discussion
4.1. Genetic loci associated with SICH

As there is no definitive treatment for SICH at the moment, identi-
fication of genetic variants associated with the condition will represent
a great leap forward in the efforts toward understanding the patho-
physiology of this devastating condition with the ultimate goal of fa-
cilitating the development of appropriate personalized treatment and
preventive modalities [18]. Although genetic factors may contribute to
the pathobiology of SICH, our results showed that few risk alleles have
been reported till date. SICH is a polygenic disorder with variable
combinations of environmental and genetic factors in its causation.
Also, possibility of gene-gene interaction exists, especially interaction
between the genetic variants associated with hypertension and stroke.

Our review shows that the genetic loci associated with increased
susceptibility to SICH include APOE, COL4A1, COL4A2, CD36, TIMP-1,
TIMP-2, MMP-2, MMP-9, KCNK17, CR1,STYK1, ACE, 1922, and CETP
among others [2,3,11,14,19-28]. In contrast FGA Thr312Ala, LIMK]1
and KCNK17, were found to be protective against the disease [29-31].
In terms of location, the genetic variants associated with lobar SICH
include APOE &2, £4,€2/€3 and GPX1, while APOE &4, 1q22, COL4A2,
TIMP-1, TIMP-2, MMP-2, MMP-9 and ACE are associated with deep
SICH [2,11,14,21,23,24,32-34]. These associations have implication
for deepening the understanding of the pathophysiology of SICH. For
instance, COL4A1, TIMP-1, TIMP-2 and ACE are involved in the main-
tenance of vascular integrity. ACE converts angiotensin I to angiotensin
II which is a potent vasoconstrictor and is also involved in the de-
gradation of bradykinin, a potent vasodilator [24,35]. Both angiotensin
IT and bradykinin are involved in blood pressure regulation. Likewise,
COL4A1 gene encodes type IV collagen o proteins, which are the main
constituents of basement membranes [19], while TIMPs 1&2 inhibit
MMPs 2 & 9 which are endopeptidases whose biological effects involve
digestion of both the extracellular matrix and the basal lamina with
resultant breakdown of blood-brain barrier and activation of an in-
flammatory reaction [36,37]. The underlying problem in many cases of
deep SICH is rupture of Charcot-Bouchard aneurysms which results
from a compromise of the deep penetrating vessels due to inadequate
deposition of collagen. It is thus conceivable that a mutation in any of
these genes involved in maintenance of vascular integrity can lead to a
compromise of the functions of their proteins which in turn will lead to
an increase in the risk of developing deep SICH. It has been shown that
deep SICH is commonly associated with hypertensive vasculopathy [8].

Lobar SICH is associated with APOE which transports lipoproteins,
fat-soluble vitamins, and cholesterol, in addition to its involvement in
cell membrane maintenance and repair [38]. APOE €2 or £4 alleles are
responsible for deposition of 3-amyloid protein which tend to augment
the activation of vascular injury pathways and result in impaired vas-
cular physiology which are the underlying pathological changes in
cerebral amyloid angiopathy, the major cause of lobar SICH [39]. CR1
and APOE &2 were also found to be associated with cerebral amyloid
angiopathy-related SICH while Interleukin-1 and APOE €2 are im-
plicated in arteriovenous malformation-related SICH [40,41].

Genetic loci 17p12, gp130 (G/A), von Willebrand factor (rs216321),
LIMK1, APOE &2, CFH Y402H, and KCNK17 are potential prognostic
biomarkers in SICH because they are variously associated with hema-
toma expansion, admission level of consciousness and functional out-
come [42-46]. These findings would be of importance in the design of
personalized treatment and prevention plan for this devastating disease
with no established treatment.

4.2. Opportunities in SICH genomics research in indigenous Africans
Whole genome sequencing (WGS) which is at least 20 times more

expensive than GWAS, has so far been disappointing in complex poly-
genic diseases including stroke probably due to the small sample size
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[47]. GWAS is a good study design to establish genetic associations in
complex human diseases with common variants [48]; when combined
with Trans-omics approaches, biological mechanisms of SICH could be
unraveled [10]. However, to achieve this goal, adequately powered
discovery and replication studies are needed. Thus, a population with
high burden of the disease will be invaluable in this context. The sub-
stantially higher heritability and ethnic predilection of SICH in African
populations, [49] along with the genomic diversity and unique high
allelic frequencies of certain variants in Africans (due to ecologic
adaptations) [50,51], make it compelling to design GWAS in this po-
pulation. In addition, the low linkage disequilibrium observed in Afri-
cans will facilitate fine-mapping of discovered loci in Europeans and
Asian ancestry populations [52,53]. Another compelling reason for
conducting such GWAS in Africans is the co-existing high burden of
SICH, small vessel disease [41] and hypertension, a dominant risk
factor for both ischemic stroke and SICH in these populations [54].

However, only 11 (18.0%) of the 61 eligible studies in this sys-
tematic review included African Americans as participants while none
included indigenous Africans in whom the burden of SICH is dis-
proportionately high [8,11,13,16,55]. It is also instructive to note that
only one out of the 864 screened studies was in an indigenous African
population but the article was not included in our analysis because it
did not meet the eligibility criteria. The latter study was by Abidi et al
and found no significant relationship between MTHFR gene and SICH
among 113 patients and 323 healthy controls in Morocco, North Africa
[56]. We previously reported that among individuals aged > 45 years,
intracerebral hemorrhage was more common in indigenous Africans
(27%) compared to African Americans (8%) and European Americans
(5.4%) and that they also have a higher prevalence of hypertension as a
stroke risk factor compared to other ancestry groups in the SIREN-RE-
GARDS Collaboration (Stroke Investigative Research and Educational
Network-Reasons for Geographic and Racial Differences in Stroke)
[571.

So far, single-trait and multi-trait GWAS have identified TARID/
TCF21, LLPH/TMBIM4 and FRMD3 as novel genetic loci associated with
hypertension in people of African ancestry [54]. Leveraging high
burden of SICH on the genomic diversity of indigenous Africans will
most likely result in discovery and replication of newer genes that will
improve our understanding and treatment of this devastating disease.
Considering the high resolution in the African only analyses in a study
by Asimit et al., “it may be beneficial to include a few small African
cohorts (e.g., size 1000 each) rather than an additional couple of large
European cohorts (e.g., size 10 000). The possibility of deriving benefits
that have a global impact may therefore be more likely by developing
the capacity for genomic sciences in Africa, such that an increased
number of African-focused GWASs may be performed. This includes
enabling and empowering more African researchers to carry out such
studies in their populations.” [58] Continental Africans have shown
strong willingness toward genetic testing for stroke [59] and this de-
monstrates a huge potential translational impact of new discoveries in
ameliorating the very huge burden of SICH in populations of African
ancestry [60] and extended benefit to other global populations.

4.3. Role of Omics in understanding the pathophysiology of SICH and future
directions

Although GWAS is robust, a reasonable combination of emerging
tools of genomics, including whole genome sequencing and next gen-
eration whole exome sequencing with functional omics will be im-
perative to understand the pathophysiology of SICH. Thus, tran-
scriptomics, epigenomics, proteomics and metabolomics can be
variously combined with the emerging tools of genomics in order to
improve the understanding of the pathophysiology of this condition.
The high burden of hypertension in Africans [61], which could be an
intermediate phenotype for SICH, makes application of omics a po-
tentially rewarding endeavour in an attempt to have a clearer
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understanding of the pathways involved in the development of SICH.
This is already being achieved for hypertension itself. For instance, a
recent study in African ancestry population identified three novel
genomic regions associated with blood pressure and went further to use
transomics techniques to unravel the associated pathways, which have
not been reported before in studies involving other ancestry popula-
tions [54]. Similar techniques can help decipher the genetic under-
pinnings of SICH and provide a clearer understanding of its patho-
physiologic mechanisms.

4.4. Conclusion

There is a need to conduct more genetic studies including GWAS to
discover and replicate new loci associated with SICH. It is imperative
that such studies include Africans in view of the high burden of the
disease in these populations. By focusing on African populations, these
studies will take advantage of the high burden of disease, substantially
higher heritability, genomic diversity and high allelic frequencies of
certain variants in these populations. In all, advocated genomic studies
followed by transomics techniques promise to contribute to our un-
derstanding of the pathophysiology of SICH and development of ap-
propriate personalized preventive and therapeutic modalities.
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