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The purpose of this study was to identify the biomarkers implicated in the development

of intracranial hemorrhage (ICH) and potential regulatory pathways. In the transcriptomic

data for patients with ICH, we identified DEmiRNAs and DEmRNAs related to hypoxia,

inflammation, and their transcription factors (TFs). An ICH-based miRNA-TF-mRNA

regulatory network was thus constructed, and four biomarkers (TIMP1, PLAUR,

DDIT3, and CD40) were screened for their association with inflammation or hypoxia

by machine learning. Following this, SP3 was found to be a transcription factor

involved in hypoxia and inflammation, which regulates TIMP1 and PLAUR. From the

constructed miRNA-TF-mRNA regulatory network, we identified three axes, hsa-miR-

940/RUNX1/TIMP1, hsa-miR-571/SP3/TIMP1, and hsa-miR-571/SP3/PLAUR, which

may be involved in the development of ICH. Upregulated TIMP1 and PLAUR were

validated in an independent clinical cohort 3 days after ICH onset. According to Gene Set

Enrichment Analysis (GSEA), SP3 was discovered to be important in interleukin signaling

and platelet activation for hemostasis. Transcription factor SP3 associated with hypoxia

or inflammation plays an important role in development of ICH. This study provides

potential targets for monitoring the severity of inflammation and hypoxia in patients

with ICH.
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INTRODUCTION

Intracranial hemorrhage (ICH) is a condition characterized by bleeding from the brain parenchyma
caused by the rupture of blood vessels in the brain, which leads to compression of the surrounding
nerve tissue, disruption of the brain function, and triggering of disorders (1). ICH can be triggered
by various factors, such as trauma, hypertension, and infection (2, 3). ICH accounts for 10–15% of
strokes and is its most lethal subtype (4–8). The formation of a hematoma from ICH can severely
disrupt tracts, leading to various dysfunctions and threatening patients’ lives, which makes ICH
highly disabling and mortal (4). More than 1 million people are affected by ICH each year (9). The
mortality rate for patients with ICH range from 30 to 50% at 1 month and 54% at 1 year (10, 11).
The unprecedented virus (COVID-19) have also been identified as potential risk factors for ICH
(12). Patients with ICH need to be diagnosed and treated early and accurately in order to achieve
the best possible outcome.
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FIGURE 3 | SVM–RFE and LASSO regression analysis results. (A) On a line graph the prediction accuracy of each variable included in the model is displayed. And the

SVM–RFE screening process showed the smallest errors were obtained when all 31 genes were included in the model. (B) The LASSO analysis resulted in a final

screening of 13 genes. (C) Correlation linkage maps of hypoxia- and inflammation-related genes using machine learning. (D) PCA shows that the visualization of data

based on PC1 and PC2 can be clearly distinguish between patients with ICH at different stages. (E) Visualizes the ability to distinguish patients with ICH at different

stages of development by tSNE method.
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FIGURE 4 | Four key genes obtained from the cross-tabulation analysis. (A) The Venn diagram shows that four core genes are shared in the PPI network, SVM–RFE,

and LASSO. (B) Relative expression profiles of these four core genes in all the patients. (C) PALUR, (D) DDIT3, (E) CD40, and (F) the ability of TIMP1 to differentiate

between patients with ICH at different development stages. (G) PCA and (H) tSNE visualization showing the ability to discriminate between patients with ICH at

different development stages.
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FIGURE 5 | Results of co-expression analysis of four core genes. DEmiRNAs (A) DEmRNAs (B) are arranged by log2 (Fold Change). (C) Correlation analysis between

RUNX1 and the inflammation-associated gene TIMP1. (D) Correlation analysis between SP3 and the inflammation-associated gene TIMP1. (E) PCR showed

differential expression of TIMP1 and PLAUR between the HC and ICH groups. (F) Correlation analysis between FOS and PLAUR. (G) Correlation analysis between

SP3 and PLAUR.

correlation between SP3 and TIMP1 (r = −0.381, Figure 5D).
Although there was no statistically significant difference, more
cellular research are needed. Therefore, we further predicted
two miRNA–TF–mRNA axes around the inflammation-related

gene TIMP1, namely, hsa-miR-940/RUNX1/TIMP1 and hsa-

miR-571/SP3/TIMP1 (Figure 2C). Validation in an independent
clinical cohort showed statistically significant differences in

TIMP1 expression between ICH and HC (p < 0.01, Figure 5E).

Transcription Factors and Corresponding
miRNAs That Regulate PLAUR
In the molecular interaction network (Figure 2C), the
transcription factors of the hypoxia-related gene PLAUR
were SP3 and FOS. SP3 also exhibited a regulatory effect on
the inflammation-related gene TIMP3. Based on a condition
of >0.3 correlation coefficient, we found no co-expression
between FOS and PLAUR (r = 0.08, p = 0.282, Figure 5F), while
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there was some negative correlation between SP3 and PLAUR
(r = −0.348, Figure 5G). Therefore, we identified SP3 as a
key hypoxia- and inflammation-related transcription factor. In
addition, hsa-miR-571/SP3/PLAUR was constructed around SP3
and PLAUR as an axis miRNA-TF-mRNA (Figure 2C). There
was a significant difference in PLAUR expression between ICH
and HC based on the data from an independent clinical cohort
(p < 0.01, Figure 5E).

SP3 Is Involved in Leukocyte- and
Platelet-Related Physiological Processes
We performed GSEA analysis of the transcription factors SP3
and RUNX1 to explore the pathways in which they might
be involved. GSEA showed that the signaling by interleukins,
hemostasis, platelet activation signaling and aggregation, and
mitotic prometaphase pathways were upregulated in patients
with ICH with SP3 downregulation (Figure 6A). In patients with
ICH with elevated RUNX1 expression, elastic fiber formation
was downregulated, while the transcriptional regulation of
the granulopoiesis pathway was upregulated (Figure 6B). The
aforementioned results indicate that SP3 may be involved in
interleukin signaling and platelet activation for hemostasis, while
RUNX1 may be involved in granulopoiesis after ICH onset.

TIMP1 Is Associated With Platelets and
Angiogenesis
In patients with ICH with PLAUR upregulation, mitotic
prometaphase and cell cycle checkpoints were downregulated,
while interferon signaling and hippoyap signaling pathway
were upregulated (Figure 6C). In patients with ICH with
elevated expression of TIMP1, the platelet activation signaling
and aggregation, insulin signaling pathway, and angiogenesis
pathways were upregulated (Figure 6D). PLAUR and TIMP1
were both upregulated 3 days after ICH onset. Therefore, it is
hypothesized that PLAUR, a hypoxia and inflammation-related
gene, may be involved in upregulating the interferon signaling
pathway and hippo pathway, while TIMP1 may be involved in
platelet activation and aggregation, activating insulin signaling
pathways, and promoting angiogenesis.

DISCUSSION

Four hypoxia- or inflammation-related biomarkers (TIMP1,
PLAUR, DDIT3, and CD40) were identified in this study.
Among them, SP3 might act as a transcriptional regulator
for TIMP1 and PLAUR. A bioinformatics approach was
used to predict the possible roles of the three hypoxia-
and inflammation-related miRNA–TF–mRNA axes (hsa-miR-
940/RUNX1/TIMP1, hsa-miR-571/SP3/TIMP1, and hsa-miR-
571/SP3/PLAUR) in ICH development. Independent clinical
cohort studies have validated upregulation of TIMP1 and
PLAUR expression after the onset of ICH. In addition, GSEA
was used to analyze the functions of SP3, RUNX1, TIMP1,
and PLAUR.

TIMP1 and PLAUR have been identified in the previous
studies as involved in the progression of ICH. Matrix

metalloproteinases (MMPs) are the most important degrading
enzymes in the pathogenesis of ICH (49), during extracellular
matrix reconstruction and blood–brain barrier disruption (50).
TIMP1 is amajor endogenous inhibitor ofMMP-9 andwas found
to be significantly more expressed in the serum of patients with
ICH than in normal controls in a study of the Chinese Han
patients with ICH (51). TIMP-1 expression is also associated with
early mortality in ICH as its potential biomarker for predicting
mortality (52). The urokinase-type fibrinogen activator encoded
by the PLAUR gene plays an important role in the development
of cortical neural circuits and in brain tissue remodeling after
brain injury (53, 54). Thus, PLAUR can be related to the prognosis
of patients with ICH. In this study, TIMP1 and PLAUR were
upregulated 3 days after the onset of ICH compared with that
before the onset. Previous studies have found that TIMP1 is
associated with primary sarcopenia, colon cancer progression
and metastasis, and some infectious diseases (55–57). We found
that TIMP1 is involved in platelet activation and aggregation,
insulin signaling pathway activation, and angiogenesis. The
upregulation of TIMP1 can therefore affect recovery, regression,
and progression of the patients with ICH by affecting both
platelet function and angiogenesis. And PLAUR is associated as
an inflammation-related gene with diseases or processes, such
as asthma, myocardial infarction, and reduced lung function
(58–60). TIMP1 and PLAUR are involved in inflammation and
hypoxia-related progression in ICH. MMP-9 is expressed in
inflamed tissues and is involved in the inflammatory process
(61). TIMP-1 is a natural inhibitor of MMP-9 (62). Thus, TIMP-
1 might play a role in the inflammatory response by inhibiting
MMP-9. After inflammation occurs, PLAUR binds to PLAU and
activates plasminogen to plasmin, promoting inflammatory cell
migration and activation and matrix metallopeptidase (MMP)
activation, thereby participating in the inflammatory response
(60, 63–65). In addition, PLAUR can be regulated by the hypoxia-
inducible factor HIF-1 to play a role in the hypoxia-related
mechanisms of the disease (66). In this study, TIMP1 and
PLAUR upregulation in ICH was validated in an independent
cohort, which confirms the involvement of TIMP1 and PLAUR
in ICH development.

In this study, we found that both TIMP1 and PLAUR are
regulated by SP3, a transcription factor associated with both
hypoxia and inflammation. Hypoxia has long been found to
downregulate SP3 (67). The SP transcription factor family can
be involved in the regulation of hypoxic gene expression in
the hippocampus through a mechanism mediated by oxidative
stress during hypoxia (68). In addition, SP3 is involved in the
molecular regulatory mechanism of hypoxia-inducible factor
1α (69). Following inflammatory stimuli, SP3 and NF–κB
interact to regulate inflammatory gene expression (70). SP3
is also involved in LPS-induced cellular inflammation (71).
In patients with concomitant SP3 downregulation, signaling
by interleukins, hemostasis, platelet activation signaling
and aggregation, and mitotic prometaphase pathways were
upregulated. These pathways suggest that downregulated SP3
is involved in interleukin signaling, platelet activation, and
hemostasis. Therefore, SP3 downregulation might influence the
progression and regression of ICH by affecting the degree of
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FIGURE 6 | Gene set enrichment analysis. (A) GSEA shows altered pathways in samples with downregulated SP3. (B) GSEA shows altered pathways in samples

with upregulated RUNX1. (C) GSEA shows altered pathways in samples upregulated by PLAUR. (D) GSEA shows altered pathways in samples with TIMP1

upregulation. The upward peaks of the curve represent the upward adjustment pathway, while the downward peaks represent the downward adjustment pathway.

platelet activation as well as the level of inflammation, ultimately
affecting the prognosis and quality of life of patients.

The miRNA–TF–mRNA network identified hsa-miR-571 as
the pivotal miRNA regulating SP3. Previous studies have found
that miR-571 functions in DNA replication and genomic stability
(72). miR-571 is involved in the inflammatory process in cirrhosis
(73), and can regulate the activation of human stem stellate cells

(74) by mediating the Notch3 signaling pathway (75). However,
there is a lack of studies on the relationship between miR-571
and SP3. In this study, we found the first evidence suggesting
that hsa-miR-571 regulated the level of inflammation and platelet
activation in ICH by regulating SP3 translation. And hsa-miR-
571/SP3/TIMP1 and hsa-miR-571/SP3/PLAUR are two miRNA-
TF-mRNAs involved in ICH development.
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TIMP1 and PLAUR were differentially expressed in ICH
and were upregulated 3 days after the onset of ICH. The
upregulation of TIMP1 might have influenced the outcome
of patients with ICH by affecting the platelet function and
angiogenesis. PLAUR, in turn, was involved in the upregulation
of the interferon signaling pathway and the hippo pathway.
The hypoxia- and inflammation-related transcription factor SP3
was involved in the regulation of TIMP1 and PLAUR. SP3
might have influenced the progression of ICH by affecting the
degree of platelet activation and the inflammation level. These
findings provide potential targets for the diagnosis, treatment,
and regression of ICH in order to monitor the severity of
inflammation and hypoxia in patients with ICH. Although
clinical samples were used for validating the study results,
the number of clinical samples was small and the strength of
validation needs improvement. Bioinformatic findings will need
to be validated in the relevant cell lines as well as ICH animal
models in the future. In addition to investigate the relationship
between SP3 and its counterparts hsa-miR-571, TIMP1, and
PLAUR, more research is needed to identify the role of SP3
in ICH.

CONCLUSION

The hsa-miR-940/RUNX1/TIMP1, hsa-miR-571/SP3/TIMP1,
and hsa-miR-571/SP3/PLAUR play important roles in
ICH development. The hypoxia- and inflammation-related
transcription factor SP3 might be involved in platelet activation
in ICH through the regulation of TIMP1/PLAUR, as well as in
inflammatory regulation.
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