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A B S T R A C T   

The removal of introns from mRNA precursors (pre-mRNAs) is an essential step in eukaryotic gene expression. 
The splicing machinery heavily contributes to biological complexity and especially to the ability of cells to adapt 
to altered cellular conditions. Hypoxia also plays a key role in the pathophysiology of many diseases, including 
Alzheimer’s disease (AD). In the presented study, we have examined the influence of cellular hypoxia on mRNA 
splice variant formation from Alzheimer’s disease-related Tau and APP genes in brain cells. We have shown that 
the hypoxic microenvironment influenced the formation of Tau mRNA splice variants, but had no effect on APP 
mRNA splice variant formation. Additionally, our presented results indicate that splicing factor SRSF1 but not 
SRSF5 alters the formation of Tau cellular mRNA splice variants in hypoxic cells. Obtained results have also 
shown that hypoxic brain cells possess enhanced CLK1-4 kinase mRNA levels. This study underlines that cellular 
hypoxia can influence disease development through changing pre-mRNA splicing.   

1. Introduction 

Alzheimer’s disease (AD) is among the most wide-spread neurolog
ical disorders, characterized by progressive loss of memory and cogni
tive functions. There are several molecular hallmarks of the AD 
pathology: aggregation of extracellular β-amyloid (Aβ) peptides gener
ated from amyloid precursor protein (APP) and accumulation of 
microtubule-associated protein Tau that forms neurofibrillary tangles 
(Selkoe, 2001; Kametani and Hasegawa, 2018; Laurent et al., 2018). 

Recent studies have reported that oxygen deficiency (hypoxia) trig
gering disruption of cellular homeostasis in the brain is one of important 
risk factors in AD pathogenesis (Jha et al., 2018a). Cellular hypoxia 
promotes the production of proteins that mediate oxidative stress, 
inflammation, apoptosis, mitochondrial metabolism, metal homeostasis 
and synaptic transmission and cause neuronal damage leading to neu
rodegeneration (Merelli et al., 2018; Zhang et al., 2019). A cellular 
response to hypoxia induces the stabilization of hypoxia-inducible 
transcription factors (HIFs). HIFs activate the transcription of a 
network of genes involved in the ability of cells to adapt to the altered 
environmental conditions (Ruas and Poellinger, 2005). A number of 
reports describe hypoxia induced changes in alternative pre-mRNA 

splicing patterns that are needed for cell survival under unfavourable 
conditions (Sena et al., 2014; Nakayama and Kataoka, 2019). 

Alternative pre-mRNA splicing (AS) process consists of intron 
removal from mRNA precursors (pre-mRNAs) and joining of exons in 
different combinations to form a mature mRNA. In humans more than 
90% of pre-mRNAs are alternatively spliced allowing cells to produce 
different mRNA splice variants that encode proteins with distinct 
cellular functions (Izquierdo and Valcarcel, 2006; Will and Luhrmann, 
2011; Dvinge, 2018). The splicing process is carried out by the spli
ceosome, a dynamic complex of five small nuclear ribonucleoproteins (U 
snRNPs), and by more than a few hundred auxiliary proteins (Nakayama 
and Kataoka, 2019). The spliceosome is assembled and activated 
through a series of ATP/GTP-dependent steps from complex E to com
plexes A, B, and C by RNA-RNA and RNA-protein interactions (Araki 
et al., 2015). 

A prominent group of auxiliary splicing regulators is the family of 
serine / arginine rich (SR) proteins that play an important role in exon 
selection and also are implicated in mRNA metabolism, including export 
and localization (Bradley et al., 2015). SR protein family, consisting of 
12 members, has a similar structure: one or two RNA binding domains at 
the N-terminus and a serine/arginine rich (RS) domain at the C-terminus 
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(Jakubauskiene et al., 2015). SR proteins attract the elements of the 
splicing machinery through RS domain-mediated protein–protein in
teractions. Different SR proteins such as SRSF1 and SRSF5 bind to 
distinct enhancer/silencer sequences, and that the combination of SR 
proteins bound at a particular splice site and the position of their binding 
relative to the splice site, determines its strength or probability that it 
will be used during the processing of that pre-mRNA (Shepard and 
Hertel, 2009; Jeong, 2017). 

The family of cdc2-like (CLKs) kinases has been shown to directly 
phosphorylate the RS domain of SR proteins in vivo (Giannakouros et al., 
2011; Zhou and Fu, 2013). Mammalian cells express four CLKs (CLK1-4) 
having a significant impact on SR protein functionality, as it may affect 
their binding to target mRNAs, their interaction with other proteins and 
their intracellular localization (Naro and Sette, 2013; Jain et al., 2014). 

APP is a type I transmembrane glycoprotein which is ubiquitously 
expressed, but is the most abundantly in the brain (Imbimbo et al., 
2005). The APP gene is comprised of 18 exons that via alternative 
splicing mechanism are joined to produce 11 different mRNA isoforms. 
In neurons, there are three main isoforms that are important to the 
development of neurodegenerative diseases: APP770 produced by 
joining all 18 exons; APP751 – isoform lacking exon 8, which codes OX-2 
antigen domain; and APP695 – isoform lacking exons 7 and 8 that code 
Kunitz-type protease inhibitor and OX-2 antigen protein domains 
(Nalivaeva and Turner, 2013). In the brain, APP is processed through 
proteolytic cleavage to produce Aβ peptide (Fragkouli et al., 2017). 
Different lengths of Aβ peptides exist, including Aβ42, which is a main 
pathogenic Aβ component. An increase level of Aβ42 peptide leads to the 
aggregation of oligomers and fibrils, that develop into amyloid plaques 
(Kametani and Hasegawa, 2018). It has been reported that in the brain 
of patients with Alzheimer’s disease APP770 mRNA splice variant is 
increased and APP695 is reduced (Matsui et al., 2007). Alterations in 
APP pre-mRNA splicing may lead to aberrant Aβ formation that is 
associated with AD progression (Biamonti et al., 2019). 

Tau is a microtubule-associated protein, predominantly expressed in 
the neurons, functions to stimulate and stabilize microtubule (MT) as
sembly (Hartmann et al., 2001). The human Tau pre-mRNA consists of 
16 exons from which exons 9–12 encode the microtubule-binding 
domain of Tau. In adult human brain, exons 2, 3 and 10 are alterna
tively spliced to produce six different Tau splice variants. Exon 10 en
codes the second repeat region for microtubule binding and its 
inclusion/exclussion has been identified as a relevant contributor to the 
development of neurodegeneration (Zhou et al., 2008). Exon 10 inclu
sion generates isoforms with four microtubule-binding repeats called 
four-repeat (4R) Tau and exon 10 skipping results in three-repeat (3R) 
Tau splice variant. The 4R Tau isoform, containing an additional 
microtubule-binding repeat, shows a higher activity in MT assembly 
than 3R Tau isoform (Wu et al., 2017). The 4R/3R mRNA ratio in normal 
adult brain is balanced at approximately equal levels, but alterations in 
isoform ratio results in neurodegeneration (D’Souza and Schellenberg, 
2006; Liu and Gong, 2008a). 

Two different cell lines derived from human brain were used in our 
studies: glioblastoma (U-87) and neuroblastoma SK-N-Be(2). There is 
little data on how different brain cells respond to hypoxia. As currently 
precise mechanistic role played by hypoxia in mediating key processes 
of the brain remains unclear it is important to understand how different 
cells, derived from brain, respond to hypoxic conditions. In the current 
study we have analyzed and provided experimental evidence on the 
influence of cellular hypoxic microenvironment on Tau and APP alter
native pre-mRNA splicing. We have investigated the influence of SRSF1 
and SRSF5 factors in the regulation of alternative Tau exon 10 splicing in 
hypoxic cells comparing them to normoxic ones and also have shown 
that SR protein kinase expression levels are enhanced in hypoxic brain 
cells. Our results, for the first time, have shown that hypoxic conditions 
influence Tau but not APP pre-mRNA splicing. The expression of CLK 
family kinases is increased in hypoxic cells. 

2. Materials and methods 

2.1. Cell lines 

Experiments described in this paper were performed with glioblas
toma U-87 MG and neuroblastoma SK-N-Be(2) cells obtained from 
ATCC. U-87 cells were cultivated in EMEM (#11095080, Gibco, Ther
mofisher Scientific), whereas SK-N-Be(2) cells were maintained in 1:1 
mixture of EMEM:F12 (#11095080 and #11765054, Gibco, Thermo
fisher Scientific) medium, containing 10% fetal bovine serum (#S0615, 
Biochrom, Merck), 100 U/ml penicillin and 100 μg/ml streptomycin 
(#P4333, Biochrom, Merck) at 37 ◦C in a humidified 5% CO2 conditions. 
U-87 and SK-N-Be(2) cells were subcultured every 5 and 7 days, 
respectively. The cells were cultivated for no more than 30 passages, 
discarded and then a lower passage number stock was thawed. Cell 
cultures were routinely tested for Mycoplasma. 

2.2. Construction of plasmids and transfections 

The expression plasmids pSRSF1 and pSRSF5 were constructed by 
insertion of SRSF1 and SRSF5 coding DNA sequences obtained by PCR 
from cDNA (see method 2.3) using respective primers (Supplementary 
Table 1). PCR products and vector were digested using either HindIII/ 
BamHI or HindIII/EcoRI restriction endonucleases (Thermofisher Sci
entific), purified using GeneJet Gel extraction Kit (Thermofisher Scien
tific) from 1% TAE agarose gel and ligated into the pcDNA3 (Invitrogen, 
Thermofisher Scientific) vector using T4 DNA ligase (Thermofisher sci
entific) following the manufacturer’s protocol. Ligation reactions were 
transformed to competent E. coli (DH10B) cells using heat-shock trans
formation method and plated on LB-Agar (Sigma-Aldrich, Merck) plates 
containing ampicillin. Obtained colonies were screened using PCR with 
gene specific primers (Supplementary Table 1). Positive colonies were 
propagated in liquid LB media and plasmid DNA was extracted using 
ZymoPUREII Maxiprep Kit (Zymo research). Gene coding sequences 
were confirmed by DNA sequence analysis. 

U-87 MG or SK-N-Be(2) cells were seeded in 6-well plates at 2 × 105 

cells/cm2 density in complete medium and grown to ~70% of conflu
ence. Then, cells were transfected with 2 µg of corresponding expression 
or empty pcDNA3 plasmid DNA using jetPRIME transfection reagent 
(Polyplus transfection) following manufacturer’s instructions. After 
transfections cells were allowed to recover for 24 h before subjecting 
them to hypoxia. In experiments using hypoxia, cells were cultured in 
Invivo200 workstation (Ruskin Technologies) at 1% O2 for 24 h prior to 
collecting. All experiments were repeated at least 3 times. 

2.3. RNA isolation and RT-PCR 

Total RNA from cell lines was isolated using Quick-RNA™ MiniPrep 
kit (Zymo Research) and cDNA synthesis was carried out using SensiFast 
cDNA Synthesis Kit (Bioline). PCR from the obtained cDNA were per
formed using specific primers (Supplementary Table 1). The RT-PCR 
products were separated on a 1.5% agarose gel in TBE buffer. PCR 
products were quantified using MultiGauge analysis software (Fuji). 
Results were expressed as a separate mRNA isoform relative ratio (%), 
when both mRNA isoforms expression was set as 100%. The bar plots 
represent means ± SD from at least 3 independent experiments. 

2.4. Reduction of cellular protein levels using CRISPR/Cas9 system 

Cas9 expression vector (pSpCas9(BB)-2A-Puro (PX459)) was ob
tained from Addgene (Addgene no 62988). Synthesized oligos for single 
guide RNA (sgRNA) expression were denaturated at 95 ◦C for 5 min and 
annealed at room temperature before being cloned between two BpiI 
sites of linearized Cas9-sgDNA expression vector. Specific target se
quences for SRSF1 and SRSF5 genes editing were selected by using 
CRISPR Design Tool (http://tools.genome-engineering.org). The oligo 
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sequences used for sgDNA synthesis are listed in Supplementary Table 1. 
All CRISPR/Cas9 targeting experiments were performed in human 

glioblastoma U-87 MG and neuroblastoma SK-N-Be (2) cell lines. For 
targeting individual genes, cells were seeded at 8 × 104 cells per well of 
12-well plate in complete medium as described earlier and transfected 
with constructed Cas9-sgDNA or empty Cas9 plasmid (containing no 
sgDNA). Cells were treated with puromycin (2 µg/ml) 72 h post trans
fection, diluted, and plated in to 96 well plates (1 cell/well). Cells were 
incubated for 2–3 weeks. Reduced target protein expression containing 
single cell colonies were identified by Western blotting and confirmed 
by DNA sequence analysis. 

2.5. Western blotting 

Cells were collected in a modified RIPA buffer (150 mm NaCl, 50 mm 
Tris-Cl pH 8.7, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 
2 mm dithiothreitol, 1 mm phenylmethylsulfonyl fluoride and 0.2 mm 
N-ethylmaleimide) containing a protease inhibitor mixture (Roche 
Applied Science). Proteins were separated on 12% SDS-polyacrylamide 
gel and transferred onto the nitrocellulose membrane (GE Healthcare 
Life science). The membrane was incubated with appropriate primary 
antibody: anti-SRSF1 (ThermoFisher Scientific), anti-SRSF5 (Thermo
Fisher Scientific), anti-β-actin (Abcam) and secondary mouse or rabbit 
(Agilent – Dako) antibodies conjugated with HRP. The used antibodies 
and used dilutions are indicated in the Supplementary Table 1. TMB 
reagent (ThermoFisher Scientific) was used for protein detection. β-actin 
was used as a loading control. The data was quantified using MultiGauge 
software (Fuji). 

2.6. Statistical analysis 

Statistical significance of all experiments was tested with a Mann 
Whitney U non-parametric test using R (version 3.5.0) statistical soft
ware based on a minimum of 3 independent experiments. A value of **p 
< 0.01; *p < 0.05 was considered statistically significant. 

3. Results 

3.1. Alternative Tau and APP pre-mRNA splicing in hypoxic U-87 and 
SK-N-Be(2) cells 

Human glioblastoma (U-87) and neuroblastoma [SK-N-Be(2)] cells 
cultivated under normoxic or hypoxic conditions were used for cellular 
endogenous Tau and APP pre-mRNAs’ alternative splicing studies 
(Fig. 1A and 2A). Initially we have analyzed cellular hypoxia’s influence 
to 4R and 3R Tau mRNA splice variant formation. RT-PCR analysis 
showed an increase in 4R mRNA splice variant formation in both cell 
lines cultivated under hypoxic conditions compared to Tau 4R isoform 
formation in normoxic cells (Fig. 1B and D). The inclusion of exon 10 
into forming mRNA differs ~2-fold between normoxic and hypoxic cells 
(Fig. 1B and D, lanes 1, 2). 

Next, we have compared the formation of three major APP mRNA 
splice variants in normoxic and hypoxic U-87 and SK-N-Be(2) cells. Our 
studies have revealed that hypoxia did not have any influence on the 
formation of APP770, APP751 and APP695 mRNA splice variants in 
tested cell lines (Fig. 2B–E). 

These results indicate that in U-87 and SK-N-Be(2) cells alternative 
Tau pre-mRNA splicing is regulated by cellular hypoxia in contrast to 
APP pre-mRNA splicing; therefore, in our further attempts to elucidate 
the role of individual splicing factors we have concentrated on hypoxia 

Fig. 1. Tau pre-mRNA alternative splicing. (A) 
Schematic representation of Tau pre-mRNA and 
alternatively spliced 4R and 3R mRNA splice vari
ants. (B), (D) Reverse transcriptase PCR (RT-PCR) 
results of 4R and 3R isoform mRNA profiles in U-87 
and SK-N-Be(2) cells cultivated under normoxic (N) 
or hypoxic (H) conditions. 18S RNA was used as 
loading control. (C), (E) Quantification of the 4R and 
3R mRNA splice variant relative ratio from normoxic 
or hypoxic U-87 and SK-N-Be(2) cells. Total Tau (4R 
+ 3R) pre-mRNA was accounted as 100%. The bar 
plots represent means ± SD from five independent 
experiments (n = 5), **p < 0.01; *p < 0.05.   
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regulated Tau alternative splicing. 

3.2. The effects of SRSF1 or SRSF5 overexpression on Tau exon 10 
inclusion/exclusion into mRNA in normoxic and hypoxic cells 

SRSF1 has been identified as a regulator of Tau exon 10 inclusion/ 
exclusion into Tau mRNA under normoxic conditions in non-neuronal 
and neuronal cells (D’Souza and Schellenberg, 2006). However, no 
data was available on SRSF5 role on Tau splicing regulation in brain 
cells. Thus, further using brain cell lines we have investigated whether 
splicing factors SRSF1 and SRSF5 can influence Tau exon 10 exclusion/ 
inclusion into forming mRNA under hypoxic conditions. 

Overexpression of SRSF1 in U-87 and SK-N-Be(2) cells cultured 
under normoxic conditions resulted in enhanced 4R Tau mRNA splice 
variant formation (Fig. 3A–D, lane 2). Our data revealed that SRSF1 
promotes exon 10 inclusion into 4R Tau mRNA splice variant by ~1,5- 
fold compared to control cells (Fig. 3A–D, lanes 1, 2). Overexpressed 
SRSF1 in cells under hypoxic conditions also showed ~1.5-fold increase 
in exon 10 inclusion into Tau mRNA (Fig. 3A–D, lanes 4, 5). Over
expression of splicing factor SRSF5 in U-87 and SK-N-Be(2) cells showed 
that this factor does not have any significant influence on exon 10 in
clusion/exclusion into forming Tau mRNA in cells cultivated under 
either normoxic or hypoxic conditions (Fig. 3A–D lanes 1, 3, 4, 6). 

Comparison of SRSF1 and SRSF5 protein expression analysis showed 
similar amounts for SRSF1 and SRSF5 proteins in normoxic and hypoxic 
cellular microenvironment (Supplemental Fig. 3A, B, lanes 1, 3). 

Our data has revealed that the overexpression of SRSF1, but not 
SRSF5, promotes Tau 4R mRNA formation in hypoxic U-87 and SK-N-Be 
(2) cells. We have not observed any significant effects of hypoxia on 
SRSF1 and SRSF5 protein expression levels. 

3.3. The effects of reduced SRSF1 or SRSF5 protein cellular levels on Tau 
4R and 3R mRNA splice variant formation in normoxic and hypoxic cells 

Further we have investigated whether the reduction of SRSF1 and 
SRSF5 cellular protein expression would have any influence on Tau pre- 
mRNA alternative splicing in normoxic and hypoxic cells. To reduce 
endogenous SRSF1 and SRSF5 protein cellular levels in U-87 and SK-N- 
Be(2) cells a CRISPR/Cas9 system was used (Supplemental Fig. 4). 
Reduction of SRSF1 protein expression in cells cultivated under nor
moxic conditions caused up to 2-fold decrease in 4R mRNA splice 
variant formation (Fig. 4A–D, lane 1, 2). Under hypoxic conditions, 
reduction of SRSF1 in both cell lines showed only a slight decrease in 4R 
Tau mRNA splice variant formation (Fig. 4A–D, lane 4, 5), however this 
change is also significant regarding that hypoxia by itself increases the 
4R splice variant formation. 

Reduction of splicing factor SRSF5 cellular protein level did not have 
any significant effect on Tau 3R/4R mRNA splice variant formation ratio 
in both tested cell lines cultured under either normoxic or hypoxic 
conditions (Fig. 4A, D and B, E, lanes 3, 6). Therefore we conclude that 
SRSF5 is not involved in Tau mRNA exon 10 inclusion/exclusion 
regulation. 

In our studies under hypoxic conditions we have determined that 
reduction of SRSF1 cellular protein level has only a slight effect on Tau 
4R/3R mRNA formation ratio. We did not find any influence of SRSF5 on 
Tau exon 10 inclusion/exclusion into forming mRNA. The complexity of 
the cellular hypoxic response gives a strong reason to assume that 
alternative Tau exon 10 splicing could be regulated by SRSF1 together 
with a currently unidentified splicing factor. 

3.4. The role of hypoxia on CLK family expression 

The reduction of SRSF1 in hypoxic cells had only a slight effect on 

Fig. 2. APP pre-mRNA alternative splicing. (A) 
Schematic representation of APP pre-mRNA and 
alternatively spliced three major mRNA splice vari
ants. (B), (D) RT-PCR results of APP770, APP751 and 
APP695 isoform mRNA profiles in U-87 cells and SK- 
N-Be(2) cells cultivated under normoxic (N) or hyp
oxic (H) conditions. 18S RNA was used as loading 
control. (C), (E) Quantification of the APP mRNA 
splice variant relative ratio from normoxic or hyp
oxic U-87 and SK-N-Be(2) cells. Total APP (APP770 
+ APP751 + APP695) pre-mRNA was accounted as 
100%. The bar plots represent means ± SD from five 
independent experiments (n = 5).   
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Tau 4R and 3R mRNAs isoform formation (Fig. 4B and D, lane 5). Pre
viously, we and others showed that expression levels of SR protein ki
nases (CLK1, SRPK1 and SRPK2) are enhanced in cervical and prostate 
cell lines cultivated under hypoxic conditions. It has also been shown 
that SR proteins are hyper-phosphorylated in hypoxic cells changing 
their activity (Jakubauskiene et al., 2015; Bowler et al., 2018). In this 
context, we have further investigated the expression of four proteins 
from the CLK kinase family (CLK1-4) in hypoxic cells. We have found 
that all of tested CLK kinase (CLK1, CLK2, CLK3, CLK4) mRNAs’ levels 
were increased under hypoxic conditions in U-87 and SK-N-Be(2) cells 
(Fig. 5A and C). 

4. Discussion 

Alternative splicing is an essential step of gene expression that in
creases transcriptomic and proteomic diversity in eukaryotic cells 
(Lareau et al., 2004; McManus and Graveley, 2011). It has been shown 
that splicing machinery heavily contributes to cells’ adaptability to 
altered microenvironment – hypoxia (Jakubauskiene et al., 2015; 
Kanopka, 2017). Cellular response to the reduction of oxygen levels 
results in stabilization of HIFs that activate transcription of genes 
involved in angiogenesis, erythropoiesis, neovascularization, iron 
metabolism, glucose metabolism, cell proliferation, apoptosis and cell 
cycle control (Lee et al., 2019). Hypoxia induces cell survival and pro
motes the initiation and the progression of various human diseases, 
including neurodegenerative disorders (Sharp and Bernaudin, 2004; Jha 
et al., 2018b). However, the precise mechanistic role played by hypoxia 
in mediating key processes of the brain and in triggering pathological 
signals remains unclear (Jha et al., 2018a). 

One of the principal players involved in Alzheimer’s disease is the 

presence of extracellular amyloid deposits in the brain, which is derived 
from the β-amyloid precursor protein (APP). It is still an open question 
whether hypoxia affects APP alternative pre-mRNA splicing. In the 
present study performed in brain cell lines, we showed that hypoxic 
cellular microenvironment does not influence exon 7–8 inclusion/ 
exclusion into forming APP mRNA. More recently published study re
ported that hypoxia increased amyloid-β formation is due to altered 
expression levels of enzymes involved in the cleavage of the APP protein 
and dysregulation of calcium homeostasis in glial and neuronal cells 
(Lall et al., 2019). 

The formation of insoluble intraneuronal aggregates composed of 
hyperphosphorylated tau proteins constitutes a major defining charac
teristic of Alzheimer’s disease. Our results, obtained in this study, show 
that cellular hypoxic conditions promote exon 10 inclusion into forming 
Tau mRNA i.e. 4R Tau isoform formation. It is reported that dysregu
lation of Tau 3R /4R mRNA splice variant balance in the brain is suffi
cient to cause neurodegeneration and dementia (Liu and Gong, 2008b). 
Thus, for the first time, we show that cellular hypoxia, via changes in 
3R/4R Tau mRNA formation ratio, influences the development of 
neurodegenerative diseases. Our results demonstrate the importance of 
pre-mRNA splicing in neurodegenerative diseases’ development 
pathway. 

It is known that not all cells respond to hypoxia in an identical 
fashion during physiological and pathological adaptations. Due to var
iable baseline situations and responses, different tissues cells respond to 
hypoxia individually (Chi et al., 2006). Therefore, cell lines derived from 
two: glial and neuronal brain tissue, were chosen for APP and Tau 
alternative pre-mRNA splicing studies in response to hypoxia. Our re
sults revealed that the effect of hypoxia on APP and Tau alternative pre- 
mRNA splicing are characteristic not only glial but to neuronal cells as 

Fig. 3. The influence of splicing factor SRSF1 and SRSF5 overexpression to Tau mRNA splice variant formation profiles. (A), (C) RT-PCR results showing 4R and 3R 
isoform mRNA profiles in U-87 and SK-N-Be(2) cells cultivated under normoxic (N) or hypoxic (H) conditions. Lanes 1 and 4 – controls; lanes 2 and 5 – SRSF1 
overexpression; lanes 3 and 6 – SRSF5 overexpression. 18S RNA was used as loading control. (B), (D) Quantification of the 4R and 3R mRNA splice variant relative 
ratio changes in control and SRSF1 or SRSF5 transfected U-87 and SK-N-Be(2) cells. Total Tau 4R and 3R mRNA isoforms ratio was accounted as 100%. The bar plots 
represents means ± SD from 3 independent experiments (n = 3), *p < 0.05. 
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well. 
Regulation of alternative splicing is a complex process in which cis- 

acting elements (exonic/intronic splicing enhancers and silencers) and 
trans-acting splicing factors are involved (Wang et al., 2015). One of the 
trans-acting players is a family of serine/arginine-rich (SR) proteins that 
have a diverse role in alternative splicing (Long and Caceres, 2009; 
Jeong, 2017). Splicing factor SRSF1 has been identified as an essential 
regulator of Tau exon 10 splicing in non-neuronal HeLa and neuronal 
PC12 cells (D’Souza and Schellenberg, 2006); however, very little is 
known about the influence of splicing factor SRSF5 on Tau 4R/3R mRNA 
splice variant formation in brain cells (Qian and Liu, 2014). 

Our results revealed that SRSF1, but not SRSF5, in cells cultivated 
under normoxic conditions is involved in exon 10 inclusion/exclusion 
regulation into forming Tau mRNA. Recently in literature it has been 
shown that splicing factors, which are involved in alternative splicing 
regulation in normoxic cells, do not regulate the alternative splicing of 
the same pre-mRNAs in cells cultured under hypoxic conditions 
(Peciuliene et al., 2019). Thus, it was unclear if the role of SRSF1 and 
SRSF5 factors in Tau 3R/4R mRNA splice variant formation regulation 
in hypoxic cells is the same as in cells cultivated under normoxic con
ditions. Our investigations using brain cell lines cultivated under hyp
oxic conditions showed that enhanced SRSF1 cellular expression level 
promotes Tau exon 10 inclusion, whereas reduction of SRSF1 slightly 
suppressed it. Our results also show that altered SRSF1 cellular expres
sion level changes the balance between Tau 3R/4R mRNA splice variants 
in hypoxic cells. It is known from previous studies that SR proteins are 
hyper-phosphorylated, changing their activity, in hypoxic cells (Jaku
bauskiene et al., 2015; Bowler et al., 2018). There is a high possibility 
that changes in SRSF1 splicing regulation ability in hypoxic cells are due 
to differential protein modification or because of participation of a 

currently unidentified splicing factor together with SRSF1. 
We and other researchers have previously shown that cellular hyp

oxia enhances SR protein kinases’ expression levels in cervical and 
prostate cell lines (Jakubauskiene et al., 2015; Bowler and Ladomery, 
2019). In the present studies we demonstrate that the expression levels 
of CLK1-4 kinases are enhanced in hypoxic U-87 and SK-N-Be(2) cell 
lines. However, Hartmann et al. reported that overexpression of mouse 
CLK1-4 protein kinases in HEK293 cells promotes exon 10 skipping in 
Tau minigene construct (Hartmann et al., 2001). Despite enhanced ki
nase expression levels in hypoxic cells, our data shows that exon 10 
inclusion is promoted into forming Tau mRNA content. Such discrep
ancy can be explained by the fact that in our studies we have used 
endogenous mRNA, while a minigene construct, mouse derived proteins 
and different cell lines were used to obtain results described in the 
literature. 

To sum up, our studies show that Tau but not APP pre-mRNA’s 
alternative splicing is dependent on cellular hypoxic microenvironment. 
Cellular hypoxia changes Tau 3R/4R mRNA splice variant ratio what 
contributes to AD progression. We have demonstrated that in hypoxic 
cells SRSF1 alters the formation ratio between Tau 4R and 3R mRNA 
splice variants. SRSF5 does not influence exon 10 inclusion/exclusion 
into Tau mRNA in neither normoxic nor hypoxic cells. We also show that 
hypoxic brain cells possess enhanced CLK1-4 kinase mRNA levels 
compared to cells cultivated under normoxic conditions. Of course, the 
precise enhanced CLK kinases expression role in the regulation of Tau 
exon 10 exclusion/inclusion into forming mRNA will be determined in 
the future. Our studies for the first time show the contribution of hyp
oxia and hypoxia-mediated pathways to neurodegeneration. 

Fig. 4. The influence of reduced SRSF1 and SRSF5 cellular expression to Tau mRNA splice variant formation profiles. (A), (C) RT-PCR results showing 4R and 3R 
isoform mRNA profiles in normoxic (N) or hypoxic (H) conditions U-87 and SK-N-Be(2) cells, respectively. Lanes 1 and 4 – controls; lanes 2 and 5 – CRISPR-SRSF1 
treated cells; lanes 3 and 6 – CRISPR-SRSF5 treated cells. 18S RNA was used as loading control. (B), (D) Quantification of the 4R and 3R mRNA splice variant relative 
ratio changes in control and CRISPR-SRSF1 or CRISPR-SRSF5 treated U-87 and SK-N-Be(2) cells, respectively. Total Tau 4R and 3R mRNA isoforms ratio was 
accounted as 100%. The bar plots represent means ± SD from three independent experiments (n = 3), *p < 0.05. 
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