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Abstract
Common sequence variations in the VRK2 gene contribute to genetic risk for various psychiatric diseases including schizo-
phrenia and major depressive disorder. Despite the clear importance of studying the regulation and function of VRK2 for 
understanding the causes of these diseases, the organisation and expression of the gene remain poorly characterised. Using 
reverse-transcriptase-PCR, we have amplifed exons of Vrk2 mRNA from regions of mouse brain, and from different cell 
classes comprising neurones, astrocytes and microglial cells. We find that Vrk2 mRNA is expressed in all cell types, and 
that the splicing of the mouse Vrk2 gene is much more complex than previously appreciated. In addition to the predicted 
alternative splicing (absence/presence) of the penultimate 3 prime exon, we also detected a variety of 5 prime structures, 
including two novel exons spanning the first characterised exon (exon 1), which we term exons 1a and 1b. While expressed 
in neurones and astrocytes, exon 1b was not expressed in microglial cells. Expression of transcripts containing exon 1a in 
microglia was increased by immune stimulation. An additional truncated transcript lacking 7 central exons was also identi-
fied. As with the human gene, the results confirm complex patterns of alternative splicing which are likely to be relevant for 
understanding the physiological and pathological function of the gene in the CNS.

Keywords Schizophrenia · Risk gene · Splice variants · Truncated isoform

Introduction

The Type 2 Vaccinia Related Kinase (VRK2) gene codes for 
a serine threonine kinase belonging to the casein kinase 1 
group, and is situated in the 2p16.1 chromosomal region. 
VRK2 was initially recognised in highly proliferative cells 
(e.g. thymus and foetal liver cells) and early theories empha-
sised a role in cell division and cell cycle regulation [1]. 
VRK2’s importance is however not limited to proliferating 
peripheral cells, and it was subsequently found to be also 
expressed in brain [2]. In fact, sequence variants in the VRK2 
gene are robustly associated with schizophrenia [3–5], and 

also with depression [6], bipolar disorder [7], and epilepsy 
[8, 9]. Tesli et al. (2016) [10] demonstrated reduced blood 
levels of VRK2 mRNA in a large sample of individuals 
with schizophrenia relative to controls (p < 10− 12), thereby 
strongly supporting a genetic contribution of VRK2 to the 
causes of schizophrenia. This result has since been repli-
cated in an independent large sample [11]. It has recently 
been reported that in the brain, Vrk2 expression is restricted 
to microglia [12] If this were verified, this would be of some 
significance for understanding the causes of schizophrenia, 
as it would unequivocally implicate microglial dysfunction 
in disease aetiology.

Blanco et  al. [13] identified two isoforms of human 
VRK2 that have a kinase domain in common, but differ-
ing subcellular locations due to distinct C-termini. Thus, 
VRK2A (where the penultimate 3 prime exon - exon 13 - is 
absent)(Fig. 1) encodes a 508 amino acid protein which has 
a transmembrane domain and is localised in the endoplasmic 
reticulum and mitochondrial membrane. In contrast, VRK2B 
(where exon 13 is present) encodes a shorter 397 amino acid 
protein, due to the presence of an earlier stop codon, lacks 
this domain, and is present in the cytoplasm and the nucleus. 
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While VRK2A is significantly expressed in all human cell 
lines, expression of VRK2B is more limited and occurs only 
in certain cell lines. Blanco et al. [14] further noted that the 
stress responses to cytokines such as interleukin 1β (IL-1β) 
and to hypoxia are regulated by the more abundant VRK2A. 
VRK2 forms a complex with JIP1 [15], which functions as a 
scaffold protein for the c-Jun N-terminal kinase (JNK) path-
way by building mitogen-activated protein kinase (MAPK) 

complexes. This signal transmission route is reportedly 
blocked by VRK2A, thus limiting the phosphorylation of 
JNK and AP1-dependent transcription, and hence transmis-
sion of this stress signal. By contrast, the VRK2B isoform 
in the nucleus can reduce the transcriptional response to the 
inflammatory cytokine interleukin-1β [15].

Examination of Genbank and the European Nucleo-
tide Archive databases suggests the existence of further 

Fig. 1  Schematic diagram of intron/exon structure for human (upper) 
and mouse(lower) VRK2 genes, from 5’ end (left) to 3’end (right). 
Isoform designations provided are according to RefSeq annotations. 

Relative lengths of exons/introns are for illustrative purposes, and are 
only very roughly proportional to actual distances. Approximate loca-
tions of PCR primers used in this study are also shown
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alternative splicing in human (Fig. 1), mainly focussed 
around the 5’ end of the mRNA. The mouse Vrk2 gene is 
recognised as having 13 rather than 14 exons [16], and one 
of the annotated REFSEQ transcripts lacks the penultimate 
exon (exon 12)(Fig. 1). However, some of the transcripts 
predicted by automated genome sequence scanning sug-
gest that there may be further transcript diversity in the 
mouse, as in the human. Since future studies on Vrk2 gene 
function will be needed to explore the genetic basis of 
psychiatric disease, an understanding of gene structure is 
a necessary first step. We therefore undertook an investiga-
tion of the extent of alternative splicing in mouse brain, 
and in different cell types within the brain, to clarify the 
structure of expressed Vrk2 mRNAs, and the effect of cell 
type and environment on Vrk2 gene expression.

Materials and methods

Culture of primary cells ‑ preparation of neurons 
and astrocytes

Primary cerebrocortical neuronal cultures were pre-
pared using brain tissue from wild-type C57BL/6J mouse 
embryos (E17) as previously described [17–19], and main-
tained for 12–14 dayd in vitro (DIV). For primary astro-
cyte cultures [20], the medium was changed every 2 to 3 
days, and then, to deplete as many microglia as possible, 
the flask was shaken at 100 rpm for 30 min on an orbital 
shaker. After confluency was reached, trypsin-EDTA and 
HEPES (final concentration 50 mM) were added until the 
astrocyte containing cell layer slowly detached from the 
culture flask, while the microglia stayed attached.

The quality and purity of neuronal and astrocyte cul-
tures has been repeatedly checked – cultures are in good 
health and are around 90% specific for the defined cell type 
[17–19], as is standard for these techniques.

Culture of cells ‑ preparation of microglia cells

SIM-A9 cells (ATCC, #CRL-3265), which are a spon-
taneously immortalized mouse microglial cell line [21, 
22], were were maintained in DMEM/F12 medium serum 
(Invitogen, Paisley, UK) supplemented with 5% horse 
serum (Invitogen, Paisley, UK) and 1% penicillin-strepto-
mycin serum (Invitogen, Paisley, UK), at 37 °C. Cells were 
used at passage 12–15. The culture medium was replaced 
with DMEM/F12 medium without horse serum at 50 to 
60% confluence overnight prior to the indicated treatment 
( 100 ng/mL LPS or vehicle control) for 24 h.

RNA isolation

RNA isolation from cells

Total RNA was isolated from cells by removing the 
medium from the wells, and the cells being washed with 
phosphate-buffered saline (D-PBS, Invitrogen). The cells 
were then detached from the well surface using 0.05% 
trypsin and inactivated by the addition of 0.5 ml DMEM. 
The detached cells were transferred to a tube and pelleted 
by centrifugation at 10,000 rpm for 5 min at room tem-
perature. Each cell pellet was washed with D-PBS and 
centrifuged again at 10,000 rpm for 5 min at room tem-
perature. Following this, an RNeasy mini kit (Qiagen, 
#74104) was used to isolate total RNA from the cells as 
described above.

RNA isolation from mouse brain tissues

Total RNA was isolated from mouse C57BL/6J brain tis-
sue using the RNeasy mini kit (Qiagen, #74104) accord-
ing to the manufacturer’s protocols, and as previously 
described [23, 24]. Brain tissues were removed from the 
RNAlater and placed in ribolyser tubes on ice (Lysing 
matrix D, BIO 101 Systems, cat. No. 6913 − 100), being 
subject to mechanical disruption for 20 s at 6.5 g using 
Hybaid Ribolyser. Following this, an equal volume of 70% 
ethanol was added to each sample, and the resulting mixes 
were transferred to an RNeasy column and centrifuged at 
10,000 rpm for 15 s at room temperature. The total RNA in 
the columns then underwent multiple wash steps, includ-
ing a DNA removal step with an incubation period of 15 
min at room temperature. Total RNA was eluted from 
the columns and the concentration of the isolated RNA 
checked using a NanoDrop™ 1000 (Thermo Scientific).

Reverse transcription and PCR

cDNA synthesis

The reverse transcriptase step was performed using a 
high-capacity RNA to cDNA kit (Thermo fisher scien-
tific, #4387406) according to manufacturer’s instructions. 
For each reaction, 500 ng to 2 µg of total RNA was used 
per 20µL reaction. First strand cDNA was generated by 
incubating the tube contents at 37 °C for 60 min, then 
terminating the reaction at 95°C for 5 min. The quantity 
of cDNA produced was checked using NanoDrop™ 1000 
(Thermo Scientific). Following this, samples were diluted 
at a 1:5 ratio and stored at −20 °C for further processing.
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Polymerase chain reaction

Several 10 µl PCR reactions were set up using 0.3 µl of suit-
able forward and reverse primers, plus 2 µl of cDNA, 0.5 µl 
of DMSO and 5 µl of Platinum™ Taq Green Hot Start (Inv-
itrogen, # 11966034). No template controls were included. 
The standard PCR reaction conditions were 3 min at 95 °C 
and then 40 cycles of 30 s at 95 °C, 30 s at 60 °C, and 1 
min at 72 °C. The latter step was modified to 90 s when 
the expected product was greater than 1,000 bp. The final 
elongation step was at 72 °C for 7 min. Primer sequences are 
provided in Supplementary Table 1.

Gel electrophoresis and visualisation of amplicons

PCR products were separated out by gel electrophoresis 
in a 2% agarose gel made of UltraPure™ Agarose (Invit-
rogen, #16500-500). The gel was stained with ethidium 
bromide (Sigma, #E1510), with 1 µl of ethidium bromide 
added to each 300 ml of melted agarose. Then, 6 µl of the 
100 bp DNA ladder (NEB, #N3231S) and 8 µl of each PCR 
sample was loaded into each well and electrophoresis was 
performed at 70 V. Separated samples were visualised by 
means of ultraviolet light through safety glass/visors as well 
as being photographed.

Amplicon sequencing

The desired PCR products were carefully cut out of the 
gel and the DNA fragments extracted and purified using a 
QIAquick Gel Extraction Kit (Qiagen, #28704) per manu-
facturer’s protocols. A small amount of the purified product 
was run on a 2% agarose gel to ensure the correct size was 
maintained. The remaining purified product, with DNA con-
centration of 20–30 ng/µl ) was sent to the GATC service, 
(Germany) for sequencing.

Results

PCR amplicons of various sizes were detected with many 
intron-spanning primer combinations.

Exon 12 (penultimate 3’ exon) splicing

Amplicons of 2 sizes, differing by ~ 150 bp, were detected 
in microglial cells with primers from exon 10 to exon 13 
(Fig. 2a). The larger amplicon, confirmed by sequencing to 
contain exon 12, was of notable higher intensity than the 
amplicon confirmed by sequencing to lack exon 12. Consist-
ent with this, strong amplification was obtained when prim-
ers were used that specifically amplified exon 12-containing 
transcripts (Fig. 2b-c).

Neurones and astrocytes also generated strong amplifica-
tion with primers placed within exon 12 (Fig. 3a,b). How-
ever, only transcripts containing exon 12 could be clearly 
identified - primers targetting exons 10 and 13 yielded a 
predominant band of 550 bp, whereas isoforms lacking exon 
12 would yield a 400 bp band.

VRK2 has been linked to immune responses (Lee 2019, 
Blanco et al. (2006). We therefore investigated the effect of 
immune stimulation, using the bacterial mimetic lipopoly-
saccharide (LPS), on Vrk2 transcript expression. While LPS 
produced a clear inflammatory response in the microglial 
cells (assessed by iNOS induction, Supplementary Fig. 1), 
no alteration in the expression of a variety of amplicons was 
detected (Supplementary Fig. 2).

5’ exon splicing

Only a single amplicon of around 350 bp was observed when 
primers targetting exons 1–2 were employed in the micro-
glial cells (Supplementary Fig. 2). However, when mouse 
brain tissue was studied, an extra amplicon was observed, 
which was larger by ~ 200 bp (Fig. 3c), suggesting the pres-
ence of an additional exon between exons 1 and 2. This extra 
size was also detected in longer transcripts from neurons 
and astrocytes, whatever the position of the reverse primer 
(Fig. 3d).

We tested an additional forward primer located further 
upstream from the start of exon 1, to test for the possible 
presence of an additional 5’ exon. The Ensembl database 
shows an automated prediction of an exon in this region, 
derived from a potential Vrk2 transcript that terminates in 
exon 4. Using a forward primer designed for this exon (which 
we term exon 1a), three PCR amplicons were detected with 
the same reverse primer (exon2), in brain tissue and in cul-
tured neurones and astrocytes (Fig. 4a). Microglial cells, 
and also cerebellar tissue, only showed the presence of the 
smallest exon 1a-containing amplicon, suggesting that they 
do not express splice variants containing exons 1 and 1b as 
well as 1a.

Sequencing of the amplicons revealed that the shortest 
(185 bp) amplicon has exon 1a spliced directly to exon 2, 
the middle amplicon contains exon 1a, exon 1 and exon 2, 
and the longest (723 bp) amplicon contains exon 1a, exon 1, 
and an additional exon (which we term exon 1b) derived by 
the lack of a splicing event at the end of exon 1 (Fig. 4d and 
Supplementary Fig. 3).

If the automated prediction exon start site is presumed 
correct, then exon 1a is 80 bp in length. Our data show that 
exon 1b is 205 bp in length. Neither exon is predicted to alter 
the open reading frame (Supplementary Fig. 3).
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Fig. 2  Isoform detection in microglia. cDNA was prepared from 
microglial cells, and amplified with primers spanning exons 10 to 13 
(a), 8 to 12 (b) and 12 to 13 or 10 to 12 (c). Alignment of sequenced 

amplicons from A (arrows) against the Ensembl genome browser is 
also shown (d), with location of F10 and R13 primers (arrowheads). 
Exon 12 is 147 bp in length

Fig. 3  Isoform detection in neurones, astrocytes and microglia. a,b 
cDNA prepared from primary neuronal cultures (a), or primary astro-
cyte cultures (b), was amplified with primers targetting exons 10–13. 
In all cases, amplicons are obtained when the primer sequence lies 
within exon 12. Note that the predicted amplicon for isoforms lack-
ing exon 12 (400 bp with F10 R13) is not detected in neurones or 
astrocytes. c, d Transcripts amplified containing exon 1. c expression 

of 5’ exons in adult mouse prefrontal cortex (PFC) and hippocam-
pus (HPC): amplicons were generating using F1 and R2 primers. d 
amplicons generated using F1 and R9 primers in cDNA from cultured 
neurones, or using F1 and R6/7 primers in cDNA from cultured astro-
cytes. In each case, 2 bands differing in size by around 200 bp are 
obtained
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Exposure of microglial cells to an immune stimulus (100 
ng/ml LPS, 24 h) resulted in an increase in the expression of 
the exon 1a-containing transcripts (Fig. 4b, c).

Amplicons were identified that stretched from exon 
1a through to exon 13. A truncated transcript of around 
750 bp was also detected in microglial cells, which was 
revealed by sequencing to lack exons 4–10 (Fig. 5a-c). 

Fig. 4  Transcripts amplified containing exon 1a. Expression of 5’ 
exons including exon 1a in a brain tissue (embryonic E17 whole 
brain, CBM, PFC or HPC) different CNS cell types (microglia, neu-
rones or astrocytes), and b microglial cells exposed to either vehicle 
or LPS (100 ng/ml) for 18 h. c Graph shows amplicon band inten-
sity for the larger and smaller bands in C (individual data points with 

mean +/- s.e.m.). # p < 0.05 vs. corresponding vehicle group; Mann 
Whitney test ** p = 0.015 vs. corresponding vehicle group (one sided 
t-test). d Location of F1a1 and R2 primers (arrowheads), along with 
alignment of sequenced amplicons from brain (185 bp, 520 and 720 
bp) (arrows) against the Ensembl genome browser. The amplicons 
represent exons 1a, 1a + 1, and 1a + 1 + 1b, respectively, plus exon 2
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A similar short amplicon of around 800 bp was obtained 
using primers targetting exons 1 and 13 in mouse prefron-
tal cortex tissue (Fig. 5a).

Discussion

Most previous studies of VRK2 expression have focussed 
on proliferating cells, despite the emerging importance 
of VRK2 for the aetiology of psychiatric disease. To test 
for cell-type-specific expression in the CNS, we analysed 

Fig. 5  Identification of full length transcripts (exon 1a-13), and also 
an atypical isoform lacking exons 4–10. a Left panel: two major 
sizes of amplicons were obtained from microglial cells using primers 
targetting exon 1a and exon 13. Right panel: a single amplicon was 
obtained from adult mouse prefrontal cortex tissue using primers tar-

getting exon 1 and exon 13. b,c Alignment of sequenced 1500 bp and 
800 bp amplicons (arrows) from microglial cells against the Ensembl 
genome browser is shown for the 5’ end of the gene b and for the full 
gene c (Note that both transcripts lack exon 1). Location of F1a1 and 
R13 primers is also shown (arrowheads)
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RNA extracts from cultured neurons and astrocytes, and 
from a cultured mouse microglial cell line. Unexpectedly, 
Vrk2 seems to be expressed in all three cell types. Lee 
et al. [12] reported, using RT-PCR targetting exon 13, that 
Vrk2 expression in the mouse CNS is confined to micro-
glia. The reasons for the discrepancy with our study are 
not clear. While we have not definitively characterised the 
3’ end of all the splice variants reported here, amplicons 
containing exon 13 did not show preferential expression 
in microglial cells.

We confirm the existence, in the mouse, of homologues 
of the human VRK2A and VRK2B isoforms, lacking and 
containing the penultimate 3’ exon. We also report addi-
tional complexity in the alternative splicing of other exons 
of the mouse Vrk2 gene. Interestingly, the expression pat-
tern for the various isoforms is highly variable among the 
different cell type. For example, transcripts containing the 
newly-identified exon 1a do not also contain exon 1 in 
microglia, whereas longer exon 1a-containing transcripts 
are also found in neurones and astrocytes. Interestingly, 
of the exon 1a-containing isoforms, the shortest (exon 1 
and 1b-lacking) transcripts appear to predominate in all 
cell types.

The heterogeneity of 5’ utr variants is remarkable. We 
confirmed that full length transcripts incorporating exon 
1a are expressed (Fig. 5). As far as we can ascertain, none 
of the novel variants extends the ORF, hence leaving the 
N-terminal protein sequence unaffected. The functional 
significance, of a process that is clearly regulated by cell 
type and environment, remains to be determined. Note that 
the Ensembl database records human VRK2 isoforms with 
between 3 and 6 additional 5’ exons upstream of the exon 
conventionally designated “exon 1” by Palo and cowork-
ers, by Niskrat and Taco, and by ourselves. These additional 
exons are also not predicted to change the ORF. One pos-
sibility is that the increasing 5’utr lengths allow increased 
thermodynamic stability of tertiary structure, thus impeding 
translation. Indeed RNAfold [25] predicts that the 1a-, 1a-1- 
and 1a-1-1b- 5’utrs have tertiary structures with negative 
free energies of 52, 240 and 357 kcal/mol respectively.

Cell samples were also analysed for the presence of an 
alternative isoform that lacks exon 12. We found this isoform 
was expressed in microglia, but was not clearly detected in 
astrocytes or neurons (Fig. 3). The isoform lacking exon 
12 (corresponding to VRK2A in human) is the cytoplas-
mic form, while the longer mRNA VRK2B form is nuclear 
[14, 15]. It therefore appears that the cytoplasmic function 
is more relevant for microglial cells in the CNS. It is inter-
esting to note that VRK2A is more abundant than VRK2B 
in a variety of (highly proliferative) tumour cell lines [13], 
whereas our data suggest that VRK2B is more abundant in 
slowly-proliferating cells (microglia and astrocytes) and non-
proliferating cells (neurons). We speculate that prominent 

VRK2A expression may relate to the suggested role of 
VRK2 in cell proliferation, and that higher relative VRK2B 
expression may be a feature of non-proliferating cells. We 
note that the brain tissue used here was derived from male 
mice, and it should be remembered that sex-differences can 
play a role in gene expression in brain [26], and hence that 
female tissue may show differences.

We also detected the presence of a truncated transcript, 
which sequencing revealed to be missing 7 central exons 
(exons 4–10). This truncated form produces a predicted pro-
tein of only 59 amino acids, where the C-terminal 17 amino 
acids (QENFESRWSTFRATGIFH) are not present in the 
longer forms of the protein. The functional significance of 
this new variant is not clear. It is expressed in microglial 
cells, but will not have a functional catalytic site, or the JIP-1 
binding site [15]. In terms of CNS disease risk, the epi-
lepsy risk mutation identified is within exon 2 [8], while the 
bipolar disorder mutation is in exon 4 [7]. This transcript is 
therefore unlikely to contribute to bipolar disorder risk, but 
may play a role in epilepsy. The precise exon composition 
of variants expressed in neurones and astrocytes that contain 
the catalytic site remains to be determined, although they 
clearly exist (Fig. 3d), and will presumably contain exon 12. 
However, the data emphasise the differences between Vrk2 
spicing in neurones/astrocytes and microglial cells.

LPS treatment induces alternative splicing

Vrk2 is known for its role in modulating inflammatory 
responses, thus one aim of this study was to investigate the 
correlation between inflammatory status and the distribution 
of splicing events in LPS stimulated microglial cells. LPS is 
a well-characterised bacterial mimetic that elicits inflamma-
tory response in the brain. No obvious differences in expres-
sion were detected for canonical transcripts (containing exon 
1) or for the main transcripts either containing or lacking 
exon 12 (Supplementary Fig. 2). Intriguingly, transcripts 
containing exon 1a showed clearly stronger expression in 
the LPS-treated cells (Fig. 4). This indicates that Vrk2 splic-
ing pattern is altered by immune stimuli, and suggests some 
particular immune-response function for exon 1a.

Conclusions

Overall, our data reveal the existence of novel alterna-
tively-spliced isoforms of VRK2, and indicate that splic-
ing is regulated according to cell type, brain region, and 
environmental conditions. Further investigations will be 
required to understand the functional significance of these 
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complex patterns of splicing, and whether similar com-
plexity exists in the human gene.

Authors contributions SA contributed to writing the paper and the 
data analysis, SA and JC designed and performed the experiments, 
BJM conceived and designed the study and contributed to data analysis 
and paper writing

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

Research involving Human Participants and/or Animals Animal tissue 
was procured in accordance with UK Home Office regulations.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

 1. Nichols RJ, Wiebe MS, Traktman P (2006) The vaccinia-related 
kinases phosphorylate the N’ terminus of BAF, regulating 
its interaction with DNA and its retention in the nucleus. Mol 
Biol Cell 17(5):2451–2464. doi:https ://doi.org/10.1091/mbc.
e05-12-1179

 2. Nezu J, Oku A, Jones MH, Shimane M (1997) Identification 
of two novel human putative serine/threonine kinases, VRK1 
and VRK2, with structural similarity to vaccinia virus B1R 
kinase. Genomics 45(2):327–331. doi:https ://doi.org/10.1006/
geno.1997.4938

 3. Steinberg S, de Jong S, Andreassen OA, Werge T, Borglum AD, 
Mors O, Mortensen PB, Gustafsson O, Costas J, Pietilainen OP, 
Demontis D, Papiol S, Huttenlocher J, Mattheisen M, Breuer R, 
Vassos E, Giegling I, Fraser G, Walker N, Tuulio-Henriksson A, 
Suvisaari J, Lonnqvist J, Paunio T, Agartz I, Melle I, Djurovic S, 
Strengman E, Jurgens G, Glenthoj B, Terenius L, Hougaard DM, 
Orntoft T, Wiuf C, Didriksen M, Hollegaard MV, Nordentoft M, 
van Winkel R, Kenis G, Abramova L, Kaleda V, Arrojo M, San-
juan J, Arango C, Sperling S, Rossner M, Ribolsi M, Magni V, 
Siracusano A, Christiansen C, Kiemeney LA, Veldink J, van den 
Berg L, Ingason A, Muglia P, Murray R, Nothen MM, Sigurdsson 
E, Petursson H, Thorsteinsdottir U, Kong A, Rubino IA, De Hert 
M, Rethelyi JM, Bitter I, Jonsson EG, Golimbet V, Carracedo A, 
Ehrenreich H, Craddock N, Owen MJ, O’Donovan MC, Ruggeri 
M, Tosato S, Peltonen L, Ophoff RA, Collier DA, St Clair D, 
Rietschel M, Cichon S, Stefansson H, Rujescu D, Stefansson K 
(2011) Common variants at VRK2 and TCF4 conferring risk of 
schizophrenia. Hum Mol Genet 20(20):4076–4081. doi:https ://
doi.org/10.1093/hmg/ddr32 5

 4. Schizophrenia Working Group of the Psychiatric Genomics C 
(2014) Biological insights from 108 schizophrenia-associated 
genetic loci. Nature 511:421–427. doi:https ://doi.org/10.1038/
natur e1359 5

 5. Zhang B, Gao CY, Zhang HB, Yang B, Yin JF, Wei SG, Zhu YS, 
Jia XN, Li SB (2015) Association of the VRK2 gene rs3732136 
polymorphism with schizophrenia in a Northwest Chinese Han 
population. Genetics molecular research: GMR 14(3):9404–9411. 
doi:https ://doi.org/10.4238/2015.Augus t.14.4

 6. Howard DM, Adams MJ, Clarke T-K, Hafferty JD, Gibson J, 
Shirali M, Coleman JRI, Hagenaars SP, Ward J, Wigmore EM, 
Alloza C, Shen X, Barbu MC, Xu EY, Whalley HC, Marioni RE, 
Porteous DJ, Davies G, Deary IJ, Hemani G, Berger K, Teismann 
H, Rawal R, Arolt V, Baune BT, Dannlowski U, Domschke K, 
Tian C, Hinds DA, Trzaskowski M, Byrne EM, Ripke S, Smith 
DJ, Sullivan PF, Wray NR, Breen G, Lewis CM, McIntosh AM, 
andMe Research T, Major Depressive Disorder Working Group of 
the Psychiatric Genomics C (2019) Genome-wide meta-analysis 
of depression identifies 102 independent variants and highlights 
the importance of the prefrontal brain regions. Nat Neurosci 
22(3):343–352. doi:https ://doi.org/10.1038/s4159 3-018-0326-7

 7. Kerner B, Rao AR, Christensen B, Dandekar S, Yourshaw M, 
Nelson SF (2013) Rare Genomic Variants Link Bipolar Disor-
der with Anxiety Disorders to CREB-Regulated Intracellular 
Signaling Pathways. Front Psychiatry 4:154. doi:https ://doi.
org/10.3389/fpsyt .2013.00154 

 8. Liu J, Tong L, Song S, Niu Y, Li J, Wu X, Zhang J, Zai CC, Luo 
F, Wu J, Li H, Wong AHC, Sun R, Liu F, Li B (2018) Novel and 
de novo mutations in pediatric refractory epilepsy. Mol Brain 
11(1):48. doi:https ://doi.org/10.1186/s1304 1-018-0392-5

 9. Li M, Yue W (2018) VRK2, a Candidate Gene for Psychiatric 
and Neurological Disorders. Mol Neuropsychiatry 4(3):119–
133. doi:https ://doi.org/10.1159/00049 3941

 10. Tesli M, Wirgenes KV, Hughes T, Bettella F, Athanasiu L, 
Hoseth ES, Nerhus M, Lagerberg TV, Steen NE, Agartz I, 
Melle I, Dieset I, Djurovic S, Andreassen OA (2016) VRK2 
gene expression in schizophrenia, bipolar disorder and healthy 
controls. Br J Psychiatry 209(2):114–120. doi:https ://doi.
org/10.1192/bjp.bp.115.16195 0

 11. Azimi T, Ghafouri-Fard S, Davood Omrani M, Mazdeh M, 
Arsang-Jang S, Sayad A, Taheri M (2018) Vaccinia Related 
Kinase 2 (VRK2) expression in neurological disorders: schizo-
phrenia, epilepsy and multiple sclerosis. Multiple sclerosis 
related disorders 19:15–19. doi:https ://doi.org/10.1016/j.msard 
.2017.10.017

 12. Lee J, Lee S, Ryu YJ, Lee D, Kim S, Seo JY, Oh E, Paek SH, 
Kim SU, Ha CM, Choi SY, Kim KT (2019) Vaccinia-related 
kinase 2 plays a critical role in microglia-mediated synapse 
elimination during neurodevelopment. Glia 67(9):1667–1679. 
doi:https ://doi.org/10.1002/glia.23638 

 13. Blanco S, Klimcakova L, Vega FM, Lazo PA (2006) The subcel-
lular localization of vaccinia-related kinase-2 (VRK2) isoforms 
determines their different effect on p53 stability in tumour cell 
lines. FEBS J 273(11):2487–2504. doi:https ://doi.org/10.111
1/j.1742-4658.2006.05256 .x

 14. Blanco S, Sanz-Garcia M, Santos CR, Lazo PA (2008) Modula-
tion of Interleukin-1 Transcriptional Response by the Interac-
tion between VRK2 and the JIP1 Scaffold Protein. PLoS ONE 
3(2):e1660

 15. Blanco S, Santos C, Lazo PA (2007) Vaccinia-Related Kinase 2 
Modulates the Stress Response to Hypoxia Mediated by TAK1. 
Mol Cell Biol 27(20):7273–7283. doi:https ://doi.org/10.1128/
mcb.00025 -07

 16. Nichols RJ, Traktman P (2004) Characterization of three paralo-
gous members of the Mammalian vaccinia related kinase family. 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1091/mbc.e05-12-1179
https://doi.org/10.1091/mbc.e05-12-1179
https://doi.org/10.1006/geno.1997.4938
https://doi.org/10.1006/geno.1997.4938
https://doi.org/10.1093/hmg/ddr325
https://doi.org/10.1093/hmg/ddr325
https://doi.org/10.1038/nature13595
https://doi.org/10.1038/nature13595
https://doi.org/10.4238/2015.August.14.4
https://doi.org/10.1038/s41593-018-0326-7
https://doi.org/10.3389/fpsyt.2013.00154
https://doi.org/10.3389/fpsyt.2013.00154
https://doi.org/10.1186/s13041-018-0392-5
https://doi.org/10.1159/000493941
https://doi.org/10.1192/bjp.bp.115.161950
https://doi.org/10.1192/bjp.bp.115.161950
https://doi.org/10.1016/j.msard.2017.10.017
https://doi.org/10.1016/j.msard.2017.10.017
https://doi.org/10.1002/glia.23638
https://doi.org/10.1111/j.1742-4658.2006.05256.x
https://doi.org/10.1111/j.1742-4658.2006.05256.x
https://doi.org/10.1128/mcb.00025-07
https://doi.org/10.1128/mcb.00025-07


5136 Molecular Biology Reports (2020) 47:5127–5136

1 3

J Biol Chem 279(9):7934–7946. doi:https ://doi.org/10.1074/jbc.
M3108 13200 

 17. Fuller G, Veitch K, Lai Kwan H, Cruise L, Morris BJ (2001) 
Activation of p44/p42 MAP kinase in striatal neurons via kain-
ate receptors and PI3 kinase. Mol Brain Res 89(1–2):126–132

 18. Willis A, Pratt JA, Morris BJ (2018) Distortion of protein analy-
sis in primary neuronal cultures by serum albumin from culture 
medium: A methodological approach to improve target protein 
quantification. J Neurosci Methods 308:1–5. doi:https ://doi.
org/10.1016/j.jneum eth.2018.07.002

 19. McNair K, Spike R, Guilding C, Prendergast GC, Stone TW, 
Cobb SR, Morris BJ (2010) A role for RhoB in synaptic plas-
ticity and the regulation of neuronal morphology. J Neurosci 
30(9):3508–3517. https ://doi.org/10.1523/JNEUR OSCI.5386

 20. Simpson CS, Morris BJ (1995) Stimulation of zif/268 gene 
expression by basic fibroblast growth factor in primary rat stri-
atal cultures. Neuropharmacology 34(5):515–520

 21. Nagamoto-Combs K, Kulas J, Combs CK (2014) A novel cell 
line from spontaneously immortalized murine microglia. J 
Neurosci Methods 233:187–198. doi:https ://doi.org/10.1016/j.
jneum eth.2014.05.021

 22. Michaelis KA, Norgard MA, Levasseur PR, Olson B, Bur-
feind KG, Buenafe AC, Zhu X, Jeng S, McWeeney SK, Marks 
DL (2019) Persistent Toll-like receptor 7 stimulation induces 
behavioral and molecular innate immune tolerance. Brain 

Behav Immun 82:338–353. doi:https ://doi.org/10.1016/j.
bbi.2019.09.004

 23. Winchester CL, Ohzeki H, Vouyiouklis DA, Thompson R, Pen-
ninger JM, Yamagami K, Norrie JD, Hunter R, Pratt JA, Morris 
BJ (2012) Converging evidence that sequence variations in the 
novel candidate gene MAP2K7 (MKK7) are functionally associ-
ated with schizophrenia. Hum Mol Genet 21:4910–4921. doi:https 
://doi.org/10.1093/hmg/dds33 1

 24. Paterson GJ, Ohashi Y, Reynolds GP, Pratt J, Morris BJ (2006) 
Selective increases in the cytokine, TNFa, in the prefrontal cortex 
of PCP-treated rats and human schizophrenic subjects: influence 
of antipsychotic drugs. J Psychopharmacol 20:636–642

 25. Gruber AR, Lorenz R, Bernhart SH, Neubock R, Hofacker IL 
(2008) The Vienna RNA websuite. Nucleic Acids Res 36 (Web 
Server issue) doi:https ://doi.org/10.1093/nar/gkn18 8

 26. Trabzuni D, Ramasamy A, Imran S et al (2013) Widespread sex 
differences in gene expression and splicing in the adult human 
brain. Nat Commun 4:2771. doi:https ://doi.org/10.1038/ncomm 
s3771 

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1074/jbc.M310813200
https://doi.org/10.1074/jbc.M310813200
https://doi.org/10.1016/j.jneumeth.2018.07.002
https://doi.org/10.1016/j.jneumeth.2018.07.002
https://doi.org/10.1523/JNEUROSCI.5386
https://doi.org/10.1016/j.jneumeth.2014.05.021
https://doi.org/10.1016/j.jneumeth.2014.05.021
https://doi.org/10.1016/j.bbi.2019.09.004
https://doi.org/10.1016/j.bbi.2019.09.004
https://doi.org/10.1093/hmg/dds331
https://doi.org/10.1093/hmg/dds331
https://doi.org/10.1093/nar/gkn188
https://doi.org/10.1038/ncomms3771
https://doi.org/10.1038/ncomms3771

	Novel alternatively-spliced exons of the VRK2 gene in mouse brain and microglial cells
	Abstract
	Introduction
	Materials and methods
	Culture of primary cells - preparation of neurons and astrocytes
	Culture of cells - preparation of microglia cells
	RNA isolation
	RNA isolation from cells
	RNA isolation from mouse brain tissues

	Reverse transcription and PCR
	cDNA synthesis
	Polymerase chain reaction
	Gel electrophoresis and visualisation of amplicons
	Amplicon sequencing


	Results
	Exon 12 (penultimate 3’ exon) splicing
	5’ exon splicing

	Discussion
	LPS treatment induces alternative splicing

	Conclusions
	References




