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Abstract
The precise physiological functions and mechanisms regulating RNase Regnase-2 
(Reg-2/ZC3H12B/MCPIP2) activity remain enigmatic. We found that Reg-2 ac-
tively modulates neuroinflammation in nontransformed cells, including primary 
astrocytes. Downregulation of Reg-2  in these cells results in increased mRNA 
levels of proinflammatory cytokines IL-1β and IL-6. In primary astrocytes, Reg-2 
also regulates the mRNA level of Regnase-1 (Reg-1/ZC3H12A/MCPIP1). Reg-2 is 
expressed at high levels in the healthy brain, but its expression is reduced during 
neuroinflammation as well as glioblastoma progression. This process is associated 
with the upregulation of Reg-1. Conversely, overexpression of Reg-2 is accompa-
nied by the downregulation of Reg-1 in glioma cells in a nucleolytic NYN/PIN 
domain-dependent manner. Interestingly, low levels of Reg-2 and high levels of 
Reg-1 correlate with poor-glioblastoma patients' prognoses. While Reg-2 restricts 
the basal levels of proinflammatory cytokines in resting astrocytes, its expres-
sion is reduced in IL-1β-activated astrocytes. Following IL-1β exposure, Reg-2 is 
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1   |   INTRODUCTION

Persistent neuroinflammation is associated with neuroin-
flammatory and neurodegenerative diseases. Although 
there are no brain-resident T or B cells in healthy indi-
viduals, peripheral immune cells cross the brain–blood 
barrier (BBB) under pathological conditions. Following 
the invasion of pathogens, brain cells including microg-
lia, astrocytes, endothelial cells, oligodendrocytes, and 
neurons express inflammatory mediators that affect the 
integrity of the BBB and induce the recruitment of im-
mune cells into the CNS.1 Moreover, the endogenous 
damage-associated molecular patterns (DAMPs) also 
trigger neuroinflammation in the absence of pathogens 
as observed during CNS injury. Although the controlled 
release of DAMPs is beneficial for immune responses and 
tissue repair, it may lead to chronic neuroinflammation. 
Activation of pattern-recognition receptors by DAMPs 
converges on several proinflammatory pathways, includ-
ing the NF–κB and the MAPK pathways, which ultimately 
can lead to neurodegeneration.2 Sterile neuroinflamma-
tory responses are associated with Alzheimer's disease, 
Parkinson's disease, Huntington's disease, amyotrophic 
lateral sclerosis, traumatic brain injury, stroke, and 
epilepsy.3,4

In normal physiological conditions, the CNS under-
goes constant immune surveillance primarily by the 
resident microglia (innate immune cells) and also astro-
cytes (non-immune glial cells), which are crucial in the 
initiation, propagation, and regulation of neuroinflam-
mation.5 Activation of microglia leads to their dramatic 
morphological and functional changes, acquisition of 
phagocytic phenotype, and production of proinflamma-
tory molecules, including IL-1β, IL-6, TNFα, IL-12, IL-23, 
and reactive oxygen species (ROS).6–8 Similar to microglia, 
astrocytes become reactive, can proliferate, and synthesize 
ILs, TNFα, and ROS.9,10

The physiological purpose of inflammation is to restore 
disturbed tissue homeostasis. However, unique immuno-
suppressive inflammation associated with glioblastoma 
multiforme (GBM) promotes tumor development, migra-
tion, invasion, proliferation, resistance to apoptosis, and 
maintenance of stem cell-like properties.11–14

Specific mechanisms controlling both the initi-
ation and the resolution of inflammation are com-
plex. Inflammation resolves through the scavenging 
of chemokines, cleaving of chemokines, switching the 
macrophage phenotype, inducing neutrophils apop-
tosis, and clearing neutrophils.15 Simultaneously, 
proinflammatory mediators induce the expression of 
anti-inflammatory cytokines, such as IL-10, IL-4, IL-13, 
TGFβ, and proteins that block pro-inflammatory signal-
ing, including SOCS and deubiquitinases.16,17 The inhi-
bition of proinflammatory responses also requires the 
degradation of the existing transcripts. Numerous RNA-
binding proteins (RBPs) and microRNAs interact with 
inflammatory mRNAs. RBPs recognize cis-elements 
present in the 3′UTR, such as adenine- and uridine-rich 
elements (AREs) or stem-loop (SL) structures.18 AREs 
are the most well-studied cis-elements responsible for 
regulating the turn-over of TNFα, GM-CSF, IL-3, IL-2, 
IL-6, IL-8, iNOS, and COX-2 mRNAs. These elements 
are bound by tristetraprolin (TTP), AUF-1, KSRP, HuR, 
TIA-1, and TIAR.19 Knock-out of TTP, HuR, or AUF1 in 
mice triggers acute or chronic inflammation.20 Another 
set of RBPs, Roquin, Arid5a, and four proteins from the 
Regnase family (Reg-1-4) recognize SL structures with 
a pyrimidine-purine-pyrimidine loop sequence.21–27 
Knock-out of Roquin, Reg-1, Reg-3, and Reg-4 results 
in systemic inflammation in mice.28–31 Reg-1, the most 
studied member of the Regnase family, regulates in-
flammation via its RNase, deubiquitinase, and anti-viral 
activities. Reg-1 degrades mRNAs encoding cytokines 
(IL-6, IL-1, IL-12B, and IL-2), chemokines (CXCL1, 

Amerykanska Komisja Fulbrighta 
(Fulbright Poland) phosphorylated, ubiquitinated, and degraded by proteasomes. Simultaneously, 

the Reg-2 transcript is destabilized by tristetraprolin (TTP) and Reg-1 through 
the AREs elements and conservative stem-loop structure present in its 3′UTR. 
Thus, the peer-control loop, of Reg-1 and Reg-2 opposing each other, exists. The 
involvement of TTP in Reg-2 mRNA turnover is confirmed by the observation 
that high TTP levels correlate with the downregulation of the Reg-2 expression in 
high-grade human gliomas. Additionally, obtained results reveal the importance 
of Reg-2 in inhibiting human and mouse glioma cell proliferation. Our current 
studies identify Reg-2 as a critical regulator of homeostasis in the brain.

K E Y W O R D S

glioblastoma, neuroinflammation, proliferation, transcripts turnover
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CXCL2, and CXCL3), T-cell co-stimulatory receptors 
(ICOS, TNFR2, and OX40), T-cell activation marker 
(CD44), transcription factors (NFKBID, NFKBIZ, RelB, 
and IRF4), apoptotic factors (IER3), itself, and viral 
mRNAs.22,30,32–36 Reg-1 also removes ubiquitin moieties 
from TRAF2, TRAF3, and TRAF6 thus negatively reg-
ulating JNK and NF–κB signaling pathways.37 Reg-1 
mRNA is highly abundant in immune tissues, spleen, 
and intestine. Although Reg-1 levels are low in the 
brain, it has been postulated to function in the CNS.38–41 
In contrast, Reg-2 functions remain elusive. We have 
shown that Reg-2 regulates the half-life of proinflam-
matory transcripts, such as IL-6 mRNA.26 Since levels 
of Reg-2 are high in the brain, we set up experiments 
to examine its role during neuroinflammation and glio-
blastoma progression.

2   |   MATERIALS AND METHODS

2.1  |  Cell culture

Primary human cortical astrocytes were prepared from 
fetal tissue provided by Advanced Bioscience Resources 
(Alameda, CA) as described previously.42 Astrocytes 
were initially cultured in DMEM supplemented with 
10% fetal bovine serum, non-essential amino acids, pen/
strep, sodium pyruvate and glutamine. Astrocytes were 
serum starved for the experiments. The KMWT1 cell 
line is a mouse glioma established from the spontaneous 
glioma tumor. We have used CRE-inducible oncogenic 
lentiviruses to generate it. These viruses expressing p53 
shRNA and shRNA to NF1 induce tumors in Gfap-Cre 
mice with histopathology and molecular signatures sim-
ilar to human GBM. Tumors are induced using oncogenic 
lentiviruses in B6.Cg-Tg(Gfap-cre)77.6Mvs/2J driver 
mice that express the mouse Gfap promoter-driven CRE 
in astrocytes and a subset of adult neural progenitor 
cells (inducing their differentiation to oligodendrocyte 
progenitor cells and their expansion). Spontaneous glio-
mas are generated within 6–9 weeks with 86% efficiency 
(n = 39) (Mockenhaupt et al, in revision). KMWT1 and 
U251-MG cell lines were cultured in Dulbecco's modi-
fied Eagle's medium (DMEM) with 4.5  g/L glucose 
(Corning) supplemented with 10% tetracycline-free fetal 
bovine serum (Biowest). The HeLa cell line was cultured 
in Dulbecco's modified Eagle's medium (DMEM) with 
1.0 g/L D-glucose (Lonza) supplemented with 2 mM L-
glutamine (Sigma-Aldrich) and 10% fetal bovine serum 
(Biowest). Cell lines modified with the Sleeping Beauty 
transposon system were additionally supplemented 
with 1  μg/mL puromycin (Invitrogen). Cell lines were 
maintained at 37°C in a humidified atmosphere with 

5% CO2. Cells were examined regularly for mycoplasma 
contamination using PCR.43

2.2  |  Cell stimulation

Cells were seeded in 12-well plates. The following day the 
cells were pretreated with 1 μg/mL doxycycline for induc-
tion of transgene expression. 24  h later cells were pres-
timulated with cycloheximide (100 μg/mL, BioShop) for 
1 h and/or stimulated with IL-1β/TNF-α (both 10 ng/mL, 
Invivogen). MG-132 (1 μM, Merck) was added 1 h before 
IL-1β stimulation.

2.3  |  Genetic constructs

Constructs for doxycycline-inducible Regnase-2 expres-
sion in the Sleeping Beauty transposon system (pSBtet-
GP-Regnase-2, pSBtet-GP-Regnase-2-D196A) were 
generated as described previously.26 The pSBtet-Pur-
Clover-Regnase-2 vector used for live-cell imaging was 
generated by standard cloning techniques. First, PCR 
products were obtained using pAZ0096-CN7 (Clover) and 
pSB-tet-Pur-SF-Regnase-2 templates with the PfuUltra 
II Fusion HS polymerase (Agilent), and the following 
primers: Sfi-Clover-Not-for (5′-AGGCC​TCT​GAG​GCC​
CCT​GCA​GGC​ACC​ATG​GTG​AGCAAGGGCGAG-3′), Sfi-
Clover-Not-rev (5′-AGGCC​TGA​CAG​GCC​GCG​GCC​GCG​
CCA​CCT​CCG​CTTCCACCTC-3′), Not-Regnase-2-Sfi-for 
(5′-AGGCC​TCT​GAG​GCC​GCG​GCC​GCA​ATG​ACG​GCC​
ACA​GCTGAGGTAGAG-3′), Not-Regnase-2-Sfi-rev (5′-
AGGCC​TGA​CAG​GCC​GTT​TAA​ACT​CAA​CGT​GCA​GCC​
CTAAGCTTAG-3′) introducing SfiI and NotI restriction 
sites. Next, the PCR products were digested using SfiI and 
NotI (New England Biolabs) and inserted into the pSBtet-
Pur vector linearized with SfiI using T4 DNA ligase (New 
England Biolabs).

The pSBtet-GP-3xTO-Regnase-2 vector was generated 
by replacing a fragment containing seven tet operators 
with a fragment containing three tet operators. 3xTO frag-
ment was synthesized using the GeneArt Gene synthesis 
method (Invitrogen) and cloned into pSBtet-GP vectors 
using standard cloning techniques.

The pLuc_Reg-2_3′UTR construct encoding firefly lu-
ciferase transcript fused with the 3′UTR fragment of Reg-2 
was generated by insertion of PCR amplified Reg-2 3′UTR 
(NM_001010888.4) into the pmirGLO vector (Promega). 
Briefly, the Reg-2 3′UTR fragment was amplified using 
cDNA obtained from U373-MG cells with the Phusion™ 
Plus DNA Polymerase (Thermo Fisher Scientific), and 
the following primers: forward 5′-GAGCT​CCG​TTG​ATA​
TGA​CAT​AGTAC-3′ and reverse 5′-CTCGA​GGG​AAG​GGC​
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TAT​ATT​TTCACT-3′. After agarose gel electrophoresis, the 
PCR product corresponding to the Reg-2 3′UTR fragment 
was excised, purified, cleaved with SacI and XhoI (New 
England Biolabs), and inserted using T4 DNA ligase (New 
England Biolabs) into gel-purified pmirGLO vector linear-
ized with SacI and XhoI and dephosphorylated with CIP 
(New England Biolabs).

The plasmid encoding firefly luciferase transcript 
fused with 3′ truncations of Reg-2 3′UTR was generated 
by restriction digestion using restriction sites naturally 
occurring within Reg-2 3′UTR. The pLuc_Reg-2_3′UTR 
plasmid was digested with SacI and EcoRI (pLuc_Reg-
2_3′UTR_1–1991) or XbaI (pLuc_Reg-2_3′UTR_1–340) 
(New England Biolabs). The digestion products were 
resolved using agarose gel electrophoresis. The DNA 
bands corresponding to the truncated 3′UTR fragments 
were excised, purified, blunted with T4 DNA polymerase 
(New England Biolabs), and inserted using T4 DNA ligase 
(Thermo Fisher Scientific) into pmirGLO vector which 
was linearized with SacI and XhoI, previously blunted 
with T4 DNA polymerase and dephosphorylated with CIP 
(New England Biolabs).

The pLuc_Reg-1_3′UTR construct encoding fire-
fly luciferase transcript fused with the Reg-1 3′UTR 
fragment was prepared as described previously.44 The 
expression plasmids for human Reg-1, Reg-1 RNase-
inactive mutant (D141A), Reg-2, Reg-2 RNase-inactive 
mutant (D196A) were prepared as reported in Refs. 
[26,44], respectively. The expression plasmid encoding 
human TTP was prepared by insertion of PCR-amplified 
ZFP36 (NM_003407.5) coding sequence (CDS) into 
the pcDNA3.1/mycHisA vector (Invitrogen). Briefly, 
The ZFP36 CDS was amplified from the cDNA ob-
tained from MCF-7 cells with the Phusion™ Plus DNA 
Polymerase (Thermo Fisher Scientific) and the follow-
ing primers: forward 5′-GCTAG​CAT​GGA​CTA​CAA​AGA​
CGATGAC-3′ and reverse 5′-CTCGA​GTC​ACT​CAG​AAA​
ACA​GAGATGCG-3′. After agarose gel electrophore-
sis, the PCR product corresponding to ZFP36 CDS was 
excised, purified, cleaved with NheI and XhoI (New 
England Biolabs), and inserted using the T4 DNA ligase 
(Thermo Fisher Scientific) into gel-purified pcDNA3.1/
mycHisA vector linearized with NheI and XhoI and de-
phosphorylated with CIP (New England Biolabs). The 
expression vector coding for TTP RNase-inactive mu-
tant (C124R) was generated with the QuickChange II 
XL site-directed mutagenesis kit (Agilent) using plas-
mid coding WT form as a template and the following 
primers: forward 5′-TACGG​GGC​CAA​GAG​ACA​GTT​
TGC​CCA​TGGCCTG-3′ and reverse 5′-CAGGC​CAT​GGG​
CAA​ACT​GTC​TCT​TGG​CCCCGTA-3′.

The expression plasmid for mouse Reg-2 (pSBtet-Pur-
Clover-mReg-2) was generated by replacing the human 

Reg-2 CDS in pSBtet-Pur-Clover-Regnase-2 with PCR-
amplified mouse CDS (NM_001034907.3). The Reg-2 CDS 
was amplified from the cDNA prepared from MBE cells 
using the Q5 High Fidelity DNA Polymerase (New England 
Biolabs) and the following primers: mReg-2-NotI-F: 5′-
AGCGG​CCG​CAA​TGA​CGG​CCA​CAG​CTGCAGTG-3′ 
and mReg-2-PmeI-R: 5′-AGTTT​AAA​CTC​AAC​GTG​CAG​
CTC​TAA​GCTTGGC-3′. PCR product was cloned into 
a pJET1.2/blunt vector (Thermo Fisher Scientific) and 
then excised using NotI and PmeI restriction enzymes 
(New England Biolabs). After gel electrophoresis prod-
uct corresponding to the mouse Reg-2 CDS was purified. 
The pSBtet-Pur-Clover-Regnase-2 plasmid was digested 
using NotI and PmeI restriction enzymes. The digestion 
products were resolved using agarose gel electrophoresis 
and the DNA band corresponding to the vector backbone 
was excised, purified, and dephosphorylated with Fast 
AP Phosphatase (Thermo Fisher Scientific). Next, mouse  
Reg-2 CDS was ligated into the pSBtet-Pur-Clover 
backbone.

The expression plasmid encoding the mouse Reg-2 
with D195A mutation (pSBtet-Pur-Clover-mReg2-D195A) 
was prepared with the Q5 Site-Directed Mutagenesis Kit 
(New England Biolabs) according to the manufacturer's 
protocol using pSBtet-Pur-Clover-mReg-2 vector as a tem-
plate and following primers: mM2-DAs: 5′-AATTGTTAT
TgctGGAAGTAATGTG-3′, mM2-DAas: 5′-GGTCT​TAA​
ATT​ATC​ACT​ATTGTC-3′.

The pSBbi-Pur-dCas9-KRAB-meCP2-hU6-sgRNA-SapI  
plasmid, used for Reg-2 knockdown was a gift from Maria 
Czarnek.45 sgRNA sequence targeting Zc3h12b was de-
signed using the CHOPCHOP tool.46 Oligonucleotides 
containing pSBbi-Pur-dCas9-KRAB-meCP2-hU6-sgRNA-
SapI compatible ends (mReg2_sg1_s: ACCGC​CCC​GCG​
ACC​ACA​GAACAG, mReg2_sg1_as: AACCT​GTT​CTG​
TGG​TCG​CGGGGC) were annealed and ligated into plas-
mid digested with SapI (New England Biolabs). All gen-
erated constructs were verified by Sanger sequencing 
(Genomed).

2.4  |  Reg-2 3′UTR length determination

The length of Reg-2 3′UTR was determined by the 
PCR analysis and 3′RACE (3′ Rapid Amplification of 
cDNAs Ends). Briefly, the total RNA was isolated from 
U251-MG cells using the Chomczynski method.47 The 
cells were lysed with GTC buffer (4  M guanidinium 
thiocyanate, 25 nM sodium citrate, pH 7.0, 0.05% (w/v) 
sarkosyl, and 0.1 M 2-mercaptoethanol) and total RNA 
was isolated using subsequent acid phenol-chloroform 
extraction and isopropanol precipitation. RNA quality 
was assessed using standard agarose gel electrophoresis 
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under denaturing conditions. RNA quantity was meas-
ured using a NanoDrop spectrophotometer (Thermo 
Fisher Scientific). For PCR analysis, cDNA was pre-
pared by incubation of 1 μg of total RNA with M-MLV 
reverse-transcriptase (Promega) and oligo (dT)15 primer 
(Genomed) and proceed according to the manufactur-
er's instructions. Then the Reg-2 3′UTR fragments were 
amplified from prepared cDNA using Phusion™ Plus 
DNA Polymerase (Thermo Fisher Scientific), and the 
following primers: forward 5′- GACAA​AAC​CCA​GGG​
GGAGAG-3′ and a set of reverse primers R1: 5′- GCTGT​
GCA​CTG​TCC​TCCATT-3′, R2: 5′-TTGAG​GCA​TTG​CTC​
CTAGCC-3′, R3: 5′-TGGCC​CTC​AAA​AAG​GGCATT-3′ 
and R4: 5′-GACAA​AAC​TGG​GGA​AGGGCT-3′. The 
PCR products were separated on a 1% agarose gel. The 
3′RACE was done using the SMARTer™ RACE cDNA 
kit (Clonetech, USA) according to the manufacturer's 
instructions. First cDNA was prepared from 1 μg of total 
RNA with primer 5′-CCAGT​GAG​CAG​AGT​GAC​GAG​
GAC​TCG​AGC​TCA​AGC​TTT​TTTTTTTTTTTTTT-3′. 
Then two nested PCR were done with the following prim-
ers 1st RACE forward 5′-CCACA​CAG​CAG​ATGCC-3′ 
and reverse 5′-GAGGA​CTC​GAG​CTC​AAGC-3′, and 2nd 
RACE forward 5′-CAGCA​ACT​GGC​AGC​CTT-3′ and  
5′-CCAGT​GAG​CAG​AGT​GACG-3′. The RACE PCR 
products were separated on a 1% agarose gel. The results 
of electrophoresis were confirmed by the sequencing of 
the amplified bands.

2.5  |  Transfection, stimulation, and 
reporter gene assay

U251-MG cells were seeded in 24-well plates at a density 
of 1 × 105 cells/well. 24 h later, the cells were transfected 
with PEI reagent (Thermo Fisher Scientific) according 
to the manufacturer's instructions. The total amount 
of 0.6 μg of plasmid DNA per well was used, including 
0.4 μg of the luciferase-coding reporter plasmid and 25 ng 
of Reg-1, Reg-2, TTP, corresponding RNase-inactive 
mutant or the empty control plasmid. The quantity of 
DNA/well was normalized using an empty pcDNA3.1/
mycHisA vector (Invitrogen). 24  h post-transfection 
cells were stimulated with IL-1β (Invivogen) or left un-
treated. 24 h after stimulation cells were lysed and fire-
fly and Renilla luciferase activity were measured using 
Dual-Luciferase Reporter Assay System (Promega), ac-
cording to the manufacturer's instructions. For trans-
fection efficiency normalization the Renilla luciferase, 
encoded on the same plasmid as the firefly luciferase 
(pmirGLO), was used. Luciferase data are presented as 
relative luciferase activity (firefly/Renilla) and normal-
ized to 1.

2.6  |  Establishment of cell lines with 
inducible expression of Reg-2

U251-MG, HeLa or KMWT1 cells were seeded in a 
12-well plate and the following day were transfected 
using Lipofectamine 3000 (Thermo Fisher Scientific) 
or Lipofectamine LTX (Thermo Fisher Scientific) (for 
KMWT1 cells) with 900 ng of pSBtet-GP, pSBtet-​
GP-Regnase-2, pSBtet-GP-Regnase-2-D196A, pSBtet-  
Pur-Clover-Regnase-2, pSBtet-Pur-Clover-mRegnase-2, 
pSBtet-Pur-Clover-mReg-2-D195A, pSBbi-Pur-dCas9-KRAB-  
meCP2-hU6-sgRNA-SapI or pSBbi-Pur-dCas9-KRAB-
meCP2-hU6-sgRNA-SapI-Reg-2 and 100 ng of the 
pCMV(CAT)T7-SB100 vector. 24 h later, cells were trypsi-
nized and one-fifth was transferred into 6-well plates. 
Cells transfected with transposon vectors were selected 
using puromycin (1  μg/mL, Invivogen) for seven days. 
pSBtet-GP was a gift from Eric Kovarz (Addgene plasmid 
# 60495)48 and pCMV (CAT)T7-SB100 was a gift from 
Zsuzsanna Izsvak (Addgene plasmid #34879).49

2.7  |  Western blot analysis

Cells modified with SB transposons were seeded in 12-
well plates. 24  h after transfection protein expression 
was induced by doxycycline (1  μg/mL). Next day cells 
were lysed in SDS Loading Buffer (0.35 M Tris·HCl, 35% 
(v/v) glycerol, 10% (w/v) SDS, 3.6 M β-mercaptoethanol, 
0.12  g/mL bromophenol blue) and denatured in 95°C 
for 7 min. Protein extracts were analyzed by Western 
blot. Following antibodies were used: mouse monoclo-
nal anti-FLAG (F3165, Merck), anti-HA-Tag (C29F4, 
Cell Signaling Technology), anti-Lamin B1 (D9V6H, 
Cell Signaling Technology), anti-GAPDH (D16H11, Cell 
Signaling Technology), anti-IκBα (L35A5, Cell Signaling 
Technology), anti-β-actin (8H10D10, Cell Signaling 
Technology), anti-GFP (A-11122, Invitrogen) anti-
mouseHRP (#7076), and anti-rabbit HRP (#7074) (Cell 
Signaling). Luminescence was detected using the Clarity 
Western ECL Substrate (Bio-Rad) and recorded using the 
Fusion-Fx documentation system (Vilber Lourmat).

2.8  |  Reg-2 dephosphorylation

Cells were lysed in lysis buffer (25 mM Tris pH  7.5, 
100 mM NaCl, 1 mM DTT, 1% NP-40) supplemented with 
the Halt protease inhibitor cocktail (Thermo Scientific), 
and incubated for 15  min on ice. Lysates were centri-
fuged (14 000 rpm, 10  min, 4°C), and the supernatant 
was collected. 40 μL of supernatant was mixed with the 
PMP buffer (New England Biolabs) and MnCl2 (1 mM), 
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and treated with 400 U of λ-phosphatase (New England 
Biolabs) for 60 min, 30°C. Then, SDS Loading Buffer 
(0.35 M Tris·HCl, 35% (v/v) glycerol, 10% (w/v) SDS, 3.6 M 
β-mercaptoethanol, 0.12  g/mL bromophenol blue) was 
added and samples were denatured in 95°C for 7 min.

2.9  |  Immunoprecipitation

U251-MG cells modified with pSBtet-GP-Regnase-2 
vector were seeded on 60-mm cell culture dishes and 
the following day were transfected with a pRK5-HA-
Ubiquitin-WT plasmid encoding HA-tagged Ubiquitin 
(pRK5-HA-Ubiquitin-WT was a gift from Ted Dawson 
(Addgene plasmid # 17608))50 or left untreated. 4 h post-
transfection fresh medium with doxycycline (1  μg/mL) 
was added to induce transgene expression. The following 
day dishes were treated with IL-1β (10 ng/mL) for 1 h or 
left untreated. Where indicated cells were pre-treated with 
MG-132 for 1 h before IL-1β stimulation. Next, cells were 
washed twice with 1 mL of PBS and lysed in lysis buffer 
supplemented with phosphatase inhibitors (1× RIPA, 
1× Halt Protease inhibitor cocktail (Thermo Scientific), 
5 mM EDTA, 20 mM NaF, 100 mM β-glycerophosphate, 
20 mM Na3VO4, 1 mM MG-132). Lysates were centrifuged 
for 15 min, 16 000 × g at 4°C. Supernatants were collected 
and FLAG-Regnase-2 was precipitated with 4 μg of anti-
FLAG antibody (F3165, Sigma-Aldrich). The following 
day the antibody-captured proteins were recovered by in-
cubation with the Dynabeads Protein G (Thermo Fisher 
Scientific) magnetic beads (for 1 h at 4°C). After incuba-
tion, the beads were washed twice (5 min, RT) with lysis 
buffer. Finally, the beads were resuspended in the 5 times 
diluted SDS Loading Buffer (0.35 M Tris·HCl, 35% (v/v) 
glycerol, 10% (w/v) SDS, 3.6 M β-mercaptoethanol, 0.12 g/
mL bromophenol blue) and denatured at 95°C for 7 min.

2.10  |  Cell count/clonogenic assay

Clonogenic assay was performed as described previously.45 
Briefly, cells were seeded in triplicates at a density of 100 
cells per well on 6-well plates. Doxycycline (1 μg/mL) was 
added daily to half of the wells to induce the expression of 
the transgene. When the visible colonies appeared (after 
~7 days) cells were fixed using a clonogenic assay fixer/
stain (6% (v/v) glutaraldehyde, 0.5% (w/v) crystal violet) 
and counted.

For cell count, assay KMWT1-mReg-2/mReg-2 
(D195A) and control (transfected with empty vector) cells 
were seeded in 12 well plates at the density of 20 000 cells 
per well. Doxycycline (1 μg/mL) was added every 24 h to 
induce transgene expression. The cells were trypsinized 

and counted after 24, 48, and 72 h. KMWT1 cells with con-
stitutive knockdown of mReg-2 (pSBbi-Pur-dCas9-KRAB-
meCP2-hU6-sgRNA-SapI-Reg-2) and cells modified  
with empty vector (pSBbi-Pur-dCas9-KRAB-meCP2-hU6-
sgRNA-SapI) were seeded in 6 well plates at the density 
of 50   000 cells per well. The cells were trypsinized and 
counted after 24, 48, and 72 h.

2.11  |  RNA isolation and reverse 
transcription

Before isolation tissue samples from patients were preserved 
in Nucleic Acid Preservation buffer, prepared according to 
Ref. [51], and stored at −80°C. Next, samples were homog-
enized in 1:1 phenol: GTC mixture (4 M guanidinium thio-
cyanate, 25 nM sodium citrate, pH 7.0, 0.05% (w/v) sarkosyl, 
and 0.1  M 2-mercaptoethanol). Total RNA isolation was 
performed according to Chomczynski's modified proto-
col.47 The cells were lysed in a GTC buffer and RNA isola-
tion was performed according to Chomczynski's protocol. 
RNA quantification and purity were assessed using spectro-
photometric measurements using the NanoDrop ND-1000 
spectrophotometer (Thermo Fisher Scientific). RNA in-
tegrity was assessed by denaturing, formaldehyde gel elec-
trophoresis. Reverse-transcription reaction was performed 
using 1  μg of RNA with M-MLV-Reverse transcriptase 
(Promega) and 500 ng of oligo(dT) primers (or random 
hexamers for RNA isolated from patient's tissue samples) 
according to the manufacturer's instructions. The cDNA 
was used in quantitative real-time PCR (qRT–PCR) for the 
evaluation of the amounts of the mRNAs of interest. The 
cDNA from the mouse brain was a gift from Maria Czarnek. 
Brains of C57BL/6J healthy, adult mice (6–8 weeks old) 
were obtained from the Animal Facility of the Faculty of 
Biochemistry, Biophysics and Biotechnology, Jagiellonian 
University, Kraków, Poland, pursuant to Directive 2010/63/
EU of the European Parliament and of the Council.

2.12  |  qRT–PCR

The qRT–PCR was performed using RT-HS-PCR-Mix-
SYBR-A (A&A Biotechnology). Levels of the mRNAs of 
interest in each sample were analyzed in duplicates and 
the expression level was normalized to EEF2 or TBP 
and RPL13A2 (for patient's samples). Expression levels 
were analyzed by the ΔΔCt method. Following prim-
ers were used: qRT–EEF2-for (5′-TACCT​GGG​AGA​ATC​
CACCGC-3′), qRT-EEF2-rev (5′-AGAAG​AGG​GAG​ATG​
GCA​GTTGAC-3′), qRT-IL-6-for (5′-GACAG​CCA​CTC​
AC​C​TCTTCA-3′), qRT-IL-6-rev (5′-AGTGC​CTC​TTT​
GCT​GCTTTC-3′), qRT-TBP-for (5′-GCCAG​CTT​CGG​
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      |  7 of 18SOWINSKA et al.

AG​A​GTT​CTG​GGATT-3′), qRT-TBP-rev (5′-CGGGC​AC  
G​A​AG​TGC​AAT​GGT​CTTTA-3′), qRT-RPL13A2-for (5′-GA ​ 
AGA​TGG​CGG​AGG​TGCAG-3′), qRT-RPL13A2-rev (5′-CC  
TTCCGGCCCAGCA-3′), qRT-Reg-2-for (5′-ATGTG​GCA​A  
TG​AGC​CAT​GGGAATA-3′), qRT-Reg-2-rev (5′-TCATC​
ATA​GCA​GAC​AAC​CCTCC-3′), qRT-TTP-for (5′-ACTTC​
AGC​GCT​CCC​ACT​CTCGG-3′), qRT-TTP-rev (5′-CTCAG​
CGA​CAG​GAG​GCT​CTCGTA-3′), qRT-Reg-1-for (5′-GGA  
AG​CAG​CCG​TGT​CCC​TATG-3′), qRT-Reg-1-rev (5′-TCC  
AG​GCT​GCA​CTG​CTC​ACTC-3′), qRT-Ef2-for (5′-CCACG​
GCA​AGT​CCA​CGC​TGAC-3′), qRT-Ef2-rev (5′-AGAAG​
AGG​GAG​ATG​GCG​GTGGATT-3′), mReg-2-for (5′-CATG  
G​TCC​GAG​CCT​TGAGAA-3′), mReg-2-rev (5′-CACTT​GT  
G​GCC​GTA​GGTACA-3′), mIl-6-for (5′-CAAAG​CCA​GAG​
TCC​TTCAGA-3′), mIl-6-rev (5′-GATGG​TCT​TGG​TCC​
TTAGCC-3′). For mouse Reg-1, commercially available 
primers were used (Bio-Rad). Statistical analysis of qRT–
PCR results was performed on the logarithm-transformed 
relative quantification (RQ) values.52

2.13  |  Experimental autoimmune 
encephalomyelitis

Mice were immunized subcutaneously with 250 μg 
MOG35–55 peptide (AnaSpec, Fremont, CA) emulsified 
in CFA containing 500 μg Mycobacterium tuberculo-
sis H37Ra (Difco, Detroit, MI). On days 0 and 3, each 
mouse was injected intraperitoneally with 200 ng of 
purified Bordetella pertussis toxin (Enzo Life Sciences, 
Farmingdale, NY). Mice were scored daily for the sever-
ity of the disease using a five-point scale: 0, no symptoms; 
1, limp tail; 2, limp tail with loss of righting; 3, paralysis 
of a single hind limp; 4, paralysis of both hind limps; and 
5, moribund state or death. Mice were sacrificed on day 
14 (peak symptomatic day). Spinal cord tissues were har-
vested and flash-frozen and used for mRNA analysis.

2.14  |  LPS-induced neuroinflammation

Mice were injected with PBS or lipopolysaccharide (5 μg/
kg) by intraperitoneal injection. After 6 h, the animals 
were sacrificed to harvest brain tissues. The entire cer-
ebrum was flash-frozen, stored at −80°C, and used for 
mRNA analysis.

2.15  |  Isolation and culturing of primary 
cells from mice brains

The glial culture was harvested from P0-P3 pups. After 
the removal of meninges, the whole brain was trypsinized 

for 30 min at 37°C and sieved through 100 μM nylon cell 
strainer. Cells were cultured in poly-D-lysine-coated 
flasks in DMEM medium with 10% FBS. The media was 
replaced with fresh media every 48 h for a week.

For isolation of microglia, the mixed glial cell culture 
was shaken for 2 h at speed of 120 rpm at 37°C. The media 
that contains microglia was transferred to a new cell cul-
ture plate. Fresh DMEM media with 10% FBS was added 
to it. While the astrocytes that adhered to the flask after 
vigorous shaking were fed with 10% FBS for the next 
2 days and plated for the experiment.

Both astrocytes and microglia were treated with LPS 
(100 ng/mL) or human IL-1β (20 ng/mL).

2.16  |  Live-cell imaging

Time-lapse imaging was carried out using a 40× dry 
lens objective (HCX APO U-V-I 40×/0.75 DRY UV, 
Leica Microsystems) and a Leica DMi8 inverted fluo-
rescence microscope (Leica Microsystems) equipped 
with Leica DFC7000 GT camera (Sony ICX674AL CCD, 
Leica Microsystems). During image acquisition, cells 
were maintained at 37°C in a humidified atmosphere 
with 5% CO2 (Pecon). Images were acquired as single 
Z-planes. For quantitative and comparative imaging, 
identical image acquisition parameters were used for 
each set of experiments. The exact time-lapse intervals 
and treatment conditions are indicated in the figure 
legends.

2.17  |  Meta-analysis

Oncopression (http://www.oncop​ressi​on.com/) da-
tabase and GEPIA web server53 were used for the 
analysis of Reg-1 and Reg-2 expression levels between 
normal and cancer brain samples and their influence 
on glioma patient survival rates. To identify targeted 
Thr residues we have used bioinformatics tools such 
as platforms phosphosite,54 NetPhos3.1,55 PPSP (http://
ppsp.biocu​ckoo.org/), GPS56 and MusiteDeep (www.
musite.net/).

2.18  |  Statistical analysis

Statistical analysis was performed using Graph Pad Prism 
software (version 5.01, GraphPad Software Inc.). If not 
specified differently the asterisks denote the statistical 
significance of the indicated data point versus the control 
sample. The exact tests performed are indicated in the fig-
ure descriptions.
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3   |   RESULTS

3.1  |  Coordinated regulation of 
Reg-1 and Reg-2 expression during 
neuroinflammation

We have previously reported that Reg-2 mRNA is ex-
pressed in the human brain and human cell lines of 
neural origin.26 Examination of a healthy mouse brain 
reveals that Reg-2 is highly expressed in the cortex, hip-
pocampus, and cerebellum (Figure 1A). In contrast, Reg-
1 is expressed at much lower levels in the healthy mouse 
brain (Figure  1A). Since Reg-2 mRNA is abundant in 
the healthy mouse brain, we wondered if its expression 
changes during experimental neuroinflammation. We 
have employed a mouse model of sterile neuroinflamma-
tion induced by peripheral administration of LPS.57 LPS 
induces systemic synthesis of cytokines, including TNFα, 
which cross BBB and trigger sterile neuroinflammation.57 
TNFα activates microglia, astrocytes, and other cells in 
the CNS and increases the permeability of the BBB.58 As 
previously reported, LPS administration induced rapid 
expression of IL-1β and IL-6 mRNA,59 and also a slower 
expression of Lipocalin-2 (LCN2) mRNA, which is the 
most induced transcript in the CNS60 (Figure 1B). Reg-
1 mRNA levels were also rapidly increased while Reg-2 
expression was decreased within 24 h (Figure  1B). To 
further investigate the regulation of Reg-2 and Reg-1 
expression during neuroinflammation, experimental au-
toimmune encephalomyelitis (EAE) a mouse model of 
multiple sclerosis was used.61 Similar to what was found 
in the LPS-induced model of neuroinflammation, Reg-2 
mRNA levels were downregulated while expression of 
Reg-1, IL-1β, IL-6, and LCN2 mRNAs were upregulated 
in the spinal cords of the EAE mice (Figure 1C). These 
data suggest the existence of coordinated regulation of 
Reg-1/Reg-2 expression with downregulation of Reg-2 ex-
pression and concomitant induction of Reg-1 expression 
during neuroinflammation.

3.2  |  Both astrocytes and microglia 
synthesize Reg-2 and Reg-1

To investigate the cellular and molecular mechanisms 
controlling coordinated Reg-1 and Reg-2 expression, we 
first concentrated on identifying cells expressing these 
two RNases. Both microglia and astrocytes are the main 
producers of cytokines in the CNS.62,63 To mimic neuro-
inflammation primary mouse microglia and astrocytes 
were stimulated with LPS or IL-1β. Stimulation of micro-
glia with LPS resulted in downregulation of Reg-2 mRNA 
levels and upregulation of Reg-1 mRNA expression 

(Figure  2A). LPS also induced Reg-1 mRNA expression 
in astrocytes; however, Reg-2 mRNA levels were not af-
fected in these cells (Figure 2B). Reg-1 mRNA expression 
was also induced by IL-1β in both microglia and astro-
cytes, but Reg-2 mRNA levels remained unchanged. As 
expected, both LPS and IL-1β strongly induced IL-1β and 
IL-6 mRNA expression in both mouse microglia and as-
trocytes (Figure  2A,B). Subsequently, primary human 
astrocytes were stimulated only with IL-1β since they do 
not respond to LPS.64 Similar to mouse astrocytes, Reg-2 
mRNA expression was not affected by IL-1β while Reg-1, 
IL-1β, and IL-6 mRNAs levels were increased following 
IL-1β stimulation. While the expression of these mRNAs 
peaked at 4–7 h, the levels of LCN2 mRNA gradually con-
tinued to increase (Figure 2C).

3.3  |  Reg-2 regulates the level of Reg-1  
and proinflammatory transcripts in 
primary human astrocytes

To examine the putative functions of Reg-2, primary 
human astrocytes were transfected either with siRNA spe-
cific to Reg-2 (siReg-2) or control siRNA (siC), and expres-
sion of IL-1β, IL-6, and Reg-1 mRNAs was analyzed. In 
unstimulated astrocytes, Reg-2-knock-down significantly 
increased Reg-1 mRNA abundance but not IL-1β and IL-6  
transcripts (Figure  2D), suggesting that Reg-2 controls 
homeostatic levels of Reg-1. In IL-1β-stimulated astro-
cytes IL-1β, IL-6, and Reg-1 mRNAs expression was dra-
matically upregulated. Downregulation of Reg-2 in these 
cells significantly increased levels of all these transcripts 
(Figure 2D). Thus, Reg-2 controls the turnover of proin-
flammatory cytokine transcripts as previously reported.26 
However, Reg-2 seems to possess a separate function 
regulating the turnover of Reg-1 mRNA, which encodes a 
cytokine-inducible RNase.

3.4  |  Dysregulated Reg-2 and Reg-1 
expression in glioblastoma multiforme

We next examined the expression of Reg-2 and Reg-1 in 
a pathological setting using spontaneous mouse gliomas, 
human and mouse glioma cells, GBM patient samples, 
and deposited data. First, we examined spontaneous 
mouse gliomas (KMWT1 cell line), which we generated 
(Mockenhaupt et al, in revision) using CRE-inducible 
oncogenic lentiviruses expressing p53 shRNA and NF1 
shRNA.65 Surprisingly, our analysis revealed that Reg-
2 and Reg-1 mRNA levels in spontaneous mouse glio-
mas dramatically differ from those in a healthy brain 
(Figure  1A). Whereas in a healthy brain Reg-2 mRNA 
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is expressed at much higher levels than Reg-1 mRNA, 
Reg-2 mRNA expression levels are much lower than 
Reg-1 mRNA levels in mouse gliomas. These results in-
dicated that the two RNases may play important roles 
during glioma development and progression. To further 
explore the regulation of Reg-1 and Reg-2 expression 

in pathological settings, we examined their expression 
in samples from patients with either low-grade glioma 
(LGG) or GBM. In agreement with our findings in mouse 
gliomas, Reg-2 mRNA expression was significantly 
downregulated in GBM while Reg-1 mRNA expression 
was dramatically upregulated (Figure 3A). Patients with 

F I G U R E  1   Coordinated regulation of Reg-1 and Reg-2 expression during neuroinflammation. (A) Comparison of the mRNA level of 
Reg-2 and Reg-1 in different mouse brain regions and spontaneous mouse glioblastoma. The Ct values are presented to illustrate the relative 
abundance of Reg-2 and Reg-1 (amplification efficiencies of all used primers were ~100%). Homogenized brain samples and mouse glioma 
cells were harvested and subjected to RNA isolation. The levels of the indicated mRNAs were examined using qRT–PCR. The graphs show 
the mean results of three independent experiments ±SD. (B) Regulation of Reg-2 and Reg-1 during LPS-induced neuroinflammation in the 
mouse brain. The mRNA level of Reg-2, Reg-1, IL-1β, IL-6, and LCN2 in the mouse brain following LPS administration. Mice were injected 
intraperitoneally with PBS (control) or LPS (5 μg/kg). After 6 or 24 h, the animals were sacrificed to harvest brain tissues and the level of 
investigated transcripts was analyzed. (C) Regulation of Reg-2 and Reg-1 in the EAE mouse model. The mRNA level of Reg-2, Reg-1, IL-1β, 
IL-6, and LCN2 in the spinal cord of control and EAE mice. Mice were immunized subcutaneously with 250 μg MOG35–55 peptide emulsified 
in CFA containing 500 μg Mycobacterium tuberculosis H37Ra. On days 0 and 3, each mouse was injected intraperitoneally with 200 ng of 
purified Bordetella pertussis toxin. Mice were sacrificed on day 14 (peak symptomatic day). Spinal cord tissues were harvested and used for 
mRNA analysis. (B, C) Data are pooled from three independent experiments. The horizontal lines represent the mean ± SD. The data were 
analyzed using an unpaired t-test. (*p < .05; **p < .01; ***p < .001).
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GBM were also characterized by enhanced expression of 
IL-6 and TTP mRNAs (Figure 3A). Furthermore, analysis 
of the Oncopression database indicated that Reg-2 mRNA 
levels are significantly downregulated in brain tumors 
in comparison to normal brain tissue, whereas Reg-1 
mRNA levels are upregulated (Figure 3B). Significantly, 
low expression of Reg-2 and high expression of Reg-1 
specifically predict shorter survival of GBM patients 
(Figure  3C). These data indicate that the regulation of 
expression levels of these two RNases may be important 
during tumorigenesis.

3.5  |  Reg-2 controls the expression of  
Reg-1 and inhibits cell proliferation

To examine whether Reg-2 regulates Reg-1 mRNA expres-
sion, we have used both human U251-MG glioblastoma 
cells and mouse KMWT1 glioma cell line established from 

the spontaneous glioma tumor (Mockenhaupt et al, in re-
vision). Both cell lines were modified using the Sleeping 
Beauty transposon to enable the inducible expression 
of Reg-2 or luciferase. Dox-induced Reg-2 expression 
downregulated Reg-1 mRNA levels in both cell lines 
(Figure 4A–D). This downregulation of Reg-1 mRNA ex-
pression required the NYN/PIN domain of Reg-2, since ex-
pression of either human Reg-2 (D196A) or mouse Reg-2 
(D195A) inactive mutants did not affect Reg-1 mRNA 
levels (Figure  4A–D). We concluded that Reg-2 actively 
controls the levels of Reg-1 mRNA. The downregulation of 
Reg-2 expression in glioma cells may be required for their 
proliferation as Reg-2 inhibits the proliferation of Flp-In 
T-REx-293 cells.26 Indeed, the proliferation of both human 
U251-MG and mouse KMWT1 cells was inhibited by the 
wild-type Reg-2 but not mutant Reg-2 (Figure  4E,F). 
Conversely, CRISPRi-mediated knockdown of Reg-2 
(Figure 4G) accelerated the proliferation of the KMWT1 
cells (Figure 4F).

F I G U R E  2   Regulation of Reg-2 and Reg-1 in (A) mouse primary microglial cells, (B) mouse primary astrocytes, and (C, D) human 
primary astrocytes. (D) cells treated with siRNA against Reg-2 (siReg-2) or scrambled siRNA (siC). (A–D) The cells were treated with LPS 
(100 ng/mL) (A, B) or human IL-1β (20 ng/mL) (A–D) for 4 h or the indicated time, harvested and subjected to RNA isolation. The levels of 
the indicated mRNAs were examined using qRT–PCR. The graphs show the mean results of three independent experiments ±SD. The data 
were analyzed using one-way ANOVA with Dunnet's post-hoc test (*p < .05; **p < .01; ***p < .001).
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3.6  |  IL-1β-induces post-translational 
modifications of Reg-2

Since Reg-2 mRNA levels are downregulated during 
inflammation and development of glioma, we subse-
quently analyzed the expression of Reg-2 protein. We 
generated U251-MG cells with inducible expression of 
Clover-Reg-2 fusion protein and examined its levels in 
cells stimulated with IL-1β and TNFα using fluores-
cent microscopy. We observed a very rapid decrease of 
Clover-Reg-2 protein levels with a half-life of less than 
15 min upon IL-1β stimulation (Figure  5), which sug-
gested an active IL-1β-induced decay of the protein. In 
contrast, stimulation with TNFα did not affect Clover-
Reg-2 protein levels (Figure 5). IL-1β also induced rapid 
decay of Clover-Reg2 in HeLa cells (Figure S1), suggest-
ing a universal mechanism controlling Reg-2 protein 
abundance. To further study Reg-2 protein regulation, 
we examined control and IL-1β-treated U251MG-Reg-2 
cells. Although Reg-2 protein was expressed by con-
trol cells, its levels rapidly decreased following IL-1β 

stimulation (Figure  6A). To study the possible mecha-
nisms, we generated cells expressing high levels of 
Reg-2 using the strong 7xTO promoter, which allowed 
us to investigate possible posttranslational modifica-
tions. Using this experimental setup, the IL-1β-induced 
decay of Reg-2 was especially evident in the presence 
of cycloheximide (CHX), which blocks the synthesis 
of new proteins (Figure  6B). However, we detected a 
slower migrating band, which was rapidly induced by 
IL-1β (Figure  6B, middle panel, IL-1β) but not TNFα 
(Figure 6C). The slower migrating IL-1β-induced band 
suggested that Reg-2 may be phosphorylated. To verify 
this hypothesis, samples were treated with phosphatase. 
The slower migrating bands were sensitive to phos-
phatase suggesting that IL-1β stimulation induces phos-
phorylation of Reg-2 (Figure 6D).

Phosphorylation of proteins and their ubiquitination 
often leads to their degradation.66 We have employed the 
proteasome inhibitor MG-132 and found that pretreat-
ment of cells with MG-132 results in the accumulation 
of the IL-1β-induced slower migrating band (Figure 6E). 

F I G U R E  3   Regulation of Reg-2 and Reg-1 in glioblastoma samples. The mRNA level of Reg-2, Reg-1, IL-6, and TTP in (A) clinical 
samples of low-grade glioma (LGG) and glioblastoma multiforme (GBM)s. Samples from patients were homogenized and subjected to RNA 
isolation. Each point represents a single patient. The levels of the indicated mRNAs were examined using qRT–PCR. The horizontal lines 
represent the mean ± SD. The data were analyzed using the Mann–Whitney test. (*p < .05; **p < .01) (B) Expression of Reg-2 and Reg-1 in 
human brain normal and cancer tissues. Numbers in parentheses indicate the number of samples and data sets, respectively. The red line 
indicates the average, the black line the median, the box upper side the Q3 percentile and the lower side the Q1 percentile, and the upper 
and lower error bars indicate the maximum and minimum respectively. Graph prepared from the data obtained from the Oncopression 
database. (C) The prognostic relationship between Reg-2 or Reg-1 and patient survival. Graphs generated by GEPIA database.
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IL-1β also induced ubiquitination of Reg-2, which was 
particularly evident once protein degradation was inhib-
ited by MG-132 (Figure 6F).

3.7  |  The control of Reg-2 
transcript turnover

Our data suggest that Reg-2 levels are controlled at both 
mRNA and protein levels. We subsequently examined 
Reg-2 transcript stability. First, we verified that the Reg-2 

mRNA indeed contains a 4695 bp-long 3′UTR, which is 
much longer than an average 3′UTR of 800 bp67 and 
much longer than the Reg-2 coding sequence. The Reg-2 
3′UTR is also significantly longer than the Reg-1 3′UTR, 
which is only 766 bp-long. The Reg-2 3′UTR was veri-
fied to be 4695 bp-long using PCR and 3′RACE (3′ Rapid 
Amplification of cDNAs Ends) (Figure  S2). Second, we 
cloned the Reg-2 3′UTR into the luciferase reporter and 
used this construct in the transfection experiments. We 
did not find any changes in the luciferase activity in 
cells treated with IL-1β (Figure 7A), which corroborated 

F I G U R E  4   Reg-2 regulates the level of Reg-1 and IL-6 in glioblastoma cells and inhibits glioblastoma cell proliferation in an NYN/
PIN-dependent manner. (A, B) Human glioblastoma U251-MG (C, D) or mouse glioblastoma KMWT1 cells with Sleeping Beauty (SB) 
transposon-based doxycycline (Dox)-inducible expression of human or mouse wild-type Reg-2 or mutein Reg-2 (D196A for human or 
D195A for mouse Reg-2) were treated with Dox (1 μg/mL) or left untreated for 24 h, and the levels of the indicated mRNAs and proteins 
were examined using qRT–PCR and western blotting, respectively. (E) U251-MG cells were plated on 6-well plates (100 cells/well), and 
treated with Dox (1 μg/mL) daily, until visible colonies were formed (7 days). Then the colonies were counted. The data represents the 
ratio of colonies formed by Dox-induced to noninduced cells normalized to the number of colonies formed by cells transfected with the 
empty control vector. (F) Mouse glioblastoma KMWT1 cells were treated with Dox (1 μg/mL) or left untreated and counted 24, 48, and 72 h 
after the addition of Dox. The data is presented as the ratios of the induced to the noninduced cells. Mouse glioblastoma cells, wild-type or 
modified by CRISPRi system to down-regulate the expression of Reg-2 (cKD Reg-2), were counted 24, 48, and 72 h after seeding. (G) Mouse 
glioblastoma KMWT1 cells were modified by CRISPRi system to downregulate the expression of Reg-2. The level of Reg-2 and Reg-1 mRNA 
was analyzed by qPCR. The graphs show the mean results of three to six independent experiments ±SD. The data were analyzed using two-
way ANOVA and Bonferroni's post-hoc test (****p < .0001; ***p < .001; **p < .01; *p < .05).
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our findings in astrocytes and microglia (Figure  2A–C). 
Third, we performed the Reg-2 3′UTR sequence analy-
sis that identified numerous ARE sequences (AU-rich 
elements) and potential alternative polyadenylation se-
quences (Figure  7C). Since tristetraprolin (TTP) is one 
of the best-known regulators interacting with ARE se-
quences,68,69 we co-transfected the pLuc_Reg2_3′UTR re-
porter and either wild-type (wt) TTP or its inactive C124R 
mutant.70 As a negative control, pLUC_Reg1_3′UTR 
luciferase reporter containing wt Reg-1 3′UTR lacking 
AREs was used. Expression of the wt TTP but not its in-
active C124R mutant dramatically reduced the activity of 
the pLuc_Reg2_3′UTR reporter, but had no effect on the 
control pLUC_Reg1_3′UTR reporter (Figure 7B), suggest-
ing specific regulation of Reg-2 mRNA stability by TTP. 
Importantly, the effect of TPP on the pLuc_Reg2_3′UTR 
reporter was TTP dose-dependent, indicating high speci-
ficity (Figure 7B). Analysis of the luciferase reporters, con-
taining truncated Reg2_3′UTR, demonstrated that all the 
ARE sequences contribute to the TTP-mediated control 
(Figure 7C). Fourth, since TTP negatively regulates Reg-
2 mRNA levels and low Reg-2 mRNA expression predicts 
short GBM patients' survival (Figure  3C), we examined 
whether high levels of TTP can be found in GBM samples. 
Indeed, levels of TTP are much higher in tumors from 
patients with GBM than LGG (Figure 3A). Fifth, we ex-
amined whether Reg-1 regulates the abundance of Reg-2 

mRNAs using the pLuc-Reg2-3′UTR reporter in transfec-
tion experiments. We found that wt Reg-1 but not its in-
active D141A mutant30 significantly diminished reporter 
activity (Figure  7D), indicating that Reg-1 regulates the 
half-live of Reg-2 mRNA. Thus, these two RNases, Reg-1 
and Reg-2, negatively control the abundance of each oth-
er's mRNAs, which likely fine tunes responses during in-
flammation as well as tumorigenesis.

4   |   DISCUSSION

The proteins from the Regnases/ZC3H12/MCPIP family 
were discovered more than 10 years ago, but their role 
during both physiological and pathological processes is 
still not fully understood. All of these proteins possess 
the critical nucleolytic NYN/PIN domain responsible for 
transcripts degradation. Reg-1, -3 and -4 are also impor-
tant modulators of several cell signaling pathways regulat-
ing immune and inflammatory responses.29,37,71 However, 
our understanding of the biological functions of Reg-2 is 
scarce.26,72 Recently, we have shown that Reg-2 regulates 
IL-6 mRNA levels in an NYN/PIN-dependent manner. 
Reg-2 also inhibits the proliferation of Flp-In T-REx-293 
cells by stalling the cell cycle in the G2 phase.26

In this report, we demonstrate that Reg-2 is highly ex-
pressed in all regions of the healthy mouse brains while 

F I G U R E  5   Live-cell imaging of Reg-2 decay following IL-1β stimulation. U251-MG cells with SB transposon-based Dox-inducible 
expression of Clover-tagged wild-type Reg-2 were treated with Dox (1 μg/mL) for 24 h and then stimulated with IL-1β (10 ng/mL) or TNFα 
(10 ng/mL) or left unstimulated. Clover-Reg-2 was visualized in living cells using a widefield fluorescence microscope. Image analysis was 
performed using Image-J software. Each data point represents the amount of wild-type Reg-2 in untreated cells (control, blue circles) or cells 
stimulated with IL-1β (green squares) or TNFα (red triangles) for the indicated time. Data points: average normalized fluorescence intensity 
measured from at least 20 random cells from three independent experiments ±SEM.
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Reg-1 levels are very low. However, Reg-2 levels are dra-
matically downregulated during both EAE-associated 
and LPS-induced neuroinflammation as well as im-
munosuppressive neuroinflammation associated with 
mouse gliomas. In contrast, levels of Reg-1 are dramat-
ically induced in these neuroinflammatory conditions. 
Importantly, Reg-2 expression also negatively correlates 
with the grade of glioma in clinical samples of patients, 
and low expression of Reg-2 predicts short survival. Our 
current data suggest that Reg-2 regulates the expression 
of several proinflammatory cytokines and restricts the 
proliferation of human and mouse glioma cells. Since 
extensive proliferation and development of unique im-
munosuppressive inflammation are hallmarks of human 
GBM,73 our results suggest that Reg-2 negatively regu-
lates these critical processes. Thus, downregulation of 
Reg-2 expression may be required for the development of 
immunosuppressive neuroinflammation, GBM develop-
ment and progression.

Interestingly, Reg-2 levels negatively correlated with the 
levels of Reg-1. Reg-2 destabilizes Reg-1 transcripts while 

Reg-1 destabilizes Reg-2 transcripts, and these effects de-
pend on the NYN/PIN domains of these two RNases. This 
intricate regulation seems to be needed for the fine-tuning 
of the inflammatory responses. The final ratio of both 
RNases is crucial for GBM patients' prognosis with low 
levels of Reg-2 and high levels of Reg-1 correlated with 
poor survival. We have also found that Reg-2 mRNA turn-
over is regulated by TTP, and the levels of TTP are strongly 
increased in GBM. Collectively, our data suggest that both 
Reg-1 and TTP expression is upregulated but Reg-2 mRNA 
levels is downregulated in high-grade gliomas. Our cur-
rent findings in mouse and human glioma cells are un-
expected. Both Reg-1 and Reg-2 have been described as 
inhibitors of cellular growth.26,74,75 Reg-1 has been shown 
to inhibit the proliferation of Caki-1 cells by downregu-
lating DDB1 mRNA, which in turn increases the p21Cip1 
levels.76 Although Reg-2 downregulates DDB1 transcript 
levels in Flp-In T-REx-293 cells, the p21Cip1 levels are 
also decreased in these cells.26 Interestingly, overexpres-
sion of Reg-1 arrests cells in the G0/G1 phase whereas 
Reg-2 overexpression stalls the cells in the G2 phase of the 

F I G U R E  6   IL-1β induces modification and degradation of Reg-2. U251-MG cells with SB transposon-based Dox-inducible expression 
of FLAG-tagged wild-type Reg-2 under the control of a promoter containing three tetracycline operator sites (3xTO; A) or seven tetracycline 
operator sites (7xTO; B–F) were treated with Dox (1 μg/mL) for 24 h. Then, 7xTO cells were pre-treated with cycloheximide (CHX)  
(100 μg/mL) for 1 h or left untreated and stimulated with IL-β (10 ng/mL) or TNF (10 ng/mL) (B, C) while 3xTO cells were stimulated with 
IL-1β only (A). (D) The cells were treated with Dox (1 μg/mL) for 24 h and stimulated with IL-1β (10 ng/mL) for 60 min. The protein lysate 
was incubated with phosphatase λ-PP (60 min, 37°C). (E) The modification of Reg-2 following IL-β stimulation (10 ng/mL, 60 min) with an 
MG-132 proteasome inhibitor (1 μM) was examined. (F) Immunoassay of lysates of U251-MG cells with Dox-inducible expression of FLAG-
tagged wild-type Reg-2 under the control of 7xTO promoter and transfected with the expression vector encoding HA-tagged Ubiquitin. The 
cells were stimulated for 0–30 min with IL-1β (10 ng/mL), followed by Reg-2 immunoprecipitation (IP) and immunoblot analysis (IB) with 
antibody to ubiquitin (Ub) or Reg-2 (FLAG). Levels of the indicated proteins were examined by the western blotting. Red asterisks indicate a 
slower migrating band. Data are representative of three to five independent experiments.

 15306860, 2023, 3, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202201978R

 by JA
G

IE
L

L
O

N
IA

N
 U

N
IV

E
R

SIT
Y

, W
iley O

nline L
ibrary on [09/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense
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cell cycle.26,74,77 Thus, although both RNases require in-
tact NYN/PIN domain to regulate cell proliferation their 
targets must be different.

In addition, the levels of Reg-1 decrease during the 
progression of clear cell renal cell carcinoma with low 
Reg-1 levels correlating with increased proliferation, vas-
cularity, and tumor outgrowth. This has been associated 
with decreased Reg-1 RNase activity, increased secretion 
of VEGF, IL-8, CXCL12, and phosphorylation of VE-
cadherin.75 Reg-1 has also been described as a potent an-
tioncogene in breast cancer involved in the degradation of 
anti-apoptotic transcripts and suppression of TGF-β sig-
naling.78,79 Overexpression of Reg-1 leads to inhibition of 
proliferation of triple-negative breast cancer cells (TNBC) 
both in vitro and in vivo.74 Thus, the strong upregulation 
of Reg-1 observed in high-grade glioblastoma and the cor-
relation of high-Reg-1 expression with poor patient prog-
nosis is unexpected.

Our results demonstrate that Reg-2 expres-
sion is downregulated during the development of 

neuroinflammation. Mechanistically, this downregula-
tion occurs on both mRNA and protein levels. Reg-1 and 
TPP seem to be critical for the decay of Reg-2 mRNA. We 
also demonstrate that Reg-2 protein is phosphorylated, 
ubiquitinated, and degraded by the proteasome follow-
ing IL-1β stimulation. In contrast, treatment of cells 
with TNF does not result in Reg-2 degradation. These 
results suggest that the molecules activated by IL-1 re-
ceptor, but not TNF receptor, such as MyD88 and IRAKs 
may be required to induce posttranslational modifica-
tions of Reg-2.

Taken together, our analysis of human GBM sam-
ples, spontaneous mouse gliomas, and mouse models 
of neuroinflammation conclusively demonstrate Reg-2 
downregulation. While there are no reports on the regu-
lation of the expression of Reg-2 transcription, we have 
revealed the mechanisms regulating Reg-2 expression 
on the posttranscriptional and posttranslational levels. 
Presented data indicate that TTP and Reg-1 participate 
in Reg-2 mRNA turnover. In turn, phosphorylation of 

F I G U R E  7   TTP and Reg-1 are involved in the 3′UTR-dependent destabilization of Reg-2 transcripts. (A) U251-MG cells were 
transfected with vectors encoding luciferase with the attached 3′UTR of wild-type Reg-2 or without an additional 3′UTR (pmirGLO). Where 
indicated the cells were stimulated with IL-1β (10 ng/mL). (B) U251-MG cells were transfected with vectors encoding luciferase with the 
attached 3′UTR of wild-type Reg-2 or 3′UTR of wild-type Reg-1 or without any additional 3′UTRs (pmirGLO) and an expression vector 
for TTP (25 ng) or inactive mutein (C124R) (25 ng) or an empty control vector (pcDNA3.1 (left panel). U251-MG cells were transfected 
with vectors encoding luciferase with attached Reg-2 3′UTR (pLuc_Reg-2_3′UTR) and varying amounts (12,5, 25, and 50 ng/well) of 
TTP expression vectors or an empty control vector (pcDNA3.1) (right panel). (C) U251-MG cells were transfected with vectors encoding 
luciferase with truncation mutants of Reg-2_3′UTR or without additional 3′UTR (pmirGLO) and TTP expression vectors (25 ng) or an empty 
control vector (pcDNA3.1). The diagram represents the localization of ARE sequences in the Reg-2 3′UTR and their contents in generated 
truncated mutants of Reg-2 3′UTR. (D) U251-MG cells were transfected with vectors encoding luciferase with the attached 3′UTR of wild-
type Reg-2 or without additional 3′UTR (pmirGLO) and an expression vector for wild-type Reg-1 or RNase inactive mutein Reg-1(D141A) 
or an empty control vector (pcDNA3.1). The graphs show the mean results of three to four independent experiments ±SD. The data were 
analyzed using one-way ANOVA (A,C,D) or two-way-ANOVA (B) and Bonferroni's post-hoc test (*p < .05; **p < .01; ***p < .001).
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Reg-2 leads to its ubiquitination and degradation fol-
lowing IL-1β treatment. Our data also suggest that Reg-2 
plays homeostatic roles in normal physiological condi-
tions restricting cell proliferation and inflammation in 
the brain. Further studies are needed to fully under-
stand the homeostatic role of Reg-2.

5   |   CONCLUSION

Overall, our data demonstrate that Reg-2 restricts pro-
liferation and expression of proinflammatory cytokines 
in resting astrocytes thus regulating brain homeostasis. 
Reg-2 expression is downregulated during neuroinflam-
mation and glioblastoma progression. We identify both 
posttranscriptional and posttranslational mechanisms 
that control Reg-2 expression.
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