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ABSTRACT

ZC3H12B is the most enigmatic member of the ZC3H12 protein family. The founding member of this family, Regnase-1/
MCPIP1/ZC3H12A, is a well-known modulator of inflammation and is involved in the degradation of inflammatory
mRNAs. In this study, for the first time,wecharacterized thepropertiesof theZC3H12Bprotein.Weshowthat thebiological
role of ZC3H12B depends on an intact NYN/PIN RNase domain. Using RNA immunoprecipitation, experiments utilizing ac-
tinomycin D and ELISA, we show that ZC3H12B binds interleukin-6 (IL-6) mRNA in vivo, regulates its turnover, and results in
reduced production of IL-6 protein upon stimulationwith IL-1β.We verified that regulation of IL-6mRNA stability occurs via
interaction of ZC3H12B with the stem–loop structure present in the IL-6 3′′′′′UTR. The IL-6 transcript is not the only target of
ZC3H12B. ZC3H12B also interactswith other known substrates of Regnase-1 and ZC3H12D, such as the 3′′′′′UTRs of IER3 and
Regnase-1, and binds IER3mRNA in vivo. Using immunofluorescence, we examined the localization of ZC3H12Bwithin the
cell. ZC3H12B forms small, granule-like structures in the cytoplasm that are characteristic ofproteins involved inmRNAturn-
over. The overexpression of ZC3H12B inhibits proliferation by stalling the cell cycle in theG2phase. This effect of ZC3H12B
is alsoNYN/PIN dependent. The analysis of the ZC3H12BmRNA level reveals its highest expression in the human brain and
the neuroblastoma cell line SH-SY5Y, although the factors regulating its expression remain elusive. Down-regulation of
ZC3H12B in SH-SY5Y cells by specific shRNAs results in up-regulation of ZC3H12B-target mRNAs.
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INTRODUCTION

The regulationofgeneexpression is usually associatedwith
the activation of transcription. However, recently, many
well-documented reports have emphasized the impor-
tance of the regulation of transcript turnover in this phe-
nomenon (Hao and Baltimore 2009; Carpenter et al.
2014). The fate of mRNA is mainly determined by the cis-
regulatory elements present in its 3′-untranslated region
(3′UTR). These elements serve as a platform for trans-acting
RNA-bindingproteins (RBP). Themost intensely studied se-
quences that participate in mRNA half-life regulation are
adenine and uridine-rich elements (ARE), which provide
binding sites for ARE-RBPs, such as tristetraprolin (TTP),
AUF-1, KSRP, HuR, TIA-1, and TIAR (for reviews, see
Anderson 2008; García-Mauriño et al. 2017). mRNA stabil-
ity is also regulated by another set of RBPs that recognize
stem–loop structures present in 3′UTRs, such as Roquin
and Regnase-1 (Reg-1, also known as ZC3H12A or
MCPIP1). Although Roquin and Regnase-1 have overlap-

ping substrate specificities, the mechanisms of their action
aredistinct. Roquin localizes toPbodies and stress granules
andmainly participates in thedegradationof translationally
inactive mRNAs by recruiting CCR4-NOT deadenylase
complexes. In contrast, Regnase-1 localizes to the endo-
plasmic reticulum and cytoplasm and directly degrades
translationally active transcripts. Interestingly, thepresence
of helicaseUPF1 involved in the nonsense-mediated decay
is essential for Regnase-1-mediated mRNA turnover
(Lykke-Andersen and Jensen 2015; Mino et al. 2015). The
enzymatic activity of Regnase-1 solely depends on the
presence of an intact RNase NYN/PIN-like domain (Xu
et al. 2012; Wilamowski et al. 2018). This domain along
with the carboxy-terminal proline-rich domain is also
involved in the Regnase-1-dependent degradation of
pre-microRNAs (Suzuki et al. 2011).

Regnase-1belongs to aprotein family that includes three
other members named ZC3H12B-D (MCPIP2-4) (Liang
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et al. 2008). All members of this family possess an NYN/
PIN-like domain and a CCCH-zinc finger domain. The ho-
mologies of the NYN domain of Regnase-1 among
ZC3H12B-D are83.2%, 84.4%, and75.3%,whereas the ho-
mologies of their CCCH domains are 76%, 76%, and 72%
(Liang et al. 2008; Suzuki et al. 2011). Regnase-1 is involved
not only in RNA degradation but also in the modulation of
cell signaling. By removing ubiquitin moieties from TRAF2,
TRAF3, and TRAF6, Regnase-1 negatively regulates the
JNK and NF-κB signaling pathways (Liang et al. 2010).
Regnase-1 also participates in the antiviral cellular re-
sponse by degrading the genomic nucleic acids of both
positive-sense and negative-sense RNA viruses and DNA
viruses (Lin et al. 2013, 2014). Since Regnase-1 mRNA is
rapidly induced by proinflammatory factors and Regnase-
1 contributes to the degradation of proinflammatory cyto-
kine transcripts and influences inflammatory signaling and
the antiviral response, Regnase-1 has emerged as a key
regulator of inflammation (Uehata and Takeuchi 2017).
Our knowledge of the biological roles played by other

members of the ZC3H12 family is very limited, although it
appears that thesemembers are also involved in inflamma-
tory processes. ZC3H12D (MCPIP4) participates in thedeg-
radation of proinflammatory mRNAs, such as the mRNAs
of IL-2, IL-6, IL-10, TNF, IER3, and Regnase-1 (Zhang
et al. 2015; Wawro et al. 2017). Similar to Regnase-1, the
overexpression of ZC3H12D attenuates global protein
ubiquitination and leads to the inhibition of the TLR2-
and TLR4-induced activation of JNK, ERK, and NF-κB sig-
naling and TLR4-induced inflammatory gene expression
in macrophages (Huang et al. 2012). Recently, ZC3H12D
and Regnase-1 have been reported to form a complex
but act independently in the regulation of IL-6 mRNA deg-
radation (Huang et al. 2015). ZC3H12Dwas originally iden-
tified as a tumor suppressor gene. The overexpression of

MCPIP4 suppresses tumor cell growth both in vitro and in
vivo (Minagawa et al. 2009). The inhibition of proliferation
has also been observed in cells with the overexpression
of Regnase-1 (Marona et al. 2017; Lichawska-Cieslar et al.
2018). Another member of this family, that is, ZC3H12C
(MCPIP3), suppresses NFκB activation by decreasing
TNF-induced IKKα/β and IκBα phosphorylation and p65
nuclear translocation. The overexpression of ZC3H12C at-
tenuates the TNF-induced expression of chemokines and
adhesive molecules in endothelial cells (Liu et al. 2013).
In this report, we focused on the fourth member of the
ZC3H12 family, that is, ZC3H12B (MCPIP2), since the bio-
logical role of this protein is entirely unknown.

RESULTS

NYN/PIN domain of ZC3H12B contains all residues
important for RNA binding and cleavage

To determine whether the ZC3H12B protein contains a
functional nuclease domain, we aligned the sequence of
the NYN/PIN domain of ZC3H12B with that of the NYN/
PIN domain of Regnase-1/ZC3H12A/MCPIP1, which is
the most thoroughly characterized protein of the ZC3H12
family (Fig. 1). The crystallographic studies of Regnase-1 re-
vealed that its NYN/PIN domain contains four aspartic acid
residues (D141, D225, D226, and D244) that are responsi-
ble for magnesium ion binding and crucial for its ribonu-
cleolytic activity (Xu et al. 2012). All four residues are
conserved in theNYN/PIN domain of ZC3H12B, indicating
that the nuclease domain of this protein is potentially func-
tional. Additionally, the characteristics of the positively
charged residues that supposedly play a role in the binding
of Regnase-1 to the negatively charged mRNA backbone
are also conserved. Moreover, similar to Regnase-1,

FIGURE 1. NYN/PIN domain of ZC3H12B contains all features required for nuclease activity. Alignment of the NYN/PIN domain and CCCH-zinc
finger of Regnase-1/ZC3H12A/MCPIP1 and ZC3H12B. The triangles indicate the aspartic acid residues engaged in magnesium ion binding. The
hollow triangle indicates one of the four residues that was mutated to alanine for the NYN/PIN domain inactivation and used in this study (D141
and D196 for Regnase-1 and ZC3H12B, respectively). The dashed line indicates the CCCH-zinc finger domain with three cysteine and one his-
tidine residues indicated with squares. The asterisks denote the positively charged amino acid residues engaged in the binding of the negatively
charged backbone of the substrate RNA. The alignment was performed using ClustalW2 (Larkin et al. 2007) using the default settings and visu-
alized using Adobe Illustrator CS4 (Adobe).
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ZC3H12B contains a CCCH-type zinc finger adjacent to
the NYN/PIN domain, which is important for binding
target RNAs. The conservation of residues crucial for RNA
binding and cleavage indicates that ZC3H12B may func-
tion as a nuclease that is involved in the regulation of the
mRNA half-life.

ZC3H12B overexpression results in a decrease
in luciferase activity dependent on the presence
of the IL-6 3′′′′′UTR

Given the high conservation of the NYN/PIN domain and
CCCH-type zinc finger, we tested whether the ZC3H12B
protein is indeed functional. We used a luciferase reporter
system in which the 3′UTR of IL-6, which is a well-known
target of two other proteins belonging to the ZC3H12
family (Regnase-1 and MCPIP4), is attached to the lucifer-
ase coding sequence (CDS). In HeLa cells we coexpress-
ed luciferase mRNA with the attached IL-6 3′UTR
(pmirGLO_IL-6-3′UTR) and the expression vector of
ZC3H12B or Regnase-1, the latter used as a reference
(Fig. 2A). The obtained results show that ZC3H12B overex-
pression leads to a decrease in luciferase activity, although
the effect was weaker than the effect observed using the
same amount of Regnase-1 expression plasmid. This mild-
er effect of ZC3H12B is probably due to the fact that the
level of ZC3H12B protein is much lower than Regnase-1
when the same amounts of expression plasmids are used
(Fig. 2A). One of the reasons of this phenomenon may
be the difference in the size of the proteins (94 kDa for
ZC3H12B compared to 66 kDa for Regnase-1). The regula-
tion was dose-dependent and required the presence of
the IL-6 3′UTR as no decrease in luciferase activity was ob-
served when this region was absent from the luciferase
mRNA (pmirGLO) even when increased amounts of the
ZC3H12B expression vector were used. The specificity of
the regulation was further confirmed using a construct ex-
pressing lucmRNA with IL-6 3′UTR lacking a conserved el-
ement that contains a stem–loop structure. This structure
was found to be crucial for the cleavage of IL-6 mRNA by
Regnase-1 and MCPIP4. As indicated in Figure 2B, no reg-
ulation of the IL-6 3′UTR was observed following the re-
moval of the investigated structure. The 3′UTRs of
VEGFA and IL-17, which we previously demonstrated as
not regulated by either Regnase-1 or ZC3H12D, were
not influenced by ZC3H12B, highlighting the clear
3′UTR-driven substrate specificity of the investigated
protein (Fig. 2C).

IL-6 3′′′′′UTR-dependent decrease in luciferase activity
results from NYN/PIN-dependent transcript
destabilization

The ZC3H12B-dependent changes in luciferase activity
could be caused by recombinant transcript destabilization

or translation inhibition. To test these hypotheses, we per-
formed real-time PCR to quantify the amount of luciferase
(luc) mRNA in parallel to luciferase activity. As shown in
Figure 3A, the overexpression of ZC3H12B results in a
decrease in the relative amount of luc-IL-6 3′UTR mRNA
that approximately corresponds to the changes observed
in the luciferase activity assay. Moreover, the half-life of
the luc-IL-6 3′UTR mRNA is visibly shortened when
ZC3H12B is expressed (Fig. 3B) pointing that the observed
effect of ZC3H12B is the result of transcript destabilization
and not other post-transcriptional mechanisms. Because
the changes in luciferase activity are caused by a decrease
in the amount of transcript, we examined whether the
decrease depends on the presence of an active NYN/
PIN nuclease domain. Using site-directed mutagenesis,
we introduced a point mutation into the NYN/PIN domain
of ZC3H12B that changed one of the crucial aspartic
acid residues required for magnesium ion binding to
alanine (D196A). As shown in Figure 3C, the introduction
of the mutation completely abolished the observed
decrease in luciferase activity. Simultaneously, we as-
sessed the level of expression of the ZC3H12B D196A
mutein and its wild-type counterpart. Both proteins are
expressed at approximately the same level (Fig. 3D);
thus, the absence of luciferase regulation by ZC3H12B
D196A is due to the inactivation of the nuclease domain
rather than the improper synthesis of the mutein. This
finding clearly indicates that a functional NYN/PIN domain
is crucial for the observed ribonucleolytic activity of
ZC3H12B.

Known substrates of Regnase-1 are also substrates
of ZC3H12B

IL-6 is not the only substrate of Regnase-1 or ZC3H12D.
We and other groups have previously shown that both pro-
teins can decrease luciferase activity when the 3′UTRs of
IER3 or Regnase-1 (Reg-1) are attached to its mRNA. We
examined whether these two transcripts are also regulated
by ZC3H12B. The addition of the 3′UTR fragment of
Regnase-1 and IER3 to lucmRNA results in a ZC3H12B-de-
pendent decrease in luciferase activity (Fig. 4).

ZC3H12B binds and destabilizes endogenous
IL-6 transcripts

Because ZC3H12B can destabilize luc transcripts contain-
ing the 3′UTRs of IL-6, IER3 orRegnase-1mRNAs,we inves-
tigated whether ZC3H12B could bind and destabilize
endogenous substrate mRNAs. Thus, we transfected
HeLa cells with ZC3H12B wild-type or D196A mutant ex-
pression plasmids or an empty control vector, enriched
the cultures of the transfected cells and performed endog-
enous IL-6 mRNA stability assays using actinomycin D. As
shown in Figure 5A, the overexpression of the wild-type,
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FIGURE 2. ZC3H12B is involved in the 3′UTR-dependent destabilization of transcripts. (A) HeLa cells were transfected with vectors encoding lu-
ciferase with attached IL-6 3′UTR (pmirGLO_IL-6-3′UTR) or without any additional 3′UTRs (pmirGLO) and varying amounts (10 and 20 ng/well) of
Regnase-1 and ZC3H12B expression vectors (left panels), increasing amounts of ZC3H12B expression vectors (middle panels, twofold increments
from10 to 160 ng/well) or an empty control vector (pcDNA3). The expression level of Regnase-1 and ZC3H12Bwas examinedbywestern blotting.
Representative image of three independent experiments with similar results is shown (right panel). (B) HeLa cells were transfectedwith vectors en-
coding luciferasewith the attached3′UTRofwild-type IL-6 (pmirGLO_IL-6-3′UTR)or IL-6with adeletionof a conservedelement containing a stem–

loop structure (pmirGLO_IL-6-3′UTRΔCE) and varying amounts (40 and 80 ng/well) of the ZC3H12B expression vector or an empty control vector
(pcDNA3). (C ) HeLa cells were transfected with vectors encoding luciferase with the attached 3′UTRs of VEGFA or IL-17 (pmirGLO_VEGFA-3′UTR
andpmirGLO_IL-17-3′UTR, respectively) and increasing amounts of the ZC3H12Bexpression vector (40 and80 ng/well) or an empty control vector
(pcDNA3). The graphs show the mean results of four (A) or three (B,C ) independent experiments ±SD. The data were analyzed using one-way
ANOVA (A,C ) or two-way-ANOVA (B) and Bonferroni’s post-hoc test ([∗] P<0.05; [∗∗] P<0.01; [∗∗∗] P<0.001).
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but not the D196A mutant, is correlated with a faster deg-
radation of IL-6mRNA. Compared to the zero time point, a
1 h incubationwith actinomycinD results in a 83%decrease
in IL-6mRNA,while the decrease in the cells expressing the
D196Amutein or empty control plasmidwas52%and34%,

respectively (data not shown). To determine whether
ZC3H12B binds the IL-6 transcript in vivo, we performed
a ribonucleoprotein immunoprecipitation (RIP) experi-
ment. HeLa cells were transfected with a V5-tagged
ZC3H12B D196A expression plasmid or an empty control
plasmid, and after 24 h, RIP was performed (Fig. 5B). Com-
pared to the IgG control samples, enrichment of IL-6 and
IER3 transcripts was observed in the samples im-
munoprecipitated with the anti-V5 antibody from the
ZC3H12B D196A expressing cells, while no such enrich-
ment was observed with the nonregulated EEF2 mRNA.
Surprisingly, no substantial enrichment of the Regnase-1
transcript was observed, indicating that this mRNA may
not be the preferred substrate of ZC3H12B in vivo in
HeLa cells.

ZC3H12B overexpression results in reduced
production of IL-6 protein in response to IL-1β

As ZC3H12B binds to endogenous IL-6 transcript and
causes faster degradation of this mRNA we decided to
check whether ZC3H12B overexpression results in re-
duced production of IL-6 protein in response to proinflam-
matory stimuli as well. To do this we took advantage of
the SB transposon system allowing for rapid generation
of stable cell lines (Mátés et al. 2009; Kowarz et al.
2015). We inserted the ZC3H12B CDS into the pSBtet-
GP vector (pSBtet-GP-ZC3H12B), cotransfected it with
the SB transposase expression vector [pCMV(CAT)T7-
SB100] into HeLa cells and after a week of puromycin se-
lection obtained a polyclonal population of cells with dox-
ycycline inducible expression of ZC3H12B (Fig. 5C). As
shown in Figure 5D stimulation of HeLa cells with the
proinflammatory cytokine IL-1β results in increased secre-
tion of IL-6 cytokine to the culture medium. However,
when expression of ZC3H12B was induced prior to IL-1β
stimulation the secretion of IL-6 cytokine was significantly
diminished (Fig. 5D). This observation in conjunction with
the results showed above clearly indicates that ZC3H12B
may account for reduced production of proinflammatory
target molecules.

ZC3H12B is a cytoplasmic protein whose
overexpression results in the inhibition
of proliferation

To gain some insight into the biological function of
ZC3H12B, we examined its localization within the cell.
We transfected HeLa cells with a V5-tagged ZC3H12B ex-
pression plasmid and, 24 h after transfection, immunofluo-
rescent staining was performed. As shown in Figure 6A,
ZC3H12B is localized in the cytoplasm, but not in the nucle-
us, and forms small, granule-like structures characteristic
of proteins involved in mRNA turnover control (Buchan
2014). Because we were unable to prepare HeLa cells

A

B

C D

FIGURE 3. Decrease in luciferase activity following ZC3H12B overex-
pression results from changes in luc transcript levels. (A) HeLa cells
were transfected with vector encoding luc mRNA with the 3′UTR of
IL-6 (pmirGLO_IL-6-3′UTR) and increasing amounts (40 and 80 ng/
well) of the ZC3H12B expression vector or an empty control vector
(pcDNA3), and the luciferase protein activity (left panel) and luc
mRNA transcript level (right panel) were assayed. (B) HeLa cells
were transfectedwith vector encodingwild-type ZC3H12B or an emp-
ty control plasmid (empty vector). After transfection the cells were
treated with actinomycin D (10 µg/mL) for the indicated time periods,
and the luc_IL-6-3′UTRmRNA levels were measured by qRT-PCR. (C )
HeLa cells were transfected with the same luciferase vector as de-
scribed inA and increasing amounts (40 and 80 ng/well) of vectors en-
coding wild-type ZC3H12B protein or the D196A mutein (ZC3H12B
WT and ZC3H12B D196A, respectively). (D) Western blot analysis of
HeLa cells transfected with vectors encoding the wild-type
ZC3H12B protein or the D196A mutein showing the expression of
both proteins (a representative result of three independent experi-
ments is shown). The graphs show the mean results of three indepen-
dent experiments ±SD. The data were analyzed using one-way
ANOVA and Bonferroni’s post-hoc test ([∗] P<0.05; [∗∗] P<0.01;
[∗∗∗] P<0.001).
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demonstrating stable, constitutive overexpression of
ZC3H12B, we hypothesized that ZC3H12Bmay negatively
influence cell conditions and/or proliferation. To test
this hypothesis, we examined whether ZC3H12B overex-
pression is correlated with a decrease in cell count and
whether this effect depends on the presence of an active
NYN/PIN domain. In these experiments, we used 293T
cells since these cells can maintain episomal plasmids
bearing the SV40 ori. The 293T cells were transfected
with expression plasmids encoding wild-type ZC3H12B
or the D196A mutein or an empty control plasmid or
left untreated.After transfection, the cellswere countedev-
ery 24 h up to 72 h post-transfection. As shown in Figure
6B, the ZC3H12B overexpression negatively influenced
the cell number. This effect is most visible 72 h posttrans-
fection and depends on the presence of an intact NYN/
PIN domain as no effect was observed with the D196A
mutein.

ZC3H12B overexpression causes decreased cell
proliferation and increased cell cytotoxicity

As transient overexpression often results in the massive
production of the expressed protein, we verified these re-
sults under more physiological conditions, that is, when
the level of the overexpressed ZC3H12B protein is lower.
Thus, we established 293FlipInTrex cell lines with
doxycycline-inducible expression of either the wild-type
ZC3H12B or the D196A mutein (293FlipInTrex-ZC3H12B
or 293FlipInTrex-ZC3H12BD196A, respectively; Fig. 7A).

The use of 293FlipInTrex cells allows for the incorporation
of a transgene expression cassette into a single site in the
genome, allowing for a more uniform expression of the
transgene at much lower and more physiological levels
than transient transfection. As shown in Figure 7B, the dox-
ycycline induction resulted in a significant decrease in the
number of 293FlipInTrex-ZC3H12B cells compared to
that of noninduced cells. This effect is almost fully reversed
in the 293FlipInTrex-ZC3H12BD196A cells, indicating that
the observed biological effect is the result of ZC3H12B
ribonucleolytic activity. Theobserveddecrease in cell num-
ber following ZC3H12B overexpression could be due to
cell death and/or inhibition of proliferation. To examine
this hypothesis, we stained the 293FlipInTrex-ZC3H12B
cell lines (bothWTandD196Amutant) with carboxyfluores-
cein succinimidyl ester (CFSE) and cultured the cells for 72
h with or without doxycycline induction. CFSE is a fluores-
cent dye that diffuses into live cells, is cleaved by intracellu-
lar esterases and then covalently binds intracellular
molecules. As the cell components are spread during divi-
sion to daughter cells, the fluorescent signal decreases ap-
proximately twofold per division, which allows for the
trackingof cell division. Figure 7C clearly shows that follow-
ing the induction of ZC3H12B expression, the cells prolifer-
ate more slowly as demonstrated by a shift toward higher
fluorescence intensities at the peak of the fluorescence his-
togram of the doxycycline-induced cells compared to that
of the noninduced cells (an approximately twofold change
in the median between the noninduced and induced cells
with thewild-type ZC3H12B). As no such shift is observed in
the 293FlipInTrex-ZC3H12BD196A cells, the decrease in
cell proliferation strongly depends on ZC3H12B nuclease
activity. Although we clearly saw that ZC3H12B inhibits
cell proliferation we could not exclude that expression of
this protein may also cause a cytotoxic effect. To verify
that in addition to the proliferation test with CFSE de-
scribed above we performed a cytotoxicity test. We cul-
tured the 293FlipInTrex-ZC3H12B cell lines (both WT and
D196A mutant) in presence or absence of doxycycline
and examined the levels of LDH released to the cultureme-
dium each 24 h after induction up to 72 h post-induction
(Fig. 7D).Weobservedan increaseof LDHactivity in culture
media only in doxycycline-induced cells expressing the
wild-type ZC3H12B. The cytotoxic effect revealed in the
LDH assay is visible not earlier than 48 h post-induction
and is most significant 72 h after induction of ZC3H12B ex-
pression. Because of the potent negative effect of
ZC3H12B expression on proliferation and increase in cyto-
toxicity wedecided to verifywhether the decrease in the lu-
ciferase activity in the luciferase assay is not caused by cell
stress. We transfected the 293FlipInTrex-ZC3H12B cell
lines (both WT and D196A mutant) with pmirGLO_IL-6-
3′UTR vector and treated them with doxycycline for 24 h
(or left untreated) and checked the luciferase activity in
doxycycline-induced cells in comparison to noninduced

FIGURE 4. ZC3H12B, Regnase-1, and ZC3H12D destabilize the
same mRNA substrates. HeLa cells were transfected with vectors en-
coding luciferase mRNA with 3′UTRs of the known targets of the
two other ZC3H12-family proteins (Regnase-1 and ZC3H12D), that
is, Regnase-1 and IER3 (pmirGLO_Reg-1-3′UTR and pmirGLO_IER3-
3′UTR) and increasing amounts (40 and 80 ng/well) of the ZC3H12B
expression vector or an empty control vector (pcDNA3). The graphs
show the mean results of three independent experiments ±SD. The
data were analyzed using one-way ANOVA and Bonferroni’s post-
hoc test ([∗] P<0.05; [∗∗] P<0.01; [∗∗∗] P<0.001).
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cells (Fig. 7E). We chose the 24 h induction as no negative
effect on proliferation and no cytotoxicity was observed
in these cells at this timepoint (Figs. 6B, 7D). As shown in
Figure 7E, induction of 293FlipInTrex-ZC3H12B wild-type
cells with doxycycline causes a decrease in luciferase activ-

ity and this effect is not visible in the
case of cells expressing the D196A
mutein.

Mechanism of ZC3H12B
overexpression-induced inhibition
of proliferation appears to differ
from that of Regnase-1

Wehave recently shown that Regnase-
1 overexpression inhibits the prolifera-
tionofCaki-1 cells bydown-regulating
mRNA coding for DDB1 E3 ligase and
increasing both the transcript and
protein level of p21Cip1 (Lichawska-
Cieslar et al. 2018). To determine
whether the same mechanism is re-
sponsible for the effects observed
following ZC3H12B overexpression
in 293 cells, we measured the DDB1
andp21 transcripts levels in 293FlipIn-
Trex cells with the inducible expres-
sion of either wild-type ZC3H12B or
the D196A mutant. The wild-type- or
D196A-ZC3H12B expressing 293Fli-
pInTrex cells were treated with doxy-
cycline for 24 h or left untreated, and
the mRNA level was analyzed by
qRT-PCR (Fig. 8A). The doxycycline
induction of the wild-type ZC3H12B
cells results in an ∼50% decrease in
the DDB1 transcript level. However,
the p21 transcript level is also de-
creased by almost the same extent,
which contradicts the effect observed
in Caki-1 cells following Regnase-1
overexpression. The decrease in the
levels of both transcripts is due to the
effect of ZC3H12B nuclease activity
as no difference in the DDB1 or p21
mRNA levels is observed following
the ZC3H12B D196A mutein overex-
pression. The changes in the p21 pro-
tein levels approximately correspond
to the changes observed in the tran-
script levels (Fig. 8B). As the mecha-
nism of the inhibition of proliferation
by ZC3H12B in 293 cells appears to
differ from the mechanism of Reg-
nase-1 we saw in Caki-1 cells, we ana-

lyzed the cell cycle in 293FlipInTrex cells with inducible
ZC3H12B wild-type or D196A mutant expression. Our
results indicate that the overexpression of the wild-type,
but not the D196A mutant, stalls the cells in the G2
phase of the cell cycle (Fig. 8C). However, the transcripts
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FIGURE 5. ZC3H12B directly binds and destabilizes endogenous IL-6 mRNA. (A) HeLa cells
were transfected with vectors encoding either wild-type ZC3H12B or the D196A mutein
(ZC3H12BWT and ZC3H12BD196A, respectively) or an empty control plasmid (empty vector);
after enriching the transfected cells, the cells were treated with actinomycin D (10 µg/mL) for
the indicated time periods, and the IL-6 mRNA levels were measured by qRT-PCR. (B) HeLa
cells were transfected with vectors encoding the ZC3H12B D196A mutein (which contains
an amino-terminal V5 tag) or an empty control vector and, after UV-crosslinking, the riboimmu-
noprecipitation procedure (RIP) was performed. The obtained RNA was used to analyze the
level of the indicated mRNAs (EEF2, IL-6, IER3, and Regnase-1). (C,D) HeLa cells with
Sleeping Beauty (SB) transposon–based doxycycline-inducible expression of amino-terminally
Flag-taggedwild-type ZC3H12Bor luciferase (control) were treatedwith doxycycline (1 µg/mL)
or left untreated for 24 h, and the expression of inducedprotein was examined bywestern blot-
ting. Representative image of three independent experiments with similar results is shown (C ).
After induction of transgene expression, the cells were stimulated with IL-1β (10 ng/mL) or left
untreated. The following day the media were collected and IL-6 protein levels were measured
using ELISA (D). The graphs show the mean results of four (D), three (A,C ), or two (B) indepen-
dent experiments ±SD. The data were analyzed using two-way ANOVA and Bonferroni’s post-
hoc test ([∗] P<0.05; [∗∗∗] P<0.001).
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involved in the ZC3H12B-induced G2 block remain to be
determined.

Highest expression of ZC3H12B is found in the
human brain and the neuroblastoma cell line
SH-SY5Y

The results shown in this report, together with previous
data, indicate that ZC3H12B shares substrates with

Regnase-1 and ZC3H12D. Taking
into consideration the differences be-
tween the phenotypes of knockout
mice lacking genes encoding proteins
from the ZC3H12 family this overlap
may be surprising. While Regnase-1
deficient mice die soon after birth,
the Zc3h12d knockout mice develop
without visible disorders. No data
is available on the viability and de-
velopment of mice lacking Zc3h12b
and Zc3h12c genes, however the
big difference in phenotypes of Reg-
nase-1 and Zc3h12d indicates that
the function of one protein cannot be
substituted by the other. The expres-
sion data presented by other groups
for mouse tissues indicate that the
reason for these discrepancies may
be differential expression across tis-
sues of each member of the ZC3H12
family with ZC3H12B being expres-
sed at high levels in the mouse
brain. Using the commercially avail-
able normalized human tissue cDNA
panel (Human MTC panel I, Clontech)
we decided to examine whether
ZC3H12B mRNA is also abundant in
human brain. Figure 9A shows that
from the tissues present within the
analyzed panel, brain is the one with
the highest expression of ZC3H12B.
Knowing that, we decided to further
analyze the mRNA levels of ZC3H12B
in human cell lines of neural origin
(HeLa cells served as a reference).
From the analyzed cell lines only the
SH-SY5Y cells express ZC3H12B at
higher levels than the reference HeLa
cells (Fig. 9B).

In order to gain more insight into
the regulation of ZC3H12B expres-
sion we treated SH-SY5Y with proin-
flammatory agents as we supposed
that ZC3H12B being a negative regu-
lator of inflammatory molecules may,

similarly to Regnase-1, be induced by inflammation. We
treated SH-SY5Y cells with TLR ligands for 24 h and
examined the level of ZC3H12B and Regnase-1 mRNAs
by qRT-PCR (Fig. 9C). Although we saw a clear induction
of Regnase-1 transcript in response to two of the used
TLR ligands (Pam3CSK and FLA-ST) we did not observe
any increase of ZC3H12B mRNA. Moreover we checked
the expression of ZC3H12B in SH-SY5Y cells upon stimu-
lation with TNF and IL-1β and also did not see any increase

A
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FIGURE 6. ZC3H12B is a cytoplasm-localized negative regulator of cell count. (A) (Upper and
middle panels) HeLa cells were transfected with vectors encoding the ZC3H12B protein (con-
taining an amino-terminal V5 tag). After 24 h the cells were fixed and stained using antibodies
against the V5 tag (green). The DNA was counterstained using DAPI (blue). Scale bar, 10 µm.
(Lower panel) Zoom-in of the cell presented in themiddle panel showing frontal (xz) and trans-
verse (yz) sections revealing the exclusion of the ZC3H12Bprotein from the nucleus. Scale bars,
5 µm. (B) 293T cells were transfected with vectors encoding ZC3H12B proteins (wild-type or
the D196A mutein; ZC3H12B WT and ZC3H12B D196A, respectively) or empty control plas-
mids (empty vector) or left untreated. Every 24 h after transfection (up to 72 h posttransfection),
the cells were counted. The graph shows themean results of three independent experiments ±
SD. The datawere analyzed using two-way ANOVAwith Bonferroni’s post-hoc test ([∗] P<0.05;
[∗∗] P<0.01; [∗∗∗] P<0.001).
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in ZC3H12B transcript (data not
shown). This indicates that ZC3H12B
may be regulated by a different set
of agents than Regnase-1 but further
studies are needed to unveil which
stimulants are important for
ZC3H12B expression.
Finally, knowing that the highest

expression of ZC3H12B is found
in SH-SY5Y cells we decided to si-
lence its expression and examine the
levels of its mRNA targets. To do this
we prepared lentiviruses expressing
shRNAs targeting two different sites
in ZC3H12B mRNA and control lenti-
viruses expressing scrambled shRNA,
transduced SH-SY5Y cells with the
lentiviruses (MOI=2) and after blasti-
cidin selection checked the levels
of ZC3H12B mRNA and its target
mRNAs (IER3 and Regnase-1 as
SH-SY5Y cells do not express IL-6) us-
ing qRT-PCR. As shown on Figure
9D both shRNAs down-regulated
ZC3H12B expression on the mRNA
level (shRNA_A to 42% and shRNA_B
to 68%). The down-regulation of
ZC3H12B was accompanied by
an increase in the level of IER3 and
Regnase-1 mRNAs.

DISCUSSION

The ZC3H12 family of proteins con-
sists of four members. Despite the
great interest in the characterization
of its founding member, Regnase-1/
ZC3H12A/MCPIP1, research investi-
gating the other three members has
proceeded at a much more modest
level, and ZC3H12B is the most enig-
matic member of the entire family. In
this paper, for the first time, we show
that ZC3H12B is a functional member
of the ZC3H12 nuclease family that
can bind and destabilize target
mRNAs. This finding is particularly im-
portant, as two previous reports raise
some doubt regarding the functional-
ity of this protein. Suzuki et al. (2011)
showed that ZC3H12B lacks the
miRNA silencing activity present in
Regnase-1, which was attributed to
the lack of the proline-rich domain im-
portant for this activity. In a second
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FIGURE 7. Negative influence of ZC3H12B on cell proliferation depends on the presence of a
functional NYN/PIN domain. (A) Flp-In T-REx-293 cells with doxycycline-inducible expression
of amino-terminally V5-tagged wild-type ZC3H12B or D196A mutein (ZC3H12B WT and
ZC3H12B D196A, respectively) were treated with doxycycline (1 µg/mL) or left untreated
for 24 h, and the expression of induced protein was examined by western blotting.
Representative image of three independent experiments with similar results is shown. (B)
ZC3H12B WT and ZC3H12B D196A Flp-In T-REx-293 cells were treated with doxycycline
(1 µg/mL) or left untreated and counted 72 h after the addition of doxycycline. The data are
presented as the ratios of the induced to the noninduced cells. The graph shows the mean re-
sults of three independent experiments ±SD. The data were analyzed using two-way ANOVA
and Bonferroni’s post-hoc test ([∗∗∗] P<0.001). (C ) ZC3H12B WT and ZC3H12B D196A Flp-In
T-REx-293 cells were labeledwith CFSE anddivided into two dishes. On the following day, one
dish was induced with doxycycline (1 µg/mL) and the other dish was left untreated. After 72 h
postinduction, the fluorescence of the cells was analyzed by flow cytometry. The graphs show
histogram overlays normalized to the mode of CFSE fluorescence in the noninduced (gray fill-
ing) and induced (black line) cells. Representative results of three independent experiments
are shown. (D) ZC3H12B WT and ZC3H12B D196A Flp-In T-REx-293 cells were treated with
doxycycline (1 µg/mL) or left untreated, and cell cytotoxicity (using LDH cytotoxicity assay)
was measured every 24 h, up to 72 h postinduction with doxycycline. The data are presented
as the ratios of the induced to the noninduced ZC3H12BWT cells. The graph shows the mean
results of three independent experiments ±SD. The datawere analyzed using two-way ANOVA
and Bonferroni’s post-hoc test ([∗∗∗] P<0.001). (E) 293FlipInTrex-ZC3H12B cell lines (both WT
and D196A mutant) were transfected with pmirGLO_IL-6-3′UTR vector and treated with dox-
ycycline for 24 h (or left untreated). The graph shows the mean results of three independent
experiments ±SD. The data were analyzed using one-way ANOVA and Bonferroni’s post-
hoc test ([∗∗]) P<0.01).
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FIGURE 8. Mechanism underlying ZC3H12B-induced inhibition of proliferation differs from that of Regnase-1. (A,B) ZC3H12BWT and ZC3H12B
D196A Flp-In T-REx-293 cells were treated with doxycycline (1 µg/mL) or left untreated for 24 h, and the levels of the indicated mRNAs (A) and
proteins (B) were examined using qRT-PCR and western blotting, respectively. The graphs show the mean results of seven independent exper-
iments ±SD. The data were analyzed using one-way ANOVA with Bonferroni’s post-hoc test ([∗∗] P<0.01; [∗∗∗] P<0.001). For the western blot
analysis, representative results of three independent experiments are shown. (C ) ZC3H12B WT and ZC3H12B D196A Flp-In T-REx-293 cells
were treated with doxycycline (1 µg/mL) or left untreated for 72 h, and a cell cycle analysis was performed. The graphs show histogram overlays
of propidium iodide (DNA content) fluorescence in noninduced (gray filling) and induced (black line) cells. Representative results of three inde-
pendent experiments are shown. The table below shows the percentages of cells in each cell cycle phase. The numbers in bold indicate statisti-
cally significant differences (P<0.05) in the percentage of cells in the specified cell cycle phase between the noninduced and induced cells.
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report, Huang et al. (2015) used a
luciferase-based system similar to
that used in this report. Huang and
coworkers investigated the role of
MCPIP4 in IL-6 transcript turnover.
Using a single assay, the authors also
examined the possible influence of
ZC3H12B on IL-6 3′UTRs containing
luc mRNA; however, for an unknown
reason, no effect was observed. The
different cell line used by Huang and
coworkers likely did not cause the
ZC3H12B inactivity because we ob-
served the ZC3H12B effect described
in this study in other cell lines (U251-
MG and HEK 293, data not shown).
Nevertheless, our data clearly indi-
cate that IL-6 mRNA is a direct target
of ZC3H12B.

The data presented in this report
along with our and other researchers’
previous reports indicate that at
least three proteins belonging to
the ZC3H12 family (Regnase-1,
ZC3H12B, and ZC3H12D) regulate a
common set of substrates. The lucifer-
ase-based assays prove that all three
proteins regulate the transcripts of
IL-6, Regnase-1, and IER3. Regnase-1
and ZC3H12D also participate in the
regulation of TNF mRNA, which, ac-
cording to our results, remains ambig-
uous in the case of ZC3H12B (data
not shown). Such an overlap in sub-
strate specificity is common among
proteins engaged in RNA decay. For
example, all three members of the
ZFP36 family (ZFP36/TTP, ZFP36L1,
and ZFP36L2) bind and destabilize
TNF and GM-CSF transcripts (Baou
et al. 2009). However, further charac-
terization of how the reporter sys-
tem–based results correspond to the
specificity of each ZC3H12 family pro-
tein in vivo is required. The results ob-
tained from the RIP experiments
indicate that ZC3H12B is associated
with endogenous IL-6 and IER3 tran-
scripts but is not associated or weakly associated with
Regnase-1 transcripts in HeLa cells. However, all three
mRNAs showed a similar response to ZC3H12B in the
luciferase assays. Moreover, knockdown of ZC3H12B in
SH-SY5Y neuroblastomacells correlateswith increased lev-
els of IER3 and Regnase-1 mRNAs. The obtained results
suggest that the binding affinity of ZC3H12B to target

mRNAs may be affected by some other, cell-specific
factors.

Previous reports indicate that two proteins of the
ZC3H12 family, that is, Regnase-1 and ZC3H12D, are neg-
ative regulators of proliferation. We showed that Regnase-
1 inhibits growth and viability in the clear cell carcinoma
cell line Caki-1, which correlates with the up-regulation of
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FIGURE 9. ZC3H12B is expressed at the mRNA level in human brain and the neuroblastoma
cell line SH-SY5Y. ZC3H12BmRNA levels were analyzed by qRT-PCR in selected human tissues
using the commercially available human tissue cDNA (A) or in human cell lines of neural origin
with HeLa cells as reference (B). (C ) SH-SY5Y cells were stimulated with TLR ligands:
Pam3CSK4 (100 ng/mL), HKLM (107 cells/mL), poly (I:C) HMW (10 µg/mL), poly(I:C) LMW
(10 µg/mL), LPS (100 ng/mL), FLA-ST (100 ng/mL), FSL1 (10 ng/mL), Imiquimod (250 ng/
mL), ssRNA40 (250 ng/mL), ODN2006 (250 ng/mL) for 24 h, and the levels of the investigated
transcripts weremeasured by qRT-PCR. (D) SH-SY5Y cells were transducedwith lentiviruses ex-
pressing shRNAs targeting two different sites in ZC3H12B mRNA (shRNA_A and shRNA_B)
and control lentiviruses expressing scrambled shRNA. Levels of the investigated transcripts
(ZC3H12B, IER3 or Regnase-1) were measured by qRT-PCR. Graphs show mean results from
two (A,B) or three (C,D) independent experiments ±SD. For C and D, the data were analyzed
using two-way ANOVA with Bonferroni’s post-hoc test ([∗] P<0.05; [∗∗] P<0.01; [∗∗∗] P<
0.001).
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the transcript and protein levels of p21. The elevated levels
of p21 in the Regnase-1-overexpressing cells were corre-
lated with the diminished expression level of the DDB1
transcript encoding the component of the E3 ligase that
negatively regulates p21 (Lichawska-Cieslar et al. 2018).
We have also shown that Regnase-1 overexpression
decreases the viability of HeLa, but not HepG2, cells
(Skalniak et al. 2013). Simultaneously, the low level of
Regnase-1 is correlated with increased proliferation, tumor
outgrowth, and vascularity in patient-derived tumors
and xenografts established in NOD-SCID and nude mice
(Marona et al. 2017). Moreover, Regnase-1 is implicated
in the destabilization of antiapoptotic transcripts, including
those of Bcl2L1, Bcl2A1, RelB, Birc3, and Bcl3, and acts as
a tumor suppressor in breast cancer (Lu et al. 2016).
ZC3H12D is also a negative regulator of proliferation and
was first discovered as a tumor suppressor that inhibits
tumor growth both in vivo and in vitro (Wang et al. 2007).
ZC3H12D was found to inhibit G1 to S phase progression
via suppression of the phosphorylation of retinoblastoma
protein (Rb) (Minagawa et al. 2009). Here, for the first
time, we show that similar to Regnase-1 and ZC3H12D,
ZC3H12B acts as a negative regulator of proliferation,
and this regulation is NYN/PIN-dependent. However, the
mechanism of the effect of ZC3H12B on cell proliferation
seems to differ from that of Regnase-1 and ZC3H12D.
Although we observed a decrease in the DDB1 transcript
level following ZC3H12B overexpression, this decrease
was accompanied by a similar decrease in the p21 mRNA
level, which contradicts the effects observed after
Regnase-1 overexpression. The effects of ZC3H12B also
differ from the effects of ZC3H12D. The cell cycle analysis
presented in this report indicates that ZC3H12B causes
cells to stall in theG2 phase, while previous reports regard-
ing themodeof actionof ZC3H12D indicate that ZC3H12D
blocks G1 to S phase progression. Our data indicate that
the mechanism by which ZC3H12B inhibits proliferation
may be unique among the ZC3H12 family, but the
determination of the ZC3H12B mRNA substrates that are
associated with this effect requires further investigation.
Our data reveal the role of ZC3H12B in the regulation

of the course of inflammation. We have confirmed its in-
volvement in the control of the level of transcripts, which
are known targets of Regnase-1 and ZC3H12D. The possi-
ble explanation of the overlapping substrate specificity
of the members of the ZC3H12 protein family could be
a different pattern of their tissue expression. ZC3H12B is
expressed mainly in the brain whereas the highest level
of Regnase-1 is observed in the bone marrow, and
ZC3H12D in the appendix, lymph node, and spleen.
ZC3H12C seems to be present in most tissues at quite a
similar level. Moreover, the regulation of expression of
themembers of the ZC3H12 protein family seems to differ:
Regnase-1 and ZC3H12C are induced by proinflammatory
factors, as well as ZC3H12D although with a different

time-course. The only as yet proinflammatory factor nonin-
ducible gene from this family is ZC3H12B. Interesting is
also the phenomenon of the regulation of Regnase-1 level
by other members of the ZC3H12 family. All proteins from
this family (including Regnase-1 itself) are able to degrade
Regnase-1 transcript (Iwasaki et al. 2011; Wawro et al.
2016, 2017; M Wawro, A Solecka, W Sowinska, et al.,
unpubl.). In the present study, we have shown that
ZC3H12B interacts with Regnase-1 3′UTR although we
could not confirm its direct interaction with Regnase-1
mRNA using RIP. However, we have found that in human
primary astrocytes down-regulation of ZC3H12B results
in the increased level of Regnase-1 mRNA (A Kasza, W
Sowinska, DD Biswass, et al., unpubl.). Despite intensive
studies concentrated mainly on Regnase-1, a comprehen-
sive picture of the role of proteins from ZC3H12 family
requires further studies, which would include the crosstalk
of the proteins from this family and the mechanisms of
the regulation of their expression.

MATERIALS AND METHODS

Cell culture

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 se-
rum (Biowest). 293T, SH-SY5Y, T98G, LN18, LN229, and U251-
MG cell lines were maintained in DMEM with 4.5 g/L D-glucose
(Lonza) supplemented with 10% fetal bovine serum. The Flp-In
T-REx-293 cell line (Invitrogen) was cultured in DMEM with
4.5 g/L D-glucose supplemented with 10% tetracycline-free
fetal bovine serum (Biowest), 100 µg/mL zeocin (Invitrogen) and
15 µg/mL blasticidin S (Invivogen). In stimulation experiments
for qRT-PCR the cells were grown in reduced serum medium
(0.5% FBS) 24 h prior to stimulation. Cell lines were maintained
at 37°C in a humidified atmosphere with 5% CO2. All cell cultures
were examined on a regular basis for mycoplasma contamination
using PCR (van Kuppeveld et al. 1993).

Plasmid construction

Human ZC3H12B (NM_001010888.3) CDSwas amplified with the
following primers: eZC3H12B-nTC-for (CACCACGGCCACAG
CTGAGGTAG) and eZC3H12B-nTC-rev (TCAACGTGCAGCCCT
AAGCTTAG) using the PfuUltra II Fusion HS polymerase (Agilent)
with human cDNA mix as a template. The appropriate PCR prod-
uct was cloned into the entry vector pENTR/D-TOPO using the
pENTR/D-TOPO Cloning Kit (Invitorgen). The insert from the se-
lected vector was subsequently subcloned into the destination
vector pcDNA6.2/nTC-Tag-DEST (Invitrogen) using the Gateway
LR Clonase II enzyme mix obtaining the destination vector for
expression of N-terminally tagged (TC and V5 tags) ZC3H12B
(pcDNA6.2-V5-ZC3H12B). pcDNA6.2/nTC-Tag-DEST–based hu-
man Regnase-1 (NM_025079.2) expression vector was prepared
similarly using the following primers: MCPIP1-nTC-Tag-V5_FOR
(CACCAGTGGCCCCTGTGGAGAGAAG) and MCPIP1-nTC-
Tag-V5_REV (TTACTCACTGGGGTGCTGGGAC) and the
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previously described pcDNA3.1/myc-His A-ZC3H12A construct
as template (Kochan et al. 2015). The ZC3H12BD196Amutein ex-
pression vector (pcDNA6.2-V5-ZC3H12B-D196A) was prepared
by whole plasmid site directed-mutagenesis using the PfuUltra
II Fusion HS polymerase, the pcDNA6.2-V5-ZC3H12B vector as
template and the following primers: eMCPIP2_D196As (GAGGC
CAGTTGTCATTGCTGGAAGTAATGTGGCAA) and eMCPIP2_
D196Aas (TTGCCACATTACTTCCAGCAATGACAACTGGCCTC).
The pcDNA5/FRT/TO-ZC3H12B and pcDNA5/FRT/TO-ZC3H
12B-D196A vectors used for the generation of Flp-In T-REx-293
cell lines with inducible expression of ZC312B wild-type or
D196A mutein were prepared by traditional cloning techniques.
Firstly, PCR products were obtained on pcDNA6.2-V5-ZC3H12B
and pcDNA6.2-V5-ZC3H12B-D196A templates using the
PfuUltra II Fusion HS polymerase and the following primers:
TetKpnNTCV5M2for (ATGGTACCCACCATGGCTGGTGGCTGT
TGTC) and TetXhoNTCV5M2rev (ATTACTCGAGTCAACGTG-
CAGCCCTAAGCTTAGC). The PCR products were digested
with KpnI and XhoI (New England Biolabs) and inserted into the
pcDNA5/FRT/TO vector (Invitrogen) linearized with the same en-
zymes using T4 DNA ligase (New England Biolabs). Construct for
doxycycline inducible ZC3H12B expression in the SB transposon
system (pSBtet-GP-ZC3H12B) was prepared through substitution
of the luciferase CDS with ZC3H12B CDS by ligation of SfiI (EurX)
digested PCR product into SfiI linearized pSBtet-GP vector. The
PCR product was obtained on the template of pcDNA5/FRT/
TO-SF-ZC3H12B using the following primers: SFMCPIP2SfiFor
(AGGCCTCTGAGGCCACCCACCATGGCAAGCTGGAGC) and
SFMCPIP2SfiRev (AGGCCTGACAGGCCTCAACGTGCAGCCC-
TAAGC). pcDNA5/FRT/TO-SF-ZC3H12B was prepared by substi-
tution of the V5-TC tag present in the original pcDNA5/FRT/TO-
ZC3H12B vector by StrepTagII-Flag tag. Briefly, the V5-TC tag
was excised with KpnI and NotI and the STreptagII-Flag tag was
inserted by ligation of two phosphorylated and reannealed oligos
(StrepFlagM2s: CCACCATGGCAAGCTGGAGCCACCCGCAGT
TCGAAAAGGGTGCAGACTACAAAGACGATGACGACAAGCTT
GC; StrepFlagM2s: GGCCGCAAGCTTGTCGTCATCGTCTTTG
TAGTCTGCACCCTTTTCGAACTGCGGGTGGCTCCAGCTTGCC
AT GGTGGGTAC spSBtet-GP was a gift from Eric Kowarz
(Addgene plasmid #60495) (Kowarz et al. 2015). The luciferase
constructs (pmirGLO_IL-6-3′UTR, pmirGLO_IL-6-3′UTRΔCE,
pmirGLO_ZC3H12A-3′UTR, pmirGLO_VEGFA-3′UTR, and pmir-
GLO_IER3-3′UTR) were described previously (Kochan et al.
2016; Wawro et al. 2016, 2017). The sequences of all used
constructs were verified by Sanger sequencing (Genomed) and
the expression of the recombinant proteins was confirmed by
western blotting analysis.

Cell transfections

HeLa cells were transfectedwith plasmidDNA using PEIMAX 40K
(Polysciences) with a 3:1 (w:w) ratio. Concisely, appropriate
amounts of DNA and PEI MAX 40K were diluted in Opti-MEM
medium (Gibco), vortexed and centrifuged briefly. The Opti-
MEM diluted PEI MAX 40K was transferred to the diluted DNA,
the solutions were mixed by vortexing, centrifuged briefly and
incubated at room temperature for 20 min. After incubation,
the solution was applied onto the cells dropwise and the cells
were incubated with the transfection solution for 4 h when the
solution was removed and replaced with fresh culture medium.

293T cells were transfected using calcium phosphate precipita-
tion. In brief, the appropriate amount of DNAwas diluted in sterile
water and 2.5 M CaCl2 solution was added to obtain a final con-
centration of 244 mM. Then an equal volume of 2xHBS (140
mMNaCl,1.5 mMNa2HPO4, 50 mMHEPES, pH 7.05) was added,
the solutions were mixed quickly by pipetting and applied onto
the cells dropwise within 1 min. The cells were incubated with
theDNA/phosphate transfection precipitates for 6 hwhen the sol-
ution was removed and replaced with fresh culture medium. The
Flp-In T-REx-293 cell line was transfected using Lipofectamine
2000 reagent (Invitrogen) according to the protocol provided
by the manufacturer.

Luciferase assays

Transfection of HeLa cells was performed in 24-well plates.
Total amount of DNA used per well was 0.8 µg, including 0.4
µg of pmirGLO dual luciferase expression vector (pmirGLO_IL-
6-3′UTR, pmirGLO_IL-6-3′UTRΔCE, pmirGLO_Reg-1-3′UTR,
pmirGLO_ VEGFA-3′UTR, pmirGLO_IER3-3′UTR, or empty
pmirGLO) and varying amounts of Regnase-1 or ZC3H12B ex-
pression vectors (wild-type or aspartic acid to alaninemutants, ex-
act amounts are indicated in figure legends). The amount of DNA
per well was equalized using mock plasmid DNA (pcDNA3).
Twenty-four hours after transfection the cells were lysed and as-
sayed for firefly and Renilla luciferase activity using the Dual-
Luciferase Reporter Assay System (Promega). Renilla luciferase
served as internal control.

Luciferase mRNA quantitation and stability assays

Hela cells were seeded in 6-well plates. The following day the
cells were transfected with 1.0 µg of pmirGLO_IL-6-3′UTR vector
and varying amounts (200 and 400 ng for luc mRNA quantitation
or 400 ng for luc mRNA stability) of pcDNA6.2-V5-ZC3H12B
vector or empty control plasmid. The amount of DNA per well
was equalized using mock plasmid DNA (pcDNA3) to a total of
2.0 µg per well. Twenty-four hours posttransfection the cells
were trypsynized, and split into two fractions. For the luc mRNA
quantitation assay one fraction (1/5th of the cells) was used for lu-
ciferase activity assay and the second fraction (the rest of the cells)
was used formRNA isolation using theDynabeadsmRNADIRECT
Purification Kit (Thermo Fisher) according to the manufacturer’s
instructions. For luc mRNA stability assay cells after transfection
were seeded into 12-well plates and treated with actinomycin D
(Sigma-Aldrich) for 30, 60, and 90 min or left untreated and
mRNA isolation was performed as for the luc mRNA quantitation
assay. After mRNA isolation, the mRNA was reverse-transcribed
and the levels of firefly and Renilla luciferase transcripts was mea-
sured by qRT-PCR with the following primers: qRT-luc-FOR
(TTCGACCGGGACAAAACCAT), qRT-luc-REV (ATCTGGTTGCC
GAAGATGGG), qRT-hRluc-for (GTACCTCACCGCTTGGTTCG),
qRT-hRluc-rev (TCGTCCCAGGACTCGATCAC).

Establishment of HeLa cell lines with doxycycline
inducible expression of ZC3H12B

HeLa cells were seeded in 12-well plates and the following
day the cells were transfected using PEI MAX with 900 ng of
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pSBtet-GP-ZC3H12B, pSBtet-GP-ZC3H12B-D196A, or pSBtet-
GP vectors and 100 ng of the pCMV(CAT)T7-SB100 vector.
Twenty-four hours later the cells were trypsinized, transferred
into 6-well plates and cells with transposon integration were
selected with puromycin (1 µg/mL, Invivogen) for 1 wk. pCMV
(CAT)T7-SB100 was a gift from Zsuzsanna Izsvak (Addgene plas-
mid #34879) (Mátés et al. 2009).

IL-6 ELISA

HeLa cells with stable, inducible expression of wild-type
ZC3H12B or luciferase (control) were seeded into 12-well plates.
The following day the cells were pretreteated with 1 µg/mL dox-
ycycline for induction of transgene expression and then stimulat-
edwith IL-1β. After 24 h themedia were collected and IL-6 protein
levels were measured using the Human IL-6 DuoSet ELISA kit
(R&D Systems) according to the manufacturer’s protocol.

Establishment of Flp-In T-REx doxycycline inducible
cell lines

Flp-In T-REx-293 cells were seeded in 12-well plates and the fol-
lowing day the cells were transfected using Lipofectamine 2000
with 180 ng of pcDNA5/FRT/TO-ZC3H12B or pcDNA5/FRT/
TO-ZC3H12B-D196A vectors and 1.42 µg of the pOG44 plasmid
(Invitrogen). Twenty-four hours later the cells were trypsinized and
split into 100-mm cell culture dishes in selection medium [DMEM
with 4.5 g/L D-glucose supplemented with 10% tetracycline-free
fetal bovine serum, 15 µg/mL blasticidin S and 100 µg/mL
hygromycin B (Invivogen)]. The cells were left until visible forma-
tion of colonies. The colonies were transferred into 96-well plates,
propagated and examined for expression of V5 tagged ZC3H12B
after 24 h of induction with 1 µg/mL of doxycyline (Sigma-Aldrich).
Single clones with similar level of induction of the ZC3H12B wild-
type and D196A mutation bearing proteins were selected and
used in further experiments. Additionally the selected clones
were checked for zeocin sensitivity to confirm proper integration.

293T cell count assay

293T cells were seeded in 24-well plates (50,000 cells/well) and
the following day the cells were transfected using the calcium
phosphate method with 0.91 µg of appropriate plasmid
DNA (pcDNA6.2-V5-ZC3H12B, pcDNA6.2-V5-ZC3H12B-D196A,
empty control plasmid [pcDNA3]) or left untreated. The cells
were trypsynized and counted every 24 h posttransfection up
to 72 h.

Cell proliferation assay

Cell proliferation was examined using the CFSE Cell Division
Tracker Kit (Biolegend) according to the manufacturer instruc-
tions. Briefly, Flp-In T-REx-293-ZC3H12B and Flp-In T-REx-293-
ZC3H12B-D196A cells were stained with 5 µM CFSE and the
following day the cells were treated with 1 µg/mL doxycycline
for induction of recombinant protein expression. After 72 h of in-
duction, the cells (100,000 of FSC/SSC gated cells/sample) were
analyzed for CFSE fluorescence intensity by flow cytometry using

the BD FACSCalibur cytometer (Becton Dickinson). The BD
CellQuest Pro software (Becton Dickinson) was used for data ac-
quisition and FlowJo (v10.4.2, FlowJo) was used for data analysis.

LDH cytotoxicity assay

Cell cytotoxicity was examined using the LDH Cytotoxicity
Detection Kit (Clontech) according to the manufacturer’s instruc-
tions. Briefly, Flp-In T-REx-293-ZC3H12B and Flp-In T-REx-293-
ZC3H12B-D196A cells were seeded into 24-well plates and treat-
ed in duplicates with doxycycline for 24, 48, and 72 h or left un-
treated. At each timepoint the media were collected and the
cells were lysed with 1% Triton-X-100 for normalization for cell
number. After collection the LDH level wasmeasured and normal-
ized to the LDH level after Triton-X-100 treatment. Absorbance
measurement was performed using Synergy H1 hybrid reader
with Gene5 Software (BIOTEK Instruments).

Cell cycle analysis

Flp-In T-REx-293-ZC3H12B and Flp-In T-REx-293-ZC3H12B-
D196A were treated with 1μg/ml doxycycline for induction of re-
combinant protein expression for 72 h. Then, the cells were tryp-
synized, washed with PBS two times, resuspended in 2 mL of PBS
and fixed by addition of 6 mL of ice-cold 96% ethanol. After fixa-
tion the cells were washed two times with PBS and stained with
PI/SAP solute ion (0.05 mg/mL propidium iodide, 1 mg/mL
RNaseA, 0.02% saponin, 0.0001%Triton-X-100 in PBS) by incuba-
tion for 15 min at 37°C. Immediately after staining, the cells
(200,000 of FSC/SSCgated cells/sample) were analyzed for propi-
dium iodide fluorescence intensity by flow cytometry using theBD
FACSCalibur cytometer (Becton Dickinson). BD CellQuest Pro
software (Becton Dickinson) was used for data acquisition.
The percentage of cells in each cycle was calculated with the
FlowJo (v10.4.2, FlowJo) Cell Cycle analysis platform using the
Watson (pragmatic) model.

IL-6 mRNA stability assay

HeLa cells were seeded in 100-mm cell culture dishes and the fol-
lowing day the cells were transfected with 9.28 µg of pMACS Kk.II
(Miltenyi Biotec) and 13.92 µg of appropriate expression vectors
(pcDNA6.2-V5-ZC3H12B-WT/ pcDNA6.2-V5-ZC3H12B-D196A
or empty control vector [pcDNA3]). The day after transfection
the cells were trypsinized and the transfected cells were enriched
using the MACSelect Kk

– Transfected Cell Selection Kit (Miltenyi
Biotec) and split into three wells of 12-well cell culture plate. The
following day cells were treated with 10 µg/mL of actinomycin D
(Sigma-Aldrich), lysed at the indicated time points and total RNA
isolation was performed.

RNA isolation, DNase digestion, and reverse
transcription

Total RNA isolation was performed according to Chomczynski’s
modified protocol (Chomczynski and Sacchi 2006). RNA quantifi-
cation and purity were assessed using spectrophotometric
measurements using NanoDrop ND-1000 spectrophotometer
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(Thermo Scientific). RNA integrity was assessed by denaturing,
formaldehyde gel electrophoresis. 1.0 µg of RNA was used for
DNase digestion with RQ1 RNase-free DNase (Promega) accord-
ing to the manufacturer’s instructions. After DNase treatment, re-
verse-transcription reaction was performed with M-MLV-Reverse
transcriptase (Promega) and 500 ng of oligo(dT) primers (or ran-
dom hexamers for RNA immunoprecipitation procedure) accord-
ing 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.

Quantitative real-time PCR (qRT-PCR)

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 normal-
ized to EEF2. Expression levels were analyzed by the ΔΔCt meth-
od. The following primers were used: qRT-EEF2-for (GACATCAC
CAAGGGTGTGCAG), qRT-EEF2-rev (TTCAGCACACTGGCATA
GAGGC), qRT-IL-6-for (GACAGCCACTCACCTCTTCA), qRT-IL-
6-rev (AGTGCCTCTTTGCTGCTTTC), qRT-DDB1-for (TGCCTAC
AAGCCCATGGAAG), qRT-DDB1-rev (TGGCAGCGCTATCCTTT
TGA), qRT-p21-for (CATGACAGATTTCTACCACTCCA), qRT-
p21-rev (GGCCAGGGTATGTACATGAGG), qRT-MCPIP2-2-for
(CCT CGTGGGCCCAGCTCCAG), qRT-MCPIP2-2-rev (TCCCAT
GGCTCATTGCCACATTACT). Statistical analysis of qRT-PCR ob-
tained results was performed on the logarithm-transformed rela-
tive quantification (RQ) values (Rieu and Powers 2009).

Western blot analysis

HeLa cells were transfected with V5-ZC3H12B wild-type or aspar-
tic acid to alanine mutant expression vectors or empty control
vector (pcDNA3) in 12-well plates. Twenty-four hours after trans-
fection the cells were lysed in RIPA buffer (25mMTris-HCl pH 7.6,
150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS
with cOmplete ULTRA protease inhibitors [Roche] and 1 mM
PMSF [Sigma-Aldrich]) and 20–30 µg of protein extracts were an-
alyzed by western blot. For the doxycycline inducible cell lines,
the cells were seeded in 12-well plates and the following day
the cells were treated with 1 µg/mL doxycycline for recombinant
protein expression. After induction the cells were lysed and ana-
lyzed as described above for HeLa cells. The following antibodies
were used: anti-V5 tag (R96025, Thermo Scientific), anti-p21
Waf1/Cip1 (12D1, Cell Signaling Technology), anti-β-actin, anti-
β-tubulin, anti-mouse-HRP and anti-rabbit HRP (Cell Signaling).
Luminescence was detected using Clarity Western ECL
Substrate (Bio-Rad) and recorded using the Fusion-Fx documen-
tation system (Vilber Lourmat).

Immunofluorescence

HeLacells wereplatedonglass coverslips in 12-well culture plates.
The following day the cells were transfected with plasmid encod-
ing V5-ZC3H12B (pcDNA6.2-V5-ZC3H12B). Twenty-four hours
post-transfection the cells were fixed for 15 min at −20°C in ice-
cold 100% methanol. After fixation the cells were washed three
times with PBS, blocked and permeabilized for 60 min at room
temperature in blocking buffer (5% fetal bovine serum, 0.3%
Triton X-100 in PBS). Directly after blocking, cells were incubated

overnight in a humidified chamber , in the dark, at 4°Cwith anti-V5
tag antibodies (R96025, Thermo Scientific) diluted in blocking
buffer. The following day, after washing with PBS the cells were in-
cubated for 90 min, in the dark, at room temperature with Alexa
Fluor 488-conjugated donkey anti-mouse antibody (715-546-
150, Jackson ImmunoResearch) diluted in blocking buffer. After
incubation the cells were washed three times with PBS and the
samples were mounted onto slides in VECTASHIELD Mounting
Medium with DAPI (Vector Laboratories). After sealing with nail
polish, the samples were imaged using Leica DMI6000B
(AF7000 version) inverted widefield fluorescence microscope
(Leica Microsystems). All images were acquired using a high nu-
merical aperture 100× oil immersion objective (HCX PL APO
100.0×1.47 oil; Leica Microsystems) and a 14-bit Hamamatsu
9100-02 EM-CCD High Speed Set cooled CCD camera
(Hamamatsu Photonics) with Leica LAS X image acquisition soft-
ware. The following filter sets (Leica Microsystems) were used:
A4 for detection of DAPI and GFP-T ET for detection of Alexa
Fluor 488 Dye. After deconvolution from about 60 z-sections with
0.15–0.20 µm spacing, images were deconvolved using Huygens
Professional Software (Scientific Volume Imaging). Final image ad-
justments were performed using ImageJ 1.48v (National Institutes
of Health), Adobe Photoshop CS4 Extended Version 11.0.2, and
Adobe Illustrator CS4 Version 14.0.0 (Adobe Systems).

RNA immunoprecipitation (RIP)

RIP was performed as described previously (Kochan et al. 2016;
Wawro et al. 2017). HeLa cells were seeded on 150-mm cell cul-
ture dishes and the following day the cells were transfected with
plasmid encoding V5-ZC3H12B-D196A mutein (pcDNA6.2-V5-
ZC3H12B-D196A) or empty vector (pcDNA3.1/MycHisA).
Twenty-four hours later the cells werewashed twicewith PBS, cov-
ered with 1 mL of PBS per dish and the RNA–protein complexes
were crosslinked by UV-irradiation of the cells (150mJ/cm2) at 254
nm (Hoefer UVC 500 Ultraviolet Crosslinker, Hoefer). Cells were
scraped in 1mL of PBS, transferred to an eppendorf tube and cen-
trifuged at 300g for 5 min at 4°C. Then, PBS was removed and the
cell pellets were lysed in 1mL of RIP lysis buffer (10mMHEPES pH
7.5, 10 mM KCl, 1 mM DTT, 0.5% NP-40) supplemented with
1 mM PMSF (Sigma-Aldrich), 1× cOmplete protease inhibitors
(Roche) and 1 U/µL of murine RNase inhibitor (New England
Biolabs), incubated for 5 min on ice and then cell nuclei was sed-
imented by centrifugation for 5 min at 300g at 4°C. After centrifu-
gation the supernatant containing the cytoplasmic fraction was
transferred to a fresh eppendrof tube and used for downstream
processing. Four hundred microliters of the samples were used
for immunoprecipitation and 100 µL were frozen as inputs.
Before addition of antibodies each sample was diluted 1:1 with
RIP dilution buffer (20 mM HEPES pH 7.5, 300 mM NaCl, 2 mM
EDTA and 2% Triton X-100 supplemented with inhibitors as de-
scribed above). mRNA–protein complexes were immunoprecipi-
tated overnight at 4°C with gentle rotation using 4 µg of anti-V5
antibody (R96025, Thermo Scientific) or 4 µg of normal mouse
IgG (Thermo Scientific) used as a control of specificity. The follow-
ing day, the antibody captured protein–RNA complexes were re-
coveredby incubation for 60min at 4°CwithDynabeads ProteinG
(Novex Thermo Scientific) magnetic beads. After incubation the
beads were washed with 1 mL of each of the following buffers in
the presented order: RIP low salt wash buffer (20 mM HEPES pH
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7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.25% sodium
deoxycholate), RIP high salt wash buffer 1 (20 mM HEPES pH
7.5, 500 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.25% sodium
deoxycholate), RIP high salt wash buffer 2 (20 mM HEPES pH
7.5, 500 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.01% SDS) and TE buffer (10 mM Tris ph 8.0,
1 mM EDTA). Each wash was performed at room temperature for
5 min and the buffers were removed from the beads collected
on a magnet (Dynal MPC-S, Thermo Scientific). Finally, the beads
were resuspended in Proteinase K digestion buffer (10 mM Tris-
HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5% SDS) and treated
with 200 µg/mL Proteinase K (New England Biolabs) for 1 h at
50°C. Input samples were diluted 1:4 with Proteinase K digestion
buffer and similarly treatedwith ProteinaseK. Followingdigestion,
RNAwas isolatedby phenol–chloroformextraction andprecipitat-
ed with isopropanol and Pellet Paint Co-Precipitant (Novagen,
Merck Millipore) overnight at −20°C. The RNA pellets were
dissolved in nuclease-free water (Sigma-Aldrich), reverse tran-
scribed—for input samples 1/7th of the obtained RNA was used
—and analyzed by qRT-PCR. The following primers were used
(primers for EEF2 and IL-6 were already described in the qRT-
PCR section): RIP-ZC3H12Afor (GGTAACGGCGTCGGTCCGTG),
RIP-ZC3H12Arev (CGGTGCCCAACTAGCCAGCC), RIP-IER3for
(AAT GAGATCCGTGAGATCCTTCC), RIP-IER3rev (TTTGTGTTC
ACAGAACATACTAGGC). The relative amounts of each transcript
was calculated using the ΔΔCt normalized to input samples.

Lentivirus production and titration

The lentiviral vectors for silencing of ZC3H12B were constructed
based on the LeGO-G/BSD vector. Oligos for the expression of
shRNAs targeting ZC3H12B (two different sites were used;
shRNA_Asense: AACTGCCTAGATCGTCCAAGTTTCCTCGAGG
AAACTTGGACGATCTAGGCATTTTTC; shRNA_Aantisense: TC
GAGAAAAATGCCTAGATCGTCCAAGTTTCCTCGAGGAAACTT
GGACGATCTAGGCAGTT; shRNA_Bsense: AACTGTCCACCCT
TTGGGTAATAACTCGAGTTATTACCCAAAGGGTGGACATTTT
TC; shRNA_Bantisense: TCGAGAAAAATGTCCACCCTTTGGGT
AATAACTCGAGTTATTACCCAAAGGGTGGACAGTT;) or scram-
bled shRNA (shRNA_SCsense: AACCAACAAGATGAAGAGCAC
CAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTTTC; shRNA_
SCantisense: TCGAGAAAAACAACAAGATGAAGAGCACCAAC
TCGAGTTGGTGCTCTTCATCTTGTTGGTT) were phosphoryla-
ted with T4 PNK, annealed and inserted into HpaI and XhoI di-
gested LeGO-G/BSD vector. Vectors containing the desired
inserts were verified by Sanger sequencing. 1.64 pmol of the ob-
tained vectors were transfected together with 1.3 pmol of psPAX
and 0.72 pmol of pMD2.Gplasmids using PEIMAX into 293T cells
seeded 24 h earlier into 100-mm dishes. Twenty-four hours post-
transfection the medium was exchanged and the cells were left
for 48 h allowing for lentivirus production. After 48 h the lentivi-
rus-containing media were collected and the lentivirus was con-
centrated on a sucrose gradient as described by Jiang et al.
(2015). After concentration the virus pellets were resuspended
in OptiMEM medium, aliquoted, snap-frozen in liquid nitrogen
and stored at−80°C. The titer of the obtained virus was estimated
by transduction of the SH-SY5Y cell line with serial dilutions of the
obtained virus preparations followed by the analysis of the num-
ber of GFP-expressing cells after transduction using flow cytome-
try. LeGO-G/BSD was a gift from Boris Fehse (Addgene plasmid

#27354). psPAX2 and pM2D.G were a gift from Didier Trono
(Addgene plasmid #12260 and #12259, respectively).

Lentiviral transduction

SH-SY5Y cells were seeded into 24-well plates and 24 h later
transduced with lentiviruses (MOI=2) allowing for expression of
shRNAs targeting ZC3H12B mRNA or scrambled shRNA in the
presence of 5 µg/mL polybrene (Merck-Millipore). Forty-eight
hours posttransduction the cells were trypsinized and seeded
into 12-well plates in selection medium containing 15 µg/mL
blasticidin S. After a week of selection, the cells were analyzed
for expression of selected genes by qRT-PCR.

Statistics

Statistical analysis was performed usingGraph Pad Prism software
(version 5.01, GraphPad Software Inc.). If not specified differently
the asterisks denote statistical significance of the indicated data
point versus the control sample. The exact tests performed are
indicated in figure descriptions.
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