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Abstract

Background: Inflammatory reactions are commonly affected by stress responses. Interleukin-6 signalling is part of
the inflammatory response and is stringently regulated by the feedback inhibitor SOCS3 expressed in a short and
long isoform. Here, we studied the inhibitory potential of the two SOCS3 isoforms. Furthermore, we analysed the
regulation of SOCS3 isoform expression and the role of PKR stress kinase signalling in SOCS3 protein expression.

Methods: We performed Western blotting, reporter assays, genetic analyses and manipulations for studying SOCS3
isoform expression and activation of signalling components involved in interleukin-6-induced and PKR-dependent
signalling.

Results: Interleukin-6-induced endogenous expression of both SOCS3 isoforms was found in distinct cell types.
Forced expression of either the long or short SOCS3 isoform demonstrated equal inhibitory activity of each isoform
and confirmed longer half-life of the short isoform. Study of intragenic regulation of SOCS3 isoform expression
revealed that (i) the 5′-UTR of SOCS3 mRNA restrains specifically expression of the long SOCS3 isoform, (ii)
expression of the long isoform restrains expression of the short isoform, and (iii) signalling through the stress kinase
PKR does not impact on SOCS3 isoform ratio.

Conclusions: Both SOCS3 isoforms show a similar potential for inhibiting interleukin-6 signalling but differ in their
half-lives. Relative expression of the isoforms depends on intragenic elements yet is independent of PKR signalling.
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Plain English summary
Inflammation is a defence mechanism of the organism to
cope with infections and other traumata. Interestingly, in-
flammatory reactions are commonly affected by cellular
stress responses. The tissue hormone interleukin-6 is an
important regulator of the inflammatory reaction. As
overshooting inflammation induces pathologies such as
autoimmune diseases, chronic inflammation, and even
cancer, the action of interleukin-6 is rigorously controlled.
Our study deals with an important negative feedback in-
hibitor of interleukin-6 action, called SOCS3. SOCS3 ex-
ists in two isoforms of different length that are encoded
by one gene. We asked how the ratio of these two iso-
forms is regulated, whether both isoforms have different
regulatory potential, and whether their presence is regu-
lated by stress stimuli. Our results show that both iso-
forms exert similar inhibitory power but one isoform is

more stable than the other. Surprisingly, expression levels
of the specific isoforms do not correlate with their specific
stability but are influenced by regulatory elements within
the gene coding for SOCS3. Stress stimuli do not affect
the expression of both isoforms. Thus, the inhibitory po-
tential of SOCS3 depends solely on the presence of either
isoform. Our study may help to understand how inflam-
mation is controlled via SOCS3.

Background
Regulation of the inflammatory response by stress is a
commonly observed phenomenon. At the cellular level,
signalling induced by either stress hormones or intracellu-
lar stress sensors cross-talks with inflammatory cytokine
signalling. For example, glucocorticoids that regulate glu-
cose metabolism to increase blood glucose in stress situa-
tions also increase the hepatic expression of acute-phase
proteins [1, 2]. Expression of these proteins is an import-
ant part of the acute-phase response and thus part of the
systemic innate inflammatory response. The major in-
ducer of acute-phase protein expression is the
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inflammatory cytokine interleukin-6 (IL-6) [3]. IL-6 acti-
vates the IL-6-receptor complex composed of the trans-
membrane and signal transducing subunit gp130 and
either the transmembrane or the soluble IL-6 receptor α
(IL-6Rα). Upon binding of IL-6 to the receptor complex,
gp130-associated Janus kinases (JAK) are activated and
subsequently phosphorylate tyrosine motifs within the
cytoplasmic part of gp130 [4]. These phosphotyrosine mo-
tifs are recruitment sites for transcription factors of the
signal transducer and activator of transcription (STAT)
family. STAT factors become phosphorylated, dimerize
and translocate into the nucleus where they activate tran-
scription of IL-6-inducible genes, such as acute-phase
genes [5, 6]. Necessarily, activation of the inflammatory
response must be stringently controlled, negative regula-
tion at the level of signal transduction being of paramount
importance.
One of the IL-6 target genes encodes the feedback in-

hibitor, suppressor of cytokine signalling 3 (SOCS3).
SOCS3 is a rapidly induced [7–9] and short-lived [10] in-
hibitor of the JAK kinases that ensures limited and transi-
ent IL-6 signal transduction [11, 12]. SOCS3 mRNA and
protein expression are tightly regulated. Besides proteaso-
mal degradation of the SOCS3 protein [13], SOCS3
mRNA expression is controlled by mRNA stability-
regulating signals targeting the 3′ untranslated region of
SOCS3 mRNA [14] and miRNAs that directly target
SOCS3 mRNA [15]. SOCS3 promoter activity is silenced
by hypermethylation [16, 17]. Dysregulated expression of
SOCS3 resulting in impaired inhibition of inflammatory
responses is associated with uncontrolled inflammation
and cancer [18]. We showed previously that glucocorti-
coids inhibit SOCS3 expression and thus increase IL-6-
induced STAT3 activation and acute-phase protein ex-
pression [19], providing a molecular mechanism of stress-
induced regulation of inflammatory responses.
Other pathways involved in stress signalling also inter-

fere with JAK/STAT signalling. As part of the cell’s anti-
viral response, the stress kinase, Protein Kinase RNA-
activated (PKR) is canonically activated by binding
double-stranded RNA generated upon virus infection
[20] and subsequent auto-phosphorylation [21]. Acti-
vated PKR inhibits translation initiation by phosphoryl-
ating the eukaryotic translation initiation factor eIF2α
chain (eIF2α) [22, 23]. Thus, PKR-dependent phosphor-
ylation of eIF2α is an integral part of an efficient strategy
to inhibit the synthesis of viral proteins by blocking cel-
lular translation. Indeed, activation of PKR and eIF2α
phosphorylation are essential for the integrated cellular
response to diverse stressors [24–26]. In line with this
concept, phosphorylation of eIF2α is also essential for
the ER-stress response [27].
Besides activation of PKR by viral double-stranded RNA,

PKR can be activated strongly by intragenic double-helical

structures encoded by cellular genes. These structures have
been discovered within the (pre-)mRNAs coding for in-
flammatory cytokines such as IFN-γ [28, 29] and TNF-α
[30, 31] and within the α-, β- and γ-globin genes [32]. These
intragenic RNA activators control the translation [28, 29]
or splicing [30–32] of these mRNAs, respectively, in de-
pendence on eIF2α phosphorylation. PKR was also sug-
gested to interfere directly with epidermal growth factor
(EGF)-dependent JAK/STAT signalling by affecting the ex-
pression of SOCS3 isoforms [33]. Expression of two differ-
ent SOCS3 isoforms is caused by two alternative
translational start sites, separated by 30 nucleotides within
SOCS3 mRNA. Within the long isoform of SOCS3, lysine
at position 6 is evolutionary conserved and serves as a po-
tential ubiquitination site, rendering SOCS3 protein short-
lived. Due to the lack of this residue in the short SOCS3
isoform, this isoform is more resistant to proteasomal deg-
radation [33]. Expression of the short isoform was reported
to be favoured in the presence of activated PKR [33].
Here, we analysed the function of the isoform-specific

N-terminal peptide of SOCS3 and evaluated the inhibi-
tory potential of both isoforms on IL-6-induced signal-
ling. In addition, we studied protein stability of both
SOCS3 isoforms in an experimental setup that precludes
any influence of signal transduction on SOCS3 protein
stability. Furthermore, we examined which elements
within SOCS3 mRNA affect the ratio of SOCS3 isoforms
expressed and re-evaluated the impact of PKR on
SOCS3 isoform expression.

Methods
Cloning
The DNA sequence coding for SOCS3 pre-mRNA was
amplified from pUC57 SOCS3 (GenScript, Piscataway, NJ,
USA) with the primers fw: 5′-TATCTGGGTACCG-
GATCCGCGGCTCCGACTTGGA-3′; rv: 5′-GTCGGCT
CTAGAGTTTTTCATTAA-3′ (Thermo Fisher Scientific,
Waltham, MA, USA) and cloned into pcDNA3 (Thermo
Fisher Scientific) using BamHI and XbaI (Cell Signalling
Technology (CST), Frankfurt/Main, Germany). pcDNA3-
[SOCS3 mRNA] was prepared by deletion of the intron
within pcDNA3-[SOCS3 pre-mRNA]. The DNA sequence
coding for SOCS3 mRNA was amplified from pcDNA3-
[SOCS3 pre-mRNA] using the primers fw: 5′-CCCC
CCGGGATGCGGTAGCG-3′; rv: 5′-CTGGTCCCGA
ATCGAAGTCTCCG-3′ (Thermo Fisher Scientific). Phos-
phorylation and ligation of PCR products was done with
T4 kinase (Thermo Fisher Scientific) and T4 ligase
(Thermo Fisher Scientific) respectively. Site directed mu-
tagenesis of pcDNA3-[SOCS3 mRNA] to pcDNA3-
[SOCS3 cds dAUG1] was done with the primers fw: 5′-
GTGCGCCGTGGTCACCCACAG-3′; rv: 5′-CTGT
GGGTGACCACGGCGCAC-3′ (Thermo Fisher Scien-
tific) to substitute GUG for the first AUG start codon.
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pcDNA3-[SOCS3 cds], pcDNA3-[SOCS3 cds dN] and
pcDNA3-[SOCS3 cds M12V] were kindly provided by A.
Yoshimura (Keio University, Tokyo, Japan). pcDNA3-
[SOCS3 cds] codes for the full length coding sequence of
the long SOCS3 isoform. pcDNA3-[SOCS3 cds dN] lacks
the 28 5′-nucleotides of the full length coding sequence.
This construct thus codes for the SOCS3 short isoform as
translation starts with the 2nd AUG. pcDNA3-[SOCS3
cds M12V] codes for the full length coding sequence of
the long SOCS3 isoform but the 2nd AUG codon has
been replaced by a valine-coding codon GUG.
SOCS3 mRNA d5’UTR was amplified from

pcDNA3-[SOCS3 pre-mRNA] using the primers fw:
5′-TATCTGAAGCTTTGCGCCATGGTCACCCACAG
C-3′; rv: 5′-GTCGGCTCTAGAGTTTTTCATTAA-3′
(Thermo Fisher Scientific) to eliminate the SOCS3
5′-UTR. The PCR product was cloned into pcDNA3
using HindIII and XbaI (CST) to prepare
pcDNA3-[SOCS3 mRNA d5’UTR]. SOCS3 mRNA
d5’UTR dKozak was amplified from pcDNA3-[SOCS3
pre-mRNA] using the primers fw: 5′-TATCTGAAGCTT
ATGGTCACCCACAGCA-3′; rv: 5′-GTCGGCTCTAG
AGTTTTTCATTAA-3′ (Thermo Fisher Scientific) and
cloned into pcDNA3 using HindIII and XbaI (CST) to
prepare pcDNA3-[SOCS3 mRNA d5’UTR dKozak].
SOCS3 coding sequence was amplified from pcDNA3-

[SOCS3 cds] using the primers fw: 5′-TATCTGAAGCTT
ATGGTCACCCACAGCA-3′; rv: 5′-GTCGGCGATATC
TGCCCTTTGCGCCCTTTA-3′ (Thermo Fisher Scien-
tific) and cloned into pcDNA5/FRT using HindIII and
EcoRV (CST) to prepare pcDNA5/FRT-[SOCS3 cds]. The
DNA sequence coding for SOCS3 cds dN was amplified
from pcDNA3-[SOCS3 cds dN] using the primers fw:
5′-TATCTGAAGCTTATGAGCCGCCCCCTGGACA-3′;
rv: 5′-GTCGGCGATATCTGCCCTTTGCG CCCTTTA-
3′ (Thermo Fisher Scientific) and cloned into pcDNA5/
FRT using HindIII and EcoRV (CST) to prepare pcDNA5/
FRT-[SOCS3 cds dN]. The DNA sequence coding for
SOCS3 cds M12V was amplified from pcDNA3-[SOCS3
cds M12V] using the primers fw: 5′-TATCTGAAGCTT
ATGGTCACCCACAGCA-3′; rv: 5′-GTCGGCGATAT
CTGC CCTTTGCGCCC TTTA-3′ (Thermo Fisher Sci-
entific) and cloned into pcDNA5/FRT using HindIII and
EcoRV (CST) to prepare pcDNA5/FRT-[SOCS3 cds
M12V]. The DNA sequence coding for SOCS3 pre-mRNA
was amplified from pcDNA3-[SOCS3 pre-mRNA] using
the primers fw: 5′-TATCTGAAGCTTGCGGCTCCGAC
TTGGA-3′; rv: 5′-ATGAGATATCTCTAGAGTTTTT-
CATTAA-3′ (Thermo Fisher Scientific) and cloned into
pcDNA5/FRT using HindIII and EcoRV (CST) to prepare
pcDNA5/FRT-[SOCS3 pre-mRNA].
We were very cautious not to affect the Kozak se-

quences within the described constructs. The sequence
surrounding the first AUG does not differ between SOCS3

pre-mRNA, SOCS3 mRNA, SOCS3 mRNA d5’UTR,
SOCS3 cds and SOCS3 cds M12V. The sequence sur-
rounding the first AUG is altered (or missing) in SOCS3
mRNA d5’UTR dKozak, SOCS3 cds dN, and SOCS3 cds
dAUG1. The sequence surrounding the 2nd AUG is not
altered in SOCS3 pre-mRNA, SOCS3 mRNA, SOCS3
mRNA d5’UTR, SOCS3 mRNA d5’UTR dKozak, SOCS3
cds, SOCS3 cds dN, and SOCS3 cds dAUG1. However, the
sequence is altered in SOCS3 cds M12V due to substitu-
tion of GUG to AUG (Additional file 1: Figure S1).

Cell culture
Human embryonic kidney (HEK) 293 cells and HeLa cells
(both DSMZ, Braunschweig, Germany) were grown in
Dulbecco’s modified Eagles medium (DMEM; Thermo
Fisher Scientific) supplemented with 10% FCS, strepto-
mycin (100 U/mL), penicillin (100 μg/mL) at 37 °C in a
water saturated atmosphere containing 5% CO2. HEK293
Flp-In™ T-Rex™ (HEK293 Flp-In, Thermo Fisher Scientific)
cells were used to prepare doxycycline-inducible stable
transfectants. Stable transfectants expressing either the
long or short SOCS3 isoform in response to doxycycline
(HEK293 Flp-In SOCS3 cds M12V cells or HEK293 Flp-In
SOCS3 cds dN cells) were generated by liposomal trans-
fection with pcDNA5/FRT-[SOCS3 cds M12V] or
pcDNA5/FRT-[SOCS3 cds dN] following manufacturer’s
instructions. HEK293 Flp-In SOCS3 cds M12V cells or
HEK293 Flp-In SOCS3 cds dN cells were cultivated in
DMEM supplemented with FCS (10 %), streptomycin
(100 U/mL), penicillin (100 µg/mL), blasticidin (10 µg/
mL) and hygromycin (50 µg/mL). Prior to stimulation,
HEK293 or HeLa cells were starved for four hours. HepG2
cells (DSMZ, Braunschweig, Germany) were grown in
DMEM + F12 (Thermo Fisher Scientific) supplemented
with 10% FCS, streptomycin (100U/mL) and penicillin
(100 μg/mL) at 37 °C in a water saturated atmosphere con-
taining 5% CO2. Prior to stimulation, HepG2 cells were
starved overnight in medium without FCS. Cells were
treated with hyper-IL-6 (hyIL-6, Conaris, Kiel, Germany),
IL-6 (Conaris), doxycycline (Sigma-Aldrich, St. Louis,
MO, USA), MG-132 (10 μM, Santa Cruz Biotechnology,
Dallas, TX, USA), cycloheximide (50 μg/mL, Sigma Al-
drich, St. Louis, MO, USA), poly I:C (InvivoGen, Tou-
louse, France), or salubrinal (12.5 μM, Santa Cruz
Biotechnology) as indicated.

Generation of PKR-deficient cells
HEK293 Flp-In™ T-Rex™ cells, HeLa cells or HepG2
cells were transfected with PKR CRISPR/Cas9 KO
plasmids (sc-400,177) together with PKR HDR plasmids
(sc-400,177-HDR) (Santa Cruz Biotechnology). Transfec-
tion was done using Lipofectamine 2000 (Thermo Fisher
Scientific) according to manufacturer’s instructions.
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Puromycin-resistant cells were isolated and cultivated in
DMEM (Thermo Fisher Scientific), supplemented with
10% FCS, streptomycin (100U/mL), penicillin (100 μg/
mL) and puromycin (2 μg/mL).

Transfection
Liposomal transfection was performed in OptiMEM
(Thermo Fisher Scientific) using Lipofectamine 2000
(Thermo Fisher Scientific) according to manufacturer’s
instructions. Four hours after transfection, OptiMEM
was replaced by DMEM supplemented with 10% FCS.
Cells were harvested 24 h after transfection.

Reporter gene assay (HEK cells)
300,000 HEK Flp-In SOCS3 cds dAUG1, SOCS3 cds
M12V or SOCS3 cds dN cells were grown in six-well
plates for 24 h. Transient transfection of 160 ng SOCS3
promoter luciferase reporter vector (pGL3-SOCS3
LucPm (− 511/+ 929) (Shlomo Melmed, Los Angeles,
CA, USA) and 160 ng β-galactosidase expression vector
(pCR3 lacZ) per well was performed in OptiMEM using
Lipofectamine 2000 according to manufacturer’s in-
structions (Thermo Fisher Scientific). Four hours after
transfection, OptiMEM was replaced by DMEM sup-
plemented with 10% FCS. 24 h after transfection cells
were left untreated or treated with indicated amounts
of doxycycline to induce varying expression levels of
the long or short isoform of SOCS3, respectively. In
addition, cells were stimulated with or without hyIL-6
(20 ng/mL) for 16 h. Cell lysis and luciferase assays
were carried out using the luciferase assay system
(Promega, Mannheim, Germany) according to manu-
facturer’s instructions. Activity of luciferase was nor-
malized to β-galactosidase activity. Maximal promoter
activity was set to 100%.

Reporter gene assay (HeLa cells)
Three hundred fifty thousand HeLa cells were grown in
six-well plates for 24 h. Transient transfection of 160 ng
SOCS3 promoter luciferase reporter vector (pGL3-
SOCS3 LucPm (− 511/+ 929)) (Shlomo Melmed) and
160 ng β-galactosidase expression vector (pCR3 lacZ)
per well was performed in OptiMEM using Lipofecta-
mine 2000 according to manufacturer’s instructions
(Thermo Fisher Scientific). In addition to this, cells were
cotransfected with expression vectors for SOCS3 cds
M12V or SOCS3 cds dN or empty vector as indicated to
induce varying expression levels of the long or short iso-
form of SOCS3, respectively. For transfection of equimo-
lar amounts of DNA (500 ng) the indicated amounts of
the transfected expression vectors encoding SOCS3 cds
M12V or SOCS3 cds dN were transfected along with
empty vector. Four hours after transfection, OptiMEM
was replaced by DMEM and cells were stimulated with

or without hyIL-6 (10 ng/mL) for 16 h. Cell lysis and lu-
ciferase assays were carried out using the luciferase assay
system (Promega, Mannheim, Germany) according to
manufacturer’s instructions. Activity of luciferase was
normalized to β-galactosidase activity. Maximal pro-
moter activity was set to 100%.

Quantitative RT PCR
Total RNA was isolated using the RNeasy Kit (Qiagen,
Hilden, Germany) according to manufacturer’s instruc-
tions. 500 ng of total RNA was reverse transcribed into
cDNA with Omniscript (Qiagen) using random hexameric
primers (Carl Roth, Karlsruhe, Germany) according to
manufacturer’s instructions. Real-time PCR was done on a
Rotor-Gene Q (Qiagen) using SYBR Green PCR reagents
(Thermo Fisher Scientific). Amplification of human
SOCS3 cDNA and HPRT1 cDNA was achieved with spe-
cific primers for SOCS3 (fw: 5′-GGAGTTCCTGGACC
AGTACG-3′, rv: 5′-ACATGGCACAAGCACAAGAA-
3′) and HPRT1 (fw: 5′-TGACACTGGCAAAACA
ATGCA-3′, rv: 5′-GGTCCTTTTCACCAGCAAGCT-3′).
The PCR reaction was performed in a final volume of
20 μl containing 2 μl cDNA, 250 nmol/l of each primer,
10 μl SYBR green PCR buffer (Thermo Fisher Scientific),
and 7 μl water. Following a 10 min denaturing step at
95 °C, amplification was performed in 40 cycles (10 s at
95 °C, 20 s at 60 °C, 30 s at 72 °C). SOCS3 and HPRT1
cDNAs were amplified in separate reaction wells in du-
plicates. The real-time PCR efficiencies were deter-
mined for each primer set from standard curves
generated from serial dilutions of a cDNA sample of
hyIL-6-stimulated (60 min, 10 ng/mL) HEK293 cells.
Quantification of gene expression was calculated as de-
scribed by Pfaffl et al. [34]. Maximal fold increase was
set to 100%.

Western blotting
For the isolation of cellular proteins cells were lysed in
RIPA lysis buffer (50mM Tris-HCl, pH 7.4, 150mM NaCl,
0.5% NP-40, 15% Glycerol, supplemented with 10 μg/mL
of each aprotinin, leupeptin and pepstatin as well as
0.8 μM Pefabloc (Roche, Mannheim, Germany), 1 mM
NaF, and 1mM Na3VO4). The protein concentration of
the lysates was determined using Biorad Protein Assay fol-
lowing manufacturer’s instructions (Biorad, Munich,
Germany). Proteins were separated by SDS-PAGE and
transferred to a nitrocellulose membrane (0.2 μm, GE
Healthcare, Chicago, IL, USA). For separation of the
SOCS3 isoforms gels with a concentration of 12.5% poly-
acrylamide were used. Antigens were detected by incuba-
tion with specific primary antibodies (1:1000 in TBSN)
followed by incubation with infrared-fluorescent-dye
(IRDye®)-coupled secondary antibodies (1:10,000 in
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TBSN) (LI-COR Biosciences, Lincoln, NE, USA). Detec-
tion was done using the Odyssey Infrared Imaging System
(LI-COR). List of primary antibodies: (p)S51 eIF2α
(#3398), (p)Y705 STAT3 (#9145), STAT3 (#9139) (Cell
Signalling Technology), eIF2α (sc-11,386), PKR (sc-707),
(p)T451 PKR (sc-101,784) (Santa Cruz Biotechnology),
SOCS3 (C204) (Immuno-Biological Laboratories, Fujioka,
Japan) and α-Tubulin (Sigma-Aldrich Chemie, Munich,
Germany). Western blots were quantified using Image
Studio Software (LI-COR).

Splicing assay
Total RNA was isolated using the RNeasy Kit (Qiagen)
according to the manufacturer's instructions. After re-
verse transcription, amplification of cDNA coding
SOCS3 pre-mRNA and SOCS3 mRNA was done by
using the following primers: SOCS3 fw 5′-AAGG
CTCCTTTGTGGACTT-3′, SOCS3 rv 5′-TCTTCCGA-
CAGAGATGCT-3′ (Thermo Fisher Scientific) to give
PCR products of 1300 bp or 800 bp, respectively. Ampli-
fication of GAPDH (GAPDH fw 5′-TGCCTCCTGCAC-
CACCAACTGC-3′ and GAPDH rv 5′-AATG
CCAGCCCCAGCGTCAAAG-3′ (Thermo Fisher Scien-
tific)) served as an internal control. Amplification prod-
ucts were separated by agarose gel electrophoresis and
stained with Roti-Stain (Carl Roth).

Results
IL-6 induces expression of two SOCS3 isoforms
The feedback inhibitor SOCS3 is rapidly induced in re-
sponse to IL-6 and other IL-6-type cytokines [7–9]. How-
ever, differential expression of the two SOCS3 isoforms
[33] and regulation of their expression in response to IL-6
has not been analysed in detail so far. To test whether IL-
6 induces the expression of one or both SOCS3 isoforms,
three unrelated human cell lines, hepatoma cells (HepG2),
cervical cancer cells (HeLa), and embryonic kidney cells
(HEK293), were stimulated with hyper-IL-6 (hyIL-6). Ex-
pression of both SOCS3 isoforms 90min post stimulation

with hyIL-6 was detected by Western blotting using an
antibody that specifically detects the C-terminal region of
both isoforms (Fig. 1). In all cell lines analysed, the long
isoform was expressed more prominently than the short
isoform. The short isoform is derived from an alternative
translation initiation site located 33 nucleotides down-
stream from the first AUG start codon and thus shortened
by 11N-terminal amino acids [33]. Consequently, the mo-
lecular mass of the shorter isoform differs by 1 kDa from
the longer isoform (Fig. 1). Thus, IL-6 induces endogen-
ous expression of both SOCS3 protein isoforms in unre-
lated human cell lines. Of note, expression of the longer
isoform exceeds that of the short isoform.

The inhibitory potential of SOCS3 does not depend on
isoform-specific N-terminal amino acids
We next asked whether the isoform-specific N-terminal
part of the SOCS3 isoforms is needed for the inhibitory
activity of SOCS3 during IL-6-induced JAK/STAT signal-
ling. To study both isoforms independently, we expressed
each isoform individually in HEK293 cells. To achieve ex-
clusive expression of the long isoform, the downstream
AUG codon (Met12) was replaced by a valine-coding
codon, eliminating the second start codon (SOCS3 cds
M12V). For exclusive expression of the short isoform, the
coding region for the 11N-terminal amino acids was de-
leted (SOCS3 cds dN). Transient transfection of HEK293
cells with vectors encoding the two isoforms resulted in
exclusive expression of the respective isoform. Both con-
structs differ in molecular mass as expected (Fig. 2a).
To analyse the inhibitory potential of each isoform in a

STAT3-dependent reporter assay, we established HEK293
FlpIn cells that express either SOCS3 cds M12V or
SOCS3 cds dN in dependence on doxycycline (Fig. 2b).
For this, HEK293 FlpIn cells expressing the long or the
short SOCS3 isoform, respectively, were transfected with
a STAT3-responsive reporter construct. Increasing doxy-
cycline concentrations enhances SOCS3 protein expres-
sion as determined by Western blotting (Fig. 2b, top row).
STAT3 phosphorylation after 16 h of hyIL-6 treatment is
impaired at the highest SOCS3 expression (Fig. 2b, second
and third rows). The activity of the reporter construct was
determined after stimulation with hyIL-6 for 16 h and in-
creasing amounts of doxycycline to induce the long or the
short isoform of SOCS3, respectively (Fig. 2c). Reporter
activation in the absence of doxycycline was set to 100%.
Both SOCS3 isoforms inhibited similarly and dose-
dependently the activation of the reporter construct at
moderate SOCS3 expression levels (Fig. 2c). Excess of
SOCS3 expression in response to 1mg/mL doxycycline
dampened the reporter activity to the level observed in
the absence of any stimulation. To substantiate these ob-
servations, we tested the inhibitory power of SOCS3

Fig. 1 IL-6 induces the expression of two different isoforms of
SOCS3. HepG2, HeLa, and HEK293 cells were stimulated with hyIL-6
(20 ng/mL) for 90 min or left untreated as indicated. SOCS3 and
tubulin protein expression were evaluated by Western blotting.
Arrowheads indicate the long and short isoforms of SOCS3.
Representative results of n = 3 independent experiments are shown
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isoforms in HeLa cells which are more responsive to IL-6
than HEK293 FlpIn cells. HeLa cells were transfected with
the STAT3 reporter construct together with increasing
amounts of expression vectors encoding the long or short
SOCS3 isoform. Again, both SOCS3 isoforms inhibited

similarly and dose-dependently the activation of the re-
porter constructs (Additional file 1: Figure S2), indicating
that the specific N-terminal part of the long isoform of
SOCS3 does not significantly influence the inhibitory ac-
tivity of SOCS3.

Fig. 2 The inhibitory potential of SOCS3 does not depend on isoform-specific N-terminal peptide. a HEK293 cells were transfected with
expression vectors for SOCS3 M12V or SOCS3 dN or empty vector (ctrl). Protein expression of SOCS3 isoforms and tubulin were monitored by
Western blotting. Arrowheads indicate the long and short isoforms of SOCS3. b HEK293 FlpIn cells stably transfected to express doxycycline-
dependently SOCS3 M12V or SOCS3 dN were treated for 16 h with the indicated amount of doxycycline to induce expression of SOCS3 isoforms
and stimulated with hyIL-6 (20 ng/mL, 16 h) to induce IL-6-dependent STAT3-activation. STAT3 phosphorylation as well as STAT3, SOCS3 and
tubulin protein expression were evaluated by Western blotting. Arrowheads indicate the long and short isoforms of SOCS3. Representative results
of n = 3 independent experiments are shown. c Cells as in (B) were transfected with STAT3-reporter constructs and a β-galactosidase encoding
expression vector. Cells were treated for 16 h with the indicated amount of doxycycline to induce SOCS3 isoform expression and with hyIL-6 (50
ng/mL, 16 h) to induce reporter gene expression. Luciferase activity was normalized to β-Galactosidase activity. Maximal reporter activity was set
to 100%. Data are given as mean of three independent experiments ± SD. rANOVA: n.s. p > 0.05
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The short SOCS3 isoform is more stable than the long
SOCS3 isoform
SOCS3 protein is known to be very short-lived [10]. Previ-
ous studies on growth factor-induced SOCS3 expression
suggested that the EGF-induced shorter isoform is more
stable than the long isoform [33]. Here, we compared the
stability of both isoforms independently of any stimulus
and in the absence of the respective other isoform. To this
end, we expressed each isoform exclusively and subse-
quently blocked translation by adding cycloheximide to
the cells. The decay of both SOCS3 protein isoforms was
then monitored for up to 120min. The blot in Fig. 3a and
corresponding quantitation suggest that the short SOCS3
isoform (SOCS3 cds dN) is more stable than the long iso-
form (SOCS3 cds M12V), independently of a stimulus
(Additional file 1: Figure S3).
To substantiate these results and to test whether the two

isoforms of SOCS3 influence each other, we generated
HEK293 FlpIn cells that express complete SOCS3 pre-
mRNA in dependence on doxycycline (HEK FlpIn SOCS3
pre-mRNA). The resulting mRNA encodes both SOCS3
isoforms. We induced expression of SOCS3 with doxycyc-
line and subsequently blocked translation by adding cyclo-
heximide to monitor the decay of the SOCS3 isoforms (Fig.
3b). As already shown for expression of endogenous
SOCS3 (Fig. 1a), the short isoform was less abundant than
the long isoform (Fig. 3b, lanes 1 and 8). As in Fig. 3a, the
short SOCS3 isoform was significantly more stable (4.5 h)
than the long isoform (1.7 h) (Fig. 3b, lanes 1 to 7; Fig. 3c;
Additional file 1: Figure S4). The half-life of the long iso-
form confirms the one previously determined by classical
pulse-chase approaches [10]. Initial studies of the half-life
of SOCS3 isoforms suggested differential proteasomal deg-
radation of the two isoforms, as the short isoform lacks a
prominent ubiquitination side [33]. To test this, we applied
the proteasomal inhibitor MG132 prior to cycloheximide
treatment. MG132 stabilized the long isoform of SOCS3,
whereas it did not affect the half-life of the short isoform
(Fig. 3b, lanes 8–14; Fig. 3c; Additional file 1: Figure S4).
This confirms the involvement of the proteasome for the
degradation of the long SOCS3 isoform.
With these experiments, we confirm the results of

Sasaki et al. [33] and conclude that the long SOCS3 iso-
form is less stable than the short isoform, despite the
fact that expression of the long isoform is more pro-
nounced than that of the short isoform.

The UTRs and the first AUG codon in the SOCS3 mRNA
influence the ratio of SOCS3 isoform expression
The SOCS3 gene contains a single 566 bp intron within
the 985 bp long 5′-UTR and a 1.6 kBp long 3′-UTR crit-
ical for regulating SOCS3 mRNA half-life [14] (Fig. 4a).
Whether SOCS3 mRNA structure affects the ratio of
SOCS3-isoform expression remains unknown. We first

studied the potential impact of SOCS3 mRNA structure
on expression of the long and short SOCS3 isoform, re-
spectively. To follow splicing of SOCS3 pre-mRNA, a
primer pair corresponding to sequences located 5′ and
3′ to the single intron was used to discriminate spliced
mRNA from unspliced pre-mRNA. These primers were
first used to amplify the corresponding gene region from
genomic DNA (gDNA) of HepG2 cells and gave rise to a
PCR product of about 1.4 kBp (Fig. 4b, lane 2). A PCR
product of the same size was amplified from expression
vector coding for complete SOCS3 pre-mRNA (Fig. 4a
and Fig. 4b, lane 4). An expression vector lacking the
566 bp intron (SOCS3 mRNA; Fig. 4a) that encodes ma-
ture SOCS3 mRNA gave rise to a PCR product of about
850 bp (Fig. 4b, lane 3). Next, we used this set of primers
to monitor the kinetics of SOCS3 pre-mRNA splicing in
HepG2 cells stimulated with IL-6. Upon IL-6 stimula-
tion, SOCS3 pre-mRNA was induced rapidly and was
spliced efficiently, with little, if any, pre-mRNA detect-
able 30 min post stimulation (Fig. 4c, Additional file 1:
Figure S5).
Next, we asked whether the UTRs and SOCS3 pre-

mRNA splicing affect expression and SOCS3 isoform ra-
tio. We compared the expression of long and short iso-
forms of SOCS3 encoded by vectors expressing complete
SOCS3 pre-mRNA, SOCS3 mRNA, the coding sequence
of SOCS3 (SOCS3 cds), or the coding sequence of the
short isoform (SOCS3 cds dN) (Fig. 4a). All four vectors
were transfected into HEK293 cells and expression of
SOCS3 isoforms was detected by Western blot analysis
(Fig. 4d). Transfection of the pre-mRNA and mRNA vec-
tors resulted in expression of both SOCS3 isoforms. Ex-
pression of the long isoform was more pronounced than
expression of the short isoform (Additional file 1: Figure
S6), confirming results in Figs. 1 and 3b. This experiment
indicates that the intron does not affect expression and ra-
tio of the two isoforms (compare lanes 1 and 2 in Fig. 4d).
Deleting both 5′-UTR and 3′-UTRs from SOCS3

mRNA strongly increased expression of the long protein
isoform, whereas expression of the short isoform was not
affected (compare lanes 2 and 3 in Fig. 4d). Apparently,
the UTRs of SOCS3 mRNA hinder utilization of the first
AUG codon as translational start site yet do not affect use
of the second AUG codon. To analyse the impact of the
5′-UTR on SOCS3 isoform expression, we expressed
SOCS3 mRNA d5’UTR which lacks the 5′-UTR but re-
tains the Kozak translational initiation consensus se-
quences. We monitored SOCS3 isoform expression by
Western blotting (Fig. 4e). Expression of the long SOCS3
isoform by SOCS3 mRNA d5'UTR was enhanced com-
pared to those by SOCS3 mRNA. This indicates that the
5′-UTR counteracts expression of the long SOCS3 iso-
form. Expression of the short isoform was not affected by
the 5’-UTR. Furthermore, we compared SOCS3 isoform
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expression initiated from SOCS3 mRNA d5’UTR and
SOCS3 cds to evaluate the impact of the 3′-UTR. The re-
sults shown in Fig. 4e suggest that the 3′-UTR does not
affect SOCS3 isoform expression.
Additionally, we mutated the Kozak sequence surround-

ing the first AUG (SOCS3mRNA d5’UTR dKozak) to study
the impact of the Kozak sequence on SOCS3 isoform ex-
pression. Expression of the SOCS3 long isoform was re-
duced and, interestingly, expression of the short SOCS3
isoform was enhanced. These results suggest that transla-
tional initiation from the 1st AUG hinders translational ini-
tiation from the 2nd AUG. This hypothesis is further
supported by the results shown in Fig. 4f: deletion of the
upstream sequence needed for synthesis of the long isoform
increased the expression of the short isoform (compare
lanes 2 and 4 in Fig. 4d), suggesting that use of the first
AUG codon restricts usage of the second translation start
codon. To examine this point in more detail, we mutated
the first AUG in the coding sequence of the long SOCS3
isoform (SOCS3 dAUG1). In cells transfected with this con-
struct, only the short SOCS3 isoform was expressed (Fig.
4f, lane 3). Expression of the short isoform was strongly in-
creased compared to that in cells transfected with an ex-
pression vector containing both AUGs (SOCS3 cds). The
expression was comparable to that in cells transfected with
the coding sequence for the short isoform (SOCS3 cds dN)
(Fig. 4f). These results indicate that usage of the first AUG
and not the presence of the long isoform-specific N-
terminal nucleotides suppresses translational initiation from
the second AUG.
We conclude that the 5′-UTR of SOCS3 mRNA spe-

cifically downregulates expression of the long SOCS3
isoform and that expression of the long isoform sup-
presses synthesis of the short isoform.

PKR knockout or activation of PKR does not affect
expression of SOCS3 isoforms
The study of Sasaki et al. [33] suggested that activated
PKR induces expression of the short isoform of SOCS3

by phosphorylating eIF2α. PKR, a serine/threonine pro-
tein kinase, is activated by binding of double-helical
RNA that is either the product of viral replication or
encoded in specifically folded inflammatory cytokine and
globin mRNAs [29, 32].
We therefore tested whether activation of PKR with the

pharmacological PKR activator and dsRNA mimetic, poly
I:C, has an impact on the expression of SOCS3 isoforms.
HeLa cells transfected with expression vectors for either
SOCS3 pre-mRNA or SOCS3 mRNA to induce expression
of both SOCS3 isoforms and control cells were treated
with poly I:C. Poly I:C-induced threonine phosphorylation
of PKR, serine phosphorylation of eIF2α and expression of
SOCS3 isoforms were monitored by Western blotting. As
shown in Fig. 5a, although poly I:C treatment resulted in
PKR activation and phosphorylation of its eIF2α substrate,
expression of SOCS3 isoforms was not altered upon acti-
vation of PKR.
We next tested whether the pharmacological inhibitor of

eIF2α-dephosphorylation, salubrinal [27], affects SOCS3
isoform expression. SOCS3 expression was induced by in-
creasing amounts of doxycycline in HEK293 FlpIn cells that
express SOCS3 pre-mRNA. Doxycycline induced dose
dependent expression of both SOCS3 isoforms. Salubrinal
increased eIF2α phosphorylation and slightly repressed
SOCS3 protein expression, most probably by its impact on
overall translation. However, it did not alter the ratio of the
SOCS3 isoforms (Fig. 5b). To test whether the reduction of
SOCS3 protein by salubrinal resulted from reduced transla-
tion of SOCS3 mRNA, we analysed the effect of salubrinal
on SOCS3 mRNA expression. Indeed, salubrinal did not
affect the extent of SOCS3 mRNA expression (Additional
file 1: Figure S7).
Using a CRISPR/Cas9 approach, we next generated

PKR-deficient HEK293 FlpIn cells expressing SOCS3 pre-
mRNA to further elaborate the impact of PKR on SOCS3
isoform expression. Complete elimination of PKR expres-
sion also had no impact on the expression and ratio of the
two SOCS3 isoforms (Fig. 5c). Furthermore, PKR

(See figure on previous page.)
Fig. 3 The short SOCS3 isoform is more stable than the long isoform of SOCS3. a HEK293 cells were transfected with expression vectors for
SOCS3 M12 V or SOCS3 dN. Cells were treated with 50 μg/mL cycloheximide for the times indicated. SOCS3 and tubulin protein expression were
evaluated by Western blotting. Arrowheads indicate the long and short isoforms of SOCS3. Lower panel: quantification of relative SOCS3 protein
expression of the long (blue) and short SOCS3 (red) isoform. Expression was normalized to tubulin expression. Maximal SOCS3 protein expression
was set to 100%. Representative results of n = 4 independent experiments are shown (Additional file 1: Figure S3). b HEK293 FlpIn cells stably
transfected to express doxycycline-dependently SOCS3 pre-mRNA were treated with 1 μg/mL doxycycline for 4 h to induce expression of the
SOCS3 isoforms. After withdrawal of doxycycline, cells were treated with MG132 (10 μg/mL). After 15 min 50 μg/mL cycloheximide was added for
the times indicated. SOCS3 and tubulin expression were evaluated by Western blotting. Arrowheads indicate the long and short isoforms of
SOCS3. Representative results of n = 3 independent experiments are shown. For quantification see Additional file 1: Figure S4. c Quantification of
the half-lives of the long (blue) and short SOCS3 (red) isoform in the absence or presence of MG132 from experiments as shown in Fig. 3b.
Expression was normalized to tubulin expression. Maximal SOCS3 protein expression was set to 100% for each specific data set. Calculation of the
half-lives was performed by linear regression for each specific data set. Data are given as mean of three independent experiments ± SD. Half-lives
of the long and short SOCS3 isoform differ significantly in the absence of MG132 treatment (rANOVA: * p = 0.016) but are equal in the presence of
MG132 (rANOVA: n.s. p > 0.05)
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knockout did not affect SOCS3 mRNA expression (Add-
itional file 1: Figure S8). These results do not support the
concept that either activation of PKR or PKR-dependent
phosphorylation of eIF2α affects SOCS3 isoform
expression.
Finally, we evaluated the impact of PKR on IL-6-

induced expression of endogenous SOCS3 isoforms.
Using a CRISPR/Cas9 approach, we generated PKR-
deficient HeLa, HepG2 and HEK293 cells. SOCS3 ex-
pression was induced by treating the cells with hyIL-6
for 90 min. As already shown in Fig. 1, hyIL-6 activated
STAT3 and induced the expression of both SOCS3 iso-
forms in all three wild-type cell lines (Fig. 5d). Knockout
of PKR expression affected neither hyIL-6-induced ex-
pression of SOCS3 isoforms nor hyIL-6-dependent
STAT3 phosphorylation.
In summary, none of these different experimental ap-

proaches for testing the impact of the PKR pathway on
SOCS3 expression supports the hypothesis that relative
expression of SOCS3 isoforms is affected by PKR activa-
tion or eIF2α phosphorylation. By contrast, the UTRs
and first AUG codon in SOCS3 mRNA influence the ra-
tio of SOCS3 isoform expression.

Discussion
IL-6 is a central regulator of inflammation and thus highly
relevant when the organism has to cope with infections or
other traumata. Despite these beneficial functions of IL-6,
dysregulated IL-6-induced signalling (e.g. hyper-activation
of JAK/STAT signalling) contributes to the development
of pathologies such as autoimmune diseases, chronic in-
flammation, or even cancer. Thus, guaranteeing fine-

tuned signal transmission by IL-6 is of major importance
for the organism. Several molecular mechanisms that
regulate signal transmission through the IL-6 pathway
have evolved. Most of these constitute negative feedback
mechanisms such as cytokine-induced receptor internal-
ization [35, 36], activation of cytoplasmic [37–39] or nu-
clear [40] phosphatases, and induction of kinase inhibitors
of the SOCS family [7–9, 12].
Besides cell-intrinsic regulation, IL-6 signalling is also

affected extrinsically by crosstalk with pro-inflammatory
cytokines such as IL-1β and TNF-α and with stress stim-
uli [41, 42]. Thus, IL-1β impairs IL-6 signal transduction
by inducing MK2-dependent phosphorylation and subse-
quent internalization and degradation of the signal-
transducing receptor subunit gp130 [43]. Furthermore,
NF-κB, activated in response to IL-1β, acts directly on
IL-6-responsive promoter elements of acute-phase pro-
teins [44, 45]. TNF-α increases SOCS3 mRNA stability
by a p38/MK2 stress-kinase-dependent mechanism and
thus counteracts IL-6 signalling [14]. Glucocorticoids in-
crease acute-phase protein expression in the liver [46,
47] by reducing IL-6-induced SOCS3 expression, likely
through control of SOCS3 mRNA translation [19].
The stress kinase PKR was suggested to affect SOCS3

expression [33]. PKR is activated by dsRNA generated
upon viral infections [21, 22]. Activated PKR phosphory-
lates eukaryotic initiation factor eIF2α and thereby inhibits
translation initiation [20, 23]. Likewise, eIF2α is phosphor-
ylated by PERK in response to cellular stress induced by
the unfolded protein response [24]. These examples
underline the central role of eIF2α phosphorylation in lim-
iting protein synthesis in stress situations. However, PKR
is also activated by intragenic double-helical structures

(See figure on previous page.)
Fig. 4 The UTRs and the first AUG codon influence the ratio of SOCS3 isoform expression. a Schema of the SOCS3 constructs analyzed in the
following experiments (orange: coding sequence; grey: intron; blue: UTR; green: alternative translational start sites). P1 and P2 represent the
primer pair used for amplification and discrimination of non-spliced SOCS3 pre-mRNA and spliced SOCS3 mRNA. For information on the Kozak
sequence of the specific constructs see Additional file 1: Figure S1) (b) A specific primer pair corresponding to sequences located 5′ and 3′ to the
single intron was used to discriminate spliced mRNA and un-spliced pre-mRNA (see Fig. 4a). For reference genomic DNA from untreated HepG2
cells was isolated and a DNA fragment corresponding to the unspliced pre-mRNA of SOCS3 was amplified (lane 1). Expression vectors for SOCS3
mRNA and SOCS3 pre-mRNA (Fig. 4a) were used as templates for amplification of DNA fragments corresponding to SOCS3 mRNA or unspliced
SOCS3 pre-mRNA, respectively (lanes 2 and 3). Amplification products were separated by agarose gel electrophoresis. c HepG2 cells were
stimulated with 10 ng/mL IL-6 for the indicated times. mRNA was isolated, translated into cDNA and cDNA amplified as in Fig. 4b. Amplification
products were separated on the same gel by gel electrophoresis. The dashed line indicates removed lanes. Exposure was identical to all parts of
the gel. Amplicons corresponding to spliced mRNA and non-spliced pre-mRNA are indicated by arrows. For quantification see Additional file 1:
Figure S5. d HEK293 cells were transfected with expression vectors for SOCS3 pre-mRNA, SOCS3 mRNA, the coding sequence of SOCS3 (SOCS3
cds), and the coding sequence of the short isoform of SOCS3 (SOCS3 dN) (Fig. 4a). SOCS3 and tubulin protein expression were evaluated by
Western blotting. Arrowheads indicate the long and short isoforms of SOCS3. For quantification see Additional file 1: Figure S6. Representative
results of n = 3 independent experiments are shown. For expression of the different SOCS3 mutants, we adjusted the amount of transfected DNA
in accordance to vector size. e HEK293 cells were transfected with expression vectors for SOCS3 mRNA, SOCS3 mRNA d5’UTR, SOCS3 mRNA
d5’UTR dKozak, and SOCS3 cds. SOCS3 and tubulin protein expression was evaluated by Western blotting. Arrowheads indicate the long and
short isoforms of SOCS3. For expression of the different SOCS3 mutants we adjusted the amount of transfected DNA in accordance to vector size.
f HEK293 cells were transfected with expression vectors containing the coding sequence of SOCS3 (lane 2; cds), expression vectors where the first
AUG in the coding sequence of the long SOCS3 isoform was mutated (SOCS3 dAUG1) or expression vectors were the coding sequence of the
long isoform-specific peptide was deleted (SOCS3 dN). SOCS3 and tubulin protein expression were evaluated by Western blotting. Arrowheads
indicate the long and short isoforms of SOCS3. Representative results of n = 3 independent experiments are shown
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Fig. 5 Neither PKR activation nor PKR knockout affect SOCS3 isoform expression. a HeLa cells were transfected with expression vectors encoding
SOCS3 pre-mRNA or SOCS3 mRNA. After transfection cells were treated with 10 μg/mL pIC for 3 h. PKR phosphorylation ((p)T451), eIF2α
phosphorylation ((p)S51) and PKR, eIF2α, SOCS3, and tubulin protein expression were evaluated by Western blotting. Arrowheads indicate the
long and short isoform of SOCS3 respectively. Representative results of n = 3 independent experiments are shown. b HEK293 FlpIn SOCS3 pre-
mRNA cells were treated with 12.5 μM salubrinal for 48 h and SOCS3 expression was induced by treatment with doxycycline with indicated
concentrations for 3 h. eIF2α phosphorylation ((p)S51), eIF2α, SOCS3, and tubulin protein expression were evaluated by Western blotting.
Arrowheads indicate the long and short isoforms of SOCS3. c PKR expression was eliminated in HEK293 FlpIn SOCS3 pre-mRNA cells using a
CRISPR/Cas9 approach (PKR−/−). SOCS3 expression was induced by 1 μg/mL doxycycline for the times indicated. PKR, SOCS3, and tubulin protein
expression were evaluated by Western blotting. Arrowheads indicate the long and short isoforms of SOCS3. Right panel: quantification of relative
SOCS3 protein expression of the long and short SOCS3 isoform. Expression of the long isoform was normalized to the expression of the short
isoform. Representative results of n = 3 independent experiments are shown. d PKR expression was eliminated in HepG2, Hek293, and HeLa cells
using a CRISPR/Cas9 approach. Cells were stimulated with hyIL-6 (50 ng/mL) for 90 min or left untreated as indicated. PKR, SOCS3, (p)Y705 STAT3,
STAT3, and tubulin protein expression were evaluated by Western blotting. Arrowheads indicate the long and short isoform of SOCS3.
Representative results of n = 3 independent experiments are shown
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within (pre-)mRNAs encoding inflammatory cytokines.
Short RNA elements within IFN-γ mRNA as well as
within TNF-α and globin pre-mRNA control translation
and splicing of these mRNAs, respectively, by strongly ac-
tivating PKR [28–31]. Furthermore, PKR has been sug-
gested to act on EGF-dependent JAK/STAT signalling by
regulating the expression of the two SOCS3 isoforms.
PKR was reported to promote expression of the short,
more stable SOCS3 isoform [33]. However, it remained
unclear whether EGF affects the half-life of the two iso-
forms, e.g., by inducing differential degradation of the iso-
forms or whether the stability of the two SOCS3 isoforms
differs intrinsically. The decay of each isoform was not
analysed in the absence of the other isoform to exclude
mutual interaction. Little is known about relative expres-
sion of the two SOCS3 isoforms induced in response to
other stimuli.
Here, we examined the role of PKR activation in IL-6

signalling and IL-6-dependent expression of the two
SOCS3 protein isoforms. We demonstrate IL-6-induced
expression of both isoforms in three independent human
cell lines. Using a cytokine-independent cellular system
that can be triggered to express exclusively either the
long or the short isoform of SOCS3, we show that the
short isoform is more stable than the long isoform, inde-
pendent of cytokine or growth factor signalling and in-
dependent of the presence of the respective other
isoform. These results indicate that the half-lives of the
two SOCS3 isoforms are intrinsic parameters of the pro-
teins, independent of stimulus.
Although the more stable short SOCS3 isoform might

be expected to reach higher levels of expression than the
less stable long isoform, expression of both isoforms
from native mRNA yielded a more pronounced expres-
sion of the short-lived long isoform. This suggests that
the steady-state ratio of the SOCS3 isoforms is not regu-
lated primarily by protein stability. Previous studies
showed that the 3′-UTR affects SOCS3 mRNA stability
[14]. In the present study, we show that the 5'-UTR and
the first AUG codon in native SOCS3 mRNA influence
the ratio of SOCS3 isoform expression: The 5'-UTR of
SOCS3 mRNA limits expression of the long isoform but
not of the short isoform. The 5′-UTR sequence hinders
usage of the first AUG as translation start codon. We
further hypothesised that translation from the second
AUG is impeded within the native SOCS3 mRNA. In-
deed, upon elimination of the nucleotide sequence en-
coding the extra N-terminal amino acids of the long
isoform, expression of the short isoform increased. This
supports the concept that scanning ribosomes prefer the
first AUG as translation start. This hypothesis was sub-
stantiated by mutation of the first AUG and mutation of
the Kozak consensus sequence surrounding the first
AUG. Both mutations resulted in specific and strong

expression of the short SOCS3 isoform. Actually, the se-
quence surrounding the first start codon (TGCG
CCAUGG) corresponds almost perfectly to the Kozak
consensus sequence (GCCA/GCCAUGG) [48] whereas
the sequence surrounding the second start codon is less
(GCCGGGAUGA) optimal. Though preferential, trans-
lation starting from the first AUG codon is impaired by
the upstream UTR. Strikingly, the N-terminal part of
SOCS3 is highly conserved (Additional file 1: Figure S9).
Both methionine1 and methionine12 but also lysine6,
suggested to destabilise specifically the long isoform, are
conserved in a wide range of species.
Our results thus show a tight regulation of the expres-

sion ratio of the unstable long SOCS3 isoform and the
more stable short isoform. Alternative AUG start codons
within a single transcript can contribute to diversity of the
proteome, however, their functional significance remains
controversial [49]. The organism may benefit from a more
pronounced expression of the long SOCS3 isoform, as a
short half-life of a regulatory protein provides dynamic
regulation ensuring rapid response times. Conceivably, ex-
pression of this isoform could be regulated by proteins or
non-coding RNAs binding to the 5′-UTR, as the 5′-UTR
impedes usage of the first AUG start codon.
SOCS3 is known as kinase inhibitor and is also part of

an E3 ligase complex. The latter function depends on
the C-terminal SOCS-box [50]. So far, we have no evi-
dence that the 11 N-terminal amino acids regulate the
C-terminal SOCS-box. However, we cannot rule out the
possibility that the SOCS3 isoforms specifically influence
E3 ligase activity.
In contrast to the results of Sasaki et al. [33], activa-

tion of PKR by the double-stranded RNA mimic poly I:C
did not affect exogenous expression of the two SOCS3
isoforms in the cellular systems analysed here. Also, sta-
bilising eIF2α phosphorylation with salubrinal did not
affect the ratio of SOCS3 isoform expression. Finally,
knockout of the PKR gene did not change the relative
expression of SOCS3 isoforms. These experiments do
not support a role for PKR activation, PKR expression,
or phosphorylation of eIF2α substrate on the ratio of
SOCS3 isoform expression. This was further substanti-
ated for IL-6-induced expression of endogenous SOCS3
protein in a broader set of cell lines lacking PKR expres-
sion. Sasaki et al. studied the effect of PKR on SOCS3
isoform expression by using SOCS3 cDNA lacking the
5’-UTR [33]. In clear contrast, we studied the effect of
PKR on SOCS3 isoform expression by using SOCS3 pre-
mRNA and SOCS3 mRNA containing both UTRs (Fig.
5). Thus, one might conclude that the presence of UTRs
determines the function of PKR in SOCS3 isoform ex-
pression. Additionally, we cannot exclude that other
stress-activated protein kinases substitute for PKR in our
experiments. Furthermore, Sasaki et al. analysed SOCS3
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isoform expression in response to IFNγ, IL-10, and EGF.
We induced SOCS3 expression in response to IL-6-
signalling or exogenously in the absence of any additional
stimulus. Thus, one might speculate that the role of PKR
depends on the specific stimulus. Interestingly, no obvious
differences in the inhibitory potential of both SOCS3
isoforms were evident even when both isoforms were ana-
lysed separately. Thus, the inhibitory potential of SOCS3
does not depend on the isoform-specific N-terminal
amino acids and the specific half-life of each isoform, but
solely on the expression level of each SOCS3 isoform that
depends on the UTRs and on the AUG start codon used.

Conclusions
This study focused on the regulation of SOCS3 isoform
expression. Both isoforms show a similar potential for
inhibiting IL-6 signalling but differ in their half-lives. Ex-
pression of the isoforms depends on intragenic elements
but is independent of PKR signalling. Our data add
insight into the complex regulation of SOCS3 expression
by extrinsic and intrinsic molecular mechanisms, rele-
vant in light of the fact that SOCS3 expression is often
dysregulated in inflammatory diseases.
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