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Altemative splicing generates several interleukin-6 (IL-6) iso-
forms; for them an antagonistic activity to the wild-type IL-6
has been proposed. In this study we quantified the relative
abundance of IL-6 mRNA isoforms in a panel of mouse tissues
and in C2C12 cells during myoblast differentiation or after
treatment with the Ca>* ionophore A23187, the AMP-mimetic
AICAR and TNF-a. The two mouse IL-6 isoforms identified,
IL-665 (deletion of the first 58 bp of exon 5) and IL-653
(lacking exon 3), were not conserved in rat and human, did
not exhibit tissue specific regulation, were expressed at low
levels and their abundance closely correlated to that of
full-length IL-6. Species-specific features of the IL-6 sequence,
such as the presence of competitive 3’ acceptor site in exon 5
and insertion of retrotransposable elements in intron 3, could
explain the production of IL-635 and IL-633. Our results ar-
gued against biological significance for mouse IL-6 isoforms.
[BMB reports 2012; 45(1): 32-37]

INTRODUCTION

Cytokines as hormones play a fundamental role in the commu-
nication between cells, even if they act at a lower concen-
tration (nano-picomolar) and are not stored in glands but are
rapidly synthesized and secreted, mostly after specific stimuli.
Interleukin-6 (IL-6) belongs to the family of cytokines which
is characterized by the long-chain a-helix-bundle topology and
by the use of gp130 as a common signal transducer. IL-6 plays
a central role in the inflammatory response and its aberrant
production has been implicated in several diseases, including
many types of cancer (1). Human, mouse and rat IL-6 gene is
structured in 5 exons and 4 introns. The position of exon/in-
tron junctions, the length of exons, and the position of cys-
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teine residues within the IL-6 sequence are conserved in differ-
ent mammalian species (2).

Several alternative splicing (AS) variants of IL-6 gene have
been identified in human and mouse. In human, in addition to
full-length (FL) IL-6, an isoform lacking exon 2 (IL-652) has
been identified in lipopolysaccharide-stimulated peripheral
blood mononuclear cells (PBMC) (3), in normal renal cells and
renal cell carcinoma (RCC) but not in other tumour cells (4). In
lung tissue and cultivated fibroblasts, in addition to FL IL-6 and
IL-682, also IL-6 lacking exon 4 (IL.-654) and both exon 2 and 4
(IL-65254) have been reported (5). Two other IL-6 isoforms, in-
volving different exons compared to human ones, were found
in mice (6). FL IL-6, 1L-635 (deletion of the first 58 bp of exon
5) and IL-683 (lacking exon 3) were expressed in the spleen of
mice previously immunized with sheep erythrocytes and in
placenta tissues, whereas only FL IL-6 and IL-685 have been
detected in liver (6). In man, functions of IL-6 isoforms have
been analysed using an in vitro translation assay of I1L.-6 cDNA
splice variants. IL-684 (5) and IL-682 (4), expressed as recombi-
nant proteins, revealed an antagonistic activity to the wild-type
IL-6. More recently, a bioinformatic analysis of human IL-6352,
IL-684 and mouse IL-633 structures and their modelled inter-
actions with the receptor complex suggested that all these
splice variants could act as antagonists of IL-6 (7). All these
studies showed that multiple mRNAs of IL-6 are produced and,
if translated, they could regulate the activity of wild-type IL-6.
An antagonistic action of IL-6 isoforms requires that IL-6 iso-
forms are expressed in relatively high level compared to FL
IL-6. However, to date, no study has analysed the relative
abundance of IL-6 isoforms compared to FL IL-6 and if their ra-
tio of expression is regulated. In this study we quantified the
relative abundance of 1L-6 mRNA isoforms in a panel of nor-
mal mouse tissues using real time RT-PCR. Moreover, we used
the murine C2C12 cells to investigate if the expression of IL-6
mRNA isoforms was dynamically controlled during myoblast
differentiation and after several stimuli known to induce IL-6
expression through the activation of different pathways (8).
Finally we described the pattern of expression of IL-6 splice
variants in several rat tissues and human normal and tumour
cell lines in order to analyse if mouse IL-6 isoforms are con-
served among closely related species.
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RESULTS AND DISCUSSION

Identification and quantification of IL-6 isoforms in a panel of
mouse tissues

Expression of IL-6 splice variants in mouse tissues was ana-
lysed by RT-PCR using primers located at the extreme 5’ and
3’ ends of the coding sequence. A PCR product of the ex-
pected size for IL-6 (640 bp) was amplified in lung, intestine,
skeletal muscles (gastrocnemius and soleus), adipose tissues
(inguinal and mesenteric) and heart of mice; two other frag-
ments of smaller length were also present in lung and mesen-
teric adipose tissue (Fig. 1A). Sequence analysis showed that
the band of 640 bp corresponds to FL IL-6 whereas the two
lower bands obtained in lung and mesenteric adipose tissue
correspond to the same IL-6 isoforms previously described in
mice (6): 1L.-685 (582 bp) and 1L-633 (526 bp).

We then quantified the relative abundance of IL-6 splice var-
iants by using real time RT-PCR. Fig. 1B shows the IL-6
exon/intron structure and the position of primers used for the
amplification of FL IL-6, IL-655 and IL-6863. Among all the tis-
sues examined, mesenteric adipose tissue expressed the high-
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Fig. 1. Expression analysis of IL-6 isoforms in a panel of mouse
tissues. (A) 1L-6 mRNAs expressed in several mouse tissues were
amplified using primers located at the 5’ and 3’ ends of the cod-
ing sequence. (B) Schematic representation of the exon/intron
structure of 1L.-6 gene and position of primers used to separately
amplify IL-6 isoforms. The alternative exon 3 and the sequence
removed from IL-635 are shown in grey. (C) Quantification of
IL-6 isoforms by real time RT-PCR in mouse tissues.
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est level of FL IL-6 mRNA, followed by lung, skeletal muscles,
heart and inguinal adipose tissue (Fig. 1C). In brain and intes-
tine FL IL-6 was barely detectable whereas liver and kidney do
not express FL IL-6 at all. Using real time RT-PCR we detected
IL-685 and 1L-683 not only in lung and mesenteric adipose tis-
sues as obtained with conventional PCR, but in all tissues ex-
pressing FL IL-6. This result demonstrated that IL-685 and
IL-683 were expressed without tissue-selectivity but their de-
tection was related to the sensitivity of the experimental
method. Quantification of IL-6 isoforms by real time RT-PCR
revealed that FL IL-6 accounted for over 90% of total IL-6
mRNAs whereas 1L-685 and 1L-683 represented 5-6% and 3%
respectively.

There was a close correlation between the expression of FL
IL-6 and IL-685 (r = 0.9; P < 0.01) and IL-683 (r = 0.9; P <
0.01) although their quantity was too low to suggest regulatory
functions for these AS variants.

Analysis of IL-6 splice variants in C2C12 cells

After that, we analysed the expression of IL-6 isoforms in mur-
ine C2C12 cells, since numerous studies have shown that skel-
etal muscle cells express IL-6 and its mRNA abundance is
regulated during differentiation of myoblasts to myotubes (9)
and to several stimuli including inflammatory mediators (10),
rise in intracellular Ca®* concentration and activation of the
fuel-sensing enzyme AMPK (11). With PCR primers flanking
the sequence of the IL-6 coding region, FL IL-6, IL-685 and
IL-653 were amplified both in myoblasts and myotubes (Fig.
2A). Quantification of 1L-6 isoforms by real time RT-PCR re-
vealed that in C2C12 the expression level of IL-685 and IL-653
was low indeed, together, they never reached more than 10%
of total IL-6 mRNAs (Fig. 2B). These data were consistent with
those obtained in mouse tissues. Myotubes expressed about
twice the FL IL-6, IL-655 and IL-683 than the myoblasts and
about 10 fold more IL-6 isoforms compared to skeletal muscle
in vivo (compare Fig. 1C and 2B). This marked difference be-
tween the expression of IL-6 in cell cultures versus isolated tis-
sues has been previously described (12) and may be related to
the differentiation state or to autocrine stimulation of IL-6
production. This finding explains why IL-685 and IL-663 were
detected, by RT-PCR, in C2C12 cells but not in mouse skeletal
muscles.

To determine whether the IL-6 isoforms are efficiently ex-
ported in the cytoplasm, we quantified the relative abundance
of IL-6 mRNA isoforms in nuclear and cytoplasmic fractions of
myotubes. The FL IL-6 and IL-685 were nearly equally expres-
sed in the nucleus and cytoplasm while [L-683 was partially re-
tained in the nucleus demonstrating that this AS variant, as
many miss-spliced mRNAs (13), was inefficiently exported to
the cytoplasm to prevent protein expression (Fig. 2C). The cy-
toplasmic proteins Gapdh and Tubulin were used to confirm
the purity of nuclear fraction (Fig. 2D).
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Fig. 2. Expression analysis of IL-6 splice variants in C2C12 myo-
blasts and myotubes. (A) RT-PCR amplification pattern obtained in
C2C12 myoblasts and myotubes with primers located at the 5" and
3’ ends of the coding sequence and (B) quantification of IL-6 iso-
forms by real time RT-PCR (n = 7 *P < 0.05). (O Quantification
of IL-6 isoforms in nuclear and cytoplasmic fractlons of myotubes
(n = 3 *P < 0.05); the cytoplasmic fraction is virtually free of
nuclear contamination as assessed by IL-6 pre- mRNA expression.
(D) The cytoplasmic proteins Gapdh and Tubulin were predom-
inantly found in the cytosol fraction confirming the purity of nu-
clear fraction.

Quantification of IL-6 isoforms during myoblast
differentiation and after different C2C12 treatments

Since the expression of IL-6 isoforms markedly differs between
myoblasts and myotubes, we analysed the pattern of ex-
pression of FL IL-6, 1L.-685 and IL-683 during C2C12 differen-
tiation. FL IL-6 expression was low in proliferative myoblasts
(60-70% confluence) and slightly increased when cells rea-
ched 100% confluence and 24 hours after the initiation of dif-
ferentiation induced by serum withdrawal (T1). On the second
day (T2) of myoblast differentiation, FL IL.-6 mRNA was strong-
ly upregulated, reaching its peak of expression, and then de-
clining at T3 and T4 when myotubes were fully differentiated
(Fig. 3A). This result is consistent with previously published
data showing a promyogenic role of IL-6 (14). During C2C12
differentiation, the level of 1L-685 and IL-683 was lower than
the level of FL IL-6, and, as already obtained in mouse tissues,
their pattern of expression strictly correlated to that of FL IL-6
(r = 0.9; P < 0.01). The close correlation between the ex-
pression level of FL IL-6 and 1L-685 and IL-653 was also dem-
onstrated by treatment of C2C12 with the AMP-analog AICAR,
the pro-inflammatory cytokine TNF-o and the Ca’* ionophore
A23187 (Fig. 3B-D respectively). All these treatments induced
a dose-dependent expression of 1L-6 isoforms in myoblasts (not
shown) and myotubes, even if the quantity of IL-685 and
IL-663 was negligible compared to FL IL-6. Interestingly, the
upregulation of FL IL-6 mRNA after the A23187 treatment was
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Fig. 3. Real-time RT-PCR measurements of 1L-6 isoforms during my-
oblast differentiation and after different C2C12 treatments. (A)
Quantification of IL-6 isoforms during C2C12 differentiation (n = 3
*P < 0.05). Quantification of IL-6 isoforms in myotubes treated
for: (B) 16 h with the AMP-analog AICAR (0.1, 0.5 and 1 mM);
(O 6 h with pro-inflammatory cytokme TNF-a. (10, 20 and 50
ng/ml); and (D) 16 h with the Ca’* ionophore A23187 (0.1, 0.5
and 1 pM) (n = 3 *P < 0.05).

much stronger compared to AICAR and TNF-a, and this effect
was seen only in myotubes. These results confirmed recent
studies which demonstrated that Ca®* plays an important role
in muscle IL-6 production (11).

Analysis of IL-6 isoforms expression in rats and humans

Using the Unigene database (www.ncbi.nlm.nih.gov/UniGe
ne) we analysed the IL-6 isoforms conservation between mam-
malian species. In human 102 cDNA correspond to FL IL-6; 2
to IL-682 (CD013918.1; AA381568.1) and one to IL-6 with
partial deletion (69 bp) of exon 2 (BE787841.1). In mouse 14
sequence correspond to FL IL-6 and one to IL-685 (BC1454-
09). In pig, cow and rat 16, 14 and 5 sequences respectively
correspond to FL IL-6 while no IL-6 isoform was found. The
species- specific production of mouse, rat and human IL-6 iso-
forms was also confirmed by canonical RT-PCR. We analysed
the IL-6 isoforms in rat skeletal muscles (gastrocnemius and
soleus), adipose tissues (mesenteric and inguinal) and liver am-
plifying a single PCR product corresponding to FL IL-6 in sol-
eus muscle and mesenteric adipose tissue (Fig. 4A). In order to
exclude the presence of low expressed rat IL-6 isoforms we
reamplified with nested primers the amplicons of previous
PCR obtaining a single PCR product (FL IL-6) in all tissues (Fig.
4B). In all human cells analysed (PBMC, skeletal muscle,
Hela, U87 and HUVEQ), in addition to FL IL-6 (568 bp), we
amplified also a lower PCR band corresponding to IL-6 missing
exon 2 (IL-682; 377bp) (Fig. 4C). This analysis showed that
IL-682 isoform expression was not associated with specific cell
lineages as previously suggested (4); further studies are needed
to quantify the relative abundance of this AS variant and hence
clarify its functional relevance. Notably IL-685 and IL-653 have
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(A) RT-PCR amplification pattern obtained in several rat tissues.
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in (A). (O RT-PCR analysis of IL-6 transcripts in several normal
and cancer cell lines.

not been identified in any others species than mouse.

Analysis of mouse IL-6 sequence and its splice sites features
What are the specific features of mouse IL-6 sequence that induce
the (low) production of IL-685 and IL-653? The alternative 3’ ac-
ceptor site used in mouse IL-685, not conserved in rat and human
gene, has a lower strength (Max Entropy (ME) = 9.16), higher
exonic splicing enhancers (ESE) density (2.18) and lower intronic
splicing regulator (ISR) density (0.6) compared to that of in-
tron4/exon5 boundary of FL IL-6 (ME = 12.40; ESE density = 0.7;
ISR = 1.38) (15). All these features may therefore explain the
greater use of the canonical 3’ acceptor site of FL IL-6 compared to
the nearby “competing” alternative 3’ acceptor site of IL-685 (16).

Mouse IL-6 sequence shows also a species-specific feature
that may explain 1L-683 production. Indeed multiple align-
ments of mouse, rat and human IL-6 sequence revealed that
mouse intron 3 contains a long interspersed nuclear element 1
(LINE-1) of 1956 bp and a B2 short interspersed nuclear ele-
ment (B2-SINE) of 198. Many studies have shown that in-
sertion of LINE-1 into the intron of a gene causes exon skip-
ping (17, 18), therefore the species-specific production of
IL-683 isoform is likely to be explained by the introduction of
a retrotransposon in mouse intron 3.

Recent studies have demonstrated that nearly every multi-
exon gene, including “constitutively” spliced genes (19), pro-
duces alternative mRNA isoforms (20). Although many of these
isoforms have important functional roles, it is clear that some of
these mMRNAs are produced by errors during the splicing proc-
ess (21). In fact, different RNA quality controls have evolved to
find and degrade the errors that do occur and anyway, if ex-
pressed at low levels, the new mRNA isoforms could be tol-
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erated by the cell and eventually represent an evolutionary pre-
cursor (22). It is difficult to prove that a transcript does not have
any function in any tissues or in different physiological or
pathological conditions, especially for pleiotropic genes like
IL-6. Anyway, in the present study, analysing different tissues
and cell culture treated with several stimuli, we demonstrated a
relative low abundance of IL-685 and 1L-683, a close correla-
tion to FL IL-6 and specie-specific production of 1L-6 isoforms.
Expression of 1L-685 and IL-633 is probably related to unique
features of mouse IL-6 sequence and these isoforms are likely
to be the result of errors in the splicing process.

MATERIALS AND METHODS

Cell lines and tissues

C2C12 were purchased from Istituto Zooprofilattico Sperimen-
tale (Brescia, ltaly); Hela, U87 and Human Umbilical Vein
Endothelial Cells (HUVEC) were obtained from Banca Biologica
and Cell Factory (Genova, Italy). Human Skeletal Muscle RNA
(Cat# 7982) was purchased from Ambion (Milan, ltaly); PBMC
were isolated from a healthy donor (male, aged 60) by density
gradient centrifugation (Lymphoprep, Celbio, Italy).

Four-month old female BALB/c mice (n = 3) (Harlan, Italy)
and Young Sprague Dawley male rat (10-week old; n = 3) were
housed with a 12-h light/dark cycle and free access to standard
laboratory chow and water. Care and handling were in accord-
ance with institutional and national guidelines. Animals were
sacrificed with an overdose of anaesthetics (ketamine in combi-
nation with xylazine). All tissues were immediately dissected
out, immersed in RNAlater and homogenized using a rotor-stator
homogenizer and then stored at —80°C before RNA extraction.

Cell culture

The murine C2C12 cells were cultured as previously described
(23). During C2C12 differentiation, cells were harvested by
trypsinisation in proliferative phase (myoblasts 60-70% con-
fluence), upon reaching confluence (T0) and in the following
four days of differentiation (T1, T2, T3 and T4). For pharmaco-
logical treatments, confluent myoblasts and myotubes were in-
cubated for 16 h with the AMP-analog AICAR (0.1, 0.5 and 1
mM) and the Ca’* ionophore A23187 (0.1, 0.5 and 1 pM) and
for 6 h with the pro-inflammatory cytokine TNF-a (10, 20 and
50 ng/ml).

RNA extraction and cDNA synthesis

Total RNA from C2C12 and mouse tissues was extracted and
purified using an RNeasy kit (Qiagen GmbH, Hilden,
Germany) according to the manufacturer’s instructions. After
DNA digestion with DNase | enzyme (Ambion, Austin, TX,
USA) cDNA was synthesized from 1.5 ug of total RNA using
Omniscript RT (Qiagen) and random hexamers.

Conventional RT-PCR
RT-PCR was performed in 50 pl of reaction volume with 4 pl of
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cDNA, 800 nM of primers and 25 pl of 2X HotStartTagq mix
(Qiagen). The primers used for RT-PCR were located at 5'- and
3-end of IL-6 gene: MOUSE: forward 5-CGCTATGAAGT
TCCTCTCTGC-3" and reverse 5'-CTAGGTTTGCCGAGTAGAT
CTC-3’; RAT: forward 5-CCACCAGGAACGAAAGTCAA-3’ and
reverse 5-GGTTTGCCGAGTAGACCTCATA-3"; HUMAN: for-
ward 5-CGGGAACGAAAGAGAAGCTC-3’ and reverse 5'-AAC
CACAAATGCCAGCCT-3". RT-PCR conditions involved an ini-
tial denaturation step at 95°C for 10 min, followed by 35 cycles
with denaturation step at 95°C for 30 sec, annealing at 60°C for
30 sec and extension at 72°C for 30 sec. PCR products were
size-fractionated by electrophoresis on 4.0% agarose gels and
visualized by ethidium bromide staining under UV light. Ampli-
fication products were purified with QIAquick gel extraction kit
(Qiagen), cloned and sequenced.

Real time RT-PCR quantification of mouse IL-6 isoforms
Serial dilution (1 : 4) of three recombinant plasmids containing
the FL IL-6, IL-685 or 1L-683 isoforms and 36B4 were prepared
in order to generate standard curves for plotting CT values
against number of molecules. Molecules of each plasmid were
calculated using the concentration of each plasmid, Avoga-
dro’s constant, the molecular weight of double-stranded DNA
and the size of the target amplicon (24). The copy number of
genes was calculated in individual samples using a correspond-
ing reference plasmid cDNA clone at known concentration.
The amount of target transcripts was shown as “copies of IL-6
isoforms/10* copies of 36B4”. Percentage of IL-6 isoforms was
calculated as [(MRNA of single isoform/(mRNAs of FL IL-6 +
IL-685 + 1L-683)x 100]. The PCR was performed in a Bio- Rad
iCycler iQ Multi-Coulor real time PCR Detection System using
2X Quantitect SYBR PCR kit (Qiagen) and 300 nM of each
primer. The real-time PCR conditions were: 95°C for 10 min
followed by 40 cycles of three-steps at 95°C for 30 sec, 60°C
for 30 sec, and 72°C for 30 sec. The specificity of the amplifica-
tion products was confirmed by examining thermal denatura-
tion plots and by sample separation in a 4% DNA agarose gel.
The following primers were used in real time RT-PCR quantifica-
tion: FL IL-6: forward 5-CTGGATATAATCA GGAAATTTGC-3’
and reverse 5-AAATCTTTTACCTCTTGG TTGA-3’; I1L-685: for-
ward 5'-CTGGATATAATCAGGAAATTTG C-3’ and reverse 5'-
CTCCAGCTTATCTCTTGGTTGA-3’; 1L-683: forward 5’-CGCTA
TGAAGTTCCTCTCTGC-3" and reverse 5'-GGCAAATTTCCTCT
TTTCTC-3'; 36B4 forward 5'-CGACCTGGAAGTCCAACTAC-3’
and reverse 5'-ATCTGCTGCATCTGCTT G-3'.

The specificity of real time PCR primers was confirmed us-
ing three recombinant plasmids containing the complete se-
quences of FL IL-6, I1L-685 and IL-6383 as a template.

Isolation of cytoplasmic and nuclear RNA and proteins

Separation of cytoplasmic and nuclear fractions from myo-
blasts and myotubes was obtained as previously described
(25). Efficient nuclear/cytoplasmic fractionation was assessed
by Western Blotting with anti-Gapdh and anti-Tubulin anti-
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bodies and by quantification of 1L-6 pre-mRNA with primers
flanking intron 1: forward 5- CGCTATGAAGTTCCTCTCTGC
-3’ and reverse 5-AACCCACAATGCTGGCTCT-3".

Statistical analysis

The results are expressed as mean + s.e.m. of the number of ex-
periments indicated in the legend of each figure. The data were
analysed by two-tailed t test, or ANOVA followed by Tukey's
HSD test. P < 0.05 was considered significant difference.
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