Cell Cycle 12:21,3421-3432; November 1,2013; © 2013 Landes Bioscience

REPORT

Cellular senescence or EGFR signaling induces
Interleukin 6 (IL-6) receptor expression controlled
by mammalian target of rapamycin (mTOR)
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Interleukin 6 (IL-6) signaling plays a role in inflammation, cancer, and senescence. Here, we identified soluble IL-6
receptor (sIL-6R) as a member of the senescence-associated secretory phenotype (SASP). Senescence-associated sIL-6R
upregulation was mediated by mammalian target of rapamycin (mTOR). sIL-6R was mainly generated by a disintegrin and
metalloprotease 10 (ADAM10)-dependent ectodomain shedding to enable IL-6 trans-signaling. In vivo, heterozygous
PTEN-knockout mice exhibited higher mTOR activity and increased sIL-6R levels. Moreover, aberrant EGF receptor (EGFR)
activation triggered IL-6 synthesis. In analogy to senescence, EGFR-induced activation of mTOR also induced IL-6R expres-
sion and sIL-6R generation. Hence, mTOR activation reprograms IL-6 non-responder cells into IL-6 responder cells. Our
data suggest that mTOR serves as a central molecular switch to facilitate cellular IL-6 classic and trans-signaling via IL-6R
upregulation with direct implications for cellular senescence and tumor development.

Introduction

IL-6 type cytokines are critically involved in physiologi-
cal and pathophysiological processes, including inflammation,
metabolism, aging, and cancer.* IL-6 activates cells via 2 dif-
ferent mechanisms, named classic and trans-signaling. In classic
signaling, IL-6 first binds to the non-signaling membrane-bound
IL-6 receptor (IL-6R), and the IL-6/IL-6R complex recruits
2 signal-transducing glycoprotein 130 (gp130) receptor pro-
teins which dimerize and subsequently activate the Jak/STAT,
PI3K, and MAPK signaling pathways. Whereas gp130 is ubiq-
uitously expressed, IL-6R expression is rather restricted to a
limited number of cell types, such as hepatocytes, monocytes,
megakaryocytes, leukocytes, and certain T-cell subpopulations.?
Consequently, the expression of IL-6R determines whether a cell
is responsive to IL-6 or not. In IL-6 trans-signaling, IL-6 binds
to a soluble form of the IL-6R (sIL-6R) and subsequently acti-
vates gpl30 signal transduction of target cells. Therefore, IL-6
trans-signaling potentially activates all cells of the body. In vivo,
IL-6 trans-signaling is of particular importance, because in con-
trast to classic signaling, it is considered the main driving force of
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pro-inflammatory responses in chronic inflammatory diseases.’

In humans, the soluble IL-6R is either generated by alterna-
tive splicing of the IL-6R mRNA or by limited proteolysis of
the membrane-bound IL-6R.? In pathophysiological situations,
the serum level of sIL-6R increases up to 2-fold as a result of
increased expression and/or shedding of the membrane-bound
IL-6R, contributing to pro-inflammatory IL-6 trans-signaling.
A disintegrin and metalloprotease (ADAM) family members
ADAMI10 and ADAM17 have been identified as the main prote-
ases responsible for sIL-6R generation.®’

Even though IL-6R expression limits IL-6 classic and trans-
signaling, the regulation of IL-6R expression is only incompletely
understood. Long-term treatment with the synthetic glucocor-
ticoid dexamethasone upregulated IL-6R mRNA and protein
expression,®!” whereas short-term treatment interfered with the
IL-6-induced SOCS3 negative feedback loop." In T cells, IL-2
inhibits Th17 cell differentiation by blunting IL-6 responses
via downregulation of the IL-6R and gp130."? Moreover, IL-6R
mRNA is destabilized by the tumor suppressor microRNA-125b,
leading to downregulation of IL-6R levels and insensitivity to
IL-6 signaling. Downregulation of microRNA-125b is often
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found in hepatocellular carcinoma (HCC) tissues.'? Recently, the
transcription factor E2F3, which is commonly overexpressed in
tumors, was shown to positively regulate IL-6R expression."

IL-6 is a major component of the so-called senescence-associ-
ated secretory phenotype (SASP), a typical feature of senescent
cells characterized by the release of various cytokines, growth
factors, and proteases.” Cellular senescence is linked to age-asso-
ciated diseases and inflammation and has recently been recog-
nized as an important antitumor barrier.”® The role of the SASP,
however, in tumor progression remains unclear. The SASP can
signal to the tumor environment and elicit the immune-medi-
ated clearance of tumor cells or, depending on the context, could
potentially promote tumor progression. Furthermore, IL-6 has
been reported to actively participate in the senescence process by
reinforcing the senescence growth arrest in a positive feedback
loop."” In addition to SASP formation, senescence is character-
ized by a persistent cell cycle arrest, which was first recognized
to occur in fibroblasts after having undergone a finite number of
cell divisions. Nowadays, senescence is known to be not solely
induced in response to telomere shortening, a process referred
to as replicative senescence, but also to be triggered by various
types of cellular stress. Among others, DNA damage as well
as replicative stress caused by the increased expression of onco-
genes has been identified to induce stress-induced premature
senescence (SIPS). Recently, also downregulation of TACC3
and other mitotic spindle proteins was reported to cause SIPS.'®
Another hallmark of SIPS is the activation of mammalian tar-
get of rapamycin (mTOR), a serine-threonine kinase involved in
the regulation of protein synthesis and cell growth, which might
be related to the typically enlarged morphology of senescent
cells."* Moreover, blocking the mTOR-complex mTORCI by
rapamycin or rapamycin analogs (rapalogs) has been shown to
prevent SIPS.*"2*

Here, we show that SIPS induced through TACC3 depletion
or HRas%'?Y expression leads to upregulation of IL-6R expres-
sion. SIPS-induced IL-6R expression was dependent on mTOR
activation. Furthermore, the increased levels of sIL-6R were
mainly generated by ADAM10-mediated ectodomain shedding.
Several studies have reported that the IL-6R is overexpressed in
human cancer cell lines and in human tumors.** Among other
signaling pathways, EGFR signaling leads to sustained mTOR
activation. In a subset of tumors, EGFR signaling induces IL-6
secretion, which contributes to tumor development via STAT3
activation.”® In this regard, we demonstrate that EGF-induced

mTOR activation also leads to increased IL-6R expression and
IL-6 responsiveness, suggesting that mTOR activation is a gen-
eral mechanism to facilitate cellular IL-6 responsiveness via
upregulation of cellular and soluble IL-6R levels both in vitro
and in vivo. Consistent with the lacter, we show that hetero-
zygous PTEN (phosphatase and tensin homolog)-KO mice,
which exhibit increased mTOR activity,” display significantly
increased sIL-6R serum levels. Altogether, our data suggest that
mTOR serves as a central mediator of IL-6 effector function
by upregulating IL-6R during cellular senescence and EGFR
signaling.

Results

SIPS induced by TACC3 depletion and oncogenic HRas¢'?Y
causes increased cellular IL-6R level and increased generation
of the soluble IL-6R

IL-6 is one of the most prominent SASP proteins.” Therefore,
we examined whether the expression of cellular IL-6R is also
induced during senescence. This is of particular importance,
since IL-6R expression pattern restricts IL-6 signaling to hepa-
tocytes and some subtypes of immune cells. shRNA-mediated
depletion of the mitotic spindle protein TACC3 in the epithelial
breast cancer cell line MCF7 induced SIPS within 4 to 6 d, as
demonstrated by the typical appearance of flat, enlarged cells
and induction of senescence-associated [3-galactosidase activity,
whereas expression of a control shRNA had no effects (Fig. 1A).
After 4 d of TACC3 shRNA induction, IL-6R mRNA and pro-
tein levels were upregulated by a factor of 2 and 2.8, respec-
tively (Fig. 1B and C). MCF7 cells expressed basal amounts of
cellular IL-6R (Fig. 1C), and stimulation of MCF7 cells with
physiological concentrations of IL-6 (2 ng/ml)* led to a slight
increase of STAT3 phosphorylation. However, in senescent
MCEF?7 cells STAT3 phosphorylation was strongly induced by
IL-6 (Fig. 1E), indicating that the increased expression of the
IL-6R sensitizes senescent MCF7 cells to classic IL-6 signaling.
Additionally, IL-6 trans-signaling appears to be enabled after
TACC3 depletion, since the amount of sIL-6R found in the cell
culture supernatant significantly increased up to 3.9 + 0.3-fold
after TACC3 depletion compared with control shRNA-express-
ing cells (Fig. 1D).

Next, we tested whether the induction of IL-6R expression and
sIL-6R generation is cell line-specific. Using the same shRNA-
based system, TACC3 was depleted in the non-transformed

Figure 1 (See oppposite page). Depletion of TACC3 causes premature senescence and upregulation of the Interleukin 6-Receptor. (A) MCF7 cells stably
expressing a doxycycline-inducible shRNA targeting TACC3 or a control shRNA were seeded at day 0 in medium containing 5 pg/ml doxycycline (DOX).
Cells were supplemented every 2 d with fresh medium containing doxycycline. Cells were stained for senescence-associated 3-galactosidase (SA-Bgal)
activity at days 2, 4, and 6. Microscopic pictures are representative for 3 independent experiments. (B) IL-6R mRNA levels in MCF7 cells were measured
on day 4. Cells expressing either control shRNA or TACC3 shRNA were treated with doxycycline and compared with untreated cells. The results show the
mean = s. d. of 3 independent experiments. (C) Cells were treated as described in (A) and harvested at days 0.5, 1, 2, 4, and 6. The amount of IL-6R in the
cell lysate was measured via ELISA. The results show the mean =+ s. d. of 3 independent experiments. (D) Cells were treated as described in (A) and har-
vested at days 0.5, 1, 2, 4, and 6. The amount of IL-6R in the cell supernatant was measured via ELISA. The results show the mean + s. d. of 3 independent
experiments. (E) MCF7 cells stably expressing a DOX-inducible TACC3-specific or a control shRNA were treated as described under panel (A). On day 6,
cells were starved for 4 h in serum-free medium and stimulated with IL-6 (2 ng/ml). Cells were lysed at the time points indicated and phosphorylation
of STAT3 assessed via western blotting. One of 2 experiments with similar outcome is shown. (F and G) MCF10a cells stably expressing a DOX-inducible
shRNA either targeting human TACC3 or an unrelated control were seeded at day 0 in medium containing DOX. Cells were supplemented every 2 d with
fresh medium containing DOX. Cells were harvested at days 4, 6, and 8. The amount of IL-6R (F) in the cell lysate or (G) of soluble IL-6R in the supernatant
was measured via ELISA. The results show the mean + s. d. of 3 independent experiments.

3422 Cell Cycle Volume 12 Issue 21



epithelial breast cell line MCF10a.*® The time frame of induc-
tion of senescence upon TACC3 depletion in MCF10a cells was
somewhat longer compared with MCF7 cells.*® Consistent with
the finding in TACC3-depleted senescent MCE7 cells, quantifi-
cation of IL-6R by ELISA revealed a SIPS-associated upregula-
tion of both IL-6R expression and sIL-6R generation by a factor
0f 2.9 in MCF10a cells (Fig. 1F and G).

Next, we analyzed upregulation of IL-6R/sIL-6R during
oncogene-induced senescence and employed MCF7 cells express-
ing a doxycycline-inducible HRas®'?" protein. Already, 2 d fol-
lowing doxycycline incubation the SIPS phenotype became
clearly detectable by the formation of large vacuolated cells
(Fig. 2A). Of note, HRas“'*-induced SIPS in MCF7 cells was
detectable much faster when compared with TACC3 depletion
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(2 d compared with 4-6 d, respectively). For HRas“*"-induced
SIPS, IL-6R was significantly, but transiently, increased after 1
(1.2 £ 0.07-fold) and 2 d (1.8 + 0.3-fold) as compared with con-
trol cells (Fig. 2B). Furthermore, a significant increase in sIL-6R-
level was also observed on day 1 and day 2 (Fig. 2C). Since SIPS,
induced by TACC3-depletion, resulted in a stronger upregula-
tion of IL-6R and sIL-6R level, we decided to concentrate on this
SIPS model for further experiments.

Increased IL-6R and sIL-6R levels in SIPS are dependent on
mTOR activity

Recently, mammalian target of rapamycin (mTOR) has been
connected with the induction of senescence.’’ When co-incu-
bated with inducers of senescence, rapamycin, which is a potent
inhibitor of the mTOR complex mTORCI, also inhibited the
onset of senescence, but failed to revert an established senescence
phenotype.®! We therefore analyzed SIPS and IL-6R/sIL-6R lev-
els in TACC3-depleted MCF7 cells after rapamycin treatment.
Rapamycin prevented both the development of SIPS as indi-
cated by normal morphology of TACC3-depleted cells (Fig. 3A),
as well as the upregulation of cellular and soluble IL-6R levels
(Fig. 3B and C). Moreover, rapamycin decreased IL-6R and sIL-
6R concentrations below control levels, indicating that mTOR

also regulates the expression of endogenous IL-6R expression
in MCF7 cells (Fig. 3B and C). These results indicate that the
increased IL-6R expression during SIPS is dependent on mTOR
signaling.

Senescence-induced generation of soluble IL-6R is mainly
mediated by ADAM10 shedding

Shedding of human IL-6R is mediated by ADAMIO
and ADAM17. ADAMIO is responsible for constitutive and
induced shedding of the IL-6R, whereas ADAMI7 is consid-
ered as inducible sheddase of the IL-6R.” We therefore asked
to which extent IL-6R can be released from senescent cells by
ectodomain shedding. Treatment with ionomycin, an inducer
of ADAMI10,’ led to an increase of sIL-6R levels from TACC3-
depleted MCEF7 cells as compared with control cells (Fig. 4A).
Ionomycin-induced sIL-6R generation was slightly inhibited by
the ADAMI10-specific inhibitor GI254023X (GI). Also PMA,
an inducer of ADAMI17, led to elevated sIL-6R levels, and this
increase was inhibited by the ADAMI0/ADAMI7-specific
inhibitor GW280264X (GW) (Fig. 4B). Overall, these data
demonstrate that senescent cells can shed IL-6R via activation
of ADAM10 and ADAMI17.

To identify the protease responsible for the observed sIL-6R

generation during cellular senescence
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were treated every 24 h for 6 d with GI
or GW (3 pM) and IL-6R/sIL-6R levels
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(Fig. 5A) were increased up to0 2.0 = 0.07-
fold and 1.9 + 0.2-fold, respectively, after
treatment with dexamethasone for 24 h,
indicating that dexamethasone treatment
promotes IL-6R expression not only in
hepatocytes. In analogy to TACC3 deple-
tion, the level of soluble IL-6R was also
increased up to 2.4 + 0.6-fold after dexa-
methasone treatment (Fig. 5B). Next,
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Figure 2. Ectopic overexpression of oncogenic Ras causes senescence and transient IL-6R upregu-
lation. (A) MCF7 cells stably expressing doxycycline-inducible HRAS®'? were seeded on day 0 in
medium containing 5 ug/ml DOX. Microscopic pictures were taken at days 2, 4, and 6 and are repre-
sentative for 3 independent experiments. (B and C) MCF7 cells stably expressing a DOX-inducible
HRASS'?Y were seeded on day 0 in medium containing 5 pg/ml DOX and harvested after the indi-
cated time. The amount of IL-6R (B) in the cell lysate or (C) of soluble IL-6R in the supernatant was
measured via ELISA. The results show the mean = s. d. of 3 independent experiments.

in combination with dexamethasone for
20 h. Inhibition of the proteases did not
influence the dexamethasone-induced
increase in IL-6R mRNA expression
(Fig. S1B). However, both GI and GW
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significantly reduced the amount of sIL-6R, indicating a major
role of ADAMI0 in generation of the sIL-6R increase after
dexamethasone treatment (Fig. 5C).

Treatment of MCF7 cells with RU486, a glucocorticoid recep-
tor antagonist, completely prevented the dexamethasone-induced
increase of IL-6R and sIL-6R levels (Fig. 5D and E). In contrast,
RU486 was not able to significantly reduce SIPS-induced IL-6R
expression and sIL-6R generation (Fig. SIC and D). Vice versa,
rapamycin did not significantly reduce the dexamethasone-
induced increase in IL-6R and sIL-6R levels (Fig. S1E and F).

Moreover, TACC3-depletion in combination with dexametha-
sone further increased IL-6R levels (Fig. 5F). These results indi-
cate that dexamethasone and mTOR-induced IL-6R expression
are independent regulatory processes.

IL-6R expression via mTOR is also induced by epidermal
growth factor (EGF) stimulation in MCF7, HepG2 cells, and
primary murine hepatocytes

Next, we analyzed whether the increase of the IL-6R level
by the mTOR pathway is restricted to senescence or represents
a general regulatory mechanism. Therefore, we determined
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Figure 3. Inhibition of mTOR by rapamycin prevents IL.-6R upregulation and premature senescence. (A) MCF7 cells stably expressing DOX-inducible
TACC3-specific or control shRNAs were each seeded at day 0 in medium containing 5 pg/ml DOX and either 500 ng/ml rapamycin or the solvent DMSO.
Medium was exchanged every 2 d and fresh DOX and 500 ng/ml rapamycin or DMSO added. Microscopic pictures were taken at days 2, 4, and 6 and
are representative for 3 independent experiments. (B and C) Cells were treated as described under panel (A). Cells were harvested at the indicated
time points and the amount of IL-6R (B) in the cell lysate or (C) of soluble IL-6R in the supernatant was measured via ELISA. The results show the mean
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IL-6R levels after stimulation of MCF7 and HepG2 cells as well
as primary murine hepatocytes with epidermal growth factor
(EGF), which, among other signaling pathways, also leads to
activation of mTOR.%? As depicted in Figure 6A, treatment of
MCF7 cells with EGF led to a 1.6 = 0.5-fold increase in IL-6R
levels. Moreover, EGF-induced IL-6R expression was reduced
below basal levels in the presence of rapamycin, indicating that
basal IL-6R expression is partly maintained by mTOR activity,
whereas EGF-induced IL-6R expression completely depends on
mTOR signaling. Basal expressed IL-6R levels in HepG2 hepa-
toma cells are sufficient to induce IL-6 classic signaling.> EGF
treatment led also in HepG2 cells to a 2.9 + 0.3-fold increase of
IL-6R levels, which was again completely prevented by rapamy-
cin treatment (Fig. 6B). Interestingly, rapamycin did not reduce
IL-6R level below basal levels, indicating that in HepG2 cells
additional regulatory mechanisms must exist that maintain basal
IL-6R expression. A comparable pattern emerged when IL-6R
mRNA was quantified via real-time PCR (Fig. 6C). To test
whether the observed IL-6R upregulation after EGF-treatment
renders the cells responsive toward IL-6 classic signaling, we
stimulated MCF7 cells for 24 h with EGF and/or rapamycin.
After serum starvation, classic signaling was induced by IL-6
stimulation for 15 min. As shown in Figure 6D, IL-6 induced
stronger STAT3 phosphorylation when cells were pre-treated
with EGF. STAT3 phosphorylation was completely prevented

when mTOR was blocked, thus confirming our ELISA data.
No detectable STAT3 phosphorylation was observed without
IL-6 stimulation. Furthermore, stimulation of primary murine
hepatocytes with EGF led also to a significant increase in IL-6R
expression that was rapamycin-sensitive, i.e., mMTOR-dependent
(Fig. 6E).

Finally, we asked whether the mTOR/IL-6R axis might play
a role in the generation of the sIL-6R in vivo. Therefore, sIL-
6R was quantified in serum samples obtained from mice with a
heterozygous deletion of PTEN and wild-type control animals.
PTEN is a negative regulator of the mTOR pathway and hetero-
zygous PTEN-knockout mice (PTEN*") exhibit hyperactivity
of the mTOR pathway.’ In consistency with our results above,
PTEN heterozygosity resulted in a significant 25% upregula-
tion of the sIL-6R serum level. This suggests that the increased
mTOR activity in PTEN*~ mice contributes to IL-6R expression
and sIL-6R generation in vivo (Fig. 6F).

Discussion

IL-6 is critically involved in inflammation and cancer devel-
opment.> More recently, IL-6 has been identified as a key com-
ponent of the senescence secretome, which enables senescent cells
to communicate with their microenvironment. The role of the
SASP in tumor progression remains unclear and can be beneficial
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or (D) of soluble IL-6R in the supernatant was measured via ELISA. The results show the mean = s. d. of 3 independent experiments. n.d., not detectable.
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or deleterious, depending on the biological context. IL-6 and  the SASP are highly dependent on the cell type and context, such
other SASP factors could support tumorigenesis by promoting  as the type of cell stress, its level and duration.

cell proliferation, angiogenesis, epithelial-to-mesenchymal tran- It was suggested that the composition of the IL-6 target cell
sition, and invasiveness. In addition, the SASP may exert tumor-  decides whether IL-6 acts as tumor suppressor or promoter.>**
suppressive functions and trigger an immune response, thereby  Since gpl30 is ubiquitously expressed, IL-6R expression deter-
favoring tumor cell clearance and cancer regression.” In this con-  mines whether a cell is responsive to classic signaling or trans-sig-
text, IL-6 was recently shown to actively contribute to the senes-  naling. Here, for the first time, we provide evidence that cellular
cence process by re-enforcing cell cycle arrest in an autocrine  and soluble IL-6R levels are upregulated via the mTOR pathway.
feedback loop."” Certainly, the secretory profile and function of ~ We identified that: (1) stress-induced premature senescence and
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(2) EGF triggered IL-6R expression occurs in a mTOR-depen-
dent manner, whereas glucocorticoid-induced IL-6R expression
was not regulated by mTOR.>!

We found that IL-6R levels were substantially increased in the
breast cancer cell line MCF7 and the untransformed breast epi-
thelial cell line MCF10a in the course of senescence induced by
TACC3 depletion and oncogene expression. Progression of SIPS
upon HRas®'#V-expression was faster compared with TACC3
depletion (1-2 d compared with 4-6 d, respectively). Induction
of p53 restricts mMTOR activity to the early phase of senescence,
and the halflife of cellular IL-6R is only about 2-3 h.* We
assume that during oncogene-induced senescence, the transiently
increased IL-6R levels were caused within a limited time window

of mTOR activation. TACC3 depletion leads to much slower SIPS
development and consequently to a more sustained IL-6R upregu-
lation, which is presumably caused by the longer time window of
mTOR activation. EGFR stimulation also leads to mTOR activa-
tion.” Long-term stimulation of MCF7 cells, HepG2 cells, and
primary hepatocytes with EGF also led to a sustained increase of
cellular IL-6R levels. Both senescence and EGF-induced IL-6R
expression were efficiently inhibited by pre-incubation with the
mTOR inhibitor rapamycin.

Unstimulated MCF7 cells did not exhibit detectable STAT3
phosphorylation and were almost unresponsive to exogenous IL-6.
SIPS-triggered, mTOR-dependent expression of IL-6R rendered
MCEF7 cells responsive to IL-6. Interestingly, even the endogenous
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Figure 6. Activation of mTOR by EGF drives IL-6R expression. (A and B) MCF7 (A) or HepG2 (B) cells were starved 24 h post-seeding for one day in serum-
free medium. Medium was then replaced either with serum-free medium or medium supplemented with 10% serum. Recombinant EGF (20 ng/ml) and/
or rapamycin (500 nM) were added when indicated. Cells were harvested 24 h later. (C) HepG2 cells were treated as described above and harvested after
24 h. The amounts of IL-6R mRNA were determined as described under “Materials and Methods". The results show the mean + s. d. of 3 independent
experiments, each performed in triplicates. (D) MCF7 cells were treated as described under panel (B), serum starved for 3 h, and stimulated with 2 ng/
ml recombinant IL-6 for 15 min. Stimulation with hyper-IL-6 served as positive control. Phosphorylation of STAT3 was assessed by western blotting. One
of 2 performed experiments with similar outcome is shown. (E) Primary murine hepatocytes were stimulated with recombinant EGF (20 ng/ml) and/
or rapamycin (500 nM) where indicated or left untreated. Cells were harvested 24 h later and IL-6R levels determined via ELISA. The amount of IL-6R in
unstimulated cells was considered 100%, and the other samples were calculated accordingly. The results show the mean = s.d. of 3 independent experi-
ments. (F) The amount of smIL-6R in the serum of wild-type and PTEN*~ mice (n = 3 each) was determined via ELISA (mean £ s. d.).
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low basal IL-6R levels in unstimulated MCF7 cells were reduced
by rapamycin, indicating that endogenous IL-6R expression is
under the control of mTOR signaling. IL-6R expression in non-
stimulated HepG2 cells or primary murine hepatocytes was, how-
ever, not reduced below control levels by rapamycin, indicating
that endogenous IL-6R levels in hepatic cells are regulated at least
partially by an mTOR-independent mechanism.

Senescent MCF?7 cells were principally able to induce shedding
of the IL-6R by ADAM10 and ADAM17, as shown by PMA and
ionomycin treatment. However, mTOR-induced IL-6R expres-
sion in senescent and EGFR-stimulated cells resulted in increased
soluble IL-6R levels mainly caused by the constitutive IL-6R
sheddase ADAM10.

Tumorigenic IL-6-induced STAT3 phosphorylation regulates
proliferation, survival, and angiogenesis of growing tumors.”!
Consequently, IL-6-deficient mice develop less and smaller
tumors in colitis-associated cancer. Recently, mTOR activation
was shown to have a driving role in cytokine-dependent tumor
promotion via the gp130 pathway.” Inhibition of mTORCI with
the rapalog RADO001 suppressed colitis-associated cancer, suggest-
ing that both STAT3 and mTOR are mechanistically involved in
tumor development.”> EGF was shown to be an important inducer
of tumor-promoting IL-6 secretion and IL-6-dependent STAT3
phosphorylation in epithelial cancer cells.? Moreover, increased
TGF-B-dependent IL-6 secretion unleashed previously addicted
lung tumor cells from their EGFR dependency, resulting in
tumor resistance against anti-EGFR therapeutics.* Consequently,
IL-6 emerges as a promising therapeutic target in tumorigen-
esis. Recently, the IL-23R was also shown to be upregulated by
IL-1-mediated mTOR activation, thereby highlighting the link
between IL-1 and Th17 development.® IL-6R expression is, how-
ever, restricted to hepatocytes and some immune cells; other cells
such as epithelial and endothelial cells do normally not express
detectable amounts of IL-6R and are therefore almost unrespon-
sive to IL-6. The epithelial cell lines MCF7 and MCF10a became
IL-6 responsive due to increased cellular IL-6R level after mTOR
activation. PTEN is an efficient suppressor of the mTOR path-
way. PTEN*" mice display hyperactivation of the mTOR path-
way** and have about 25% higher sIL-6R level as compared with
wild-type mice. PTEN activity is frequently abrogated in tumors,
supporting mTOR activity and tumor progression. Our data sug-
gest that during tumor development, senescence-mTOR and/or
EGFR-mTOR pathways might not only induce IL-6 expression,
but also convert previously non-transformed IL-6 unresponsive
cells into transformed IL-6-responsive cells to enable sustained
IL-6/IL-6R signaling.

In summary, our data indicate that mTOR activation rep-
resents a general mechanism to upregulate cellular IL-6R and
sIL-6R levels and highlight the importance of ADAMIO in the
generation mTOR-dependent sIL-6R. mTOR activation might
lead to IL-6 classic signaling on senescent and tumor cells and to
IL-6 trans-signaling within the senescence and tumor microenvi-
ronment. Thus, mMTOR might be a promising therapeutic target to
suppress IL-6R expression and IL-6 sensitivity of tumor cells but
at the same time leaving endogenous expression of IL-6R on pro-
fessional IL-6R expressing cells such as hepatocytes unaffected.
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Materials and Methods

Cells, mice, and reagents

HepG2 and MCEF?7 cells were obtained from DSMZ.

Immortalized MCF10a breast epithelial cells were kindly
provided by Miguel Pujana (ICO). MCEF?7 cells expressing dox-

G2V protein were described previously.*

ycycline-inducible HRas
Dexamethasone, doxycycline, doxorubicin, RU486, and rapamy-
cin were purchased from Sigma-Aldrich. Recombinant EGF was
purchased from ImmunoTools GmbH. Anti-phospho STAT3
mAb (Tyr705) and anti-STAT3 mAb (124H6) were purchased
from Cell Signaling Technology. The ADAMI10-specific inhibi-
tor GI254023X and the combined ADAM10/ADAM]17-specific
inhibitor GW280264X were a kind gift from Glaxo Smith
Kline.”* Human IL-6 was expressed and purified as described
previously. PTEN*" mice have been described previously.’*”!
Blood samples were taken from 12-16-wk-old female mice on a
C57/BL6 genetic background. The experiments were approved by
the responsible local authorities.

Cell culture

MCEF7 breast carcinoma cells and HepG2 cells were cultured in
Dulbecco modified Eagle Medium supplemented with 10% FCS
(Invitrogen), 2 mM L-glutamine, 100 U/ml penicillin, and 100
pg/ml of streptomycin. MCF10a cells were cultured in Dulbecco
modified Eagle Medium/F12 (1:1) high glucose, supplemented
with 10% FCS (Invitrogen), 20 ng/ml EGF, 0.5 pg/ml hydrocor-
tisone, 10 pg/ml insulin, 100 U/ml penicillin, and 100 pg/ml of
streptomycin. All cells were kept at 37 °C in an incubator with 5%
CQO, in a water-saturated atmosphere.

Isolation and culture of primary murine hepatocytes

Hepatocytes from male C57/BL6 wild-type mice (8-10 wk),
which were obtained directly from Janvier Labs (France) and fed
ad libitum with a standard diet, were isolated by a collagenase
perfusion technique described previously.* Cells were plated on
collagen I-coated 6-well culture plates at a density of 2 x 10¢ and
maintained in bicarbonate-buffered Krebs-Henseleit medium
(115 mmol/L NaCl; 25 mmol/L NaHCO,; 5.9 mmol/L KClI; 1.18
mmol/L MgCl; 1.23 mmol/L NaH,PO,; 1.2 mmol/L Na,SO;
1.25 mmol/L CaCl,), supplemented with 6 mmol/L glucose in a
humidified atmosphere of 5% CO, and 95% air at 37 °C. After
2 h, the medium was removed, and the cells were washed twice.
Subsequently the culture was continued for 24 h in William E
medium (Biochrom), supplemented with 5 mmol/L glutamine,
100 U/mL penicillin, 0.1 mg/mL streptomycin, 100 nmol/L
dexamethasone and HEPES. The viability of the hepatocytes was
more than 95% as assessed by trypan blue exclusion. The experi-
ments were approved by the responsible local authorities.

Cellular TACC3 depletion in MCF7 and MCF10a cells

The centrosomal protein TACC3 was depleted as described .’
MCEF7 cells were plated at a density of 6.7 x 10°/cm?, 3.3 x
10°/cm?, 0.8 x 103/cm? (control shRNA) and 6.7 x 10°/cm?, 6.7 x
10°/cm?, 5 x 10°/cm? (TACC3 shRNA) and harvested for analysis
on days 2, 4, and 6 after doxycycline treatment. Expression of
control or TACC3 shRNA was induced by adding doxycycline
(5 pwg/ml) to the culture medium for the time of the experiment.
MCF10a cells were plated at a density of 3.3 x 10*/cm?, 1.7 x 10°/
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cm?, 0.8 x 10°/cm? (control shRNA) and 6.7 x 10°/cm?, 5 x 10%/
cm?, 3.3 x 10°/cm? (TACC3 shRNA), and harvested for analysis
on days 4, 6, and 8 after doxycycline treatment.

Ionizing y-irradiation (YIR) of MCF7 and MCF10a cells

Trypsinized cells were exposed to yIR (20 Gy) using a
Gammacell 1000 Elite irradiator (Nordion International, Inc).
After irradiation, MCF7 cells were plated at a density of 6.7 x 10%/
cm?, 3.3 x 10°/cm?, 0.8 x 10°/cm? (control) and 8.3 x 10%/cm?,
8.3 x 10°/cm?, 8.3 x 10°/cm? (20 Gy) and harvested for analysis
on days 2, 4, and 6 after treatment. MCF10a cells were plated at
a density of 3.3 x 10°/cm?, 1.7 x 10*/cm?, 0.8 x 10%/cm? (control)
and 10 x 10%/cm?, 10 x 10°/cm?, 10 x 10°/cm? (20 Gy) and har-
vested for analysis on days 4, 6, and 8 after treatment.

Treatment of MCF?7 cells with Doxorubicin

Cells were plated at a density of 6.7 x 10°/cm?, 3.3 x 10°/cm2,
0.8 x 10°/cm? (DMSOQ), and 8.3 x 10°/cm?, 8.3 x 10°/cm?, 8.3 x
10°/cm? (50 nM doxorubicin) and harvested for analysis on days
2, 4, and 6 after treatment. Culture medium containing DMSO
or doxorubicin (50 nM) was changed every second day.

Induction of senescence by ectopic expression of oncogenic
ras in MCF7 cells

MCEF7 cells expressing an inducible HrasG12V were described
previously.“ In brief, cells were plated at a density of 6.7 x 10°/
cm?, 3.3 x 10*/cm?, 0.8 x 10*°/cm? (control), and 6.7 x 10%/
cm?, 6.7 x 103/cm?, 5 x 10°/cm?> (HRASG12V), and harvested
for analysis on days 2, 4, and 6 after treatment. Expression of
HRASGI2V was induced by adding doxycycline (5 pg/ml) to
the culture medium for the time of the experiment. Culture
medium was changed every second day.

Cell lysis

After removal of the culture medium cells were washed once
with PBS and collected in ice-cold PBS by scraping. Cells were
pelleted by centrifugation and afterwards lysed in mild lysis
buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100,
supplemented with complete protease inhibitor cocktail [Roche
Applied Science]) for 60 min at 4 °C under constant agitation.
After centrifugation, the resulting supernatant was transferred
into a fresh tube, and protein concentrations were determined
using Pierce BCA Protein Assay (Thermo Scientific). Protein
lysates were stored at -20 °C for subsequent analysis.

Enzyme-linked immunosorbent assay (ELISA)

To quantify the amount of IL-6R in cell lysates or as soluble pro-
tein in cell culture supernatants, an ELISA specific for the human
IL-6R was used for supernatants and 1:10 diluted cell lysates as
described previously.”** For the enzymatic reaction, the peroxidase
substrate BM blue POD (Roche Diagnostics) was used. The reac-
tion was stopped by adding 1.8 M sulfuric acid. The absorbance
was read at 450 nm on an infinite M200 pro (Tecan GmbH). An
ELISA specific for murine IL-6R was from R&D Systems was
used according to the manufacturer’s instructions.

Senescence-associated 3-galactosidase (SA-B3-gal) staining

On days 2, 4, and 6 after treatment, cells were fixed for 4 min
with 2% formaldehyde/0.2% glutaraldehyde in PBS and stained
with B-gal staining solution (2 mM MgClz, 150 mM NaCl, 5
mM K Fe[CN], 5 mM K Fe[CN],, 40 mM citric acid pH 6.0,
1 mg/ml 5-bromo-4-chloro-3-indolyl a-D-galactopyranoside)

3430

Cell Cycle

at 37 °C for 24 h. A senescence cell histochemical staining kit
(Sigma-Aldrich) was used as indicated by the supplier.

SDS-PAGE and western blotting

SDS-PAGE and western blotting were performed as described
previously.” In brief, 50 pg cell lysate were separated on an 8%
SDS-PAGE and western blotting was performed with the indi-
cated antibodies. Signal detection was performed using ECL
Prime Western Blotting Detection Reagent (GE Healthcare) on
a ChemoCam Imager (Intas GmbH).

RNA extraction from cultured and irradiated cells and
quantitative real-time PCR analysis

Cell lysates were homogenized using Qiashredder spin col-
umns (Qiagen). Total RNA was extracted using the RNeasy Plus
Mini Kit (Qiagen) following the standard manufacturer’s pro-
tocol. Nucleic acid concentrations were measured at 260 nm by
spectrophotometry using a NanoDrop 1000 Spectrophotometer
(Thermo Scientific). Extracted RNA samples were stored at
-80 °C. For relative quantification of mRNAs, total RNA was
reversely transcribed to cDNA using the ImProm-II™ Reverse
Transcription System (Promega) according to the manufacturer’s
instructions. In brief, up to 1 pg RNA was reverse transcribed
to cDNA in a final volume of 20 pul using Oligo (dT) , prim-
ers (0.5 pg/reaction) and 3.75 mM MgCl,. Each quantitative
real-time PCR reaction mixture (20 pl) contained 1 pl of RT
product (cDNA transcribed from 50 ng of total RNA), 10 .l of
TagMan Universal PCR Master Mix (Applied Biosystems), and
1 pl of IL-6R TagMan Gene Expression Assay (Hs01075666_
ml1* Applied Biosystems) containing primers and probe for
the mRNA of interest. The mixture was initially incubated at
95 °C for 10 min, followed by 40 cycles of 95 °C for 15 s and
60 °C for 60 s. PCR reactions were performed on a 7500 Real-
Time PCR System (Applied Biosystems) in triplicate. Samples
were normalized relative to human large ribosomal protein PO
(RPLPO, Hs99999902_m1), which served as endogenous con-
trol. Relative gene expression levels were calculated using the
2-2¢ method.

Statistical analysis

Statistical significance was calculated using Student # tests.
Results are given as means + SD. Significant P values are shown
in the figures as follows: below 0.05 (*), below 0.01 (**), or below
0.001 (***).
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