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Abstract

Background: Oncogene-induced senescence (OIS) is a tumor suppressor mechanism. However, senescent cells remain
viable and display a distinct secretome (also known as senescence-associated secretory phenotype [SASP] or senescence
messaging secretome, [SMS]) that, paradoxically, includes protumorigenic factors. OIS can be triggered by ectopic
overexpression of HER2, a receptor tyrosine kinase and the driving oncogene in a subtype of human breast cancer. However,
cellular senescence has not been characterized in HER2-positive tumors.

Methods: Using an approach based on their inability to proliferate, we isolated naturally occurring senescent cells from a
variety of tumor models including HER2-positive cells, transgenic mice (n = 3), and patient-derived xenografts (PDXs) (n = 6
mice per group from one PDX derived from one patient). Using different biochemical and cell biological techniques, we
characterized the secretome of these senescent cells. All statistical tests were two-sided.

Results: We found that senescent cells arise constantly in different models of advanced breast cancers overexpressing HER2
and constitute approximately 5% of tumor cells. In these models, IL-6 and other cytokines were expressed mainly, if not
exclusively, by the naturally occurring senescent cells (95.1% and 45.0% of HCC1954 cells and cells from a HER2-positive
PDX expressing a senescent marker expressed IL-6, respectively). Furthermore, inhibition of IL-6 impaired the growth of

the HER2-positive PDX (mean tumor volume at day 101, control vs anti-hulL-6 treated, 332.2mm? [95% confidence interval
{CI} = 216.6 to 449.8] vs 114.4mm?® [95% CI = 12.79 to 216.0], P = .005).

Conclusions: Senescent cells can contribute to the growth of tumors by providing cytokines not expressed by proliferating
cells, but required by these to thrive.

Senescence, a terminal cell proliferation arrest, can be triggered
by an excessive number of cell divisions or a variety of stressors,
includingoncogenes. Oncogene-induced senescence (OIS) is con-
sidered a tumor suppressor mechanism; it impedes the expan-
sion of early neoplastic cells before they become fully malignant
(1). In contrast with premalignant cells suppressed by apoptosis,
cells undergoing OIS remain metabolically active and display

a secretome completely different to that of the cell of origin.
This profound change in the secretome is a hallmark of senes-
cence and has been termed Senescence Associated Secretory
Phenotype (SASP) (2), Senescence Messaging Secretome (SMS)
(3), or simply senescence secretome. A distinct cellular compart-
ment, known as TOR-autophagy spatial coupling compartment
(TASCC), has been proposed as responsible for the synthesis
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and secretion of components of the senescence secretome. The
TASCC is characterized by the localization of the Ser/Thr kinase
mammalian target of rapamycin (mTOR) to autophagosomes (4).

Some components of the senescence secretome, such as the
cytokines IL-6 or IL-8, are secreted by most senescent cells (2).
Others seem to vary according to the cell of origin or the spe-
cific trigger that causes senescence (5,6). The secretome of some
senescent cells includes components that, acting in an auto-
crine fashion, contribute to establishing and perpetuating the
senescence program (7,8). In addition, senescence secretomes
may contain chemotactic factors that attract cellular com-
ponents of the innate and adaptive branches of the immune
system. These recognize and eliminate senescent cells (9-12).
However, not all the components of the senescence secretome
seem to contribute to the antitumor effects of OIS. In fact, the
presence of functional protumorigenic and prometastatic fac-
tors in the secretome of some senescent cells indicates that they
may contribute to tumor progression in a cell nonautonomous
manner (2). In many studies, this effect has been observed using
cell-based and animal models in which OIS was triggered by the
ectopic overexpression of oncogenes, such as mutated RAS or
BRAF, to levels higher than those occurring in human tumors,
making it difficult to extrapolate its relevance.

The receptor tyrosine kinase HER2 is a prototypic proto-
oncogene that is activated through gene amplification in
approximately 20% of human breast cancers (13). Intriguingly,
IL-6 cooperates with HER2 during tumor progression (14,15); in
fact, blocking IL-6 signaling impairs the progression of breast
cancers developed by transgenic mice overexpressing HER2 (16),
indicating that IL-6 secreted by senescent cells could contribute
to the progression of HER2-positive breast cancers.

HER2 protein levels in tumors with HER2 gene amplification
are highly variable, reaching a difference of greater than 100
fold, as estimated by continuous protein quantification analy-
sis (17). Additionally, tumors with high levels of HER2 can also
express variable levels of a carboxy-terminal fragment of HER2
known as 611CTF or p95HER? (18-19). This fragment is an onco-
genic form of HER2 because of its ability to constitutively form
active homodimers maintained by intermolecular disulphide
bonds (20). Thus, in HER2-positive breast cancers, the levels of
HER? signaling are highly variable.

Expression of high levels of constitutively active HER2 leads
to a fully penetrant senescence phenotype characterized by a
distinct secretome. This senescence secretome increases the
metastatic ability of proliferating breast cancer cells (6,21). Here,
we present experiments aimed to analyze the effect of lower,
pathophysiologically relevant levels of HER2 signaling on the
onset of senescence. We analyzed the presence of senescent
cells in different models of HER2-driven tumorigenesis and
characterized their role in tumor growth.

Methods

Confocal Microscopy

Cells were grown in coverslips, washed twice with 1X PBS, and
fixed with 4% paraformaldehyde for 20 minutes. After two
washes, cells were permeabilized with 0.1% Triton X-100 in 1X
PBS; 1% BSA-0.1% saponin-0.02% Azide-PBS was used for block-
ing and antibodies binding. Finally, cells were washed and
mounted with Vectashield mounting medium with DAPI (Vector
Laboratories, Peterborough, UK). Cells were visualized in a con-
focal spectral FV 1000 Olympus microscope at 40x (Olympus
Corp., Tokyo, Japan).

Fluorescence intensity corresponding to IL-6 was measured
with ImageJ software as described in (22). Briefly, cells were
selected using Image] selection tool and area and integrated
density were measured. Corrected total cell fluorescence was
calculated as integrated density - (area of selected cell x mean
fluorescence of background readings).

Tumor-Derived Primary Culture Establishment

Cell cultures derived from PDXs were established as described
in (23). Briefly, tumors were excised and cut into the smallest
pieces possible with scalpel, incubated for 30 minutes with col-
lagenase IA, washed and resuspended in Dulbecco’s Modified
Eagle’s Media (DMEM):F-12, 10% FBS, 4 mmol/L L-glutamine,
Penicillin/Streptomycin (Gibco), 10mM HEPES (Santa Cruz), and
1.75 pg/mL Amphotericin B (Fungizone, Gibco) for six hours,
then medium was carefully removed and changed to 10% sup-
plemented Mammocult human medium (StemCell technolo-
gies) with Penicillin/Streptomycin, 10mM HEPES, and 1.75 pg/mL
Amphotericin B for one week in order to facilitate the growth of
epithelial cells with respect to contaminating mouse fibroblasts.

Patient-Derived Xenografts

Six- to eight-week-old female NOD.CB17-Prkdc/] (NOD/SCID)
were purchased from Charles River Laboratories (Paris, France).
Mice were maintained and treated in accordance with institu-
tional guidelines of Vall d’Hebron University Hospital Care and
Use Committee. Fragments of patient samples were implanted
into the number four fat pad of the mice (six mice per group).
17 3-estradiol (1pM) (Sigma) was added to drinking water. The
breast tumor sample used in this study was from a surgical
resection at Vall d’Hebron University Hospital and was obtained
following the institutional guidelines. Written informed consent
for the performance of tumor molecular studies was obtained
from the patient who provided tissue. Histopathologic charac-
teristics were confirmed by a pathologist and molecular char-
acterization was carried out by analyzing the expression of 50
selected genes (23). HER2-PDX is a luminal B, HER2-positive
breast tumor.

Growth of HCC1954_Luciferase In Vivo

HCC1954 cells were stably transfected with pLenti CMV V5-LUC
Blast (w567-1) vector (24). After blasticidin selection, firefly
luciferase activity was checked in vitro. 5x10° cells in 100 pL
Matrigel:PBS (1:1) were injected orthotopically in the fourth fat
pad of Balb/C nude mice (seven mice per group).

CNT328 (Siltuximab, 20mg/kg in sterile PBS) or antimouse
IL-6 (20mg/kg in sterile PBS) were given intraperitoneally once
weekly. Tumor xenografts were measured with calipers every
three days, and tumor volume was determined using the for-
mula: (length x width”2) x (pi/6). At the end of the experiment,
the animals were anesthetized with a 1.5% isofluorane-air mix-
ture and were killed by cervical dislocation.

RCAS-TVA-ErbB2 Model

RCAS vector carrying ErbB2 gene was instillated intraductally
in MMTV-tva transgenic mice as described in (25,26). Briefly, a
HA-tagged rat Neu cDNA insert with a Val-to-Glu point mutation
of codon 664 and truncations at both extracellular and intra-
cellular domains was cloned into an RCAS vector. DF-1 chicken
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fibroblasts were transfected with RCAS vectors and maintained
in 10% FBS-DMEM in humidified 5% CO, 37°C incubators. RCAS
viruses present in the culture supernatant were concentrated
100-fold by centrifugation at 125 000 x g for 90 minutes, resus-
pended in 10% FBS-DMEM, and frozen in aliquots for titer deter-
mination and infection of animals. Finally, six-week-old female
mice were anesthetized and injected through intraductal injec-
tion with high titer RCAS viruses in a 10 pL volume along with
0.1% bromophenol blue, used as a tracking dye. Tumor growth
was followed by palpation. Tumors were excised at a volume of
600mm? for further analyses and determinations.

Proteomic Analysis

After cell sorting, cells were plated for 48 hours and then
washed five times with serum-free medium and incubated for
additional 48 hours in the absence of serum. The conditioned
media were then collected, spun down at 1000 RPM for five min-
utes, transferred into clean tubes, filtered through a Nalgene
0.2mm pore vacuum filter, and concentrated using a 10 000
MWCO Millipore Amicon Ultra by spinning down 15mL at a
time at 800g for 30 minutes until the final concentration was
1mg/mL (~200- to 300-fold concentration). Protein concentra-
tion was determined with a Bio-Rad protein assay. Subsequent
sample preparation and proteomic analysis were conducted
as previously described (6). Heatmap hierarchical clustering
was performed at http://www.hiv.lanl.gov/content/sequence/
HEATMAP/heatmap.html.
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Statistical Analysis

Data are presented as averages, and error bars were analyzed
by the Student’s t test when comparing two groups or analy-
sis of variance when comparing more than two groups. Results
were considered to be statistically significant at a P value of less
than .05. All statistical tests were two-sided. Analyses were con-
ducted using the GraphPad Prism 5 Statistical Software.
All other methods are described in detail
Supplementary Methods (available online).

in the

Results

Expression of the wild-type tyrosine kinase receptor HER2 did not
affect the rate of cell proliferation (Supplementary Figure 1A); nev-
ertheless, compared with cells transfected with the empty vector,
it resulted in an increase in the percentage of cells with a flattened
and vacuolated morphology, typical of senescent cells (Figure 1A,
arrow). HER2 expression also led to an increase in the percentage of
cells positive for SA-$-gal, the most widely used marker of cellular
senescence (7.3% [95% CI = 3.12% to 11.64%] in MCF7/HER2 vs 3.2%
[95% CI = 0.48% to 5.94%] in MCF7/Vector, P = .046). Furthermore,
the percentage of cells positive for nuclear p21, a cyclin-depend-
ent kinase inhibitor expressed by HER2-induced senescent cells
(21), or gammaH2AX and 53BP1, two markers of the DNA damage
response frequently upregulated in oncogene-induced senescent
cells (reviewed in [27]), also increased with the expression of HER2
(percentage of positive cells in MCF7/HER2 vs MCF7/Vector; p21:
11.1% [95% CI = 3.123% to 11.64%] vs 2.3% [95% CI = 0.4735% to
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Figure 1. The percentage of senescent cells is directly proportional to the intensity of HER2 signaling. A) MCF7 Tet-Off cells stably transfected with an empty vector or
with the same vector expressing p95SHER2 or HER2 under the control of a doxycycline-responsive element were cultured for seven days in the absence of doxycycline.
Then, cells were photographed under bright field, analyzed by western blot with antibodies against HER2, stained for SA-$-gal or immunostained for p21, gammaH2AX,
or 53BP1. DAPI was used to visualize nuclei; representative bright field and confocal immunofluorescence images are shown. As indicated, the percentages of positive
cells were quantified in four independent analyses and expressed as averages. B) The same cells as in A were cultured without doxycycline and treated with different
concentrations of lapatinib. After one week, cells were analyzed by western blot with antibodies against phosphoHER2, and cells positive for the indicated markers
were quantified as in (A). The results are expressed as averages. Error bars correspond to 95% confidence intervals.
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5.938%]|, P < .001; gammaH2AX: 28.0% [95% CI = 13.84% to 42.27%]
vs 8.8% [95% CI = 0.844% to 16.90%], P = .01; and 53BP1: 17.6% [95%
CI = 13.43% to 22.80%)] Vs 5.1% [95% CI = 3.443% to 6.757%], P < .001)
(Figure 1A). Confirming that the percentage of senescent cells was
directly proportional to the intensity of HER2 signaling, treatment
with different concentrations of lapatinib, a tyrosine kinase inhibi-
tor that targets HER2, lowered the percentages of cells expressing
the markers of senescence in a dose-dependent manner (MCF7/
P95SHER? treated with DMSO, 1.5 uM lapatinib or 3 pM lapatinib,
respectively: SA-B-Gal: 63.4%, 50.5%, and 21.7%; p21: 56.5%, 12.9%,
and 13.1%, gammaH2AX: 64.7%, 27.4%, and 23.5%; and 53BP1:
74.2%, 30.2%, and 19.9%; MCF7/HER2 treated with DMSO, 0.25 pM
lapatinib or 0.5 pM lapatinib, respectively: SA-B-Gal: 11.1%, 1.7%,
and 0.7%; p21: 7.6%, 2.4%, and 1.8%; gammaH2AX: 12.6%, 3.5%, and
3.2%; and 53BP1: 10.6%, 1.7%, and 1.6%) (Figure 1B). Since MCF7
cells do not depend on HER? signaling, lapatinib did not affect the
proliferation of the same cells transfected with full-length HER2. In
contrast and consistent with its ability to interfere with the onset
of HER2-driven senescence, lapatinib increased the proliferation
and percentage in S-phase of cells expressing p95SHER2 (cell num-
ber relative to day 0: 9.15 [95% CI = 0.82 to 17.47] [3 pM lapatinib]
vs 0.89 [95% CI = 0.76 to 1.02] [DMSO], P = .006) (Supplementary
Figure 1C, available online).

Cells with the morphology of senescent cells and positive
for SA-p-gal were observed in cultures of HCC1954, SkBr3, and
BT474 cells (Figure 2A). In cultures of MDA-MB-453 cells, we
observed enlarged cells that, despite not having the character-
istic flattened morphology of senescent cells, were positive for
SA-B-gal (Figure 2A). The rest of the senescence markers were
also detected in 2% to 5% of the cells (SA-p-Gal, p21, gamma-
H2AX, and 53BP1 values: HCC1954: 4.5%, 4.9%, 4.2%, and 3.9%;
SkBr3: 3.4%, 5.7%, 10.4%, and 8.4%; BT474: 2.3%, 2.7%, 3.1%, and
0.7%; and MDA-MB-453: 2.6%, 4.8%, 9.1%, and 3.9%) (Figure 2A).
Costaining with anti-p21 and anti-gammaH2AX showed an
association between these markers that was statistically sig-
nificant in all cell lines (percentage of gammaH2AX: HCC1954,
41.6% of p21(+) vs 2.7% of p21(-), P < .001; BT474: 31.5% of p21(+)
vs 10.3% of p21(-), P = .01; SkBr3, 35.7% of p21(+) vs 5.4% of p21(-),
P =.001; and MDA-MB-453, 53.8% of p21(+) vs 7.2% of p21(-), P <
.001) (Figure 2B). Thus, these markers tend to be expressed in the
same cells. In summary, senescent cells arise during the culture
of cell lines naturally overexpressing HER2.

3

@Q‘@u &
2

SN

X
S
A e

oF

O

D “
g O
’ o ) wig
Ml & @ T
40pm
2AX / 53BP1
10
5
40um 40pm 40um o1

RV
I
TN R A
O >
- &K
~
40um 4oum 40um 40um

NS
S &

o

)

Positive cells, % —8 >
o ao 3 &o o«
2 [
H
=
g

The kinetics of decay of carboxyfluorescein succinimidyl
ester (CFSE) from control MCF7 cells or the same cells expressing
P9SHER2 or HER2 confirmed the feasibility of using the fluores-
cent dye to isolate senescent cells; fluorescence was lost much
more rapidly in the proliferating cell cultures than in p9SHER2-
induced senescent cells (Supplementary Figure 2A, available
online). Further, consistent with the higher percentage of senes-
cent cells in cultures from MCF7/HER2 cells than in cultures from
MCF7/Vector cells (Figure 1A), the percentage of label-retaining
MCF7/HER? cells (MCF7/HER2FE M) was statistically significantly
higher than that of MCF7/Vector cells (MCF7/Vector®st i) (MCF7/
Vector: 0.90+0.2 vs MCF7/HER2: 1.60+0.75, P =.04) (Supplementary
Figure 2B, available online). Quantification of SA-f-gal and
nuclear p21 expression in the MCF7/HER2"SEhi and MCF7/HER2¢FSE
lo subpopulations, sorted from cells labeled and cultured for two
weeks, showed approximately a four-fold enrichment in the
percentage of senescent cells in the former (MCF7/HER2 CFSE
Hi vs CFSE Lo cells; SA-B-Gal: 25.4% [95% CI = 18.66% to 32.28%)
vs 5.4% [95% CI = 3.14% to 7.76%], P < .001; and p21 23.1% [95%
Cl=12.77% to 33.54%] vs 7.1% [95% CI = 2.27% to 10.98%)], P = .002)
(Supplementary Figure 2C, available online). Similar results were
obtained with PKH26 as labeling reagent (data not shown). Using
the same procedure, we isolated HCC1954< 1 cells (Figure 3A).
In this fraction we also observed approximately a four-fold
increase in the percentage of senescent cells relative to that in
the HCC1954<E fraction (percentage of positive cells in CFSE hi
vs CFSE lo: SA-B-Gal, 25.0% [95% CI = 19.45% to 30.58%| vs 8.0%
[95% CI = 2.63% to 13.50%], P < .001; p21, 17.6% [95% CI = 10.69% to
24.59%] vs 4.9% [95% CI = 2.93% to 7.06%], P = .001; and gamma-
H2AX, 20.3% [95% CI = 11.79% to 28.77%)] vs 4.3% [95% CI = 2.03%
to 6.64%), P = .001; 53BP1, n.s.) (Figure 3B).

To determine if naturally occurring senescent HCC1954 cells
exhibit a secretory phenotype, we firstly measured the levels of
different factors (IL-6, IL-8, and AREG) previously shown to be
secreted by p95HER2-induced senescent cells (6). The levels of
these factors were statistically significantly higher in the media
conditioned by HCC1954<FEhi cells with respect to HCC1954¢FE o
(IL-6:5.06 pg/mL [95% CI=-1.16 pg/mLto 11.28 pg/mL] vs 0.82 pg/mL
[95% CI=-0.04 pg/mL to 1.68 pg/mL], P =.01;IL-8: 202.51 pg/mL [95%
CI =105.2 pg/mL to 299.7 pg/mL] vs 55.21 pg/mL [95% CI = 4.29 pg/
mL to 106.2 pg/mL], P = .005; and AREG: 233.28 pg/mL [95% CI = 21.47
pg/mL to 445.1 pg/mL] vs 48.28 pg/mL [95% CI = 26.87 pg/mL
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Figure 2. Identification of naturally occurring senescent cells in cultures of HER2-positive cell lines. A) The indicated cell lines were analyzed as described in the legend
to Figure 1A. B) Cells were coimmunostained with antibodies against p21 and gammaH2AX; representative confocal immunofluorescence images of cells expressing
both markers are shown. Positive cells for p21 and/or gammaH2AX were counted and represented as percentages.
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Figure 3. Secretory phenotype of naturally occurring HCC1954-senescent cells. A) HCC1954 cells were labeled with CFSE and analyzed by flow cytometry right after
labeling or cultured for seven days before analysis. At this time, ¢*stle and sEhi cells were gated as shown for subsequent purification by cell sorting. B) HCC1954¢Ele and
crsehi cells were stained for the indicated markers; representative bright field and confocal images are shown. The percentages of positive cells were quantified in three
independent experiments and expressed as averages. Error bars correspond to 95% confidence intervals. C) The levels of the indicated factors in the media conditioned
by control HCC1954, HCC1954E e or HCC1954¢sEhi cells were analyzed by enzyme-linked immunosorbent assay. The results are averages of three independent experi-
ments. D) The secretomes of HCC1954¢Ele or HCC1954°"E ! or, as controls, those of unlabeled or labeled (-¢Ft) HCC1954 cells were analyzed by label-free quantitative
proteomics. The results are shown as unsupervised hierarchical clustering analysis of three replicas. E) HCC1954 cells were coimmunostained with antibodies against
IL-6 and p21; representative confocal immunofluorescence images are shown. The arrow marks a cell positive for p21 and IL-6 (left) and its corresponding nucleus
stained with DAPI (right). Positive cells for IL-6 and/or p21 were counted and represented as percentages. IL-6 fluorescence intensity was determined for each cell and
plotted in two groups, according to nuclear p21 staining. F) HCC1954 cells were coimmunostained with antibodies against mTOR, LAMP2, and IL-6. Nuclei were stained
with DAPI. A confocal immunofluorescence image representative of one TASCC- and IL-6-positive cell is shown. Positive cells for IL-6 and/or TASCC were counted and

represented as percentages. Error bars correspond to 95% confidence intervals.

to 69.68 pg/mlL], P = .008) (Figure 3C). Furthermore, analysis of
the media conditioned by control HCC1954, HCC1954%t °, and
HCC1954¢E B cells through quantitative label-free proteomics
confirmed that the latter have a distinct secretory phenotype
(Figure 3D; Supplementary Table 1, available online).

Although senescent cells accumulate in the HCC1954¢Fst b
fraction, this subpopulation may also contain slow proliferat-
ing cells and/or other cells that retain the fluorescent dye for
unknown reasons. To characterize the cells that produce the fac-
tors analyzed in Figure 3C, we costained cells with antibodies
against p21 as a marker of senescence and antibodies against the
component of the senescence secretome IL-6. We found that the
majority (95.1%) of p21-positive cells expressed IL-6, while less
than 5% of p21-negative cells expressed detectable levels of the
cytokine (P < .001) (Figure 3E). Furthermore, the median inten-
sity of fluorescence corresponding to IL-6 in p21-positive cells
was much higher than that in the few p21-negative cells that
expressed detectable levels of IL-6 (IL-6 intensity: 54546 AU in
P21(+) [95% CI = 36150 AU to 72942 AU] vs 0.0 AU in p21(-) cells
[95% CI = 0.0 AU to 0.0 AUJ, P < .001) (Figure 3E). Similar results
were obtained with IL-8, albeit the number of p21-positive cells
that had high levels of IL-8 expression was lower (~20%) (percent-
age of IL-8(+) cells: 19.4% in p21(+) vs 1.1% in p21(-) cells, P < .001)
(Supplementary Figure 3A, available online).

Compared with the corresponding st cells, SkBr3°SEH, and
MDA-MB-453¢st b cells also secreted higher levels of IL-6 (SkBr3:
0.08 pg/mL in CFSE Hi [95% CI = -0.02 pg/mL to 0.18 pg/mL) vs

0.01 pg/mL in CFSE Lo [95% CI = -0.01 pg/mL to 0.03 pg/mL],
P =.02; MDA-MB-453: 0.06 pg/mL in CFSE Hi [95% CI = 0.0 pg/mL
to 0.12 pg/mL] vs 0.01 pg/mL in CFSE Lo [95% CI = -0.01 pg/mL to
0.03 pg/mL], P = .03) (Supplementary Figure 3B, available online).
We could not, however, detect IL-6 by immunofluorescence in
these cell lines. This was likely because they produced levels of
the cytokine below the threshold of detection.

We concluded that the secretion of IL-6 and other cytokines
by the HER2-positive cell lines analyzed are mainly, if not exclu-
sively, carried out by naturally occurring senescent cells.

To further characterize the secretory phenotype of naturally
occurring senescent cells, we studied the presence of TASCC. We
observed discrete regions of colocalization of mTOR with the lyso-
somal marker LAMP2, a hallmark of the TASCC, in approximately
7% of HCC1954 cells. The percentage of TASCC-positive cells was
increased in the HCC1954°E b fraction (percentage of TASCC(+)
cells: 15.5% in CFSE hi [95% CI = 11.02% to 20.01%)] vs 3.4% in CFSE
lo [95% CI = 0.48% to 6.50%], P < .001) (Supplementary Figure 3C,
available online), indicating that this subcellular compartment
could be responsible for the production of IL-6 in naturally occur-
ring senescent cells. Supporting this possibility, IL-6 was expressed
in approximately 60% of TASCC-positive cells (Figure 3F).

To verify that senescent cells are also present in tumors
in vivo and are not cleared by the immune system, we ana-
lyzed SA-B-gal in fresh samples from HER2-driven mammary
tumors developed in transgenic mice. In line with published
reports (25), 5% to 10% of the cells expressed the senescence

SHINAINN A9 €05068/020AIP/G/L01/8101KE/10Ul/WO0 dno"dIWapedE//:SdRY WOl papeojumod

120z Adenuer zQ uo Jasn eo8)ol|q!

ARTICLE


http://jnci.oxfordjournals.org/lookup/suppl/doi:10.1093/jnci/djv020/-/DC1

dTIOILYV

6 of 8 | JNCIJ Natl Cancer Inst, 2015, Vol. 107, No. 5

marker in advanced tumors (Supplementary Figure 4A, avail-
able online). Because of technical limitations, cells produc-
ing IL-6 could not be stained with specific antibodies in fixed
tumor samples; thus, to determine if senescent cells pro-
duced IL-6, we stained tumor cells obtained from transgenic
mice with PKH26. After six days in culture, IL-6 was detected
almost exclusively in cells retaining PKH26 (percentage of
IL-6(+) cells: 29.5% in PKH26(+) vs 0.3% in PKH26(-) cells, P <
.001) (Supplementary Figure 4B, available online). As expected,
approximately 50% of PHK26-positive cells were also positive
for SA-B-gal (Supplementary Figure 4C, available online), indi-
cating that senescent cells are those predominantly express-
ing IL-6 also in these HER2-driven tumors.

Because the activation of the JAK-STAT pathway by IL-6 is
required for the growth of HER2-driven tumors (16) and virtu-
ally all the IL-6 produced by HCC1954 cultures is secreted by
senescent cells (Figure 3E), this cell line is, in principle, a suit-
able model to show the importance of cellular senescence dur-
ing tumor growth in vivo. Thus, we injected HCC1954 cells into
the mammary fat pad of Balb/C nude mice. To block alternative
sources of IL-6, which can be produced by a variety of stromal
cells including monocytes, fibroblasts, and endothelial cells
(28), we treated the mice with an antimouse IL-6 (moIL-6) that
does not recognize human IL-6 (hulL-6). Under these conditions,
treatment with anti-hulL-6, had little effect on tumor growth
(Supplementary Figure 5A, available online).
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Figure 4. Naturally occurring senescent cells from a HER2-expressing patient-derived xenograft secrete IL-6, which is required for tumor growth. A) A HER2-positive
PDX orthotopically implanted into NOD/SCID mice was allowed to grow to approximately 300mm?. Then, the tumor was surgically removed and samples from it were
immunostained with antibodies against HER2 or stained for SA-f-gal. B) "6l and P26 hi cells sorted from HER2-PDX cell cultures as described in Figure S2 (available
online) and Figure 3A were stained with the indicated markers to quantify the presence of senescent cells. Representative confocal images are shown. The percent-
ages of positive cells were quantified in three independent experiments and expressed as averages. C) The levels of IL-6 in the media conditioned by P2 1e and PkH26 hi
cells from the HER2-PDX were determined by enzyme-linked immunosorbent assay. Quantitative results are averages of duplicate determinations. D) Cultures from
the HER2-PDX cells were coimmunostained with antibodies against IL-6 and p21; representative confocal immunofluorescence images are shown. The arrows mark
cells positive for p21 and IL-6 (top) and the corresponding nucleus stained with DAPI (bottom). Positive cells for IL-6 and/or p21 were counted and represented as per-
centages. IL-6 fluorescence intensity was determined for each cell and plotted in two groups, according to nuclear p21 staining. E) Cultures from HCC1954 cells and
from the HER2-PDX were starved from serum for 48 hours. Then, cells were lysed and the cell lysates were analyzed by Western blot with specific antibodies against
phospho-STAT3 or STAT3. Quantitative results are averages of two independent experiments. F) Cultures from the HER2-PDX were serum-starved and treated with or
without anti-hulL-6 (10ng/mL) for 48 hours. Then, cells were lysed and the cell lysates were analyzed by western blot with specific antibodies against phospho-STAT3
or STAT3. Quantitative results are averages of two independent experiments. G) The HER2-PDX was orthotopically implanted into NOD/SCID mice (n = 6 in each group).
Tumor volumes were determined at the indicated time points and expressed as averages. As indicated, mice were treated with antimouse IL-6 or antimouse IL-6 and
antihuman IL-6 (siltuximab). H) At the end of the experiment described in Figure 4G, tumors were surgically removed and lysed. Cell lysates corresponding to four inde-
pendent tumors from each group were analyzed by western blot with specific antibodies against phospho-STAT3 or STAT3. Results were quantified and represented as
averages. Error bars correspond to 95% confidence intervals.
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This result argues that either activation of the JAK-STAT path-
way is not required for the growth of HCC1954 cells in vivo or that
other cytokines activate the pathway in these cells. In support
of the latter, the levels of activation of the JAK-STAT pathway in
serum-starved cells, as measured by the levels of phospho-STAT3
(Supplementary Figure 5B, available online), is not affected by
anti-hulL-6 blocking antibodies. We concluded that, in contrast
to other HER2-driven tumor models, which depend on IL-6 to
progress (16), HCC1954 cells have alternative ways to activate the
JAK-STAT pathway. Therefore, we used another model to test the
relevance of IL-6-producing senescent cells during tumor growth.

Patient-derived xenografts (PDXs) retain many of the char-
acteristics of the original tumor from which they are derived.
Approximately five percent of the cells of a PDX established from
a HER2-positive breast cancer (see [29]) were positive for SA-f3-gal
(Figure 4A), showing that also in this model senescent cells are
continuously generated during tumor growth. To characterize
these senescent cells, we established cultures from the HER2-PDX
and sorted PKH26-retaining cells. Confirming the results shown
in Figure 3, the HER2-PDX™!% hi sybpopulation was enriched in
senescent cells (percentage of SA-B-Gal(+) cells: 18.0% in PKH26 hi
[95% CI = 6.94% to 29.23%] vs 7.0% in PKH26 lo [95% CI = -0.33% to
14.39%], P = .04; percentage of p21(+) cells: 23.9% in PKH26 hi [95%
Cl=13.74% to 34.22%] vs 7.7% in PKH26 1o [95% CI = 4.49% to 11.05%],
P < .001) (Figure 4B), secreted higher levels of IL-6 (Figure 4C), and
the cytokine was largely produced by p21-positive cells (percent-
age of IL-6(+) cells: 45.0% of p21(+) vs 7.1% of p21(-) cells, P < .001)
(Figure 4D). We concluded that the senescent cells from the HER2-
positive PDX are also responsible for the secretion of IL-6.

The basal level of activation of the JAK-STAT pathway is lower
in cultures of the HER2-PDX than in HCC1954 cells (Figure 4E). Since
both cell types secrete similar levels of IL-6 (Figures 3C and 4C), this
result further supports that additional cytokines activate the JAK-
STAT pathway in HCC1954 cells. Treatment with anti-hulL-6 low-
ered the levels of phospho-STAT3 in the HER2-PDX cells (Figure 4F),
showing that in these cultures the IL-6 produced by senescent
cells activates the JAK-STAT pathway in an autocrine/paracrine
fashion. Importantly, treatment of mice bearing the HER2-PDX
with anti-hulL-6 showed that IL-6, which is produced largely by
senescent cells, is required for tumor growth (tumor volume at day
101: 333.2mm? [control] [95% confidence interval = 216.6 mm? to
449.8 mm°] vs 114.4 mm? [anti-hulL-6 treated] [95% CI = 12.79 mm?*
to 216.0 mm?), P = .005) (Figure 4G). Analysis of phospho-STAT3 lev-
els confirmed that blocking of human IL-6 resulted in the inhibi-
tion of the JAK-STAT pathway in vivo (Figure 4H).

Discussion

To date, more than 50 oncogenes have been found to induce
senescence (30). Previous reports showed that, in order to trig-
ger OIS, the signals conveyed by these oncogenes should reach
a certain threshold of intensity. For example, using an in vivo-
inducible system, it has been shown that high levels of activated
Ras induce OIS very efficiently, but below certain threshold of
expression Ras promotes cellular proliferation (31). Similarly,
according to our results, HER2-induced senescence does not
respond to an all-or-none model. We observed that different
levels of HER2 signaling result in different percentages of cells
undergoing senescence.

In breast and other tumors, HER2 is activated through gene
amplification, but analysis of individual tumors shows that HER2
gene copy number is extremely variable. As a result, the levels
of HER2 protein expression in different tumors show a wide
dynamic range that extends well over two orders of magnitude
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(17,18). Conceivably, in some amplified tumors the levels of HER2
could be precisely those that lead to the onset of senescence in
only a percentage of cells.

The activity of other oncogenes activated through mutation,
such as RAS or BRAF, probably do not have such a dynamic range
and thus may preferentially induce senescence in the majority,
if not all, of the cells that express them. Consistently with this
view, oncogene-induced senescence is readily detected in pre-
malignant lesions induced by K-RasV12 in lungs and pancreas,
but is not detected in adenocarcinomas (reviewed in [32]), once
OIS has been overcome. In contrast, in mammary tumors driven
by HER2 or prostate tumors genetically deficient for PTEN, the
generation of senescent cells remain constant during tumor
progression representing, by some estimates, 20% to 30% of the
total tumor cellularity (25,33).

The fact that naturally arising senescent cells display a
senescence secretome that includes IL-6 is relevant to the
progression of breast cancers. In fact, in the models analyzed
here, only senescent cells produce high levels of IL-6. Since this
cytokine is required for the progression of HER2-driven tumors
in vivo, these results demonstrate that senescence, a potent
antitumor mechanism, can be perverted in order to generate
factors that foster the growth of nonsenescent cells.

This study also had some limitations. Currently there are
no markers of senescence for use in clinically relevant sam-
ples, making it difficult to extrapolate our results to the clinical
setting. In addition, in some of the models analyzed we have
detected senescent cells by the expression of p21, which may be
also expressed in nonsenescent cells. The identification of novel
marker of senescence, particularly if they can be used in clinically
relevant samples, will allow overcoming these shortcomings.
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