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ABSTRACT

Therapy-induced senescence (TIS) is a major cellular response to anticancer therapies. While induction of a
persistent growth arrest would be a desirable outcome in cancer therapy, it has been shown that, unlike
normal cells, cancer cells are able to evade the senescence cell cycle arrest and to resume proliferation, likely
contributing to tumor relapse. Notably, cells that escape from TIS acquire a plastic, stem cell-like phenotype.
The metabolic dependencies of cells that evade senescence have not been thoroughly studied. In this study, we
show that glutamine depletion inhibits escape from TIS in all cell lines studied, and reduces the stem cell
subpopulation. In line with a metabolic reliance on glutamine, escaped clones overexpress the glutamine
transporter SLC1A5. We also demonstrate a central role of glutamine synthetase that mediates resistance to
glutamine deprivation, conferring independence from exogenous glutamine. Finally, rescue experiments
demonstrate that glutamine provides nitrogen for nucleotides biosynthesis in cells that escape from TIS, but
also suggest a critical involvement of glutamine in other metabolic and non-metabolic pathways. On the whole,
these results reveal a metabolic vulnerability of cancer stem cells that recover proliferation after exposure to
anticancer therapies, which could be exploited to prevent tumor recurrence.

INTRODUCTION secretion of pro-inflammatory cytokines, chemokines,
matrix remodelling enzymes and growth factors,
Therapy-induced senescence (TIS) is a state of referred to as senescence-associated  secretory
permanent cell cycle arrest which ensues in both normal phenotype (SASP) [5].
and neoplastic cells upon cytotoxic chemotherapies or
radiotherapies [1, 2]. Induction of TIS has been detected Unlike normal cells, it has been demonstrated that
in cells in culture and, more importantly, in human cancer cells are able to escape from TIS [6, 7],
tissues [3, 4]. Drug-induced senescent cells acquire suggesting that senescence in tumor cells represents a
distinctive phenotypic alterations, such as large and flat state of prolonged but not permanent cell cycle arrest,
morphology, extensive  vacuolization, increased after which cells may recover proliferation. Indeed, it
expression and activity of senescence-associated beta- has been proposed that TIS could reflect one form of
galactosidase (SA-B-gal), and the expression of specific tumor dormancy: cells that undergo a senescence
cyclin-dependent kinase inhibitors, especially p21CIP1. growth arrest after treatments could persist in tissue
In addition, TIS cells show an increased expression and over long periods of time and ultimately contribute to
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recurrence [8]. As such, escape from TIS might
represent a challenge in cancer treatments, favoring
relapse. In line with these observations, induction of
senescence was shown to be associated with adverse
treatment outcome and decreased overall survival in
cancer patients [9-12].

Evasion from drug-induced senescence is a rare event
and only a small subset of cancer cells is able to re-enter
the cell cycle. Cells that evade TIS display a plastic,
stem cell-like phenotype [13-15] characterized by the
ability to self-renew and to give rise to a more
differentiated progeny. Interestingly, a direct link
between the induction of premature senescence and the
reprogramming of cells into stem-like, tumor-initiating
cells has been recently demonstrated, defined as
senescence-associated  stemness  (SAS).  Thus,
enforcement of senescence-like growth arrest
reprograms bulk tumor cells into cancer stem cells
(CSC) [16]. CSC represent a functionally heterogeneous
cell population. Different subsets of CSC have been
identified within tumors that differ in cell cycle status,
differentiation potential and expression of stem-specific
markers. Notably, CSC have distinctive metabolic
features as compared with their differentiated progenies
and specific metabolic traits are required for
maintenance of different subsets of CSC [17, 18].

Little is known about the mechanisms governing
evasion from TIS in tumor cells and the metabolic
needs of cells that escape from senescence. In this study
we investigated the metabolic requirements of cells that
escape from chemotherapy-induced senescence. We
show that although parental cell lines analyzed show
different metabolic characteristics, all cells rely on
glutamine for escaping from TIS. Accordingly,
modulating glutamine concentration in culture media
results in increased or decreased evasion from
senescence. CSC that evade senescence growth arrest
overexpress the glutamine transporter SLC1A5. We
also demonstrate that induction of glutamine synthetase
(GS; glutamate-ammonia ligase) mediates resistance to
glutamine ablation and allows evasion from TIS in
glutamine-deprived conditions. Finally, our data support
a role for glutamine in nucleotides biosynthesis in cells
that escape from TIS, but also suggest a critical
involvement of glutamine in other metabolic and non-
metabolic pathways.

RESULTS

In order to investigate metabolic requirements of cells
that evade chemotherapy-induced senescence, we
treated with sublethal concentrations of doxorubicin two
wild-type p53-positive cancer cell line, MCF-7 (breast
adenocarcinoma) and A549 (lung adenocarcinoma).

These cells have been previously characterized as a
model of TIS in our laboratory [19-21], and both are
able to re-enter cell cycle from a senescent state [7, 21,
22]. As shown in Figure 1, MCF-7 and A549 cells
readily underwent senescence upon treatment with
doxorubicin and acquired a flat and enlarged
morphology and positivity to SA-beta-gal staining
(Figure 1A). Both cell lines were cell cycle arrested
(Figure 1B), displayed upregulation of the cdk-inhibitor
p21CIP1 and accumulation of hypophosphorylated pRb
(Figure 1C). Furthermore, TIS cells accumulated
persistent DNA damage foci, as shown by staining with
v-H2AX antibodies (Figure 1D).

In line with previous observations [7, 22] when TIS
cells were kept in culture for prolonged periods of time
(from 15 to 60 days) colonies that evaded the senescent
growth arrest appeared (Figure 1E). A549 cells
displayed a higher frequency of escape as compared to
MCF-7 cells (1 in 1,650 + 124 and ~1 in 15,000 + 3500
cells, respectively, based on an initial seeding of 80,000
senescent cells in A549 and 120,000 senescent cells in
MCF-7), and we also noticed that A549 escaped
colonies arose after a shorter period of time, as
compared to MCF-7 cells (18.5d+4.1and 25.8d = 7.3,
respectively, p = 0.002, based on an initial seeding of
80,000 senescent cells in A549 and 120,000 senescent
cells in MCF-7).

In order to confirm that senescence escape cells are
characterized by a stem cell-like phenotype, we isolated
clonal populations that emerge from senescent MCF-7
cells (hereafter defined as escaped clones) and analyzed
the expression of CD44 and CD24 breast cancer stem
cell markers [23] by flow cytometry. As reported in
Table 1, all escaped clones analyzed showed an
increased CD44%/CD24 "o subpopulation, as compared
to parental MCF-7 cells. The enrichment in
CD44*/CD24"w cells varied among different clones,
likely reflecting the relative proportion of CSC. As
expected, escaped clones in culture progressively lost
their stem-cell properties, spontaneously acquiring a
more differentiated phenotype resembling the parental
cell line. Hence, all the experiments were performed in
clones within five passages in culture.

One of the hallmarks of cancer cells is metabolic
plasticity, meaning that distinct metabolic pathways can
be activated in different subsets of cancer cells. Glucose
and glutamine (GIn) are the two essential molecules
metabolized to support bioenergetics and biosynthetic
processes [24, 25]. Hence, we first characterized the
response of parental cell lines to glucose or glutamine
deprivation. As shown in Figure 2A, the number of
A549 and MCF-7 cells was reduced by about 20% by
low glucose concentration (1 g/L) in the medium, as
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Table 1. CD44*/CD247/°" subpopulation was estimated in parental MCF-7 cell line and in escaped clones.

CD44*/CD24o CD44*/CD24 o
(%) (fold of MCF-7)
MCF-7 35£0.4 1
ESC 1 5.5+1.2 1.57
ESC 2 5.1%0.4 1.46
ESC 3 123+22 3.51
ESC 4 118405 3.37
ESC9 10£0.85 2.86
ESC 10 29.4+14 8.40

Column 1: Percentage of CD44*/CD247°" cells was analyzed by flow cytometry. Data are mean + S.D. of three independent
experiments. Column 2: Relative increase in CD44*/CD24~°% cells in escaped clones as compared to MCF-7 cells.
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Figure 1. Premature senescence in MCF-7 and A549 cells. MCF-7 and A549 cells were treated with doxorubicin for 72 h. Cells were
extensively washed and analyzed 7 days after release from the drug. (A) Morphological alterations and SA-B-gal staining in drug-induced
senescent cells. Proliferating cells and doxorubicin-induced senescent cells were stained to detect SA-B-gal activity. Phase contrast
microscopy images were captured using Canon powershot G6 camera at 10x magnification, 6x digital zoom. (B) Representative flow
cytometric data. Proliferating and senescent MCF-7 and A549 cells were incubated with 5-bromo-2-deoxyuridine (BrdU), for 30 min and 1
hour, respectively. The number of BrdU-labelled cells was determined and the percentage is shown in the chart. (C) Accumulation of p21¢/P1
and hypophosphorylated pRb protein in drug-induced senescent cells. Filters were stripped and reprobed with B-tubulin antibodies as a
loading control. (D) Proliferating and doxorubicin-induced senescent MCF-7 and A549 cells were immunostained with an anti-y-H2AX
monoclonal antibody followed by secondary fluorescein-conjugate antibodies. Nuclei were stained with DAPI. Samples were visualized on a
Zeiss Axioplan fluorescent microscope at 63x magnification. (E) Representative phase contrast microscopy images of clones that evade
senescence; note the flat and enlarged morphology of TIS cells surrounding the escaped clone. Phase contrast microscopy images were
captured using Canon powershot G6 camera at 20x magnification, 6x digital zoom.
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compared to high glucose-containing medium (4.5 g/L). although a cell line-specific sensitivity was observed,

The addition of 2-deoxy-glucose (2DG), a glucose with A549 cells being more sensitive than MCF-7 cells
analog that specifically inhibits glycolysis, to culture (Figure  2A). Glutamine-deprivation  significantly
medium also reduced cell proliferation over 72 hours, reduced cell proliferation in both cell lines. The
A
120
mdead
100 .
Oviable
80

o
=]

»
o

N
o

=]

2,5

Cell number (% control)

high 2DG (mM)
B _—
= 150
g 125 ,, : —L
(=
o 100 —
9 1
e 5T —
°\¢ 50 4 —
e i —
g = =
o
2 +GIn | -GIn | 5mM | +GIn
high 206G | dow +GIn | -GIn | 5mM| +GIn
MCF-7 high 2DG | low
S 15 —
£ 10 ——
S mi
& 501
5 0
2 +GIn | -GIn | 5mM | +GIn b4
high 2DG | low +GIn ' -GIn | 5mM | +GIn
A549 high 2DG | low

Figure 2. (A) Effect of glutamine deprivation on cell viability. MCF-7 and A549 cells were grown for 72 hours in either high-glucose (high) or
low-glucose (low) medium, in the presence (+Gln) or in the absence (-GlIn) of 2 mM glutamine or in the presence of indicated concentrations
of 2-deoxyglucose (2DG). Cells were stained with trypan blue and counted. The percentage of dead, trypan blue-positive cells is shown. Data
are mean * S.D. of three independent experiments. (B) The effect of glutamine deprivation on TIS escape. Doxorubicin-induced senescent
MCF-7 and A549 cells were grown in high-glucose (high) or low-glucose (low) medium, in the presence (+GlIn) or in the absence (-GIn) of 2
mM glutamine or in the presence of 2-deoxyglucose (2DG). Colonies that evaded the senescent growth arrest were stained and counted. Left

panels: quantification of the colony escape assay. Data are mean + S.D. of three independent experiments. Right panels: representative
images of colony escape assay.
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percentage of dead cells never exceeded 4% (Figure
2A). We confirmed that 72 h GIn starvation produced a
marked decrease in the intracellular content of
glutamine in both cell lines, as determined by liquid
chromatography-mass spectrometry (LC—MS) analysis.
After 72h of glutamine deprivation, the intracellular
glutamine content in A549 cells decreased from 4.43 +
0.28 to 1.21 + 0.42 nmol/mg protein (p = 0.0004), and
from 1.18 £ 0.17 to 0.43 £ 0.31 nmol/mg protein in
MCEF-7 cells (p = 0.0213).

To get insight into the antiproliferative effects of
glutamine deprivation, we analyzed the cell cycle
distribution in A549 and MCF-7 cells grown in GIn-
supplemented or Gln-deprived conditions for 72 h.
Glutamine deprivation resulted in a significant increase
in G2/M compartment in A549 cells, while in MCF-7
cells an increase in S-phase fraction was detected
(Supplementary Figure 1A). These results were
confirmed by analyses of BrdU incorporation, which
showed a marked decrease in DNA synthesis, together
with a significant increase in G2/M population in A549
cells, and a S-phase accumulation in MCF-7 cells
(Supplementary Figure 1B). Notably, no increase in
sub-G1, apoptotic cells, was observed in GIn-deprived
conditions indicating that GIn-deprivation inhibits cell
proliferation, but does not affect cell survival
(Supplementary Figure 1C). Evidence for an important
role of glutamine in the maintenance of cancer stem
cells have been provided in several tumor types [26,
27]. Since both A549 and MCF-7 cells displayed higher
sensitivity to GlIn-deprivation than glucose-deprivation,
we decided to investigate a potential role of glutamine
metabolism in escape from TIS. In order to analyze
metabolic needs of cells that evade senescence, we
induced TIS in our cell lines, released them in complete
medium to allow for cell attachment, and thereafter
maintained them in either complete medium (2 mM
GIn) or in GIn-deprived medium. In addition, effects of
low glucose concentration and 2DG were investigated.
As shown in Figure 2B, glutamine withdrawal reduced
evasion from TIS in both MCF-7 and A549 cell lines,
while long term exposure to low glucose or 5 mM 2DG
did not affect the emergence of escaped colonies,
thereby indicating that glutamine availability affects
escape from senescence. Similar results were obtained
after inducing TIS by treatment with the
chemotherapeutic  cisplatin ~ in  MCF-7  cells
(Supplementary Figure 2). It is important to note that
glutamine withdrawal did not alter development of TIS
and that Gln-deprived senescent cells retained the
senescent phenotype and the expression of senescence
markers (Supplementary Figure 3). To further analyze
the glutamine dependency of escaped cells, we
maintained TIS cells in media with glutamine or with
stepwise decrease in glutamine concentrations. In these

conditions, we observed that the ability of cancer cells
to escape from TIS decreased in parallel with the
reduction in glutamine concentration (Figure 3A).
Furthermore, increasing glutamine concentration to 4
mM increased the number of colonies that evade TIS
(Figure 3A, A549). Interestingly, further increase in
glutamine concentration, above 4 mM, led to no further
enhancement of TIS escape. On the whole, these data
demonstrate that glutamine depletion inhibits escape of
CSC from TIS.

CSC are functionally heterogeneous and different
subsets of CSC show different metabolic requirements
[28]. Since mammary escaped clones showed an
increased CD44*/CD24 "oV subpopulation (Table 1), we
exposed parental MCF-7 cells to GIn-deprived medium,
and analyzed the CD44*/CD24"% subpopulation by
flow cytometry. As illustrated in Figure 3B and
Supplementary  Figure 4A, gradual reduction in
glutamine concentration in culture media was
accompanied by a parallel decrease in the percentage of
the CD44*/CD24"% cells. In addition, increasing
glutamine concentration to 4 mM resulted in a
significant increase in CD44*/CD247°% cells. These
data suggest that the CSC subset defined by
CD44*/CD24 "% expression in MCF-7 cells is largely
glutamine-dependent and is involved in TIS evasion.

To further investigate the effects of glutamine
deprivation on stem cells, we analyzed the formation of
holoclones, meroclones and paraclones in MCF-7 cells,
plated as single cells in the presence or in the absence of
glutamine. It has been demonstrated that when normal
[29] and cancer [30, 31] cells are plated at low density,
colonies derived from stem cells with the highest
proliferative ability give rise to holoclones, while
colonies derived from their differentiated progeny
grow as small paraclones. Meroclones have an
intermediate phenotype and are believed to be formed
by transient-amplifying cells. Hence, these three types
of colonies reflect the vertical hierarchy of CSC and
are easily distinguished, being different in size and
morphology (Figure 4A). As shown in Figure 4B,
glutamine deprivation specifically suppressed the
growth of holoclones, whereas increasing glutamine
concentration to 4 mM led to a parallel increase in the
relative percentage of holoclones, without changing
average holoclone sizes (Supplementary Figure 5).
These data demonstrate that stem cells, transient-
amplifying cells and differentiated cells present in
MCEF-7 cell line show different metabolic requirements,
and that stem cells rely on glutamine for holoclones
formation.

Glutamine uptake from extracellular environment is
mediated by different transporters [32]. Among these
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transporters, SLC1A5/ASCT2 has been shown to be
overexpressed in several human malignancies and was
associated with low survival [33-35]. In order to
confirm enhanced glutamine metabolism in cells that
evade TIS, we analyzed the expression of SLC1AS5 in
MCF-7 escaped clones. As shown in Figure 5A, all
escaped clones analyzed showed a significant
upregulation of the glutamine transporter, as compared
to parental MCF-7 cells. Three clones were selected for
further analyses. Increased expression of SLC1A5 was
confirmed at protein level in these clones (Figure 5B).
Furthermore, compared to parental cells, escaped clones
also overexpressed the Na*-dependent carrier SNATL,
whereas SNAT2 levels were significantly elevated in
just 2 out of three clones (Figure 5C). As expected,
escaped clones also overexpressed the stem cell marker
Nanog (Figure 5C). Finally, we investigated the effects
of L-y-glutamyl-p-nitroanilide (GPNA), a widely used
SLC1A5 inhibitor [33, 35], on MCF-7 CD44/CD24
expression profile. As shown in Figure 5D, GPNA

treatment significantly reduced the percentage of the
CD44*/CD247ow cells. On the whole, these results
further indicate that the CD44*/CD24"°% CSC subset
involved in TIS evasion in MCF-7 cells is glutamine-
dependent and that the glutamine transporter SLC1A5
plays an important role in these cells. Importantly,
treatment with GPNA dose-dependently inhibited TIS
escape in both MCF-7 and A549 cells (Figure 5E, 5F).

As previously stated, both MCF-7 and A549 cells have
a wild-type p53 gene, but TIS can be also induced in
cancer cells lacking functional p53 [6], and p53 has
been recently shown to play a critical role in adaptation
to glutamine deprivation [36, 37]. In order to assess a
potential role of p53 in modulating glutamine
dependency of escaped cells, we analyzed MDA-MB-
231 breast cancer cells, expressing mutant p53
(R280K), which we previously showed to undergo TIS
[21]. In addition, we analyzed two murine tumor cell
lines: ovarian cancer 1D8 cells, which retains wild-type
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Figure 3. (A) Dose-dependent effects of glutamine on TIS escape. Doxorubicin-induced senescent MCF-7 and A549 cells were grown in
media with different glutamine concentrations. Colonies that evaded the senescent growth arrest were stained and counted. Data are mean
+ S.D. of three independent experiments. (B) Dose-dependent effects of glutamine on CD44*/CD24- subpopulation. MCF-7 cells were grown
for 48 hours in media with different glutamine concentrations. Expression of CD44 and CD24 was analyzed by flow cytometry. Data are mean

+ S.D. of three independent experiments.
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p53 [38] and mammary carcinoma TS/A cells that
carries mutant p53 (R270H) [39].

As illustrated in Supplementary Figure 6, MDA-MB-
231, ID8 and TS/A cells treated with sublethal
concentrations of doxorubicin exhibited a senescent
morphology,  positive  staining for  SA-B-gal
(Supplementary Figure 6A), upregulation of p21CIP1
and accumulation of hypophosphorylated pRb
(Supplementary Figure 6B). All cells underwent a
durable growth arrest (Supplementary Figure 6C), after
which clones of cell that escape from TIS emerged. We
induced TIS in these cells and, after drug removal,
maintained them in either complete medium or in Gln-
deprived medium. As shown in Figure 6A-6C,
glutamine deprivation reduced escape from senescence
in all cell lines, with cell line-specific differences not
correlated to p53 status. Similar results were obtained
after inducing TIS by treatment with the
chemotherapeutic cisplatin in MDA-MB-231 cells

(Figure 6D). We also analyzed the effect of glutamine
deprivation on CD44/CD24 profile in MDA-MB-231
cells. Although MDA-MB-231 line shows over 75%
cells with a CD44*/CD24"% phenotype, glutamine-
deprivation induced a significant reduction of stem cells
subpopulation (Figure 6E and Supplementary Figure
4B). Notably, treatment with SLC1A5 inhibitor GPNA
significantly inhibited TIS escape in MDA-MB-231
cells (Figure 6F).

As shown, GlIn-deprivation differently affected evasion
from TIS depending on the cell line: GIn withdrawal
completely abolished escape from TIS in A549 and ID8
cells, while a number of escaped clones could still be
detected in MCF-7, MDA-MB-231 and TS/A cell lines.
Glutamine independence in cancer cells has been
previously associated to increased expression of
glutamine synthetase (GS), a cytosolic enzyme that
catalyzes the de novo synthesis of glutamine from
ammonia and glutamate [40-42]. In order to investigate

A holoclone meroclone paraclone
MCF-7
B
120% 1 B para
’f s O mero
o, T
100% M holo
;\? 80% —fm = L
»  60% 1— [ |
3 60% T
S 40% = ||
S 20%1 ||
0%
4 ‘ 2 ’ 0
MCF-7 GlIn (mM)

Figure 4. Glutamine controls clonal heterogeneity in MCF-7 cells. MCF-7 cells were cultured at low density in the presence (4 mM
and 2 mM) or in the absence of glutamine. (A) Representative phase contrast microscopy images of holoclones, meroclones and paraclones.
Holoclones are large colonies with compact and smooth borders, while paraclone are small colonies with flattened shape. An intermediate
phenotype characterizes meroclones. Phase contrast microscopy images were captured using Canon powershot G6 camera at 10x
magnification, 6x digital zoom. (B) After 10 days of culture, the number of holoclones, meroclones and paraclones were counted. Relative
percentage of colonies is shown. Data are mean * S.D. of three independent experiments.
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Figure 5. Cells that escape from TIS overexpress the glutamine transporter SLC1A5. (A) Escaped clones were isolated from senescent
MCF-7 cells. Expression of SLC1A5 was analyzed by real-time PCR. Data are mean + S.D. of three independent experiments. (B) Expression of
SLC1AS protein was analyzed in parental MCF-7 cells and in three escaped clones. Filters were stripped and reprobed with anti-actin antibodies
as a loading control. SLC1A5 levels, normalized to the relative actin levels, are reported as fold change of parental cells. (C) Expression of
NANOG, SNAT1 and SNAT2 was analyzed by real-time PCR. Data are mean % S.D. of three independent experiments. (D) Dose-dependent
effect of GPNA on CD44*/CD24- subpopulation. MCF-7 cells were treated for 72 hours with indicated GPNA concentrations. Expression of CD44
and CD24 was analyzed by flow cytometry. Data are mean = S.D. of three independent experiments. (E) GPNA treatment abolishes escape from
TIS. Doxorubicin-induced senescent MCF-7 cells were grown in GIn-deprived medium (-Gln), or in complete medium (+Gln) in the absence or in
the presence of 1 mM or 2 mM GPNA. Colonies that evaded the senescent growth arrest were stained and counted. Data are mean % S.D. of
two independent experiments. (F) GPNA treatment abolishes escape from TIS. Doxorubicin-induced senescent A549 cells were grown in Gin-
deprived medium (-GlIn), or in complete medium (+GlIn) in the absence or in the presence of 0.5 mM or 1 mM GPNA. Colonies that evaded the
senescent growth arrest were stained and counted. Data are mean  S.D. of two independent experiments.
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the presence of 1 mM GPNA. Colonies that evaded the senescent growth arrest were stained and counted. Data are mean * S.D. of two
independent experiments.
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potential mechanisms of resistance that enable escape
from TIS in GlIn-deprived conditions, we induced
senescence in MCF-7 and MDA-MB-231 cells and, after
drug removal, incubated the cells in either complete
medium or in GlIn-deprived medium. When escaped
clones emerged, we pooled the clones arisen in the
presence or in the absence of glutamine and compared
GS protein expression. We also analyzed the expression
of GS in the parental cell lines that were GIn-deprived
for 72 h. Since, as previously shown, no clones emerge
in the absence of glutamine in A549 cells, GS levels
were analyzed only in the parental A549 cells with or
without GIn for 72 h. As shown in Figure 7A, parental
cells showed different responses to Gln-deprivation:
MCF-7 showed no alteration in GS protein level, MDA-
MB-231 cells upregulated GS and A549 cells
downregulated GS in response to glutamine starvation. It
may be worth noting that at 72 h Gln-deprivation all
parental cell lines analyzed showed significant inhibition
of cell proliferation (Figure 2A and Supplementary
Figure 7). In contrast, clones of cells that escaped from
TIS in GIn-deprived conditions homogeneously showed
increased levels of GS, as compared to clones escaped
from TIS in presence of glutamine (Figure 7A, and data
not shown). We also noticed that the MCF-7 clones that
evaded TIS in the presence of glutamine have a lower
level of GS as compared to parental cells, which may be
related to a more undifferentiated, stem-like phenotype
of escaped clones (see discussion). Next, we sought to
explore whether GS could also play a role in TIS escape
in A549 cells. Since in A549 cells no clones evade TIS
in the absence of glutamine, we compared GS levels in
clones arisen in the presence of 2 mM glutamine or in
presence of the minimal GIn concentration required for
escape, i.e. 0.5 mM glutamine (Figure 7B and data not
shown). Interestingly, clones of A549 cells that escaped
from TIS in GIn-limited conditions showed increased
levels of GS, as compared to clones escaped from TIS in
presence of 2 mM glutamine (Figure 7B). These data
strongly suggest that induction of GS mediates
resistance to glutamine deprivation/limitation in cells
that escape from TIS. In order to substantiate this role of
GS, we induced TIS in MCF-7 and MDA-MB-231 cells
and maintained them in either complete medium or in
GIn-deprived medium, in the presence or in the absence
of 2 mM L-methionine-sulfoximine (MSO), a GS
irreversible inhibitor [43]. As shown in Figure 7C,
inhibition of GS hampered evasion from TIS in GlIn-
deprived conditions. On the whole, these data indicate
that glutamine promotes escape of CSC from TIS and
that increased GS can render CSC resistant to glutamine
limitation.

Cancer cells increase glutamine uptake to supply various
biochemical pathways (Figure 8A). On one side,
glutamine can be converted to glutamate to provide

intermediates for the TCA cycle (anaplerotic flux), for
non-essential amino acid (NEAA) biosynthesis, and to
support glutathione biosynthesis, thereby controlling the
cell redox state [44, 45]. Conversely, glutamine may act
as nitrogen donor for biosynthetic pathways, for the
synthesis of nucleotides, hexosamines, and asparagine
[46]. In order to investigate glutamine utilization in cells
that escape from senescence, we released A549 TIS cells
in  GlIn-deprived medium and performed rescue
experiments  with different  glutamine-derived
metabolites. It is important to note that A549 cells in
glutamine-deprived conditions are unable to upregulate
GS, thus excluding confounding results due to resistance
mechanisms. As shown in Supplementary Figure 8,
supplementation with the glutathione precursor NAC did
not rescue GlIn-dependent escape. An additional
commonly used antioxidant, 2-mercaptoethanol (2ME)
also failed to restore GlIn-dependent escape
(Supplementary Figure 8A). Supplementation with
dimethyl-2-oxoglutarate (DM-0KG), a cell-permeable
analog of a-ketoglutaric acid, did not rescue TIS escape
in the absence of glutamine (Supplementary Figure 8B).
Finally, supplementation with either 2 mM asparagine or
2 mM glutamate did not rescue TIS escape
(Supplementary Figure 8C). In contrast, the addition of
cell-permeable nucleosides partially restored the ability
of the cells to escape from TIS under glutamine-limited
conditions (Figure 8B). Single nucleosides were
ineffective, except for adenosine that restored evasion
from TIS but less efficiently than nucleosides mixture.
We also observed that escaped clones rescued by
nucleosides supplementation were smaller than clones
escaped in presence of glutamine. Finally, the addition
of a mixture of non-essential amino acids (NEAA: L-
alanine, L-asparagine, L-aspartic acid, L-glycine, L-
serine, L-proline and L-glutamic acid) greatly restored
escape from TIS in glutamine-deprived conditions
(Figure 8C). NEAA-rescued clones were found to
overexpress SLC1A5 (Figure 8D), which, apart from
glutamine, is also involved in transporting other neutral
amino acids such as serine, asparagine and alanine [47].
Rather unexpectedly, however, NEAA-rescued clones
were also found to overexpress GS (Figure 8D), and the
NEAA-dependent rescue was completely abrogated by
MSO treatment (Figure 8C). Similar results were
obtained with MDA-MB-231 cells (Supplementary
Figure 8D). These data indicate that NEAA-dependent
rescue of TIS escape requires the activity of GS and
subsequent glutamine synthesis. A schematic summary
of the proposed role of GS in TIS evasion in cancer is
shown in Supplementary Figure 9.

DISCUSSION

Therapy-induced senescence is recognized as a major
cellular response to cytotoxic chemotherapies and
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Figure 7. Induction of GS mediates resistance to glutamine deprivation in cells that escape from TIS. (A) Expression of GS
protein was analyzed in parental MCF-7, MDA-MB-231 and A549 cells, grown in the presence or in the absence of glutamine for 72 hours,
and in escaped clones arisen in the presence or in the absence of glutamine. Filters were stripped and reprobed with anti-B-tubulin
antibodies as a loading control. GS levels, normalized to the relative B-tubulin levels, are reported as fold change of GIn-supplemented
parental cells. (B) Left panel: doxorubicin-induced senescent A549 cells were grown in media with different glutamine concentrations.
Colonies that evaded the senescent growth arrest were stained and counted. Data are mean * S.D. of two independent experiments. Right
panel: expression of GS protein was analyzed in A549 escaped clones arisen in the presence of 2 mM or 0.5 mM glutamine. Filters were
stripped and reprobed with anti-B-tubulin antibodies as a loading control. GS levels, normalized to the relative B-tubulin levels, are
reported as fold change of GIn-supplemented sample. (C) Inhibition of GS with MSO abolishes escape from TIS in GIn-deprived conditions.
Doxorubicin-induced senescent MCF-7 and MDA-MB-231 cells were grown in complete medium (+GlIn) or in GIn-deprived medium (-Gln),
in the presence or in the absence of 2 mM MSO. Colonies that evaded the senescent growth arrest were stained and counted. Data are
mean * S.D. of three independent experiments.
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radiotherapies [1, 2], as well as to targeted cancer
therapy (reviewed in [48]). Both positive and negative
effects of TIS have been described. First, while
induction of apoptosis in tumor cells requires high
levels of damage, TIS is induced by low dose chemo-
and radiotherapy, possibly reducing side effects in
patients [3]. Second, senescent tumor cells develop a
secretory phenotype or SASP, and secrete cytokines and
growth factors [5] that reinforce the senescent growth
arrest and activate the anti-tumor immune response
[49]. On the other hand, the SASP also mediates several
pro-tumorigenic effects of TIS. For instance, SASP can
promote adverse effects of chemotherapy and tumor
relapse [50].

Another concern about TIS is the ability of cancer cells
to evade the senescence cell cycle arrest, resuming
proliferation after a long period of time [6, 7], likely
causing tumor recurrence after chemo- or radiotherapy
[8, 51]. Notably, only a small subset of cells
characterized by an aggressive, stem cell-like phenotype
is endowed with the ability to escape from TIS [14, 15,
16]. Although the mechanisms responsible for
senescence reversal in TIS are not fully understood, it
has been demonstrated that induction of TIS by itself
results in a genetic reprogramming that promotes
stemness and malignancy [16].

It is known that CSC show distinct metabolic features
relative to bulk tumor cells [17, 18], yet the metabolic
requirements of CSC that escape from TIS have not
been fully investigated. In this study we show that
cancer cells rely on glutamine for TIS escape, which
thus can be simply modulated by varying the
concentrations of glutamine in the medium. Notably,
also the percentage of CD44*/CD24"°" cells can be
modulated in breast tumor cell lines by altering
glutamine concentration in culture medium. These
results, together with our observation that escaped
clones isolated from MCF-7 TIS cells are enriched in
CD44*/CD24 W cells, confirm previous reports
showing a functional link between escape from TIS and
cancer stemness [14, 16] and reveals a metabolic
dependency of CSC that evade TIS. In line with a
central role of glutamine metabolism in cells that escape
from TIS, we also demonstrate that MCF-7 escaped
clones overexpress the glutamine transporters SLC1A5
and SNAT1. Accordingly, treatment with GPNA, a
SLC1A5 and SNAT family inhibitor [52], dose-
dependently  reduces the percentage of the
CD44*/CD24~ow cells in MCF-7 line, and inhibits TIS
evasion in all cell lines analyzed. However, it is
important to note that GPNA has also been
demonstrated to inhibit the system L transporters LAT1
and LAT2 and to hinder the uptake of essential amino
acids, and leucine in particular [53]. Furthermore, the -

glutamyltransferase (GGT)-dependent hydrolysis of
GPNA releases p-nitroaniline (PNA), which has been
shown to affect cell viability [54]. Hence, the role of
amino acids transporters in modulating escape from TIS
in cancer cells will need further investigations.

We further substantiate the glutamine-dependency of
cancer-initiating cells by showing that glutamine
deprivation selectively inhibits holoclone formation.
Generation of holoclones in monoclonal cultivation
represents a new in vitro method for studying cancer
stem cells [55]. It has been demonstrated that when
cancer cells are cloned, three types of colony grow
(holoclones, meroclones and paraclones), which
reproduce the vertical hierarchy of CSC compartment
[56]. Notably, stem cell surface markers, genes and
microRNAs are specifically expressed in holoclones
[30, 55]. In our experiments, monoclonal cultivation of
MCEF-7 cells in glutamine-deprived conditions hampers
the formation of holoclones, while increases the
percentage of paraclones. Furthermore, increasing
glutamine concentrations from 2 mM to 4 mM causes a
significant  increase  in  holoclones  formation.
Interestingly, while the relative frequency of holoclones
(indicative of stemness) changes proportionally to
glutamine concentration, the size of colonies (reflecting
cell proliferation) is not significantly affected. This
observation strongly suggests that the observed effects
of glutamine deprivation or enrichment reflect an ability
of glutamine to modulate cancer cell stemness and not
merely cell proliferation. Since meroclones and
paraclones do not retain the self-renewal ability of
holoclones [57], these results suggest that glutamine
may be required for CSC self-renewal. Further
investigations will be required to confirm this
possibility.

It is well known that glycolysis plays a key role in
cancer [58]. Tumor cells exhibit increase in glucose
uptake, and high levels of glucose promote tumor cell
proliferation, motility and chemoresistance [59, 60]. By
using low glucose-containing medium or 2DG to inhibit
glucose metabolism, we show that glucose restriction is
well tolerated by parental cells and does not affect
escape from TIS. Similarly, pharmacological inhibition
of glycolysis by 2DG does not impact evasion from
TIS, even though the concentration of 2DG used in
these experiments (5 mM) reduced by more than 50%
the proliferation of MCF-7 and A549 cells after 72
hours (Figure 2A). Hence, it appears that cells that
escape the TIS growth arrest can exhibit distinct
susceptibility to metabolic perturbations, as compared
to the parental cells. Different mechanisms of
adaptation to glycolysis inhibition have been described
in cancer (reviewed in [61]). For instance, glycolytic
suppression induced metabolic reprogramming toward
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mitochondrial oxidative phosphorylation in different
tumor types [62, 63]. An increased expression of
glycolytic enzymes, mediated by Hypoxia-inducible
factor (HIF), led to increased resistance to 2DG [64].
Furthermore, treatment with 2DG activated several pro-
survival pathways through IGF1R [65]. The metabolic
adaptation(s) occurring in escaped clones, which confer
resistance to 2DG, will need further investigations.
Alternatively, increased resistance to glycolysis
inhibition might reflect a general metabolic rewiring of
cancer cells experiencing evasion from TIS.

The existence of escape-specific metabolic adaptations
is further supported by the uniform upregulation of
glutamine synthetase shared by all clones that evade
TIS in Gln-deprived or GlIn-limited conditions, as
compared to clones that escape in presence of
glutamine. Analyses of GS protein levels in parental
tumor cell lines grown in glutamine-deprived or
glutamine-supplemented conditions show marked
variations between parental cells, with increased GS
levels in MDA-MB-231 cells, no alteration in MCF-7
cells and decreased levels in A549 cells in response to
glutamine deprivation. In contrast, glutamine limitation
consistently induces increased GS expression in clones
that escape from TIS. Accordingly, we show that
pharmacological inhibition of GS with MSO completely
blunts evasion from TIS in glutamine-deprived
conditions in both MCF-7 and MDA-MB-231 cells.
These results again underscore the metabolic
dependency of cells that evade TIS on glutamine.

Differential expression of GS in different cancer cell
lines has been previously reported, and correlated to
their dependence on glutamine [45]. Interestingly,
luminal-type breast cells were more glutamine-
independent than basal-type, due to lineage-specific
upregulation of GS [42]. Our data showing different
basal expression of GS protein in MCF-7 and MDA-
MB-231 cells (Figure 7A), respectively luminal- and
basal-type cells, are consistent with these previous
findings, but also provide evidence for a differential
regulation of GS, which is induced in MDA-MB-231
cells in response to glutamine deprivation, whereas does
not change in MCF-7 cells. Hence, these observations
suggest an ability of basal-type breast cells to
upregulate GS when facing glutamine shortage. In this
context, it is interesting to note that escaped clones that
emerge from senescent MCF-7 cells in the presence of
glutamine show a significantly lower level of GS as
compared to parental cells (Figure 7A). Since clones
that escape from TIS acquire a stem-like phenotype, it is
plausible to hypothesize that reduced GS protein
expression reflects an undifferentiated, “non-luminal”
phenotype. In contrast, GS protein levels decrease in
A549 under glutamine-depleted conditions, likely due

to general suppression of protein synthesis [45, 46, 66].
The inability of A549 cells to upregulate GS may render
these cells especially vulnerable to glutamine
withdrawal, severely impairing the proliferation of
parental cells (Supplementary Figure 1B), and
completely preventing escape from TIS (Figure 2B).

GS has been demonstrated to be required for adaptation
to glutamine deprivation in different tumor types. For
instance, GS was required for sarcoma adaptation and
growth under glutamine deprivation [40]. The reduction
of cell survival induced by glutamine depletion was
inversely correlated with the expression level of GS in
ovarian cancer cells [67]. GS activity was sufficient to
maintain glioblastoma proliferation in the absence of
exogenous glutamine [41]. Notably, these authors
showed that when primary glioblastoma cells were
maintained in a stem-like state, GS expression was
dramatically increased, again linking glutamine
metabolism to cancer stemness. In our study, we show
that expression of GS confers the ability to evade TIS in
the absence of glutamine, and that blocking GS with
MSO prevents TIS escape in glutamine-deprived
conditions. On the whole, these data demonstrate a
central role of GS in mediating resistance to glutamine
deprivation in CSC that escape from TIS.

Increased glutamine uptake promotes cancer cell growth
by supplying different biochemical pathways. First,
glutamine can serve as carbon source via conversion to
glutamate, and then to a-ketoglutarate, which enters the
TCA cycle via glutaminolysis for energy production
(anaplerotic flux) [44]. Glutamine-derived glutamate also
contributes to the biosynthesis of NEAA and glutathione,
thus supporting cellular antioxidant defenses [68]. On the
other hand, glutamine may serve as nitrogen donor for
the biosynthesis of nucleotides, glucosamine and
asparagine [44, 66]. Here, our rescue experiments
indicate that in cells that evade TIS glutamine is not used
for fueling the TCA cycle, since supplementation with
either glutamate or DM-aKG fails to restore escape under
glutamine-deprived conditions. This interpretation is also
supported by the fact that the first rate-limiting enzyme in
glutaminolysis, glutaminase (GLS), converts glutamine
to glutamate, whereas escaped clones upregulate GS
which catalyzes the reverse reaction (Figure 8A). The
observation that glutamine requirement in cells that
escape from TIS is independent from anaplerotic TCA
usage also reinforces an important role of ASCT2 as
glutamine transporter in these cells, since it has been
demonstrated that in cancer cells SNAT1 and SNAT?2
mediate net glutamine uptake for glutaminolysis, whereas
ASCT?2 is required for optimal growth at low glutamine
concentrations [52]. Glutamine-derived glutamate also
contributes to maintain redox homeostasis though
glutathione synthesis. However, supplementation of
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glutamine-deprived TIS cells with the glutathione
precursor NAC or with the free radical scavenger beta-
mercaptoethanol, fails to rescue evasion from TIS.

It has been demonstrated that exogenous asparagine can
rescue growth and survival of glutamine-deprived cells
by maintaining protein synthesis [69], but asparagine
supplementation does not restore escape from TIS in
our cell system.

On the other hand, we show that the combined addition
of nucleosides, as well as simple adenosine addition,
partially restores evasion from TIS in glutamine-
deprived A549 cells. The importance of glutamine in
sustaining de novo nucleotide synthesis to support rapid
proliferation in cancer cells has been previously
demonstrated in different cancer types, and, notably, has
been linked to GS upregulation [41, 70]. However, in
line with previous studies [41, 71], we observe that
nucleosides supplementation only partially rescued the
ability of cancer cells to evade the TIS growth arrest in
the absence of glutamine. Although limited, the ability
of exogenous nucleosides to restore TIS escape support
a role of glutamine as nitrogen donor, but also suggest a
critical involvement of glutamine in other pathways
besides nucleotide synthesis.

Finally, we show that the addition of NEAA greatly
restores escape from TIS in glutamine-deprived
conditions. However, clones that escape from TIS in the
presence of NEAA overexpress GS, and inhibition of GS
activity by MSO completely abolish NEAA-dependent
rescue. These data strongly suggest that NEAA
supplementation restores TIS escape not by providing
biosynthetic intermediates downstream of glutamine, but
by enabling GS expression and subsequent glutamine
biosynthesis. We hypothesize that this effect is related to
NEAA-dependent recovery of protein synthesis. These
findings again underscore a critical role of GS and
glutamine in cells that evade TIS. Since glutamine role
in cancer cells extends beyond metabolism [72] non-
metabolic functions of glutamine in cells that evade TIS
are under investigation in our lab.

As a whole, these data reveal a metabolic vulnerability
of CSC that recover proliferation after exposure to
anticancer therapies, and suggest that pharmacologic
inhibition of GS could be exploited to prevent tumor
recurrence after chemotherapy.

METHODS
Cell culture and biological reagents

A549, MCF-7 and MDA-MB-231 cells were obtained
from American Type Culture Collection. ID8 cells

were kindly provided by M. D’Incalci (IRCCS
Istituto di Ricerche Farmacologiche Mario Negri,
Milan, Italy).

All media were supplemented with 10% fetal bovine
serum (FBS). DMEM without L-glutamine was
purchased from Immunological Sciences (Societa
Italiana Chimici, Italy). DMEM low glucose (1 g/L
glucose), L-glutamine 200 mM solution and Non-
essential Amino Acid solution were purchased from
Sigma-Aldrich (Sigma-Aldrich, Milan, Italy). L-y-
glutamyl-p-nitroanilide (GPNA) was purchased from
Sigma-Aldrich (Sigma-Aldrich, Milan, Italy).

All chemicals were purchased from Sigma-Aldrich
(Sigma-Aldrich, Milan, Italy). Doxorubicin
hydrochloride was dissolved in sterile water; cisplatin
(cis-diammineplatinum (11) dichloride) was dissolved in
PBS; L-NAC was dissolved in sterile water; MSO was
dissolved in culture medium; 2-deoxy-D-glucose (2DG)
was dissolved in culture medium; nucleosides were
dissolved in sterile water or in culture medium. GPNA
was dissolved in DMSO.

Induction of premature senescence and SA-p-gal
staining

Unless otherwise stated, senescence was induced by
treating cells with the DNA-damaging agent
doxorubicin (200 nM for MCF-7, MDA-MB-231, ID8
cells and 600 nM for A549 and TS/A cells) for 72 h.
Where indicated, cisplatin (10 uM for 24 h) was used to
induce senescence in MCF-7 and MDA-MB-231 cells.
Staining for SA-p-gal was performed as previously
described [73].

Cell viability

Cell viability was determined by trypan blue exclusion
assay. 4 x 102 proliferating cells were seeded in triplicate
into 96-well plates. 16 h later, cells were treated as
indicated. Cell viability was estimated 72h after
treatments.

Escape from senescence

Senescent A549 (8 x 10%), MCF-7 (1.2 x10% and
MDA-MB-231 (1.2 x 10°) cells were plated in triplicate
in a 12-well plate. After 24 h cells were treated as
indicated and incubated under standard conditions.
Media were changed and treatments were repeated
twice a week. Fifteen to sixty days after drug washout
colonies that escaped senescence were stained with 1%
Methylene Blue (Sigma-Aldrich, Milan, Italy) in 50%
(v/v) ethanol. Colonies >50 cells were counted. When
isolated or pooled for analyses, colonies were counted
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at light microscope, placing a grid underneath the
dishes. MDA-MB-231 cells form non-compact colonies
that were always counted using a grid. Escaped clones
were isolated using cloning rings.

Clonal heterogeneity analysis

Cells were seeded in triplicate at 200 cells/cm? in
complete medium to allow for cell attachment. After 24
h cells were maintained in either GIn-deprived medium
or in media with different glutamine concentrations.
Media was changed twice a week. After 7 to 10 days,
colonies from three individual clonal cultures were
counted and classified as holoclone, meroclone, and
paraclone. More than 150 colonies were counted by two
independent investigators. In order to estimate average
holoclone dimensions, cells were washed and phase-
contrast microscopy pictures were taken. Area and
measure tools (ImageJ software) were used to estimate
colony sizes (as represented in Supplementary Figure 5),
and colony areas were expressed in square pixels. For
each experimental condition, more than 50 holoclones
were analyzed.

MRNA Quantification by real-time RT-PCR

Real-time RT-PCR was carried out with cDNAs
reverse-transcribed from total RNA by using cDNA
Synthesis  SuperMix (ABM  Applied Biological
Materials Inc., Bellingham, WA, USA) and amplified
using SensiFAST™ SYBR No-ROX Kit (Bioline,
London, UK). Relative mRNA quantitation was
performed using the Bio-Rad CFX Manager software.

The primers were:

SLC1A5: 5'-CCTTTCGCTCATACTCTACCAC-3"; 5'-
AAACACTACCAAGCCCAGG -3".

SNAT1: 5'-CATTATGGGCAGTGGGATTTTG-3"; 5-
TGCAGCCTGTTTCTTTTGAAC-3'.

SNAT2: 5-CCAGGCATTAACGAACATTGAAG-3,
5-CACCAATGACACCAACAGAAC-3..

CYPA: 5-CCGAGGAAAACCGTGTACTATTAG-3,
STGCTGTCTTTGGGACCTTG-3".

Flow cytometry

Cell surface expression of breast stem cell markers
CD44 and CD24 was analyzed by flow cytometry.
Breast cells were harvested with phosphate-buffered
saline (PBS), 2 mM ethylenediaminetetraacetic acid
(EDTA) and washed with PBS supplemented with 1%
fetal bovine serum. Cells were resuspended in PBS, and
stained with anti-CD44 (FITC-conjugated; cat. no.
555478, BD Biosciences San Jose, CA, USA) and
anti-CD24 (PE-conjugated; cat. no. 555428, BD

Biosciences) at 4°C in the dark for 30 min, according to
the manufacturer’s instructions.

For cell cycle analysis, cells were fixed with 70%
ethanol in PBS. Cells were washed with PBS,
resuspended in PBS, 40 pg/ml propidium iodide
(Sigma-Aldrich, Milan, Italy), 50 pg/ml RNase DNase-
free (Sigma-Aldrich, Milan, Italy) and incubated in the
dark at room temperature for 20 min.

Flow cytometry analyses were performed on a BD
Accuri™ C6 Flow Cytometer (BD Biosciences).

Western blot analysis

Total cell proteins preparations and Western blots
analyses were performed as previously reported [19].
The anti-Glutamine synthetase (GS) antibody was from
Sigma (Sigma-Aldrich, Milan, Italy); anti-p21 (C-19),
actin (1-19) and B-Tubulin (G-8) antibodies were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). The
anti-pRb antibody was from BD Biosciences (San Jose,
CA, USA).

LC—MS analysis

A549 and MCF-7 cells were grown for 72 hours in the
presence or in the absence of 2 mM glutamine. The cell
monolayers were rinsed twice with PBS, scraped in
distilled water, and stored at —80°C for further analysis.
The samples were vortex-mixed, kept on ice for 20 min,
and centrifuged again at 10 000 g, at 4°C for 10 min.
The collected supernatants were dried-up in a speedvac
system operated at room temperature. Dried
supernatants were reconstituted with 125 pL of
methanol/acetonitrile/water  (50:25:25). Metabolites
extracted from in vitro growing cells were analyzed
using an ACQUITY UPLC system online coupled to a
Synapt G2-Si QTOF-MS (Waters Corporation,
Milford, MA, USA) in positive mode in the following
settings: reverse-phase ACQUITY UPLC CSH C18
(1.7 pm, 100 x 2.1 mm? ) column (Waters), 0.3
mL/min flow rate, mobile phases composed of
acetonitrile/H20 (60:40) containing 0.1% formic acid
and 10 mM ammonium formate (Phase A), and
isopropanol/acetonitrile  (90:10) containing 0.1%
formic acid and 10 mM ammonium formate (Phase B).
Glutamine peak detection and quantitation was
achieved upon fitting experimental data with internal
standard and calibration curves.

Statistical analysis

Statistical significance was determined using unpaired
Student’s t-test or one-sample t-test (for normalized
data). p-values < 0.05 were considered statistically
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significant. In all the manuscript: “p < 0.05; *"p < 0.005;
= < 0.0001.
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TIS: therapy-induced senescence; CSC: cancer stem
cell-like; doxo: doxorubicin; cisPt: cisplatin; SA-B-gal:
Senescence-associated beta-galactosidase; FBS: fetal
bovine serum; BrdU: 5-bromo-2-deoxyuridine; PBS:
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SUPPLEMENTARY MATERIALS

Supplementary Figures
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Supplementary Figure 1. Cell cycle distribution in senescent carcinoma cells. (A) Cell cycle distribution in MCF-7 and A549 cells
grown in GIn-supplemented or Gln-deprived conditions for 72 h, analyzed by flow cytometry following propidium iodide staining. The
percentage of cells in G1, S, or G2/M phase is shown. (B) Representative flow cytometric data. Proliferating MCF-7 and A549, grown in GIn-
supplemented (+GlIn) or GIn-deprived (-GlIn) conditions for 72 h, were incubated with BrdU, for 30 min. The number of BrdU-labelled cells
was determined by flow cytometry following propidium iodide staining. The percentage of BrdU-labelled cells and cells in G1 and G2/M
phase is shown. (C) Proliferating MCF-7 and A549, grown in GIn-supplemented (+GlIn) or GIn-deprived (-GlIn) conditions for 72 h, were stained

with propidium iodide and analyzed by flow cytometry. The percentage of cells with sub-G1 DNA content is reported.

www.aging-us.com

20983

AGING



e 120 -
pd
c 100 L -
(@)
O 80
(=]
S 60 -
)
o 40
c 20
L)
[o) 0
%)
+GlIn -GIn 5mM
2DG

Supplementary Figure 2. The effect of glutamine deprivation on TIS escape. Cisplatin-induced senescent MCF-7 cells were grown in
the presence (+GlIn) or in the absence (-GIn) of 2 mM glutamine or in the presence of 2-deoxyglucose (2DG). Colonies that evaded the
senescent growth arrest were stained and counted. Data are mean + S.D. of two independent experiments.
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Supplementary Figure 3. Glutamine withdrawal did not alter development of TIS. MCF-7 and A549 cells were treated with
doxorubicin for 72 h. Cells were extensively washed, released in complete medium to allow for cell attachment, and thereafter maintained in
either complete medium (+GlIn) or in GIn-deprived medium (-GlIn), and analyzed 7 days after release from the drug. (A) Morphological
alterations and SA-B-gal staining. Phase contrast microscopy images were captured using Canon powershot G6 camera at 10x magnification,

6% digital zoom. (B) Accumulation of p21°?! and hypophosphorylated pRb protein in drug-induced senescent cells maintained in either
complete medium (+) or in GIn-deprived medium (-).
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Supplementary Figure 4. Representative flow cytometric data. (A) MCF-7 cells were grown for 48 hours in media with different
glutamine concentrations. Expression of CD44 and CD24 was analyzed by flow cytometry. (B) MDA-MB-231 cells were grown for 48 hours in
media with different glutamine concentrations. Expression of CD44 and CD24 was analyzed by flow cytometry.
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Supplementary Figure 5. MCF-7 cells were cultured at low density in the presence of 4 mM or 2 mM glutamine. (A) After 7
days of culture, the size of holoclone was estimated in more than 50 colonies. (B) Representative phase contrast microscopy image of
holoclone analyzed with area tool of ImageJ software.
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Supplementary Figure 6. Premature senescence in MDA-MB-231, ID8 and TS/A cells. Cells were treated with doxorubicin for 72 h.
Cells were extensively washed and analyzed 5 days after release from the drug. (A) Proliferating cells and doxorubicin-induced senescent cells
were stained to detect SA-B-gal activity. Phase contrast microscopy images were captured using Canon powershot G6 camera at 10x
magnification, 6x digital zoom. (B) Accumulation of p21©P1 and hypophosphorylated pRb protein in drug-induced senescent cells. (C)
Representative flow cytometric data. Proliferating and senescent cells were incubated with BrdU for 30 min and 1 hour, respectively. The
number of BrdU-labelled cells was determined and the percentage is shown in the chart.
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Supplementary Figure 7. Effect of glutamine deprivation on cells viability. MDA-MB-231 cells were grown for 72 hours in the
presence (+GIn) or in the absence (-GIn) of glutamine. Cell viability was determined by MTS assay. Data are mean * S.D. of two independent
experiments.
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Supplementary Figure 8. Rescue experiments with glutamine-derived metabolites. (A) Doxorubicin-induced senescent A549 cells
were grown with (+GlIn) or without (-GlIn) glutamine plus either 1 mM NAC or 25 uM 2ME. Colonies that evaded the senescent growth arrest
were stained and counted. The data shown here represent three experiments exhibiting similar effects. A representative image of the colony
escape assay is shown. (B) Doxorubicin-induced senescent A549 cells were grown with (+GlIn), or without (-GlIn) glutamine plus DM-aKG (4 or
6 mM). Colonies that evaded the senescent growth arrest were stained and counted. The data shown here represent three experiments
exhibiting similar effects. A representative image of the colony escape assay is shown. (C) Doxorubicin-induced senescent A549 cells were
grown with (+GIn) or without (-GIn) glutamine plus either 2 mM asparagine (Asn) or 2 mM glutamate (Glu). Colonies that evaded the
senescent growth arrest were stained and counted. The data shown here represent three experiments exhibiting similar effects. A
representative image of the colony escape assay is shown. (D) Doxorubicin-induced senescent MDA-MB-231 cells were grown with (+GlIn) or
without (-GlIn) glutamine plus NEAA, in the presence or in the absence of 2 MM MSO. Colonies that evaded the senescent growth arrest were
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stained and counted. The data shown here represent three experiments exhibiting similar effects.
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Supplementary Figure 9. Proposed model of glutamine metabolism and the role of GS in TIS escape. Glutamine metabolism
supports cancer cell stemness allowing escape from therapy-induced senescence. Under glutamine-limited conditions cancer cells are unable
to escape from TIS, but GS upregulation rescues TIS escape in the absence of exogenous glutamine.
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