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Abstract
The links between autophagy and genome stability, and whether they are important for lifespan and health, are not fully under-

stood. We undertook a study to explore this notion at the molecular level using Saccharomyces cerevisiae. On the one hand,

we triggered autophagy using rapamycin, to which we exposed mutants defective in preserving genome integrity, then

assessed their viability, their ability to induce autophagy and the link between these two parameters. On the other hand,

we searched for molecules derived from plant extracts known to have powerful benefits on human health to try to rescue

the negative effects rapamycin had against some of these mutants. We uncover that autophagy execution is lethal for mutants

unable to repair DNA double strand breaks, while the extract from Silybum marianum seeds induces an expansion of the

endoplasmic reticulum (ER) that blocks autophagy and protects them. Our data uncover a connection between genome integ-

rity and homeostasis of the ER whereby ER stress-like scenarios render cells tolerant to sub-optimal genome integrity

conditions.
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Introduction
Dietary restriction, the minimal food intake allowing satisfac-
tion of vital needs, extends healthy lifespan from yeast to
humans (Fontana et al., 2010), as slowing down metabolic
activity by reducing food intake is thought to delay the
aging process (López-Otín et al., 2016). Its benefits are
also linked to an improved maintenance of genome stability
(Vermeij et al., 2016), having strong implications for therapy
of both degenerative and cancer-related diseases (Mihaylova
et al., 2014). Dietary restriction inhibits TOR, a master
complex coordinating cell growth and metabolic homeosta-
sis, leading to a sharp halt in growth (Loewith & Hall,
2011). Rapamycin, a lipophilic macrolide first obtained
from Streptomyces hygroscopicus, used in organ transplant-
ation, cancer and coronary artery disease, inhibits TOR
thus mimics this specific effect of dietary restriction. TOR
inhibition triggers autophagy, a degradative process by
which dispensable or damaged cellular components are
degraded (Klionsky et al., 2007).

With the initial idea of exploring how dietary restriction, in
general, and autophagy, more specifically, intersects with
genome stability, we exposed S. cerevisiae mutants defective
in preserving genome integrity to rapamycin. We also

searched for molecules derived from powerful plant extracts
having benefits on human health that support these mutants’
growth. We uncover a connection between genome integrity
and the homeostasis of the endoplasmic reticulum (ER), a
key organelle for correct protein folding; lipid synthesis and
modification; and calcium storage (Schwarz & Blower,
2016). We find that ER stress-like scenarios render cells tol-
erant to sub-optimal genome integrity and that autophagy
can be tailored to manipulate this link. We also introduce
the power of milk thistle, Silybum marianum, in doing so.
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Results and Discussion

DNA Repair Mutants Display Altered Autophagy
Profiles
We selected S. cerevisiae strains mutant in pathways that
maintain genome stability and scored their growth in
medium plus a rapamycin dose at which the wild-type
(WT) strain can grow. These included mutants defective in
DNA double strand breaks (DSBs) repair by homologous
recombination (HR), nucleotide and base excision repair
and in replication proficiency (Figure 1A). Mutants lacking
genes necessary to perform early stages of HR were specific-
ally rapamycin-sensitive (Figure 1A, red). We chose cells
lacking the DNA break early binder Mre11, and cells
lacking the DNA homology searcher Rad52, as paradigms
for subsequent experiments.

Since rapamycin induces autophagy, we first monitored
this process using a plasmid expressing GFP-Atg8. Atg8
accumulates in growing phagophores and promotes the mem-
brane nucleation necessary to wrap and engulf cargoes in
mature autophagosomes (Figure 1B). Using this tool
(Klionsky et al., 2007), these structures can be seen by fluor-
escence microscopy as foci. Additionally, autophagy com-
pletion when autophagosomes fuse with the vacuole
renders it fluorescent, since the GFP moiety better resists
degradation (Figure 1B). This lysis can also be assessed by
western blot (WB), because the released GFP runs faster in
gel than undigested GFP-Atg8. WT, mre11Δ and rad52Δ
cells of two different genetic backgrounds (namely W303
and BY4741) expressing GFP-Atg8 were either treated or
not with rapamycin. WT cells displayed a low basal level
of GFP-Atg8 foci and even lower vacuolar signals, while
rapamycin treatment resulted in effective autophagy execu-
tion, as expected (Figure 1C and D, GFP signals). In both
mre11Δ and rad52Δ cells, rapamycin addition triggered
autophagy implementation with very similar profiles to that
shown by the WT, and this irrespective of the genetic back-
ground (Figure 1C and D, GFP signals). Interestingly,
however, both mre11Δ and rad52Δ displayed very high
levels of GFP-Atg8 puncta but not vacuolar signals in
basal conditions in the W303 background, as if basal
Atg8-containing structures were accumulating (Figure 1C
and D). In all cases, and since rapamycin kills these cells
(Figure 1A), we conclude that the inability of mre11Δ and
rad52Δ cells to grow in rapamycin does not stem from an
inability to execute autophagy.

Silybum marianum Halts Autophagy Execution
To understand why rapamycin treatment is lethal in
HR-deficient backgrounds, we searched for molecules revert-
ing this phenotype. We used 13 ancestrally known plant
extracts having beneficial effects on health (Swerdlow,
2000) on agar plates+ rapamycin and tried to rescue the

growth defect of mre11Δ (Figure S1). While roughly half
of them had no major effect and the other half had a
general antibiotic effect, two of them, namely extract from
aerial parts of Filipendula ulmaria, and extract from
Silybum marianum seeds, restored viability (Figure S1).
We further studied S. marianum, as it is commonly used in
the clinics to treat cirrhosis and liver poisoning. The ability
of S. marianum to bypass rapamycin-imposed growth delay
was further validated for rad52Δ and mre11Δ (Figure 2A).
By studying WT cells’ morphological parameters by flow
cytometry, we found this suppression was not simply due
to the extract preventing rapamycin from entering into the
cells. Indeed, cells treated with rapamycin increase their
size (Figure 2B, right panel, red points) because of vacuolar
growth (Loewith & Hall, 2011), yet the extract did not simply
revert cell size back to an untreated-like pattern (Figure 2B,
black points), but counteracted it by a gain in granularity
(Figure 2B, right panel, cyan points) even in the absence of
rapamycin (Figure 2B, left panel, violet points). Thus, the
extract activity is not merely due to the prevention of rapamy-
cin entry into the cells.

We saw by WB that S. marianum reduced WT basal
autophagy levels (Figure 2C), and antagonized the autophagy
induced by rapamycin (Figure 2C), and this epistatically to
the absence of Atg1, the kinase ensuring membrane supply
to the growing phagophore (Klionsky et al., 2007)
(Figure 2C). To understand whether the extract prevented
autophagy initiation or completion, we monitored
GFP-Atg8 foci, and observed that the extract alone did not
lead to any major effect in the W303 WT strain
(Figure 2D). Yet, plus rapamycin, the extract effect became
very apparent, resulting in more cells with foci at the
expense of a significant decrease in cells with vacuolar
GFP-Atg8 signals, as compared to rapamycin-only treatment
(Figure 2D). The same results were obtained in a different
genetic background (BY4741) and when assessed in both
mre11Δ and rad52Δ cells, both by WB (Figure 2E) and
microscopy (Figure 2F). Thus, the extract inhibits the
step(s) of autophagy measurable as vacuolar degradation.

These data suggested that the rapamycin lethality seen in
the mutants could relate to a toxic impact of autophagy com-
pletion. To evaluate this possibility, we prevented autophagy
execution by removing the protein Atg1 (Figure 2C), and
observed that, when exposed to rapamycin, atg1Δ mre11Δ
cells were more rapamycin-resistant than mre11Δ alone
(Figure 2G). Thus, autophagy completion seems to be toxic
for HR mutants.

The Presence of Atg8 Foci Matches an ER Expansion
At this point, we knew that: (1) rapamycin-induced autop-
hagy is lethal for HR mutants; (2) GFP-Atg8 foci accumula-
tion correlates with viability in these mutants when exposed
to rapamycin; (3) S. marianum antagonizes rapamycin lethal-
ity; (4) S. marianum antagonizes rapamycin-induced
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autophagy completion. To understand the events stabilizing
GFP-Atg8 foci, we searched the bibliography for previous
publications reporting these structures, and found similar pat-
terns in cells treated with dithiothreitol (DTT) and tunicamy-
cin (Bernales et al., 2006; Ghavidel et al., 2015). Both
stressors of the ER, these agents provoke the accumulation

of misfolded proteins, activating the unfolded protein
response (UPR). Among other actions, the UPR elicits ER
expansion (Ron & Walter, 2007). We confirmed DTT
causes Atg8 foci accumulation (Figure 3A). The similarity
between GFP-Atg8 foci in HR mutants (Figure 1C) and in
DTT-treated WT (Figure 3A) prompted us to check if

Figure 1. Mutants Deficient in HR are Sensitive to Rapamycin. A. 10-Fold serial dilutions of the indicated strains were spotted onto YPD

plates + 5 ng mL−1 rapamycin then incubated at 30°C. Mutant cells lack proteins implicated in early DSB repair by HR (Mre11, Rad50, Xrs2

(the MRX complex), the homology search factors Rad52, Rad51, the Sgs1-Top3 complex, and the Mms1-Mms22 complex); late-acting in

DSB repair and chromosome topological constraints resolution (Rad59, Slx4, Mus81, Srs2, Top1); nucleotide excision repair (Rad1); base

excision repair (Mag1); and in replication fork progression (Rrm3, Mph1). B. Scheme illustrating how the GFP-Atg8 construct allows

the detection of early phagophore nucleation and growth till mature autophagosome (seen as foci) then, cargo delivery and lysis within

the vacuole (seen as vacuolar signals). C. Cells expressing GFP-Atg8 treated or not with 200 ng mL−1 rapamycin for 2 hours were seen

under the fluorescence microscope. Dashed white lines define the cell perimeter, dashed orange lines define the vacuole perimeter,

and yellow arrowheads point at GFP-Atg8 foci. D. Percentage of cells displaying the indicated structures (foci or vacuoles) for each

strain and condition. Top: in a W303 genetic background. Bottom: in a BY4741 background. The bar height represents the mean of

three independent experiments, and error bars the associated standard error of the mean. At least 200 cells were considered per

experiment, cell type and condition. The asterisks indicate the statistical difference between the means after applying a one-way

unpaired ANOVA test: ∗∗p < 0.01; ∗∗∗p < 0.001.
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Figure 2. The Extract from Silybum marianum Seeds Antagonizes Rapamycin-Induced Autophagy. A. 10-Fold serial dilutions of the indicated

cultures were spotted onto YPD plates + treatments and incubated at 30°C. “Untreated” plates contain 1% ethanol, the extract

solvent. B. Cytometry was used to measure size (FSC-A) and granularity (SSC-A) of the WT strain subjected or not to 5 ng mL−1

and/or 5% S. marianum for 2 h. Each dot represents one cell. At least 10,000 cells are represented per treatment using the indicated

color code. C. WB of WT W303 protein extracts detecting GFP-Atg8 and free GFP, indicative of vacuolar degradation. Treatments

were 2-hour-long. Individual dots relate to independent experiments. The bar height indicates the mean value of free GFP signals in a

lane with respect to all GFP signals. atg1Δ cells were used to eliminate the ability to accomplish autophagy. D. W303 cells treated as

in (C) seen under the fluorescence microscope. Top: dashed white lines define the cell perimeter, dashed orange lines the vacuole

perimeter, and yellow arrowheads GFP-Atg8 foci. Bottom: percentage of cells displaying foci or vacuoles for each strain and condition.

The bar height represents the mean of three independent experiments, and error bars the associated standard error of the mean. At

least 200 cells were considered per experiment, cell type and condition. An unpaired (3 or 4 independent experiments were considered) one-way

ANOVA test comparing to the +rapamycin condition was applied to each category (foci / vacuole). ∗∗p < 0.01; ∗p < 0.05; ns, non-significant.

E. Experimental details as in (C) but for WT and mutants of BY4741 background. Each colored dot relates to one independent experiment.

A paired one-way ANOVA test comparing to the +rapamycin condition was applied to each genetic background. ∗∗p < 0.01; ∗p < 0.05; ns,

non-significant. F. Experimental details as in (D) but for WTand mutants of BY4741 background. Each colored dot relates to one independent

experiment. A paired one-way ANOVA test comparing to the +rapamycin condition was applied to each genetic background. ∗∗p < 0.01;
∗p < 0.05; ns, non-significant. G. 10-fold serial dilutions of the indicated cultures were spotted onto YPD plates ±5 ng mL−1 rapamycin

and incubated at 30°C.
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Figure 3. Autophagy is Counteracted by an ER Expansion. A. Example of WT cells treated with 8 mM DTT 2 hours to illustrate GFP-Atg8

foci accumulation. B. WTand mutant cells expressing Sec63-GFP were imaged after being treated (or not) with 200 ng mL−1 rapamycin (ER

alterations are indicated by yellow arrowheads). Also, WT treated with 8 mM DTT for 2 hours is shown to illustrate the expansion of the

cytoplasmic ER network (pink arrowheads). C. WB detecting Sec63-GFP and its derived fragments, indicative of vacuolar degradation.

Treatments (200 ng mL−1 rapamycin; 5% S. marianum; 8 mM DTT) were applied for 2 hours. D. Details as in (B) but pre-treating or not

WT and mre11Δ cells for 2 hours with 5% S. marianum. E. The perimeter of nuclei in WT cells treated or not with 5% S. marianum
2 hours was defined using ImageJ and two parameters, circularity (top) and perimeter length (bottom) were assessed in three independent

experiments (E1, E2, E3), which are plotted. Each individual dot relates to one nucleus and the colored horizontal bar indicates the mean value.

Asterisks indicate the statistical difference between the three means after applying an unpaired t-test. F. The experimental set-up was applied as

in (D) to measure the percentage of WT and mre11Δ cells in the population displaying deformed nuclei. Asterisks indicate the statistical

difference between the means after applying an unpaired one-way ANOVA test. G. 10-Fold serial dilutions of an mre11Δ culture were

spotted onto YPD plates + treatments and incubated at 30°C. H. Four 10-fold serial dilutions of each strain were spotted all along a YPD

plate homogeneously containing HU and a gradient of DTT and incubated at 30°C. I. Model recapitulating the main findings of this work.

Cells experiencing genome instability, mostly inability to repair DSBs, display an expanded ER, a phenomenon that increases their tolerance to such

instability. However, forcing autophagy completion with rapamycin ends up ER expansion, causing lethality. ER expansion and autophagy

thus appear mutually exclusive, presumably by a competition for membrane availability or Atg8ylation. In this context, supporting ER

expansion, as with S. marianum (or DTT), counteracts autophagy thus promotes viability of genome instability-bearing cells.

Lara-Barba et al. 5



mre11Δ and rad52Δ, which in the W303 background dis-
played frequent GFP-Atg8 foci basally (Figure 1C and D),
suffered from ER stress-like changes. To this end, we moni-
tored Sec63-GFP, an integral ER membrane protein that
allows following ER dynamics (expansion, fragmentation)
by microscopy, and ER destruction (e.g., +rapamycin) by
WB, when Sec63-GFP becomes cleaved into discrete frag-
ments (Prinz et al., 2000; Schuck et al., 2014). WT cells dis-
played a normal ER distribution while mutant cells displayed
a more complex ER, indicative of expansion, ER-derived
vesicles and ER fragments reminiscent of whorls (Schuck
et al., 2014) (Figure 3B, yellow arrowheads). Of note, add-
ition of rapamycin, which instructed ER degradation by
autophagy (Figure 3C), substantially normalized the aspect
of the ER network (Figure 3B). As the ER is a major
donor for autophagic membranes (Graef et al., 2013), data
suggest that the GFP-Atg8 foci accumulation in mre11Δ
and rad52Δ could stem from a shortage in membranes as a
consequence of a developed ER network. It also suggests
that maintaining an ER stress-like status could be beneficial
for these mutants.

S. marianum Supports an ER Membrane Expansion
That Helps Tolerate Genome Instability
Last, given that S. marianum extract rescued mre11Δ and
rad52Δ lethality in rapamycin, that it antagonized autophagy
by stabilizing GFP-Atg8 structures, and that mutants and
GFP-Atg8 puncta share a link with ER expansions, we
asked whether the extract action also relates to ER transi-
tions. We observed that pre-treating WT or mre11Δ cells
with the extract strongly protected their ER from
rapamycin-induced degradation (Figure 3C). Also,
extract-treated WT and mre11Δ cells were found to display
an ER morphology reminiscent of an ER stress, yet not iden-
tical to a canonical unfolded protein one. In fact, DTT leads
to an overgrowth of, mostly, the cytoplasmic ER subdomain
(Figure 3B, pink arrowheads), while the extract led to a very
marked expansion mostly at the perinuclear ER subdomain
(Figure 3D). This expansion was robustly quantified both
as a loss of nuclear circularity (Figure 3E, top), an increased
nuclear periphery (Figure 3E, bottom), as well as more cells
in the population displaying these phenotypes (Figure 3F).
Importantly, and in agreement with the fact that the extract
protected ER from rapamycin-induced degradation
(Figure 3C), S. marianum prevented rapamycin from simpli-
fying the ER network in both WT and mre11Δ cells
(Figure 3D), in contrast to rapamycin alone (Figure 3B).
Last, we asked whether the ER expansion helps tolerate
genome instability. To assess this, we first exposed mutant
cells to rapamycin and combined it or not with DTT,
finding that DTT counteracts the lethality seen in rapamycin
(Figure 3G). Second, we exposed all cells to a constant dose
of the genotoxin hydroxyurea to which the WT is resistant

while the mutants are sensitive, and onto a gradient of
DTT. We found that increasing doses of DTT progressively
led, slightly but reproducibly, to growth of the mutants
(Figure 3H). Thus, we propose that the extract antagonizes
autophagy by supporting an overgrown ER, and that ER
expansions provide tolerance against genome instability.

A Model for ER Expansion as a Means to Tolerate
Genome Instability
In this work, we show that GFP-Atg8 accumulation during
genome instability correlates with cell survival, and vice
versa. This compromises autophagy due to ER expansion,
in agreement with the notion that autophagy and ER expan-
sion counterbalance each other (Bernales et al., 2006). As
such, HR-deficient cells become specifically sensitive upon
autophagy implementation, presumably due to membrane
shortage. Why are these mutants dependent on ER expan-
sion, which also occurs in response to DSBs in human and
mouse glial cells (Chatterjee et al., 2018; Zheng et al.,
2018), to survive? In cells arrested in G2, autophagy imple-
mentation allows the transition through mitosis (Matsui
et al., 2013). Since cells with DSBs suffer a checkpoint-
mediated arrest in G2 preventing division prior to problem
resolution (O’Connell et al., 2000), perhaps inhibiting autop-
hagy ensures optimal G2 retention. Alternatively, the autop-
hagy halt could be a by-product of the need of an
expanded ER and, even more excitingly, the GFP-Atg8
foci could stem from a competition for ATG8ylation
between autophagy and membrane remodeling. Indeed,
membrane lipids emerge as requesting their conjugation to
Atg8 moieties as a general response to membrane stress
and reshaping, a process that would compete with
autophagy for Atg8 conjugates (Kumar et al., 2021).

But, what underlies this need for membrane? We observe
that, in both mre11Δ and in rad52Δ, and in WT cells
exposed to S. marianum, the main ER subdomain expand-
ing is the perinuclear one, a.k.a. the nuclear envelope. It is
known that the repair of DNA DSBs requests relocation
to and contact with the nuclear envelope (Nagai et al.,
2008; Oza et al., 2009; Ryu et al., 2015; Therizols et al.,
2006), and that defined nuclear envelope regions, namely
around the nucleolus, suffer lipid-driven expansions upon
DSB-making treatments, among other elicitors (Garcia
et al., 2022; Witkin et al., 2012). Of note, boosting the
basally oxidative environment of the ER lumen elicits peri-
nuclear ER subdomain deformations reminiscent to lipid
stress (Torán-Vilarrubias & Moriel-Carretero, 2021).
Moreover, the same mrx mutants used in this study
display ER-born lipid alterations (Kanagavijayan et al.,
2015), and S. marianum regulates lipid metabolism
(Barbagallo et al., 2016). Last, Filipendula ulmaria, the
other extract rescuing HR mutants lethality in rapamycin
(Figure S1), strongly protects lipids from oxidation
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(Katanić et al., 2015). It would be important to disclose the
connection between an oxidative ER environment, lipid
alterations, nuclear envelope expansion and DNA breaks
tolerance (Figure 3I).

An important question is how, molecularly, ER expansion
supports tolerance to genome instability. Defects in vesicular
transport operating between the ER and the Golgi comprom-
ise the tolerance to both endogenous (Alvaro et al., 2007) and
exogenous DSBs (Krol et al., 2015; Reid et al., 2011). The
activation of the UPR is required for chromosome mainten-
ance (Henry et al., 2010), although ER expansion can allevi-
ate ER stress independently of the UPR (Schuck et al., 2009),
enhancing replicative capacity (Ghavidel et al., 2015). This
points to UPR-independent means by which the ER could
buffer genome instability. In mammalian cells, loss of ER
homeostasis also triggers responses beyond the UPR
through regulated IRE1α-dependent mRNA decay (RIDD).
This RNA processing targets thus attenuates mRNAs impli-
cated in the DNA damage response (DDR) (Dufey et al.,
2020), creating the means for adaptation, through which
cells with persistent DNA breaks can resume normal activ-
ities without repairing. Further, reorganization of the ER
sterol composition dictates the intensity of the DDR in
response to DSBs through the selective titration of its
kinase ATM (Ovejero et al., 2022).

Another relevant concern is the molecular pathway(s)
elicited by the plant extract, which end up with the estab-
lishment of ER stress-like structures, thus tolerance to
genome instability. Given the numerous molecules present
in the extract, several different process(es) could underlie
this phenomenon. In particular, S. marianum active mole-
cules have been reported to both stimulate (Bai et al.,
2018; Jiang et al., 2015; Kauntz et al., 2011; Li et al.,
2022; Rezabakhsh et al., 2018) and antagonize (Song
et al., 2017; Wang et al., 2013) autophagy in different cell
systems, highlighting a complexity that should not be for-
gotten. In our set-up, though, autophagy induction by rapa-
mycin imposes an intransigent context to cells deficient in
DSB repair, in line with pioneer reports (Ferrari et al.,
2017; Klermund et al., 2014; Vermeij et al., 2016). This
could limit progression of certain pathological conditions,
such as cancer. On the contrary, S. marianum appears as a
strong candidate to treat degenerative diseases where exa-
cerbated autophagy forces premature cell death and tissue
loss. For example, the inactivation of Rint1, a factor inter-
acting with the MRX component Rad50 (Figure 1A), impli-
cated in radiation response in G2 (Xiao et al., 2001), triggers
in mouse neurons the same phenotypes we describe here
for S. cerevisiae: genome instability, ER stress and autop-
hagy halt. Further, the severe developmental defects and
neurodegeneration associated Rint1 lack worsen upon rapa-
mycin treatment (Grigaravicius et al., 2016). It will be of
therapeutic interest to deepen in how the triangle genome
stability / ER expansion / autophagy can be modulated
(Figure 3I).

Materials and Methods

Strains, Plasmids, Culture, and Treatments
Strains possess either a W303 or a BY4741 background,
comparisons were made with an isogenic WT. The
pGFP-Atg8::URA3 and pSec63-GFP::URA3 plasmids were
kind gifts of Chin-Chuan Chen (Chang Gung University,
Taiwan) and Sebastian Schuck (University of Heidelberg,
Germany), respectively. Most experiments were performed
in either YPD (yeast extract, peptone with dextrose 2%)
and YNB (yeast nitrogen base w/o amino acids,
(NH4)2SO4, tyrosine, dextrose 2% and basic supplement of
amino acids). Treatments were as follows: 1% plant extract
if in plates, 5% if in liquid medium; 5 ng mL−1 rapamycin
if in plates, 200 ng mL−1 rapamycin if in liquid medium; 8
mM DTT in liquid cultures, gradient up to 5 mM DTT in
plates; 20 mM hydroxyurea in plates. Plant extracts were
bought prepared in ethanol from Avena Botanicals, Maine,
USA. Other references are DTT (D9779, Sigma-Aldrich),
rapamycin (HY-10219; Cliniscience), hydroxyurea (H8627;
Sigma-Aldrich).

Sensitivity Assays on Plates
One tenth serially diluted cultures were spotted onto YPD
plates containing ± 5 ng mL−1 rapamycin. For gradient
assays (Figure S1), squared YPD plates homogeneously con-
taining 5 ng mL−1 rapamycin were poured so that one side of
the plate possessed virtually 0% extract, and the other side
1%, thus creating an extract gradient in between both
(scheme in Figure S1, bottom). Cells were grown at 30°C
and pictures taken every day.

Flow Cytometry Analyses
To acquire forward- and side-scattered light values (FSC-A
and SSC-A, respectively) by flow cytometry, 430 μL of
exponential culture cells were fixed with 1 mL of 100%
ethanol, centrifuged for 1 minute at 16,000 g and resus-
pended in 500 μL 50 mM Na–citrate buffer containing 5
μL of RNase A (10 mg/mL, Euromedex, RB0474) for 2 h
at 50°C. 6 μL of 20 mg/mL Proteinase K (Euromedex,
EU0090-C) were added for 1 h at 50°C. Aggregates were dis-
sociated by brief sonication. 20 μL of this cell suspension
were incubated with 200 μL of 50 mMNa–citrate buffer con-
taining 4 μg/mL propidium iodide (FisherScientific). Data
were acquired on a MACSQuant Analyser X (Miltenyi
Biotec) and analyzed with FlowJo software.

GFP-Atg8 and Sec63-GFP Fluorescence Microscopy
Assays and Image Analysis
Cells from exponentially growing cultures were mounted on
a coverslip for immediate imaging of the relevant signals,
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detected using the adequate wavelength with a Zeiss CCD
AxioCam MRm monochrome camera from a Zeiss
AxioImager Z1 microscope with ApoTome technology
using a 40× Plan Apochromat 1.3-NA oil objective lens
and Zen software. Image visualization and analysis were per-
formed with ImageJ v2.0.0-rc-69/1.52i. For defining nuclear
peripheries to establish their circularity and perimeter length,
a supervised threshold was chosen using ImageJ, objects
created out of it, then these parameters automatically calcu-
lated out of those objects.

Western Blotting
Frozen pellets derived from 10 mL of exponentially growing
cells were resuspended in 200 µL of pre-warmed (70°C)
complete cracking buffer (8 M urea, 5%, w/v SDS, 40 mM
Tris–HCl [pH 6.8], 0.1 mM EDTA, 0.4 mg mL−1 bromophe-
nol blue, 150 mM β-mercaptoethanol, protease inhibitor
cocktail, 2 mM PMSF), an equal volume of glass beads
added to the tubes, and cells were lysed at 70°C by agitation
for 20 min. Cell lysates were collected by centrifugation at
16,000 g for 15 minutes. To separate GFP from GFP-Atg8,
extracts were separated in 4–20% acrylamide gel (Bio-Rad)
and migrated 45 minutes at 100 V in MES buffer. To separate
Sec63-GFP and derived fragments, proteins were separated
in 7.5% acrylamide gels (Bio-Rad) and migrated 70 min at
100 V in Tris–glycine buffer. A nitrocellulose membrane
was blocked in 10% milk, immunoblotting accomplished
using an anti-GFP antibody (ab290, 1/2,000; Abcam) and
an anti-rabbit HRP secondary antibody (A9044-2ML, 1/
3,000; Sigma-Aldrich). To quantify free GFP signals, the
total GFP signals in a lane were counted using ImageJ, and
the percentage of free versus total signals was calculated.

Plots and Statistical Analyses
Graphical representations and statistical analyses were made
with GraphPad Prism to both plot graphs and statistically
analyze the data. Independent experiments refer in all cases
to biological replicates. For data representation, we used
the standard error of the mean, since all the considered mea-
surements concerned a mean (the percentage of cells in the
population bearing a given GFP-Atg8 signal), and the goal
of our error bars was to describe the uncertainty of the true
population mean being represented by the sample mean. In
that line, we performed one-way ANOVA analyses to
assess whether the means were statistically significantly dif-
ferent if more than one comparison was to be done, while
t-tests (paired or unpaired, depending on the nature of the
samples) were applied to compare two samples.
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