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ABSTRACT

The budding yeast, Saccharomyces cerevisiae, is an excellent model for studying mechanisms governing aging, with
many genetic and biochemical pathways highly conserved. Here, we established a model of premature aging by
expressing galactose inducible EGFP fusions of the cytotoxic protein Progerin, and its wild type form, Lamin A
(LMNA), in yeast. Progerin is the driving force behind the incurable disease Hutchinson-Gilford Progreria Syndrome,
which causes children to age 8 times faster than normal. We observed that EGFP-Progerin and EGFP-LMNA both
localized to the yeast nuclear membrane. Progerin expression, but not LMNA, caused yeast cells to grow slowly,
experience increased genome instability, and exhibit reduced chronological lifespan. The Lamin A protein had a
half-life of 4 hours in yeast, whereas Progerin remained stable for 24 hours, with Progerin accumulating in mother
cells, parallel to other long lived asymmetrically retained proteins (LARPS). The select segregation of LARPS into
mother cells is associated with the aging program, as this potentially protects daughter cells, ensuring a pristine
start and a full lifespan. Using flow cytometry with cells stained with Wheat Germ Agglutinin to score buds scars
and relative yeast age, we confirmed that Progerin, but not LMNA, was retained specifically in aging mother cells.
Taken together, expression of Progerin in yeast cells mimics what is observed in human cells, establishing yeast as a
powerful model to discover genetic mechanisms driving premature and normal aging.

INTRODUCTION

The brewing yeast, Saccharomyces cerevisiae, has
been used in decades of research and has provided
fundamental insights into basic cellular and molecular
biology into aging and disease [1-4]. This seemingly
simple single-cellular organism has many of the same
molecular pathways governing lifespan as complex
multicellular organisms, but in simpler forms [5-7].
Yeast lifespan can be measured using either a
chronological lifespan (CLS) assay that measures
the length of time a population of cells remains
metabolically active, or by a replicative lifespan (RLS)

assay, which measures how many daughter cells a
single mother cell can produce [8—11]. In addition, yeast
are easily manipulated genetically via the addition of
exogenous genes or the deletion of endogenous genes
[12, 13]. As such, yeast make an excellent model for not
only studying the underlying mechanisms governing
cellular aging, but also for screening new compounds or
strategies with the potential to mitigate cellular aging.

One of the major causes of aging is the accumulation of
proteins within the cell. Numerous normal or mutant
proteins can cause this; however, the accumulation in
the nucleus, in particular the nuclear periphery, is a site
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interest [14-20]. The accumulation of Progerin, the
driver of Hutchinson Gilford Progeria Syndrome
(HGPS) in humans, within the nuclear membrane, leads
to massively accelerated cellular aging [21-23].
Progerin results from a mutation in the Lamin A/C
(LMNA) gene, which activates a cryptic splice site in
the transcript, generating an internal 50 amino acid
deletion of the protein. This internal deletion prevents
the cleavage and release of LMNA from the nuclear
periphery, causing a thickening of the membrane and
accumulation of Progerin. Progerin accumulation leads
to several nuclear defects, including a loss of hetero-
chromatin, decreased rates of DNA repair, global
disruption of genome organization, and altered gene
expression [24, 25]. Interestingly, disruption of cellular
nutrient sensing pathways with compounds such as
rapamycin (RAP) or a decrease in nutrient/energy
availability, leads mammalian cells to degrade protein
accumulations [19, 26], such as Progerin, indicating that
targeting nutrient sensing may be key to stimulating
cells to remove these cytotoxic proteins.

Although numerous essential cellular processes are
conserved from yeast to humans, there are still
significant mechanisms that differ. One of the most
striking differences is mitosis, where the nuclear
envelope is dissolved prior to chromosomal separation
in mammalian cells, but maintained in budding yeast,
resulting in a closed mitosis [27]. In addition, yeast do
not have an identified lamin-like protein, or a lamina
structure, within their nuclear envelopes [28]. This
provides us with an opportunity to develop a novel
yeast system as a model to study the impact of nuclear
envelope protein accumulation on yeast lifespan using
an inducible promoter system.

Given the impact of protein accumulation on cellular
aging, in particular that of Progerin accumulation, the
overarching aim of this research was to develop a rapid
system to test compounds or strategies to reverse age-
related cellular phenotypes of protein accumulation. To
achieve this, we expressed enhanced green fluorescent
protein (EGFP) tagged versions of wild type human
LMNA and Progerin, under the control of a galactose
inducible promoter, and measured the impact on
population growth and cell survival. We determined
that, although yeast do not express lamin proteins
similar to those in human cells, both EGFP-LMNA and
EGFP-Progerin localized to the nuclear envelope.
However, both EGFP-LMNA and EGFP-Progerin were
found to localize to discrete accumulations within the
nuclear membrane. Cells expressing EGFP-Progerin,
but not EGFP-LMNA, were slow growing and had a
shortened chronological lifespan. Using a colony
reversion assay, we observed that EGFP-Progerin, but
not EGFP-LMNA, had a significantly higher impact on

mutation rates. Removal of galactose had the
predictable effect of decreased EGFP-tagged molecules
within the cells; however, microscopic analysis
indicated that cells that retained these proteins had
comparable levels to those in induced cultures.
Furthermore, cells that maintained high levels of EGFP-
Progerin were associated with higher numbers of bud
scar, but not EGFP-LMNA or EGFP alone. Our
observations support that yeast expressing EGFP-
Progerin serves as an excellent model for testing new
strategies for stimulating the removal of cytotoxic
protein accumulations that cause premature cellular

aging.
RESULTS

Lamin A and Progerin localize to the nuclear
membrane, with Progerin slowing growth, reducing
chronological lifespan, and increasing genomic
instability in yeast

To determine if EGFP-LMNA and EGFP-Progerin
localize to the nuclear membrane of yeast cells (strain
BY4741) parallel to that observed in human cells, we
expressed N-terminal EGFP-tagged human Lamin A
(LMNA), or the minigene product Progerin. This
minigene lacks an internal 300 nucleotide sequence,
mimicking the point mutation at position 606 in human
cells that activate a cryptic splice site, resulting in the
deletion of the same 50 amino acids. Transgenes were
expressed under the control of the GALI promoter using
optimized media containing 2% w/v raffinose and 0.2%
galactose for 4 h at 30° C. Raffinose can be broken
down to sucrose and galactose [29], providing a
consistent amount of galactose that can be delivered to a
cel. We wused 0.2% galactose to minimize the
expression of LMNA and Progerin in order to limit any
off effects of protein overexpression. Following total
protein extraction, protein equivalents were loaded onto
either 8% gels for EGFP expressing cells, or 12% gels
for EGFP-LA or EGFP-Progerin expressing cells
(Figure 1A, lower panel). Three transformants were
selected from each transformation plate, subjected to
the above expression conditions, with extracted
proteins analyzed by Western blotting with antibodies
against EGFP. These data demonstrate that the cells
consistently  expressed abundant amounts of
recombinant protein of the expected sizes based on
sequence analysis (Figure 1A, upper panels; see
Supplementary Figure 3 for an image of an uncropped
blot). Analysis of the western blots performed with 3
biological repeats shows that expression of EGFP-
LMNA and EGFP-Progerin was robust within the
population (Figure 1B). Quantification of the amount of
protein within the population, normalized to total
protein loading, indicates that there may be a trend
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Figure 1. Ectopically expressed EGFP-LMNA and EGFP-Progerin are targeted to the nuclear membranes of yeast cells with
EGFP-Progerin disrupting cell growth, decreasing chronological lifespan and increasing genome instability. pYES vectors
containing galactose inducible promoters and encoding either EGFP, EGFP-LMNA or EGFP-Progerin were transformed into BY4741 yeast and
expression induced in galactose containing media. (A) 3 colony transformants were selected from plates and grown in liquid media overnight,
with proteins isolated for Western blotting for EGFP. Total protein (top panels - stained with trichloroethanol (TCE)) was used for loading
controls, followed by Western blotting for EGFP (bottom panel — EGFP antibody). EGFP proteins were separated on 8% SDS-PAGE gels, while
proteins for EGFP-LMNA and EGFP-Progerin are separated on 12% gels. The EGFP-LMNA and EGFP-Progerin lanes were cropped from the
same gel. (B) The triplicate western bands for EGFP-LMNA and EGFP-Progerin were scanned and quantified. Values are presented as mean +
SD for n=3 and were analyzed with an ordinary one-way ANOVA with post hoc Tukey's multiple comparisons test where p-value < 0.01**,
p-value < 0.001***, and p-value < 0.0001****, (C) Cultures of yeast expressing EGFP (black), EGFP-LMNA (red) or EGFP-Progerin (blue) were
grown in 2% Raffinose/0.2% Galactose supplemented liquid media (n = 3) with ODgqo readings collected at the times shown. Log normalized
OD readings were plotted for the time points. Error bars represent standard error of the mean. * represents p-values < 0.05 via 2 tailed t-test.
The ODeoo at 4, 8, 12 and 24 hours were plotted for growth curves conducted in 2% RAF/0.2% GAL, as shown in Supplementary Figure 1. (D)
Chronological lifespan assays were conducted using methylene blue on yeast expressing EGFP (black), EGFP-LMNA (red) and EGFP-Progerin
(blue) and the percent cell survival over 7 days plotted. n=3. * represents 2-tailed t-test p-value < 0.05. Comparable CLS experiments
performed using the standard colony counting method are shown in Supplementary Figure 2 (n=3). (E) Colony reversion assays were
performed by expressing EGFP, EGFP-LMNA or EGFP-Progerin into the YPH500 strain carrying a point mutation in the ADE2 gene. Westerns
confirming correct expression of the proteins is shown in Supplementary Figure 3. This leads to yeast producing red coloration on YPD media.
Red and white colonies were counted and the percentage of white colonies from EGFP (black), EGFP-LMNA (red) and EGFP-Progerin (blue)
yeast was determined. The percentage of white colonies (y-axis) were scored over each day (x-axis) of the assay. Error bars - standard error of
the mean (n=3). * represents p-value < 0.05, and ** via 2 tailed t-test.
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towards more EGFP-Progerin within this population of
cells. This indicates two possibilities: i) more GFP-
Progerin is expressed or; ii) EGFP-Progerin is more
stable than EGFP-LA. Statistical analysis demonstrates
that the differences in protein content is not within a
confidence interval of 95% (p-value > 0.05). Given that
the genes are under the control of the same promoter
and that the assays were performed in triplicate, this
would indicate that if any significant amounts of EGFP-
Progerin were in higher amounts within the population,
this would be the result of stability and no other factors
such as increased transcription from one vector vs. the
others.

Progerin is known to impair cell growth when expressed
in human cells [30, 31]. To test whether Progerin
impacts yeast cell growth, growth rates of EGFP-
LMNA and EGFP-Progerin expressing cells were
analyzed by monitoring the optical density of triplicate
cultures growing in 2% RAF/0.2% GAL at 30° C and
compared to cultures expressing EGFP alone (Figure
1C). EGFP alone was used as a base line control to
eliminate any effects of EGFP. Overall, cells grown in
2% RAF/0.2% GAL grew significantly slower than
cells grown in media containing glucose, regardless of
which gene was expressed (data not shown), as
raffinose is a complex sugar that is not as readily
utilized as the simple sugar glucose [32]. EFGP-LMNA
and EFGP-Progerin were not expressed in glucose
supplemented media and did not influence the growth of
cells maintained in 2% glucose (data not shown). Cells
in 2% RAF/0.2% GAL entered log phase after
approximately 4 h in culture and had not entered
stationary phase within the 24h timecourse (Figure 1C).
At 4 h after inoculation into 2% RAF/0.2% GAL media,
both EGFP-LMNA and EGFP-Progerin expressing cells
showed no significant decrease in growth relative to
EGFP expressing control cells (Figure 1C and
Supplementary Figure 1). After 8 h in culture, there was
a significant difference in growth rate between LMNA
and Progerin expressing cells compared to EGFP-
expressing control cells. However, at 12 and 24 hours,
there was a significant decrease in the density of
cultures expressing EGFP-Progerin relative to EGFP-
LMNA and EGFP alone. Although it is difficult to
make a direct comparison, our data indicates that yeast
growth is impacted by Progerin parallel to that observed
previously in mammalian cells.

We next used chronological lifespan (CLS) assays to
determine whether LMNA or Progerin impacted yeast
lifespan (Figure 1D). CLS measures how long a
population of stationary phase yeast cells can remain
metabolically active [33]. Overall, there was a trend
towards reduction in lifespan of LMNA expressing cells
compared to control cells, but it did not reach a

confidence interval of < 0.05. EGFP-Progerin conferred
a much greater decline in CLS (p-value < 0.05), using
the methylene blue CLS method (Figure 1D and
Supplementary Figure 2 shows results using the
standard colony forming unit method to measure CLS).
We performed the experiment using minimal media
(MSM) rather than RSM in order to reduce the length of
time cells remain metabolically active in stationary
phase, as previously described [34]. The number of
viable cells present in cultures expressing EGFP-
Progerin was significantly reduced relative to both
control and EGFP-LMNA expressing cells at days 1 —
4, while by day 5 viable cell numbers in all cultures had
fallen to a low level which was no longer statistically
significant. EGFP-Progerin expressing cultures were
reduced to 50% viability after 2 days while control
cultures decreased to 50% viability after approximately
4 days, indicating a 2-fold decrease in their CLS.

Genomic instability is another known consequence of
Progerin expression in human cells [34]. To test if
this was also the case in yeast, we analyzed the impact
of EGFP-LMNA and EGFP-Progerin on genomic
instability in yeast using a colony reversion assay [35,
36]. This assay relies on measuring the rate of
spontaneous reversion of an inactivating point mutation
in the ADE2 gene. Strains such as YPHS500, which
contain the ade2-101_ochre point mutation, are adenine
auxotrophs that produce a truncated non-functional
Ade2 protein. Without functional Ade2, an intense red
colored substrate accumulates and confers a red color to
the colonies of ade2-101 ochre strains. The ade2-
101 _ochre point mutation, specifically, is readily prone
to spontaneous reversion, restoring wild type Ade2
function, leading to production of white colonies.
However, mutations that impact upstream and
intragenic sequences, as well as loss of mitochondrial
DNA, mutations that increase oxidative stress, or
mutations or growth conditions that lead to V-ATPase
disassembly (such as on raffinose), could also lead to
spontaneous reversion of red to white colony color.
While we used raffinose media to induce the EGFP
fusion proteins, the red/white conversion was much
greater in cells expressing LMNA and Progerin. Red vs.
white colonies can be easily identified and counted on
agar media, and the frequency of this reversion under
various conditions has become accepted as a measure of
genomic stability [35].

To measure the effect of Progerin expression on
genomic stability, we transformed the EGFP, EGFP-
LMNA, and EGFP-Progerin expressing vectors into
YPHS500. We first verified the expression of EGFP-
LMNA and EGFP-Progerin in YPH500 in 2%
RAF/0.2% GAL using Western blot analysis
(Supplementary Figure 3). These data show that all
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three proteins are expressed in this strain under these
conditions. We then proceeded to use this strain in
red/white colony assays to probe genomic stability.
After 4 days in culture there was a significant and
substantial increase in the number of white colonies
exhibiting the ade2-101 ochre reversion in cultures
expressing EGFP-LMNA or EGFP-Progerin compared
to control cells, indicating increased genomic
instability. Overall, the frequency of reversion was
higher in cultures expressing EGFP-Progerin than
Lamin A (Figure 1E). We observed a statistically
significant increase in reversion rate in EGFP-Progerin
expressing cultures relative to EGFP-LMNA at 6, 10,
and 14 days in culture, but not at 4, 8 or 12 days.
Although increased colony reversion was observed in
GFP-LMNA expression cells compared to empty vector
control, colony reversion trended higher at all time
points in EGFP-Progerin expressing cells. This is
consistent with the results observed above where
LMNA displays a trend demonstrating a decrease in
growth and lifespan compared to controls that did not
reach statistical significance. Although LMNA does
have limited impacts on these yeast phenotypes, GFP-
Progerin had much greater impacts.

To analyze the localization of LMNA and Progerin
expressed in yeast, aliquots of cultures were removed,
fixed, and subjected to fluorescence microscopy (Figure
2A). The DNA-binding dye Hoechst 33342 (H33342)
was used to visualize nuclear DNA (blue). To mark bud
scars on the cell periphery, cells were further stained
with wheat germ agglutinin (WGA) conjugated to
Alexa 555 dye. EGFP was visualized using its
endogenous fluorescence. Cells expressing the EGFP
control showed a diffuse signal distributed evenly
throughout the cytoplasm (Figure 2A, left panel). Cells
expressing EGFP-LMNA and EGFP-Progerin showed
EGFP signal localized to the nuclear periphery (Figure
2A, the middle and right panels).

To determine whether LMNA and Progerin were indeed
associated with the nuclear membrane, we expressed
EGFP-LMNA or EGFP-Progerin in Sur4-mCherry
expressing cells to mark the nuclear periphery. We used
live cell imaging and observed that EGFP-LMNA
and EGFP-Progerin signals were associated with the
Sur4-mCherry labelled nuclear membrane (Figure 2B,
2C). Cells with different EGFP nuclear membrane
localization patterns were labelled in the wide field
images shown in Figure 2B, 2C. The number of cells
exhibiting these different patterns were counted and the
percent of cells showing these morphologies was scored
(Figure 2D). In EGFP-LMNA expressing cells (in 14%
of cells), half of the EGFP positive cells expressed a
single focus on the nuclear membrane (50% of the total
cells with EGFP fluorescence). The next largest

category was cells with a crescent shape along
the nuclear membrane (43%). Smaller categories of
other shapes were observed, but we did not observe
LMNA completely encircling the nuclear membrane.
Expression of EGFP-Progerin (in 21.9% of cells)
caused similar features. Single foci (44% of cells) and
crescent shapes (28.7% of cells) were observed the most
often, similar to LMNA expressing cells. We observed
EGFP-Progerin signal encircling the nucleus in 2.4% of
cells. To determine if any localization patterns are
associated with the kinetochore or nucleolus, we used
Mtw1-mCherry and Nop56-mCherry cells, respectively,
expressing EGFP-LMNA or EGFP-Progerin, but did
not observe any colocalized signals (data not shown).
Overall, we observed higher numbers of variants in
EGFP-Progerin expressing cells that were associated
with the nuclear membrane, compared to LMNA
expressing cells, but the pattern differed from that
observed with LMNA in human cells, which is typically
localized to the nuclear periphery [14, 16].

EGFP-Progerin is a stable protein that is not
appreciably degraded in yeast cells

Our next objective was to determine the fate of these
proteins in yeast cells. To study the catabolism of
EGFP, EGFP-LMNA, and EGFP-Progerin, we induced
protein expression by incubation for 4 h at 30° C in 2%
RAF/0.2% GAL. Expression of recombinant proteins
was terminated by resuspending cells in media
supplemented with 2% glucose. Following exchange
into media with glucose, culture aliquots were taken and
subjected to Western blotting to monitor levels of
EGFP, EGFP-LMNA, and EGFP-Progerin. We initially
probed the breakdown of EGFP-LMNA and EGFP-
Progerin by exchanging cells into glucose medium and
treating them with cycloheximide to prevent new
protein synthesis (Figure 3A). We observed no
difference in levels of EGFP, EGFP-LMNA, or EGFP-
Progerin after 60 minutes of treatment with cyclo-
heximide. Longer treatments with cycloheximide did
not result in observable decreases in protein levels of
EGFP, EGFP-LMNA, or EGFP-Progerin, consistent
with a previous report [37], and were associated with
significant levels of cell death (data not shown). As
such, we further probed the rate of protein degradation
by Western analysis of protein extracts from cells after
switching to glucose containing media over 24 hours
(Figure 3B; quantified in Figure 3D). Upon the addition
of glucose, the GALI promoter is repressed, stopping
the transcription of genes encoding EGFP-tagged
proteins. Longer periods of protein stability can be
viewed using this approach compared to CHX
treatment. EGFP protein levels in control cells,
following a switch to glucose, were lowered after 2 h
(75 +/- 9%), decreased further after 4 h (45 +/- 4%),
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until reaching 0% after 24 h. Levels of EGFP-LMNA
reached 63 +/- 4% of its starting quantity after 4 h and
dropped to 30 +/- 5% after 24 h. Levels of EGFP-
Progerin remained stable after 4 hours, with 46 +/- 6%
of starting material left after 24 h. The data indicates
that EGFP has a protein half-life of approximately 4
hours while EGFP-LMNA and EGFP-Progerin appear
to have half-lives of greater than 4 hours when using
this method.

A

EGFP EGFP-LMNA EGFP-Progerin

o)

D
GFP-LMNA, Sur4-

14% express EGFP) 21.9% express EGFP)
i- 53 (50%) i 5 (4%)
11 - 43 (40.6%) 1 - 56 (44.4%)
111 4 (3.8%) 11 37 (28.7%)
v 5 (4.7%) v 5 (4%)
1 (0.9%) v 20 (15.9%)
106 (14.0% of  wvi m 3 (2.4%)

total)

126 (21.9% of

total)

GFP-Progerin, Sur4-
mCherry (759 total cells — mCherry (576 total cells —

Considering that Lamin A and Progerin have poor
solubility [37], assessing Lamin A and Progerin levels
using protein purification methods is difficult. The 24-
hour shut off experiment in glucose allows us to get a
better view of protein stability over the long term.
While we observed substantial decreases in levels
of EGFP, EGFP-LMNA, and EGFP-Progerin after
switching cells from raffinose/galactose to glucose
containing media for 24 h in Figure 3B, 3D, we also

B

GFP-LMNA, Sur4-mCherry

(og GFP-Progerin, Sur4-mCherry
]

‘ L) e

Figure 2. EGFP-LMNA and EGFP-Progerin localize to the yeast nuclear membrane. (A) Aliquots of cells from each EGFP (left panel),
EGFP-LMNA (middle panel) and EGFP-Progerin (right panel) were fixed and prepared for fluorescence microscopy. Green signal indicates
EGFP signal. Cells were labelled with wheat germ agglutinin (red) to mark bud scars on the cell periphery. Chromatin is counterstained with
Hoechst 33342 dye to mark nuclei (blue). (B) and (C) Live cell imaging of fluorescence tags was performed in a yeast strain containing an
endogenous SUR4-mCherry epitope to fluorescently mark the nuclear membrane (red). The SUR4-mCherry cells were transformed with EGFP-
LMNA (B) or EGFP-Progerin (C), grown overnight in Ura- media supplemented with 2% Raf for 24h, diluted to an ODggo of 0.2 in fresh Ura-
media supplemented with 2% galactose, then incubated at 30° C for 6 hours. (D) Examples of cells highlighted in (B) and (C) were shown in
the inset regions, and counted. The percent of total cells expressing EGFP with different localization patterns is given.

WWWw.aging-us.com

AGING



noted that there was a 2-4-fold increase in cell density
during the time cells were in glucose containing
medium (data not shown). Given the increase in cell
number after 24 h in glucose, we hypothesized that the
reduced protein levels observed when loading equal
quantities of total protein in the Western blots shown in
Figure 3B (quantified in Figure 3D) might be the
combination of decreased protein levels due to protein
catabolism in addition to dilution of proteins due to cell
division/increased cell numbers. For example, a cell
doubling will dilute EGFP-tagged protein levels to 50%,
which is independent of protein stability. We addressed
this by loading Western blots with protein extracts
from cells switched to glucose containing media in
proportion to the culture density rather than based on
equal total protein (Figure 3C; quantified in Figure 3E).
This revealed that the total quantity of EGFP control
protein decreased to 70 +/- 10% after 4 h and to 11 +/-
1% by 24 h. Total quantities of the EGFP-LMNA were
lower than EGFP control levels after 2 (60 +/- 5%) and
4 h (47 +/- 6%), with the difference significant after 2 h,
but did not reach a statistical value <0.05 at 4 h.
However, the LMNA levels remained stable from 4
hours to 24 h (55 +/- 3%), opposed to control levels that
dropped to 11%. Total quantities of the EGFP-Progerin,
on the other hand, did not decrease observably over the
24 h release (114 +/- 9% (2 h), 85 +/- 6% (4h), 95 +/-
6% (24 h); Figure 3C; quantified in Figure 3E). This
data shows that the quantity of the EGFP-Progerin
fusion protein relative to total protein in Figure 3B
decreased primarily due to dilution during cell growth
and division. However, there is little, if any change in
the total quantity of EGFP-Progerin when the dilution
factor is eliminated, indicating it is not appreciably
degraded in yeast cells under these conditions.

To further examine the fate of the EGFP, EGFP-
LMNA, and EGFP-Progerin fusion proteins during cell
growth and division, as well as to confirm our previous
observation from Western blotting (Figure 3), we used
fluorescence microscopy to analyze EGFP signals once
cells were shifted into glucose-containing media. Cells
were also labelled with wheat germ agglutinin (WGA;
red) to identify bud scars and counterstained with
H33342 (blue) to identify nuclei. Our initial analysis of
images (Figure 4A) shows yeast cells expressing EGFP,
EGFP-LMNA, or EGFP-Progerin after 4 h in 2%
RAF/0.2% GAL and after a 4 and 24 h shift into media
containing 2% glucose to shutoff the GAL inducible
promoter. After 4 h in medium containing GAL, most
control cells showed bright and diffuse EGFP signal
distributed evenly throughout the cytoplasm, while after
24 h in glucose-supplemented medium, only faint EGFP
signal could be detected. Cells expressing EGFP-
LMNA or EGFP-Progerin showed many cells with
bright EGFP signal after a 4 h incubation in GAL

media, as expected. The images (Figure 4A) revealed
that the EGFP-LMNA and EFGP-Progerin fluorescence
is smaller and more defined than that observed with
EFGP, and localized to the nucleus. The WGA staining
indicates that young (one or few bud scars) and old
(many bud scars) cells appear to equally express the
fusion proteins after a 4 h induction. After 4 and 24 h in
media containing glucose, we observed that there were
considerably fewer cells with EGFP signal (Figure 4A).
The percentage of cells expressing the constructs after
induction and promoter shutoff is shown in Figure 4B.
At time 0 of promoter shutoff (immediately following 4
hours of induction), 85% of EGFP, 45% of EGFP-
LMNA, and 50% of the EGFP-Progerin transformed
cells demonstrated fluorescence. After 4 h of promoter
shutoff, the percentages dropped to 55%, 35%, and 25%
and after 24 h the percentages dropped to 9%, 12% and
18% for the EGFP, EGFP-LMNA and EGFP-Progerin,
respectively. However, when we compared the intensity
of the signal inside single cells positive for GFP signal
(normalizing intensity to 1 at 0 h in all 3 cultures), cells
expressing EGFP alone exhibited low values after 24 h
of promoter shutoff. The intensity of EGFP-LMNA and
EGFP-Progerin were higher in single cells with green
fluorescence, with the intensity of the EGFP signal in
individual EGFP-LMNA and EGFP-Progerin positive
cells following 24 h of promoter shutoff comparable to
that of cells following 4 h induction (Figure 4C). The
data demonstrates that EGFP-LMNA and EGFP-
Progerin fusion proteins exhibit increased stability
compared to EGFP alone, with mean EGFP signal
intensity in EGFP cells decreasing to 13 + 9% of
its original value after 24 h while EGFP-LMNA and
EGFP-Progerin signal intensity decreased to 76 + 13%
and 81 = 16% of their initial values, respectively.
Overall, our initial analyses indicated that shifting cells
to glucose to shutoff the galactose inducible promoter
resulted in fewer cells with detectable EGFP signal, but
in cultures expressing the EGFP-LMNA and EGFP-
Progerin fusion proteins, these cells showed similar
EGFP signal intensity as cells grown in RAF/GAL
containing media. Overall, the data in Figure 4A—4C
show that yeast cells target the EGFP protein
for degradation, whereas EGFP-LMNA and EGFP-
Progerin fusion proteins remain relatively stable after
24 hours, similar to that observed in Figure 3.

EGFP-Progerin is preferentially retained in older
yeast cells

To quantify the amount of protein in transformed cells
as a function of cell age, we analyzed the images shown
in Figure 4A to determine if there was a relationship
between EGFP-LMNA and EGFP-Progerin expression
with age. These cells were labelled with fluorescently
tagged WGA to measure the number of bud scars
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Figure 3. EGFP-Progerin decreases in transformed cultures as a function of total protein but not as a function of cell
numbers. (A) To evaluate the fate of EGFP (upper row), EGFP-LMNA (middle row) and EGFP-Progerin (bottom row), we treated cultures
expressing these proteins with cycloheximide for 0, 15, 30 and 60 min to determine if cells degraded these proteins. Over the time course,
proteins were evaluated for total protein content by trichloroethanol (TCE) staining followed by Western blotting for the EGFP tag. (B) To
further evaluate the levels of these proteins, we switched EGFP (upper row), EGFP-LMNA (middle row) and EGFP-Progerin (bottom row)
cultures from induction media (GAL) to glucose (GLU) to repress the transgenes and followed the levels of EGFP tagged proteins over Oh, 2h,
4h and 24h. Total protein was isolated from each culture and equal protein amounts were loaded onto gels. Total protein was evaluated by
TCE staining and Western blots performed to evaluate the level of EGFP tagged proteins. (C) Total protein was isolated from cell equivalents
based on cell density with the culture and EGFP (upper row), EGFP-LMNA (middle row) and EGFP-Progerin (bottom row) evaluated by
Western blot. (D) The experiment described in (B) was repeated 3 times, with bands scanned and quantified. SEM is shown. Two-way ANOVA
with post hoc Tukey’s multiple comparisons test was used to determine p-values. (E) The experiment described in (C) was repeated 3 times,
with bands scanned and quantified. SEM is shown. Two-way ANOVA with post hoc Tukey’s multiple comparisons test was used to determine
p-values. p < 0.01**, p < 0.001***, and p < 0.0001****,
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fixed and labelled with WGA (red), DNA counterstained with H33342 (blue) and EGFP signal is shown in green. (B) Micrographs of fixed and
labelled cells from EGFP (blue bars), EGFP-LMNA (green bars) and EGFP-Progerin (red bars) were quantified. The percentage of positive cells
from each culture after induction and moving the cells back into glucose containing media following Oh, 4h and 24h were scored as a
percentage (y-axis). (C) From the positive cells from each of the EGFP (blue bars), EGFP-LMNA (green bars) and EGFP-Progerin (red bars), the
intensity levels of signal were measured at Oh, 4h and 24h. Data is normalized to the Oh time point. Images were collected from n=3 cultures
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green fluorescence in each cell. The average number of bud scars in each population of cells is plotted on the Y-axis while the average
normalized EGFP fluorescence is plotted on the X-axis. Error bars represent the SEM.
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present on each cell. Bud scars are areas of exposed
chitin left when daughter cells bud from their progenitor
mother cells, with the exposed chitin recognized by
WGA [38]. Counting bud scars is a qualitative measure
to indicate differences microscopically between young
and old cells. Over the course of a 24 h period,
we interpret cells that have higher numbers of bud
scars as replicative older than those with fewer. We
acknowledge that a cell with 5 bud scars is still
relatively young; however, we previously demonstrated
that yeast aging begins as early as 2 divisions [39]. As
such, we consider cells with at least 5 bud scars to be
aging. 200 cells at each time point were randomly
selected and scored manually as to whether EGFP
signal was present and, for those cells with detectable
EGFP signal, the sum of the pixel intensity in the EGFP
channel was measured (Figure 4D). WGA signals were
also imaged to track the relative age of each cell. The
average normalized fluorescence intensity of cells with
detectable EGFP alone was sharply reduced by 24 h,
providing quantitative evidence for our visual
observations. In contrast, while the number of EGFP-
LMNA or EGFP-Progerin expressing cells decreased
over time, the per-cell intensity remained high after
24 hours (Figure 4D). Taken together, our data
demonstrates that while the numbers of cells expressing
the fusion proteins decreased following promoter
shutoff, the quantity per cell remained relatively stable.

To further assess the relationship between EGFP-
Progerin and older cells, we developed a methodology
that would enable rapid analysis of larger numbers of
cells for fusion protein content in aging cells using flow
cytometry of formalin-fixed yeast cells stained with
fluorescently labelled WGA. The use of flow cytometry
to detect WGA fluorescent protein content in yeast has
been described previously [40, 41], but to our
knowledge, this is the first instance of using bud scars
labelled with fluorophore-conjugated WGA in flow
cytometry to measure the age of the population. We,
therefore, first set out to demonstrate the effectiveness
of this technique by comparing flow cytometry data of
untransformed wild-type cells after 2 h and after 24 h of
culture (Figure 5A). The intensity of WGA staining of
birth scars on virgin daughters is much less than the
intensity of bud scars staining on mothers [42],
therefore, we expect that WGA staining should increase
in the culture as the cells replicative age. Indeed,
the data shows that the average AlexaFluor®-555
conjugated WGA (WGA-AF555) fluorescence of the
density of the cell population increased over the time
course, as expected. We next tested the ability of flow
cytometry to measure differences in EGFP signal
content concomitantly with cell age with AF555-WGA.
Cells expressing the control EGFP tagged proteins were
fixed and stained with AF555-WGA, either before, or

after 4 hours in inducing media with data plotted as
AF555-WGA-fluorescence versus EGFP fluorescence
(Figure 5B). The data shows a pronounced increase in
the number of cells with increased EGFP fluorescence
during incubation. Taken together, these data support
the use of flow cytometry to monitor the interactions
between cell age and EGFP fusion proteins metabolism
in yeast.

To examine in detail the relationship between cell age
and fusion protein content, we used flow cytometry to
analyze cultures of EGFP, EGFP-LMNA, and EGFP-
Progerin expressing yeast prior to induction of protein
expression, after 4 h of expression, and after 24 h
incubation in media containing glucose to shutoff the
inducible promoter (Figure SC—5E). Prior to induction
of EGFP and the EGFP-fusion proteins, cultures
exhibited a range of WGA fluorescence intensities
corresponding to a range of cellular ages (Figure 5C, Y-
axes), while cells had uniformly low EGFP fluorescence
(Figure 5C, X-axes). After 4 h post induction the
distribution of AF555-WGA fluorescence was similar
as prior to induction (Figure 5D, Y-axes), whereas all
three cultures showed large numbers of cells with
increased EGFP fluorescence (Figure 5D, Y-axes). It
appears from the upward sweep of the plots that cells
with higher levels of bud scars accumulate EGFP
signals in all three transformed sets of cells, but overall,
there does not appear to be a strong relationship
between cell age and the expression of EGFP or the
EGFP-LMNA and EGFP-Progerin fusions after 4 h of
induction. However, following 24 hours of promoter
shutoff, all three cultures exhibited a shift in the cell
population to the left indicating overall reductions in the
number of cells expressing EGFP and the EGFP-fusions
(Figure 5E). None of the three cultures had the
distributions of cells expressing EGFP or EGFP-fusions
return to the pattern observed prior to induction,
consistent with Western and fluorescence microscopy
observations in which cells did retain EGFP or the
EGFP-fusions following promoter shutoff. All three
cultures demonstrated an apparent relationship between
cell age and the residual EGFP signal, with younger cell
populations near the bottom of the graph exhibiting
lower EGFP signal than older cells located higher on
the Y-axis (Figure 5E). In EGFP and EGFP-LMNA
expressing cultures, there was a substantial reduction in
cells retaining high levels of EGFP signal, while in
EGFP-Progerin expressing cultures the population of
cells which retained high levels of the fusion protein
was increased, and many of these cells were also older
since they exhibited higher AF555-WGA fluorescence
(Figure 5E). These detailed observations employing
flow cytometry clearly illustrate the relationship
between cell replicative age and retention of the EGFP
fusion proteins and show important differences in this
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Figure 5. EGFP and bud scar signal can be measured by flow cytometry. (A) To quantify bud scar signal by flow cytometry, cells were
fixed and labelled with WGA conjugated to Alexa-555 dye (WGA-AF555). Representative histogram of the cell counts (y-axis) from
untransformed cultures against intensity of label at 2h and 24 hours. The shift in the histogram represents increased average signal as the
cultures age, correlated with higher average numbers of bud scars per cell, and therefore higher WGA-AF555 labelling. (B) Cells from cultures
either immediately prior to induction (RAF GAL-OH) or after 4h incubation in RAF/GAL induction medium (RAF GAL-4H) were fixed and
labelled with WGA-AF555. Flow cytometry was used to quantify EGFP signal (EGFP-FITC-A) and the WGA-AF555 signal (WGA-AF555-PE-A),
demonstrating the detection of cells with higher levels of EGFP expression at the right of the panel and cells with higher intensity of bud scar
labelling at the top of the panel. (C-E) EGFP (left column), EGFP-LMNA (middle column), and EGFP-Progerin (right column) expressing yeast
were fixed for flow cytometry analyses; (C) prior to induction of fusion protein expression, (D) after 4 h of induction, and (E) and after 24 h
incubation in media containing glucose following induction. Y-axis represents the intensity of WGA-AF555 signal, and the x-axis represents
the intensity of EGFP signal. (F) Statistical data from the flow cytometry shown in panel A was used to analyze the average EGFP intensity of
cells either immediately following 4 h induction in RAF/GAL medium (EGFP-OH-GLU, EGFP-LA-OH-GLU, and EGFP-D50-0OH-GLU) or after 24 h in
glucose containing medium (EGFP-25H-GLU, EGFP-LA-24H-GLU, and EGFP-D50-24H-GLU). Average EGFP signal intensity (normalized mean
fluorescence) of younger cells showing less than the median WGA-AF555 intensity (black bars) or in older cells exhibiting greater than the
median WGA-AF555 signal (red bars) was plotted. Error bars represent the standard error of the mean.
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effect between EGFP-LMNA and EGFP-Progerin
expressing cells. Although EGFP-LMNA is retained by
older cells, compared to EGFP alone, there was a
marked increase in the number, age, and extent to which
cells retain the EGFP-Progerin fusion protein.

Finally, we quantified these effects using the large
datasets acquired through use of flow cytometry.
Triplicate cultures were incubated in inducing media
for 4 h and aliquots removed for fixation and analysis,
and the remaining (unfixed) culture then exchanged
into glucose containing media for a further 24 hours
and fixed. These were subjected to flow cytometry and
per-cell fluorescence intensity in both the AF555-
WGA and EGFP channels were collected. Cells were
divided into two groups, those below the median
AF555-WGA fluorescence intensity (“young” cells)
and those above the median AF555-WGA fluorescence
intensity (“old” cells). The mean EGFP fluorescence
for each group was then calculated and values derived
from triplicate samples were combined. Data was
normalized to the mean fluorescence intensity of
EGFP-expressing control cells prior to exchange into
glucose containing media (Figure 5F). After 4 h of
induction, the mean fluorescence intensity of both
young and old cells was similar in both EGFP and
EGFP-LMNA expressing cells, with the older cells
showing ~3 times higher average EGFP fluorescence
than younger cells. In contrast, both young and old
EGFP-Progerin expressing cells exhibited higher
average EGFP fluorescence than the corresponding
EGFP and EGFP-LMNA expressing cells (Figure 5F).
After 24 h in glucose-containing media, all cell
populations exhibited lower average EGFP fluo-
rescence than at the end of induction. The average
fluorescence intensity of both young and old cells
expressing EGFP and EGFP-LMNA was similar after
24 h in culture, in contrast to the measurements
obtained using densitometry of fluorescence micro-
graphs and illustrating the advantage in sensitivity
gained through use of flow cytometry. Fluorescence
intensity decreased by 45% in both young and old cells
expressing EGFP and by 43% in young and 45% in old
cells expressing EGFP-LMNA, showing that both
young and old cells can catabolize and eliminate these
proteins as assessed by flow cytometry. For EGFP-
Progerin expressing cells, young cells exhibited a 26%
reduction and old cells showed a 36% reduction in
average EGFP fluorescence, indicating that clearance
of EGFP-Progerin is impaired in both old and young
cells relative to EGFP-LMNA or EGFP alone. While
flow cytometry data show that both young and old
cells are capable of clearing the EGFP-LMNA and
EGFP-Progerin proteins, the data also shows that older
cells contain greater quantities of these proteins, and
moreover, that levels of EGFP-Progerin are much

higher than levels of EGFP-LMNA in older cells.
Currently the significance of higher levels of EGFP-
Progerin in older cells is unclear and may be a product
of the previously established phenomenon that older
cells are less capable of protein turnover than younger
cells [19, 39, 43, 44]. Furthermore, yeast mother cells
have been shown to retain toxic molecular aggregates
from their daughter cells [45]. This provides further
evidence that Progerin, but not necessarily LMNA
expression in yeast, is considered toxic and must be
asymmetrically retained from the daughter cells to
ensure the daughters are born young. Nevertheless, the
data show that, in contrast to observations made with
fluorescence microscopy alone, yeast cells can
effectively catabolize and eliminate EGFP and EGFP-
LMNA with similar efficiency in both old and young
cells, while EGFP-Progerin is more effectively
retained in older cells. In addition, the data do show
that some catabolism of EGFP-Progerin is occurring,
even in old cells, indicating that yeast is potentially
a useful model system for studying the pathways
by which EGFP-Progerin is broken down and
for potential therapeutic interventions aimed at
accelerating this process.

DISCUSSION

A major driver of cellular aging is the accumulation of
stable proteins that significantly disrupt cellular
function. In mammalian cells, the most extreme
example of this is seen in patients suffering from the
premature aging disease, Hutchinson Gilford Progeria
Syndrome (HGPS). Progerin, the molecular determinant
of HGPS, is a cytotoxic protein that results from a point
mutation within the Lamin A/C gene and accumulates in
the nuclear lamina, disrupting genome function and
organization. For research purposes, this protein makes
an excellent case study of how protein accumulation can
have deleterious impacts on cellular health and lifespan.
As such, our overarching goal was to develop a novel
model that incorporates Progerin in yeast in order
to rapidly test and screen compounds or strategies
that promote clearance of these cytotoxic protein
accumulations as well as to study the fate of these
proteins.

Although not identified as members of the lamin
family, early yeast research identified proteins that
reacted with antibodies raised against avian and
mammalian lamin A and B, but not C, proteins in
yeast [46]. However, these are not intermediate
filament proteins and as such are not true lamin
proteins. These lamin-like proteins were part of the
nuclear fractions, indicating that there is a similar
structure or at least series of proteins that make up the
yeast nuclear periphery; however, further information
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on the identify of these proteins was not available.
Although yeast have a closed mitosis, these
observations do indicate that there is some parallel or
distant relationship between the yeast nuclear
periphery and that found in higher eukaryotes. In
1995, it was demonstrated that mammalian lamin
proteins, including prelamin A, LMNA, lamin B1 and
lamin C could be expressed in ‘humanized’ yeast [47].
Yeast models such as this have been used to study the
processing of prelamin A to lamin A and have become
a model to evaluate drugs [48]. Additionally, yeast
have been used as a model to study the processing of
prelamin when co-expressed with the metalloprotease
ZMPSTE24 [49], which cleaves prelamin A at the C-
terminal end of the protein, within the region that is
deleted in Progerin. Mutations in the ZMPSTE24
sequence phenocopy that of Progerin expression in
HGPS [48].

By expressing either EGFP, EGFP-tagged human
lamin A (EGFP-LMNA) or EGFP-Progerin under the
control of a galactose inducible promoter, we
identified that yeast cells direct both of these fusion
proteins to the nuclear membrane (Figure 2). Not
only did the proteins localize to the correct location,
EGFP-Progerin significantly decreased cell growth
and chronological lifespan, and increased genomic
instability (Figure 1C—1E), parallel to what is observed
in mammalian cells. We used a yeast colony sectoring
assay to identify a defect in genome stability, where
cells expressing EGFP-LMNA, and EGFP-Progerin to
a higher degree, exhibited a red to white colony
reversion resulting when the red color produced as a
result of the point mutation in the ADE2 gene is
reverted to white following any mutation that restores
or bypasses the ade2-101 ochre allele, as we have
previously shown [35, 36]. We observed that both
EGFP-LMNA and EGFP-Progerin caused increased
rates of colony reversion, a direct readout of genome
instability. Progerin and LMNA both induced
significant increases in genomic instability at all time
points compared to the EGFP control (Figure 1E).
However, EGFP-Progerin generated a higher rate of
genomic instability than EGFP-LMNA. Progerin in
mammalian cells is well known to cause DNA
damage, epigenetic change, changes in transcriptional
readouts, all contributing to genomic instability. In
mammalian cells, defective Lamin A accumulates and
sequesters replication and repair components, such as
PCNA, causing replication forks to stall and collapse
into double strand breaks [34, 50]. We do not yet know
if this occurs in yeast, but it is clear that Progerin, and
LMNA to a lesser degree, increase genomic stability.
This assay demonstrates that yeast expressing Progerin
is an excellent model for testing compounds that
mediate protein accumulation or measure the impact of

ectopic expression of proteins on genome stability.
Given the phenotypes of decreased cell growth, reduced
chronological lifespan, and genome instability, we
conclude that our yeast model will make an excellent
model to study the impact of cytotoxic protein
accumulations.

The increase in genomic instability caused by EGFP-
LMNA may be explained by the accumulation of this
protein in the nuclear periphery. It is well documented
that the accumulation of excess LMNA protein
phenocopies Progerin. Deletion of the gene that encodes
the ZMPSTE24 metalloprotease that cleaves the C-
terminal end of LMNA results in pre-lamin A
accumulation in the nuclear lamina in mammalian cells
[51]. Given that previous research into the expression
of LMNA along with the expression of mutant
ZMPSTE24 demonstrate progeroid phenotypes in yeast,
it is logical that we observed parallel results and that
expression of EGFP-LMNA has impacts on yeast
genome stability. However, yeast appear to be better
equipped to deal with LMNA compared to Progerin, as
seen through the greater impact of EGFP-Progerin on
genome instability. This is also supported by our other
results indicating that GFP-LMNA does not have
significant impacts on other hallmarks of aging
compared to GFP-Progerin, as seen in chronological
lifespan assays.

We observed that EGFP-LMNA and EGFP-Progerin
decrease in the population after the removal of galactose
to induce ectopic gene expression as predicted. To shut
off the expression of the EGFP fusion proteins, we grew
the cells in glucose supplemented media for up to 24
hours following a 4-hour induction of the proteins in
0.2% galactose. According to our western blot analysis
(Figure 3B, quantified in Figure 3D), we observed that
the fusion proteins decreased in the population over
time. However, the proteins were being diluted out of
the population due to cell doubling, with no new
production of the fusion proteins. To determine if the
protein reductions are simply due to dilution, we
loaded cell equivalents according to ODgoo readings
over the 24-time course, onto gels for Western
analyses and identified a much slower decrease in
EGFP-LMNA and no significant decrease in EGFP-
Progerin (Figure 3C, quantified in Figure 3E). We
further used fluorescence microscopy to examine the
population of cells that expressed EGFP-LMNA and
EGFP-Progerin. Following the removal of galactose, we
observed that EGFP-LMNA and EGFP-Progerin were
not being degraded but were retained in a sub-
population of cells (Figure 4A, quantified in Figure 4B,
4C). This sub-population had intensity levels of
fluorescence comparable to that of cells that were
induced with galactose (Figure 4C), indicating that the
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yeast were not turning these proteins over, but retaining
them. To further identify what population cells
maintaining high levels of EGFP-Progerin were derived
from, we labelled cells with fluorescently tagged wheat-
germ agglutinin (WGA), which binds to the bud scars
on the surface of yeast mother cells, and determined that
the population that retained EGFP-Progerin had high
numbers/intensity of WGA (Figure 4D). We interpreted
this as the cells retaining high levels of EGFP-LMNA
and EGFP-Progerin were those that had an ‘older’
replicative lifespan.

To further characterize this observation, we developed
a novel high-throughput assay using flow cytometry to
measure the amount of EGFP-signal from fusion
proteins as well as signal from bud scars via WGA
labelling (Figure 5). We found, using flow cytometry to
measure WGA fluorescence, that WGA levels rise after
24 hours of growth (Figure 5A). It is possible to
measure WGA fluorescence in aging cells since WGA
stains the birth scars of virgin daughters less intensely
than bud scars on mother cells [42]. This is the first
time, to our knowledge, that flow cytometry of WGA
has been used to measure cell aging, although flow
cytometry has been used in the past to measure WGA
staining [41]. Following induction, EGFP signals
increased quickly within the population (Figure 5B).
Following removal of galactose, with the addition of
glucose, a subpopulation of cells that retained high
EGFP signal was also observed to have higher levels of
signal for the WGA label (Figure 5D, 5E). The
quantitation performed identified that EGFP-Progerin,
specifically, was retained in older yeast cells, compared
to EGFP and EGFP-LMNA (Figure S5F). The
conclusions from these observations reflected those
from microscopic analyses and corroborated those from
using cell equivalents. In addition, this method
provides a new avenue to examine yeast replicative
lifespan in relation to tagged protein expression; a tool
with broad applications in the field of yeast and aging
research.

Our interpretation of the above observations is that the
mother cells are retaining these cytotoxic proteins, in
particular EGFP-Progerin, to keep daughter cells in a
pristine state. Examination of previously published
literature indicates that EGFP-Progerin and, to a
limited extent, EGFP-LMNA fall into a category of
molecules called long-lived asymmetrically retained
proteins (LARPs) [52]. The hypothesis indicates that
mother cells will retain LARPs to prevent the
inheritance of these proteins in daughters. Although it
is stated that asymmetrical localization and cell
polarity play a role in the retention of LARPs the
mechanisms surrounding this are not well defined.
Regardless, our observations support this hypothesis,

with EGFP-Progerin and EGFP-LMNA being retained
in cells that have higher numbers of bud scars, thus
protecting future generations of yeast cells from the
cytotoxic effects of Progerin.

CONCLUSION

Our main conclusion is that yeast expressing EGFP-
Progerin is an excellent translational model for studying
aging, and for the potential of testing compounds
or strategies aimed at stimulating cells to degrade
cytotoxic protein accumulations to enhance healthspan,
in particular those in the nuclear periphery. We
conclude that EGFP-Progerin acts as a long-lived
asymmetrically retained protein that promotes genome
instability and negatively impacts cellular lifespan.
Finally, we conclude that our newly developed flow
cytometry methodology for measuring EGFP tagged
proteins in combination with fluorescently labelled
WGA is excellent for the evaluation of protein retention
and replicative lifespan.

MATERIALS AND METHODS

Vector construction, strains, media, and culture
conditions

The human Lamin A and Progerin coding sequences
were subcloned from pcDNA3.1 using the Bglll and
EcoRI restriction sites into pEGFP-C1 (Invitrogen) to
generate pEGFP-LMNA and pEGFP-Progerin. The
EGFP, EGFP-LMNA, and EGFP-Progerin coding
sequences were amplified by high fidelity PCR using
primers incorporating attB sites and the resulting
products were cloned first into pDONR221 and then
pYES-DEST52 using the Gateway® cloning system
(Invitrogen). These procedures provided the pYES-
EGFP, pYES-EGFP-LMNA, and pYES-EGFP-Progerin
vectors used here for expression of the encoded proteins
in Saccharomyces cerevisiae under control of the GALI
promoter. Full vector sequences and maps are available
upon request.

Strains used in this study were BY4741 (S288C MATa
his3A41 leu240 met1540 ura340) and YPH500 (S288C
MATa wura3-52 lys2-801 amber ade2-101 ochre
trplA63 hislA200 leu2A1). The Surd:mCherry strain
was constructed in the BY4741 background. The
mCherry-NAT cassette was integrated just before the
SUR4 stop codon as previously described [53]. Unless
otherwise stated, cultures were maintained in 1% yeast
extract, 2% peptone, and 2% dextrose supplemented
media (YPD) at 30° C. Rich Selective Medium (RSM)
and Minimal Selective Medium (MSM), both lacking
uracil, were prepared according to Malo et al. [36].
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Transformations used the Lithium Acetate-PEG method
[54].

The following standardized protocol that was used in
this work utilized single colonies from agar plates that
were inoculated into 3 mL of RSM containing 2% w/v
glucose (RSM 2% GLU) and incubated for 18 h at
30° C and then poured into 50 mL RSM 2% GLU and
incubated an additional 24 hours at 30° C. Cultures
were centrifuged (5000 X G, 5 min) and resuspended in
50 mL pre-warmed (30° C) RSM 2% GLU and
incubated 2 h at 30° C. For expression, cultures were
then centrifuged again (5000 X G, 5 min), resuspended
in 50 mL prewarmed RSM containing 2% w/v raffinose
and 0.2% w/v galactose (RSM 2% RAF 0.2% GAL),
and incubated 4 h at 30° C. We determined that
the addition of 0.2% galactose to 2% raffinose induced
EGFP-LMNA and EGFP-Progerin in 4-6 hours that still
allowed reasonable growth that was not toxic. Half-lives
of expressed proteins were analyzed by centrifugation
of expression cultures and resuspending cells in pre-
warmed RSM 2% GLU.

Growth curves, chronological lifespan assays, and
genomic instability assays

Growth curves and chronological lifespan assays were
performed in strain BY4741. Time point 0 was set to 1
(100%) and then all subsequent timepoints were =
t(x)/t(0). For plotting the logs from growth analyses, the
value is the log of the normalized value, making the data
directly comparable on the graph. Chronological lifespan
(CLS) curves were constructed from triplicate cultures by
removing small aliquots at the indicated time points and
combining with the methylene blue yeast vitality reagent
[55], then counting the number of viable (white) cells
with a hemocytometer. CLS assays were conducted by
growing cells for 18 h in RSM 2% GLU, centrifuging,
and resuspending cells in 10 mL MSM containing 2%
w/v raffinose and 0.2% galactose (MSM 2% RAF 0.2%
GAL), incubating at 30° C until less than 10% was
viable, while removing daily aliquots for determination
of viable white cells. Performing the assay in MSM
resulted in a shorter, more manageable CLS [34]. CLS
was also performed by plating aliquots of cultures on
YPD and counting the resulting colonies (Supplementary
Figure 2), as previously described [36], which gave
essentially identical results to those obtained using
methylene blue vital staining and cell counting. Statistical
analysis used a two-tailed t-test with p-values less than
0.05 being considered significant.

Genomic instability assays relying on the previously
described red-and-white colony assay [36] were
performed in strain YPHS500, as this strain harbored the
ade2-101 ochre allele, allowing for red/white colony

sectoring. Cells were grown in RSM 2% GLU 18 h
at 30° C and then collected by centrifugation and
resuspended in 10 mL RSM 2% RAF/0.2% GAL.
Cultures were incubated at 30° C with aliquots removed
daily. The cells were diluted to ~100 colonies/20 mL
and plated on YPD media, with the number of red and
white colonies counted manually. Statistical analysis
used a two-tailed t-test with p-values less than 0.05
being considered significant.

Protein extraction and western blotting

Protein extraction was performed using a method based
on previously described sodium hydroxide-based
protocols with significant modifications [36]. For
protein extraction 5 — 10 mL of culture was centrifuged
(5000 X G, 5 min) and the resulting cell pellet
resuspended in 500 pL of ice-cold 0.5 M sodium
hydroxide and incubated on ice for 10 minutes. Samples
were centrifuged (13,000 X G, 5 minutes, 4° C) and
supernatants removed by aspiration. Pellets were
resuspended in 1 X SDS-PAGE loading buffer
containing 50 mM DTT and frozen at -20° C. Prior to
loading, samples were heated at 80° C for 10 minutes,
chilled on ice, and centrifuged (13,000 X G, 5 min).

Equal quantities of extracted proteins were resolved
on polyacrylamide SDS-PAGE gels containing tri-
chloroethanol (TCE) and transferred to PVDF for
Western blotting according to standard protocols.
Samples expressing EGFP-LMNA and EGFP-Progerin
were resolved on 8% SDS-PAGE gels while samples
expressing EGFP were resolved on 12% gels. Prior to
blotting gels were imaged using UV light for detection
of total protein via TCE-induced fluorescence.
Antibodies used were mouse anti-GFP monoclonal
(Protein Tech) at 1:10,000 and goat anti-mouse HRP
conjugate (Protein Tech) at 1:10,000. Blots were
imaged using enhanced chemiluminescent reagent.

For loading of cell equivalents instead of protein
equivalents and to compensate for cell dilution, we
performed the following loading: for example, if 20 uL of
extract from a culture at =0, ODgoo = 1.0, was loaded,
then at t = 1h, if the OD of that same culture was 1.5, then
1.5 X 20 =30uL of extract was loaded. The central theme
here is that the protein present in that first 20 uL is diluted
by cell division, so increasing the loading proportionally
to the increase in OD ensures we compensate for dilution
and are only observing changes due to degradation.

Fluorescence microscopy, image analysis, and flow
cytometry

For fluorescence microscopy and flow cytometry, samples
were removed from yeast cultures as indicated and
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combined with 1/10 volume of formalin (37% w/v
formaldehyde, 10% v/v methanol) and incubated for 10
minutes at RT on a tube rotator. Fixed cells were collected
by centrifugation (5,000 X G, 5 min, RT) and super-
natants removed by aspiration. Pellets were resuspended
in 1 mL of distilled water containing 0.1% w/v sodium
azide and stored in the dark at 4° C prior to further
processing. Aliquots of fixed cells were collected by
centrifugation (5,000 X G, 5 min, RT) and resuspended
in tris-buffered saline (TBS, 50 mM Tris-HCI pH 7.2,
150 mM NaCl). Alexafluor-555 conjugated wheat germ
agglutinin (WGA-AF555, ThermoFisher, Cat # 32464)
and Hoechst 33342 were added at a final concentration
of 1 mg/mL and cell suspensions were incubated with
rotation at room temperature for 30 minutes in the dark.
Cells were collected by centrifugation (5,000 X G, 5
min, RT) and washed three times in TBS.

For fluorescence microscopy cells were resuspended in
20 mL solid aqueous mounting medium, mounted on
standard microscope slides using coverslips sealed with
nail polish. Slides were kept at 4° C in the dark prior to
imaging using a model Zeiss X51 microscope equipped
with an Infinity 3 camera and INFINITY capture
software (Lumenera Corporation). For each sample, five
randomly selected fields were imaged in the blue, green,
and red channels using uniform exposure times that
maximized pixel dynamic range. For image analysis,
raw images were imported into ImagelJ, versions 1.53k
and 2.14.0/1.54f, where two hundred cells were selected
randomly using the blue (DNA) channel, then analyzed
by counting the number of visible bud scars in the red
(WGA-AF555) channel and measuring the cell’s total
pixel intensity in the green (EGFP) channel. Data
presented is the average of three biological replicate
experiments.

For live imaging of cells expressing endogenously
tagged SUR4-mCherry, cells were grown overnight in
Ura- media (to select for LMNA and Progerin
expressing plasmids) supplemented with 2% Raf [53].
The next day, the cells were diluted to an ODgoo of 0.2
in fresh Ura- media supplemented with 2% galactose
and incubated at 30° C for 6 hours. A DeltaVision Elite
imaging system (GE Healthcare Life Sciences) was
used that carried a 60x/1.42 NA oil, Plan Apo N
objective (Olympus). Images were collected as 0.2 mm
z-stacks using SoftWoRx software (version 6.5.2, GE
Healthcare Life Sciences), then rendered and analyzed
using Image J (National Institutes of Health). Images
were treated using Image J, first by employing the
Smooth function, then by using the Unsharp Mask filter
(Radius (Sigma): 2.0 pixels, Mask Weight: 0.7-0.8).

Cells for flow cytometry were resuspended in 200 pL
TBS following washing as above and stored at 4° C in the

dark until analysis. Cells were analyzed on a FACScaliber
cytometer. Data analysis, statistics, and figures were
generated using the CytExpert software package.

Statistical methods

Stats packages available in PRISM were used. One-or
two-way ANOVA tests were used to compare the means
of unmatched groups. Multiple comparisons were
performed post hoc using Tukey, Dunnett, or Sidak tests,
as indicated, to calculate p-values and assess significance
between strains or treatments. Alternatively, an unpaired
t-test with Welch's correction was used. Significance was
reached where p < 0.01*%*, p < 0.001*** and p <
0.0001****, When significance was not reached, it was
denoted with ns. Values represent + standard error of the
mean (SEM), unless otherwise stated.
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SUPPLEMENTARY MATERIALS

Supplementary Figures
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Supplementary Figure 1. Supplemental data linked to Figure 1C. ODeq readings for cells after 4, 8, 12 and 24 hours of growth were
measured and plotted for cells expressing EGFP (black), EGFP-LMNA (red) or EGFP-Progerin (blue) maintained in media supplemented with
2% Raffinose/0.2% Galactose. SEM is shown. * represents p-values < 0.05 via 2 tailed t-test.
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Supplementary Figure 2. Supplemental data linked to Figure 1D. CLS experiment using the transformants shown, grown in 2%
RAF/0.2% GAL to stationary phase (Day 0), were performed by removing the same volume of cells every day, which were then diluted and
plated onto YPD. Colony forming units were counted, normalized to Day 0, set to 100%, and plotted (n=3). SEM is shown.
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Supplementary Figure 3. Supplementary data linked to Figure 1E. EGFP, EGFP-LMNA or EGFP-Progerin transformed yeast (YPH500)
containing the ade2-101_ochre point mutation were grown in either glucose containing media (GLU) or induction media (GAL), with proteins
extracted. Total protein was evaluated by trichloroethanol (TCE) staining (left panel). Western blots for a-EGFP were also performed (right
panel) to verify the expression of EGFP and tagged proteins in this strain. Note that LMNA and Progerin expression, and the number of cells
expressing the constructs, varied between the different genetic backgrounds used in this study.
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