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ABSTRACT Cellular senescence is a terminal cell fate characterized by growth arrest and a
metabolically active state characterized by high glycolytic activity. Human fibroblasts were
placed in a unique metabolic state using a combination of methionine restriction (MetR) and
rapamycin (Rapa). This combination induced a metabolic reprogramming that prevented the
glycolytic shift associated with senescence. Surprisingly, cells treated in this manner did not
undergo senescence but continued to divide at a slow rate even at high passage, in contrast
with either Rapa treatment or MetR, both of which extended life span but eventually resulted
in growth arrest. Transcriptome-wide analysis revealed a coordinated regulation of metabolic
enzymes related to one-carbon metabolism including three methyltransferase enzymes
(KMT2D, SETD1B, and ASH1L), key enzymes for both carnitine synthesis and histone modifi-
cation. These enzymes appear to be involved in both the metabolic phenotype of senescent
cells and the chromatin changes required for establishing the senescence arrest. Targeting
one of these enzymes, ASH1L, produced both a glycolytic shift and senescence, providing
proof of concept. These findings reveal a mechanistic link between a major metabolic hall-
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mark of senescence and nuclear events required for senescence.
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INTRODUCTION

Human somatic cells have a finite life span in cell culture that is de-
fined by the number of cell divisions that the population undergoes
(Hayflick, 1965). Increasing DNA damage, ROS production, and mi-
tochondrial dysfunction lead to the activation of stress response
pathways, including the p53 and pRB pathways, to produce a termi-
nal senescence arrest known as cellular or replicative senescence
(Campisi, 2013). Although the senescence program has classically
been described as a downstream consequence of DNA damage, it
is becoming clear that metabolic disturbances can also trigger se-
nescence (Berger and Sassone-Corsi, 2016; Nacarelli and Sell,
2016), and that metabolic interventions can delay senescence. The
metabolic state of senescent cells is highly glycolytic, potentially
due to the enhanced secretion of cytokines and proteolytic enzymes
known as the senescence-associated secretory phenotype (SASP)
(Bittles and Harper, 1984; James et al., 2015; Wiley and Campisi,
2016). However, the altered metabolism of senescent cells may also
play a causal role in senescence. For example, one consequence of
the shift in metabolism appears to be a reduced NAD/NADH ratio
leading to induction of AMPK which can directly phosphorylate and
activate p53 in addition to stabilizing p21 mRNA levels (Wiley and
Campisi, 2016). Given the complex nature of the senescent arrest,
additional connections between metabolism and the senescence
program likely exist. In this context, it would be predicted that inter-
ventions that alleviate this glycolytic shift should inhibit senescence.
Consistent with this concept, we and others have reported that
treatment with rapamycin (Rapa) or methionine restriction (MetR)
can delay senescence in human diploid fibroblasts (Lerner et al.,
2013a; Johnson and Johnson, 2014; Koziel et al., 2014). It appears
that Rapa treatment extends the cellular life span, at least in part by
reducing mitochondrial stress and enhancing utilization of alterna-
tive carbon sources (Lerner et al., 2013a; Wang et al., 2017; Na-
carelli et al., 2018). Similarly, MetR has been reported to reduce mi-
tochondrial respiration and shift metabolism toward fat utilization in
mice and to reduce complex IV activity and mitochondrial protein
expression in human diploid fibroblasts (Koziel et al., 2014).

In this study, we show that the combination of MetR plus Rapa
produces a unique metabolic state, reducing mitochondrial respira-
tion and preventing the glycolytic shift associated with senescence.
The consequence is a block to entry into the senescent state.

RESULTS

Combining Rapa treatment and MetR dramatically increases
the life span of human cardiac fibroblast cells

For analysis of life span, we examined senescence in human cardiac
fibroblast (HCF) cells. Cardiac fibroblasts are the most abundant cell
type in the human heart responsible for the extracellular matrix that
provides structural support to the heart, the secretion of growth fac-
tors and cytokines, and dynamic remodeling following injury (Soud-
ers et al., 2009; Rog-Zielinska et al., 2016). Cardiac fibrosis is a sig-
nificant component of nearly all forms of heart disease making the
cardiac fibroblast a potential therapeutic target for age-associated
dysfunction (Travers et al., 2016). HCFs were cultivated under strict
culture conditions for life span evaluation (Cristofalo and Charpen-
tier, 1980) modified to include reduced concentrations of methio-
nine (MetR) both in the presence and the absence of 1 nM Rapa.
Methionine was reduced from 30 to 3 mg/l or 1 mg/l in MethR cul-
tures. Methionine-deficient cultures (MetDEF), in which no methio-
nine was added to the medium, were also included in the analysis
with and without 1 nM Rapa. Replicative life span, determined by
direct calculation of the cumulative number of population doublings
(cPDLs), was significantly increased relative to standard culture con-

2 | T Nacarelli etal.

ditions for MetR, Rapa treatment, or a combination of the two
(Figure 1). Cultures treated with Rapa alone achieved a cPDL of 78
compared with a cPDL of 54 for control cultures, consistent with our
previously published results (Bitto et al., 2010; Lerner et al., 2013b)
and studies examining the impact of MetR on cellular life span
(Johnson and Johnson, 2014; Koziel et al., 2014). Combining the
two treatments, MetR and Rapa had several surprising effects. First,
the cultures treated with the combination Rapa+MetR proliferated
more rapidly than cultures exposed to MetR, which had an acute
negative impact on growth (note the difference in the slope of the
curves between the MetDEF and the MethR [1 mg/l] and control
cells in Figure 1). In contrast, the cultures treated with the combina-
tion Rapa+MetR proliferated more rapidly. Note the difference be-
tween methionine-restricted cultures and methionine-restricted cul-
tures treated with Rapa (yellow line versus blue triangles in Figure 1
and gray circles versus green line in Figure 1). In addition, the com-
bination of methionine restriction at 1 mg/l and 1 nM Rapa treat-
ment provided a dramatic increase in life span (P=0.023) compared
with either treatment alone. In fact, cells cultured under this combi-
nation did not senesce and continued to proliferate for up to 1 year,
reaching a cPDL of 91. In addition, the growth phenotype of late
passage cells grown in methionine-restricted conditions with Rapa
differed from cultures grown under standard conditions. Typically,
cultures that enter senescence show a gradual reduction in cell
number due to losses during harvesting and reseeding (note the
downward trend in control cultures at the end of life span in Figure
1). In contrast, methionine-restricted/Rapa-treated cultures were
doubling at an extremely slow rate (less than one doubling every 14
d) but did not enter a growth-arrested state. Life span analysis was
repeated three times with similar results (see additional growth
curves in Supplemental Figure S1, A and B) with cultures grown un-
der standard conditions undergoing senescence at 50-56 cPDLs,
while methionine-restricted cultures exhibited up to a 14% increase
or 5-8 additional cPDLs. Rapa treatment generated a larger increase
of up to 27% or 10-15 cPDLs and the combination of MetR plus
Rapa treatment showed the largest increase, up to 69%, which rep-
resents 39 cPDLs. These results suggest that Rapa and MetR actin a
synergistic manner. Rapa alleviated the acute growth deficit induced
by MetR, and cultures subjected to a combination of MetR plus
Rapa treatment are able to bypass senescence. Whether the Met-
DEF cultures eventually would have reached a population doubling
greater than cultures in which methionine is restricted is not clear.
Since these cells doubled so slowly, the experiment was terminated
at 47 wk by harvesting RNA for analysis. In either case, it is clear that
MetR and Rapa individually had an acute negative impact on prolif-
eration, while the combination provided sustained proliferation. The
addition of Rapa to methionine-restricted cultures provided the
most robust increase in life span.

MetR plus Rapa treatment impacts both cell cycle and
senescence markers

To further understand the acute impact of MetR plus Rapa treatment
on proliferation, we analyzed the cell cycle profile of cells in log
phase under each of the conditions (Experimental Point 1 in Figure
1). MetR induced an accumulation of G2 cells in the G2/M phase
(4N). In addition, methionine-restricted cultures contained a popula-
tion of cells with greater than 4N DNA content, suggesting cells
occasionally re-replicated their DNA without passing through mito-
sis (Supplemental Figure S2A). Interestingly, Rapa treatment of the
methionine-restricted cultures increased the growth rate, eliminated
the polyploid population, and decreased the percentage of cells in
G2 from 31 to 19% (Supplemental Figure S2B). Thus, MetR induced
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Combined MetR and Rapa treatment increases replicative life span in HCFs beyond MetR or Rapa alone.
Panel (A) contains a representative life span analysis of HCFs maintained under the following conditions with or without
1 nM Rapa: standard culture conditions at 30 mg/l methionine (Ctrl), methionine-restricted at 3 mg/l methionine (MetR
3), methionine-restricted at 1 mg/l methionine (MetR 1), and methionine-deficient (MetDEF; no methionine added to the
culture medium). Treatments were initiated at cumulative population doubling (cPDL) 27, as indicated by the arrow,
using cultures maintained under control conditions from a cPDL of 3. Protein and/or RNA samples were collected at
three points. Experimental Point 1 is the time when 50-60% of the life span is completed for the Ctrl cultures and all
cultures have high proliferative potential. Experimental Point 2 is the time when 50-60% of the life span is completed
for Rapa, MetR, and the combination Rapa+MetR. Ctrl cultures are entering senescence at this point. At Experimental
Point 3, samples were taken from the combination Rapa+MetR for RNA sequence analysis. Life span analysis was
performed three times with similar results and was performed at 6% oxygen with similar results. Panel (B) contains
maximum life span as assessed by logistic regression analysis with 95% confidence intervals. In this graph. Conditions
that show a significant difference (P < 0.05) from Ctrl for the average maximum cPDL were assessed from three
independent experiments as assessed by T test are labeled with an asterisk. Growth rates at early passage of the MetR
(0 mg/l and 1 mg/l) cultures were significantly reduced relative to Ctrl cultures (difference in growth rate over 5 wk,
P =0.004 for MetR 1 mg/l and P =0.002 for MetR 0 mg/I, as assessed by two-tailed, unpaired T test), which revealed an
acute negative impact on proliferation of these cultures. The addition of Rapa to these early passage cultures increased
the growth rate such that there was no significant difference from controls. Life span curves were completed three
times under ambient oxygen conditions and once in 5% oxygen. In all cases, the results were comparable. The
combination of Rapa treatment and MetR increased life span beyond all other conditions and prevented senescence as
judged by continued slow proliferation until termination of the experiment. In Panel (B), average data + SD from three
independent life span curves is presented. Maximum cPDLs were calculated using the logistic growth function in
GraphPad to provide predicted maximal population doublings. Asterisks denote values that are statistically significant
relative to control life span at P < 0.05.
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FIGURE 2: Markers of senescence are reduced with Rapa treatment and MetR. Steady-state protein (A, B) and

mRNA (C-E) levels of senescence markers were examined by immunoblot and NanoString analysis, respectively. HCFs
were grown under the indicated conditions and protein levels of p16, p53, p21, lamin B1, phosphorylated Sérp
[p(S235/236)Sérp], and Sérp were determined by immunoblot analysis. Actin and EEF2 were used as loading controls.
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samples in (B) were taken at Experimental Point 2 in Figure 1. At this time, the control cultures (30 mg/l methionine
without Rapa) were entering senescence and displaying characteristic changes in gene expression associated with
senescence, such as increased p16/N€*A and p21©P1/Wafl |evels and reduced lamin B1. A senescent cell sample is used as
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while protein levels were assessed at Week 23. Bars marked with an asterisk represent values that are significantly
different from relative control values (without Rapa) at P < 0.05 and bars marked with a pound sign represent values that
are significantly different between conditions with or without Rapa within the same methionine group (i.e., Ctrl, MetR)
as evaluated using a two-tailed unpaired T test. Imnmunoblot analyses were repeated a minimum of three times and the
Nanostring results are representative of two independent experiments. Nanostring results were verified by quantitative

real-time RT-PCR.

a G2 block, consistent with previous reports (Yano et al., 2014; Yano
et al., 2016), but this block was alleviated with the addition of Rapa.

We next sought to assess the impact of the various culture con-
ditions on the senescence program. Senescence-associated
molecular markers were examined at a point in the life span when
the cultures under standard conditions exhibited a reduced prolif-
eration rate and were nearing their maximal cPDL, i.e., the onset
of senescence (Experimental Point 2 in Figure 1). At this point in
their life span, control cells exhibited increased steady-state
mRNA and protein levels of p21 and p16 (Figure 2, A-D). In con-
trast, the combination of MetR plus Rapa treatment reduced p16
protein and mRNA levels consistent with an inhibition of the se-
nescence program (Figure 2B). MetR alone increased p21 protein
levels, which is consistent with published results (Johnson and
Johnson, 2014; Koziel et al., 2014). However, the addition of Rapa
to methionine-restricted cultures reduced p21 protein (Figure 2B),
consistent with the cell cycle changes described in Supplemental
Figure S2.
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We also examined lamin B1 mRNA and protein levels because
decreased expression of lamin B1 is a robust marker of senescence
(Shimi et al., 2011; Dreesen et al., 2013; Shah et al., 2013). The com-
bination of MetR plus Rapa treatment preserved both lamin B1 pro-
tein and mRNA (Figure 2, A and E), although Rapa alone had the
greatest impact on lamin BT mRNA levels (Figure 2E). We also veri-
fied that Rapa suppressed mTORC1 signaling, as evidenced by a
reduction in phosphorylation of the ribosomal Sé protein (Figure
2B). Interestingly, MetR also reduced Sé phosphorylation. Taken to-
gether, these results demonstrate that mTOR inhibition relieves the
G2 block induced by MetR and that key mediators of the senes-
cence program are not expressed in the presence of Rapa and
MetR. Because telomere attrition plays an important role in replica-
tive senescence, an analysis of telomere status in the cultures was
performed. The cultures treated with the combination of MetR and
Rapa at high population doublings had an average telomere length
similar to the late passage HCF cells suggesting telomere attrition
was not affected (Supplemental Figure S3A). In addition, telomerase
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activity was undetectable in any of the cultures (Supplemental
Figure S3B).

Methionine plus Rapa treatment enhances the rate of
autophagy

Both Rapa treatment and MetR have been shown to activate au-
tophagy, which is related to life span in yeast (Alvers et al., 2009;
Johnson and Johnson, 2014; Ruckenstuhl et al., 2014), invertebrates
(Hansen et al., 2008; Bjedov et al., 2010), and mammalian cells (Le-
rmer et al., 2013a; Liu et al., 2015).To evaluate the impact of MetR
plus Rapa treatment on autophagy in HCFs, we determined the au-
tophagic flux in proliferating cultures (Experimental Point 1) based
on 1) the turnover of both endogenous microtubule-associated pro-
tein 1 light chain 3 beta (LC3B) and green fluorescent protein (GFP)-
tagged LC3B, 2) the presence of a cleavage product of GFP that is
relatively stable in the lysosome, and 3) the number of LC3 puncta.
By examining the relative levels of cytosolic LC3BI and autophago-
some-associated LC3BIl in the presence and absence of lysosomal
inhibitors (leupeptin/NHg), we can determine the flux of LC3B
through the autophagy pathway. Immunoblots of endogenous
LC3B are presented in Supplemental Figure S4A and the calculated
rate of autophagic flux is presented in Supplemental Figure S4B.

Autophagic flux was significantly elevated by MetR and similarly
by Rapa treatment, but the combination of the two conditions ele-
vated flux to an even greater extent. We also determined the turn-
over of exogenous GFP-LC3B (Supplemental Figure S4C), which
correlated with the turnover of endogenous LC3B. The cleavage
product of the GFP protein was visualized following inhibition of
lysosome activity (Supplemental Figure S4C); GFP-LC3B was used
to visualize autophagosomes (LC3 puncta in Supplemental Figure
S4, D and E) and provide a means to quantify the number of au-
tophagosomes within a cell. Using this approach, we found that
cells exposed to the combination of MetR plus Rapa treatment con-
tained the highest number of autophagosomes (Supplemental
Figure S4D). These results demonstrate that autophagy is elevated
under conditions of MetR or Rapa treatment but is further enhanced
when the two conditions are combined. To assess the potential im-
pact of enhanced autophagy on cell function, we examined cell
proliferation for up to 10 wk after targeting the autophagy-related
5 (ATGS5) factor using an shRNA approach. Interestingly, we found
that silencing ATG5 suppressed proliferation in cells cultured under
standard conditions, while cultures grown under all other condi-
tions continued to proliferate, suggesting that both MetR and Rapa
treatment create a setting in which cells are able to compensate for
reduced ATGS5 levels and maintain proliferation (Supplemental
Figure S4F).

We next explored the mechanisms leading to the enhanced au-
tophagy induced by the combination of MetR plus Rapa treatment.
Two major nutrient sensors that regulate autophagy are mTORCH1
and general control nonderepressible 2 (GCN2). Phosphorylation of
GCN2 and the ternary complex protein elF2a. increased in cultures
subjected to MetR plus Rapa treatment compared with either treat-
ment alone (Supplemental Figure S5A). Consistent with increased
GCN2 activity, activating transcription factor 4 (ATF4), C/EBP ho-
mologous protein (CHOP), and caseinolytic mitochondrial matrix
peptidase proteolytic subunit (CLPP) mRNA levels were also ele-
vated (Supplemental Figure S5B). We also found that the combina-
tion of MetR plus Rapa treatment elevated ATG12 and ATGS pro-
tein levels (Supplemental Figure S5A). These results reveal a
synergjistic effect of Rapa treatment and MetR on both GCN2 signal-
ing and the rate of autophagy, both of which are known to increase
stress resistance.
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Transcriptome-wide analysis reveals that methionine-
restricted cultures treated with Rapa do not produce a
senescent profile at high population doublings

To understand how the MetR plus Rapa-treated cells may be able to
evade senescence, we turned to a global assessment of the impact
of MetR plus Rapa treatment using RNA sequencing analysis. RNA
was isolated from both early passage cells at cPDL 30, which repre-
sents the point at which 50-60% of the life span is completed for
these cultures (Experimental Point 1 in Figure 1) and late passage
cells at cPDL 52 (Experimental Point 2 in Figure 1) when the cultures
were entering senescence. RNA was isolated from methionine-re-
stricted, Rapa-treated, and combination methionine-restricted/
Rapa-treated cells at Week 20 (Experimental Point 2 in Figure 1).
This is a point at which the treated cells retain high proliferative ca-
pacity and were surpassing the maximal life span of control cultures.
It represents 50-60% life span completion for these cultures. RNA
was also isolated at Week 47 (Experimental Point 3 in Figure 1) from
the MetR plus Rapa-treated cells to determine whether these cells
eventually express a senescent transcriptome profile. Prior to dif-
ferential expression analyses, RNA sequence data were subjected to
a series of validation analyses including internal validation between
sequencing runs and a comparison to a custom Nanostring gene
panel which included senescence-related genes. RNA sequencing
was performed in triplicate with the exception of the very late pas-
sage (cPDL91, Experimental Point 3 in Figure 1) cultures exposed to
MetR plus Rapa treatment, which were run in duplicate due to the
limited amount of material.

Next, we confirmed that RNA isolated from the untreated late
passage cells displayed a gene expression profile consistent with
senescence by examining the expected increase in mRNA levels of
CDKN1A, CDKN2A, IL6, IGF1R, IGFBP5, and IGFBP7, as well a de-
crease in LMNB1 mRNA, which is known to occur during senes-
cence (Shimi et al., 2011). Volcano plots of differentially expressed
genes between early and late passage, as well as a comparison of
early passage to the very late passage MethR plus Rapa treatment,
are presented in Figure 3, A and B. Evaluation of a subset of gene
expression changes known to occur with senescence (Coppe et al.,
2008; Coppe et al., 2010) in both settings reveals that the control
cultures display a pattern consistent with senescence while these
genes show a very different pattern of expression in the very late
passage MethR plus Rapa cultures (bar graphs in Figure 3, A and B).
Similarly, an evaluation of genes associated with the proinflamma-
tory phenotype of senescent cells, the SASP, revealed a differential
impact of the treatments. A subset of SASP factors, such as IL-6,
were reduced most strongly by Rapa, while others, such as IGFBP3
were more strongly affected by MtheR (Supplemental Figure 6).
Given the remarkable longevity of the cultures exposed to the com-
bined MetR plus Rapa treatment, we sought to determine whether
these cells eventually activate the senescence program using a
global approach. We expanded the transcriptome comparison to
produce a sample distance matrix (SDM) based on the overall simi-
larity of gene count profiles between each sample and calculated
Euclidean distances within DESeq2 (Figure 3C). The differences in
sample distance can be appreciated in the SDM in Figure 3C by
examining the numerical values and shading. The values correlate
with the intensity of shading where darker blue indicates a greater
similarity or smaller Euclidean distance. Numerical values are in-
versely related to distance. The greatest similarity is found on the
diagonal, as samples are most highly related to themselves with
values of 0. Samples within replicates fall within a Euclidean dis-
tance of approximately 30-50, whereas more distantly related sam-
ples produce a Euclidean distance of 150 or greater. At cPDL 91,
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cultures exposed to both MetR plus Rapa treatment exhibited a
Euclidean distance of greater than 180 to both early passage and
late passage control cultures, indicating little similarity to either
state. These results suggest that although the growth rate is signifi-
cantly reduced at early passage by MetR plus Rapa treatment, the
senescence program is not activated under these conditions. Addi-
tionally, a principle component analysis (PCA) was conducted to
further distinguish the relative similarity of samples in our study. This
PCA was able to model approximately 50% of the variability in our
data. In the PCA plot in Figure 3D, the late passage samples group
separated from the early passage samples. The Rapa-treated cells
and the combination-treated cells cluster between the early and the
late passage cells. Interestingly, we observed distinct clustering of
MetR cells and a more distant cluster containing the very late pas-
sage combination MetR plus Rapa cells, confirming the SDM analy-
sis which indicated that the very late passage combination MetR
plus Rapa-treated cultures have a unique transcriptional profile not
related to senescence.

As an independent verification that the MetR/Rapa cells do not
senesce, we examined the chromatin state using ATAC seq. In this
approach, areas of euchromatin and heterochromatin can be evalu-
ated. Senescent cells are known to undergo chromatin remodeling
at multiple levels from nucleosome density to higher-order structural
changes (Parry and Narita, 2016). Genomewide overviews of the
ATAC seq data reveal a distinct expansion of heterochromatic re-
gions in senescent cells consistent with the epigenetic modifications
associated with senescence. The expansion of these regions is not
apparent in late passage cells treated with the MetR plus Rapa com-
bination (see chromosome 9 presented in Figure 4A and each indi-
vidual chromosome presented in Supplemental File 2). These areas
generally correlate with regions lacking H3K27 acetylation and rela-
tive inaccessibility to DNAse cleavage (see UCSC tracks included in
Figure 4A). Published data using FAIRE analysis indicate a general
silencing of promoter elements during senescence coupled with en-

hanced signal from heterochromatic regions (De Cecco et al., 2013).
Global analysis of the ATAC sequencing analysis reflects this shift
with a reduced accessibility of promoter regions coupled with in-
creased accessibility in intergenic regions (Figure 4B), suggesting
that we are able to visualize the expected changes associated with
senescence in the analysis. Interestingly, a reduction in peak density
in exons is observed in senescent cells and this shift appears to also
occur in the late passage MetR plus Rapa combination (Figure 4B).
Additional RNA-Seq analysis was performed to understand the
unique gene expression profile of the combination-treated cells
when they reach an extended life span (Week 47). In this analysis,
the MetR plus Rapa cultures at very late passage were compared
with every other treatment in the study and a list of differentially
expressed genes was established using DESeq2. With a threshold of
an absolute value log2-fold change (L2FC) of 2.5, we identified 1756
differentially expressed genes: 266 genes were up-regulated and
1490 genes were down-regulated. A Database for Annotation, Visu-
alization and Integrated Discovery (DAVID) pathway analysis was
performed and 10 pathways were identified that were potentially
activated based on the analysis of up-regulated genes. DAVID path-
way analysis also identified 57 pathways that were potentially re-
pressed based on the down-regulated genes. To narrow down the
affected pathways based on down-regulated genes, only the top
250 genes were used in the pathway analysis. The gene lists were
used for comparisons between groups as outlined in Supplemental
Figure S7 in diagram form; 12 pathways were detected. The most
significant positively affected pathway was the ribosome synthesis
pathway. Interestingly, the list of genes included genes encoding
both nuclear and mitochondrial ribosomal proteins, suggesting an
impact on both cytoplasmic and mitochondrial protein synthesis.
Additional up-regulated pathways included pyrimidine metabolism,
vascular smooth muscle contraction, oocyte meiosis, cell cycle, pro-
gesterone-mediated oocyte maturation, purine metabolism, oxida-
tive phosphorylation, VEGF signaling, and MAPK signaling. The

FIGURE 3: HCFs exposed to MetR plus Rapa treatment do not undergo replicative senescence. Panel (A) contains a
volcano plot showing differential gene expression analysis of late passage control cells compared with early-passage
control cultures. The graph compares the log [2-fold change] in sequencing counts with the (-)log 10 of the P value for
each comparison. A total of 789 mRNA sequences met the criteria of P < 0.05 and a log 2-fold change of 2. A subset of
genes whose expression levels are known to be altered during the senescence program were identified in the analysis
and these genes are presented in the bar graph to the right of the plot. Three senescence-related genes from this list
are labeled in the volcano plot. Panel (B) contains an identical comparison as in (A) comparing early passage cells with
the very late-passage MethR + Rapa-treated cells at PD 91. Note that the senescence-associated genes show a
completely different pattern of expression from the results in (A). Panel (C) contains the results of distance matrix
analysis for all cultures in the study. Early passage cells were used at Week 4, while late passage, Rapa-treated, MetR,
and Rapa+MetR were used at Week 23 (Experimental Points 1 and 2 in Figure 1). Samples labeled EarlyPass represent
values from early passage (cPDL 25) cells. Samples labeled RapaCtrl contain values from cultures treated with only Rapa.
Samples labeled MetR contain values from methionine-restricted (1 mg/l) cultures. Samples labeled RapaMetR contain
values from cultures exposed to MetR plus Rapa. Samples labeled LatePass contain values from senescent control
cultures. The Rapa+MetR samples were used at Week 47 (Experimental Point 3 in Figure 1). These late passage (cPDL
91) cultures maintained under the combination of MetR plus Rapa treatment are labeled OldRapaMR. The gene count
profile from each RNA-Seq sample was compared with all other RNA-Seq samples to evaluate general similarity. Darker
blue shading indicates a shorter Euclidean distance (greater similarity) compared with lighter blue shading which
indicates a longer distance. Each block contains the numerical Euclidean distance for the given comparison with a higher
number indicating a greater distance. The diagonal shows zeros indicating that a sample compared with itself gives an
identical value, as similarity between samples is inversely related to distance. Samples with names ending in a letter
were included in RNA-Seq Run 1. Samples with names ending in a number were included in Run 2. Panel (C) contains the
results of a PCA of the RNA-Seq data. The plot represents the general similarity of each sample based on the top 500
differentially expressed genes. Circles represent samples run in the first round of sequencing and triangles represent
samples run in the second round of sequencing. Each treatment is color coded. Note that the samples from the very
late passage MethR plus Rapa treatment cultures cluster separately from all other samples in accordance with the SDM

results.
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FIGURE 4: MetR plus Rapa treatment preserves chromatin accessibility. Panel (A) contains chromatin accessibility as
assessed by ATAC seq analysis for a representative chromosome (chromosome 9). Two independent replicates from
cultures at early passage, late passage (senescent), and late passage treated with MetR plus Rapa are presented.

In (A), peaks are presented as black lines, resulting in dark regions denoting high accessibility, while regions of reduced
accessibility lack coverage and appear as white areas (indicated by red circles on senescent tracks). For comparison,
UCSC tracks denoting ENCODE generated open chromatin marks (DNAse hypersensitivity and Histone H2K27ac) are
presented below the ATAC seq analysis. Panel (B) contains an analysis of the relative peak density in intergenic, intron,

exon, 5" UTR, and promoter regions in each sample set.

12 pathways that were down-regulated included renin secretion,
cGMP-PKG signaling, ovarian steroidogenesis, calcium signaling,
cAMP signaling, retinol metabolism, PI3K-Akt signaling, cancer
pathways, cytokine—cytokine receptor interaction, Rap1 GTPase sig-
naling, protein digestion and absorption, as well as pancreatic se-
cretion. These results indicate that cultures maintained under condi-
tions of MetR plus Rapa treatment at high population doublings
have a unique expression profile that is not comparable to late pas-
sage cultures grown under standard culture conditions.

Next, we wanted to compare the MetR, Rapa, and combination
cultures to identify genes expressed uniquely in cells exposed to the
combination at midlife span, since these changes might enable the
cultures to evade senescence. A list of genes, uniquely differentially
expressed when ~50% of the life span was completed for the Rapa-
treated, MetR cultures (Experimental Point 2) relative to control cul-
tures when ~50% of the life span was completed (Experimental Point
1), is shown in Table 1. To generate the gene list in Table 1, differen-
tially expressed genes with an L2FC and an adjusted P value < 0.05
were established (P < 0.05 and L2FC>I1l) for each condition (MetR,
Rapa treatment, and combination MetR plus Rapa). Lists were com-
pared with one another as shown in the Venn diagram in Supple-
mental Figure S7. Genes that were differentially expressed under the
combination condition alone were considered uniquely expressed in
the combination and subjected to DAVID Functional Annotation
Analysis. No functional pathways were identified for genes with re-
duced expression. DAVID pathways identified as up-regulated and
most related to nutrient sensing included lysine degradation, gly-
8 |
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cine, serine, threonine metabolism, and thyroid hormone signaling.
Examining the genes identified by DAVID as belonging to these
pathways revealed several genes related to methionine metabolism
in each pathway. For example, the differential expression of genes
related to the recycling of methionine from homocysteine was the
basis for the identification of the glycine, serine, and threonine me-
tabolism pathways. These genes included betaine-homocysteine
S-methyltransferase (BHMT), which catalyzes the synthesis of methi-
onine using homocysteine and the methyl donor betaine and cysta-
thionine gamma-lyase (CTH), also involved in homocysteine metab-
olism and the transsulfuration pathway, which is required for longevity
in response to dietary restriction (Pajares and Perez-Sala, 2006; Kabil
et al., 2011). The thyroid hormone signaling pathway was identified
by the differential expression of seven genes including 6-phospho-
fructo-2-kinase/fructose-2,6-biphosphatase 2, a critical regulator of
glycolysis. Finally, differentially expressed genes in the lysine degra-
dation pathway included ASH1L, set domain-containing protein 1B
(SETD1B), and lysine-specific methyltransferase 2D (KMT2D), which
were significantly increased in cultures exposed to the combination
of MetR plus Rapa treatment. These enzymes act in concert to pro-
duce trimethyllysine, the first step in a direct pathway to produce
carnitine. Carnitine is an indispensable mediator of intermediary me-
tabolism required for transporting long chain acyl groups across the
mitochondrial membrane by carnitine palmitoyltransferase 1 (CPT1)
to facilitate beta oxidation (Britton et al., 1995; Bonnefont et al.,
2004; Strijbis et al., 2010). In our transcriptome analysis, CPT1 was
also increased significantly under the combined conditions of MetR

Molecular Biology of the Cell



No. Adjusted
KEGG pathway (unique to combo) genes Gene names P value P value
Glycine, serine, threonine metabolism 5 BHMT, CTH, DMGDH, GLDC, PSAT1 3.2x 103 0.28
Axon guidance 8 EPHA4, ROCK2, NTN2, PAK2, PLXNA2, PPP3R1, SEMA3C, UNC5B 3.8 x 103 0.42
Thyroid hormone signaling 7 PFKB2, MDM2, MED13L, NOTCH1, NOTCH2, THRB, MYC 9% 1073 0.40
Taste transduction 4 SCNNT1TA, TASTR3, TAS2R31, TAS2R5 3.4x102% 071
Lysine degradation 4 ASH1L, SETD1B, KMT2D, COLGALT2 4.8x 1072 0.8
T cell receptor signaling pathway 5 FOS, PAK2, PPP3R1, PTPRC, TEC 7.9%1072 0.9
Proteoglycans cancer 7 MDM2, ROCK2, TIAM1, ANK2, ERBB3, MYC, VEGFA 9.6 x 1072 0.91

TABLE 1: Gene pathways uniquely up-regulated in cultures maintained in metR + Rapa.

plus Rapa treatment in both early and late passage cells versus early
passage controls (1.6- and 4-fold; adjusted P=0.0095 and P=6.2 x
107, respectively). These results indicate that the combination of
mTOR inhibition and MetR induces a unique transcriptional profile
that includes the expression of multiple enzymes involved in methio-
nine metabolism, mitochondrial activity, and potentially, chromatin
remodeling. Based on this analysis, we developed a working model
in which MetR + Rapa induces the expression of KMT2D, SETD1B,
and ASH1L to enhance beta oxidation and impact histone modifica-
tions leading to a block to senescence.

Cultures subjected to MetR plus Rapa are able to

maintain oxidative phosphorylation and prevent the
senescence-associated glycolytic shift

To verify that the differences in gene expression are reflected in func-
tional differences at the cellular level, we sought to determine
whether we could detect a difference in fatty acid oxidation as pre-
dicted by the increase in enzymes leading to carnitine production.
Consistent with our previous work (Nacarelli et al., 2018), the oxygen
consumption rate (OCR) was increased in senescent cells. In addition,
we examined respiration rates in cultures exposed to MetR, Rapa
treatment, and the combination. In this assay, exogenous palmitate is
added to cultures and the resultant change in oxygen consumption
provides an indication of the relative ability of the culture to use beta
oxidation. An initial analysis comparing early and late passage cells
revealed that early passage cells increased their OCR when provided
with exogenous palmitate, an effect that was blocked by etomoxir, an
irreversible inhibitor of CPT1 (Figure 5A). In contrast, late passage
cells were unable to increase their OCR when provided with exoge-
nous palmitate, and etomoxir had little influence on the OCR. Rapa
treatment allowed late passage cells to respond to palmitate in a
manner similar to early passage cells (Figure 5B). MetR did not have
a significant effect on response to palmitate but increased response
to etomoxir. Cells exposed to the combination treatment exhibited
the most robust response of all conditions tested (Figure 5C). In ad-
dition, glucose uptake was lowest in those cells subjected to the
combination treatment (Figure 5D). In parallel with OCR, we were
able to simultaneously measure the extracellular acidification rate
(ECAR). The ECAR largely reflects the glycolytic rate, although other
cellular processes can contribute to the ECAR. The ratio of oxygen
consumption to extracellular acidification provides a measure of the
relative use of oxidative phosphorylation versus glycolysis. Of the
growth conditions tested, cells subjected to the combination MetR
plus Rapa treatment exhibited a significantly lower basal respiration
and ECAR. These cells also had a significantly increased metabolic
ratio (OCR/ECAR), suggesting a greater dependence on mitochon-
drial oxidative phosphorylation over glycolysis, while senescent cells
showed greater glucose utilization relative to all other conditions.
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By examining the OCR of cells following the sequential addition
of inhibitors of the mitochondrial pyruvate transporter (UK5099),
glutaminase (BPTES), and CPT1 (etomoxir), one can assess the rela-
tive ability of the culture to alternate between carbon sources to
maintain oxidative capacity. By subjecting cultures under the various
growth conditions to this analysis, we found that cells maintained
under a combination of MetR plus Rapa treatment exhibited a sig-
nificantly increased capacity for alternating between pyruvate and
glutamine/fatty acids to support oxygen consumption, compared
with metR or Rapa treatment alone. Senescent cells exhibited the
lowest capacity for alternating between carbon sources (Figure 6).
These analyses suggest that cultures maintained under a combina-
tion of MetR plus Rapa treatment have an increased capacity for
beta-oxidation and an enhanced ability to alternate between car-
bon sources consistent with the increased expression of CPTT,
KM2D, SETD1B, and ASH1L.

Histone H3 levels are maintained by MetR plus Rapa while
knockdown of ASH1L induces senescence

We next sought to confirm that the activity of the histone H3 meth-
yltransferases KMT2D, ASH1L, and SET2D was essential for the
maintenance of a proliferative phenotype in HCFs. We first con-
firmed the altered mRNA levels of these enzymes (Figure 7A) and
introduced a set of five short hairpin (sh)RNA targeting vectors di-
rected against ASH1L because this enzyme displayed the greatest
elevation in mRNA levels and the target histone H2K36 is important
for transcriptional fidelity (He et al., 2008; Sen et al., 2015). Of the
five targeting vectors, two produced a significant decrease in ASH1L
mRNA levels (Figure 7B). Cells harboring these vectors underwent
senescence within 5 d of selection. These cultures acquired the clas-
sic senescent phenotype of enlarged cells that stain strongly for the
senescence-associated -galactosidase activity (Figure 7, C and D).
These results confirm that expression of ASH1L is required to main-
tain the proliferative state and that decreased expression of ASH1L
can trigger senescence. We also examined the potential conse-
quences of MetR plus Rapa on histone H3 abundance, which is
known to decrease during senescence (lvanov et al., 2013; Duarte
etal., 2014). Total levels of histone H3 were increased relative to late
passage cells (Figure 7E) as were histone H3 modifications at H3K36
(Figure 7F). The metabolic consequences of targeting ASH1L were
examined by evaluating ECARs in the presence and absence of
mitochondrial inhibitors. ASH1L targeting resulted in a glycolytic
shift consistent with induction of senescence (Figure 7, G and H).

DISCUSSION

We report the rather surprising result that normal diploid fibro-
blasts can evade the senescence program under the appropriate
conditions. In examining the impact of two interventions known to
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influence cellular metabolism, MetR and Rapa treatment, we noted
several unexpected interactions. Both MetR and Rapa treatment
are known to decrease the growth rate of human fibroblasts
(Lerner et al., 2013a; Johnson and Johnson, 2014; Koziel et al.,
2014). The anticipated outcome of combining these two treat-
ments would be a further reduction in growth or perhaps cell
death; however, we find the opposite. Rapa at nanomolar concen-
trations alleviates the G2 arrest and rescues the growth deficit as-
sociated with MetR. Detailed analysis of gene expression profiles
and heterochromatin in these cultures confirms that the cells do
not exhibit characteristics of senescence.

10 |
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In terms of the mechanism by which MetR plus Rapa treatment
enables the cells to evade senescence, mTOR is known to regulate
glycolysis and has been implicated as a mediator of the Warburg
effect in cancer (Yecies and Manning, 2011). Given that the mTOR
pathway is active in both senescent cells and a variety of aging tis-
sues (Nacarelli et al., 2015), it seems clear that the glycolytic state of
senescent cells is at least partially dependent on mTOR activity, and
inhibition of mTOR signaling prevents the glycolytic shift. The unique
aspect of the current study is that the rather extreme metabolic state
induced by MetR in combination with inhibition of the mTOR path-
way reveals metabolic responses that may not be easily detected

Molecular Biology of the Cell
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control. Significance is based on unpaired, two-tailed, Student’s T test. Results are
representative of two independent experiments.
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otherwise. For example, the strong up-regu-
lation of autophagy for proper repurposing
of intracellular stores is more pronounced in
the Rapa-treated cultures, while the methio-
nine-restricted state produces a need for
enhanced recycling of SAM stores as re-
vealed by the increased expression of en-
zymes related to SAM recycling such as
BHMT. This interplay creates a unique meta-
bolic state that appears to prevent transition
into senescence. How this relates to chroma-
tin structure and impairment of chromatin
remodeling typical of senescence may be
explained by the fact that the methyltrans-
ferases KMT2D, ASH1L, and SETD1B not
only play a role in beta oxidation through
carnitine synthesis but also have a role in his-
tone H3 lysine 4 and lysine 36 methylation
(Papp and Muller, 2006). The expression
level of these specific genes was greater
than 10-fold higher when the methionine-
restricted, Rapa-treated combination cul-
tures reached very high population dou-
blings (Experimental Point 3), suggesting
they were important to the sustained prolif-
eration of these cultures. Consistent with
this, trimethylation of H3K4 is one of the
strongest hallmarks of open chromatin. In
addition, ASH1L has been reported to meth-
ylate lysine 36 on histone H3 (Byrd and
Shearn, 2003), which is important for tran-
scriptional fidelity during senescence (He
etal., 2008; Sen et al., 2015) and potentially
antagonizing polycomb silencing (Miyazaki
et al., 2013). These methyltransferases are
also implicated in histone methylation of
telomere regions (Caslini et al., 2009), fur-
ther supporting an impact on the senes-
cence program. Further, levels of H3 are
known to decrease during senescence and
the protein is processed during senescence
to remove the tail region (Gregory et al.,
2007; Ivanov et al., 2013; Duarte et al,
2014). The increase in H3 levels and H3
modifications in general suggests that the
senescence-associated changes in H3 are
mitigated by the treatment (Figure 8). Since
the intracellular concentration of S-adenosyl
methionine is in the range of the K, for the
methyltransferases (Mentch et al., 2015;
Mentch and Locasale, 2016), shifts in methi-
onine concentrations and methyltransferase
levels can potentially affect regional histone
modifications. This connection between
metabolic enzymes and chromatin remodel-
ing may partially underlie the effect of this
unique metabolic state (observed under the
combination of MetR plus Rapa treatment)
on the global chromatin remodeling associ-
ated with the senescence program.
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by the three enzymes KMT2D, SETD1B, and ASH1L. Rate limiting steps in both carnitine
synthesis and histone 3 methylation at lysine 4, a critical site for transcriptional activation of

gene promoters. Targeting the most differentially expressed of these enzymes, ASH1L, results in

a dramatic decrease in transcription, a metabolic shift toward glycolysis, and senescence. We

(0 mg/l), which is known to be a source of
methionine. Parallel sets of cultures were
maintained in identical growth medium with
the addition of 1 nM Rapa (Enzo Life Sci-
ences). For cell culture under normoxia, cells
were cultured for the entirety of the life span
in a hypoxic chamber (Coy Laboratory) pre-
equilibrated to 6% O, and 5% CO, at 37°C.
For nucleotide supplementation studies,
cells were maintained in the standard cul-
ture medium as described above with 1, 5,
or 10x the standard concentration of nucle-
otides added to the culture medium. Popu-
lation doubling was calculated according to
Cristofalo and Charpentier (Cristofalo and
Charpentier, 1980).

Immunoblotting

Cell protein extracts were prepared by ex-
traction with RIPA buffer containing a prote-
ase inhibitor cocktail (Sigma-Aldrich) and
protein concentration was quantified using
a bicinchoninic acid assay (Pierce Biotech-
nology). Immunoblot analysis was per-
formed using 15 to 30 ug of protein extracts
subjected to SDS-PAGE and transferred
onto nitrocellulose membranes (Bio-Rad).
Blots were incubated with antibodies spe-
cific for the following proteins: beta-actin
(A2066)(Sigma-Aldrich);  p16 (JC8, sc-
56330), and HDM2 (SMP-14, sc-965) (Santa

propose that these three enzymes help coordinate metabolic status with epigenetic

modifications during senescence.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Cell culture and cell culture reagents

HCEF cells were cultivated in MEM supplemented with 10% fetal bo-
vine serum, 1% L-glutamine, 1% MEM vitamins, and 1% MEM non-
essential amino acids according to a standard culture protocol for
life span analysis of human diploid fibroblasts (Cristofalo and Char-
pentier, 1980). For MetR studies, cells were cultured in methionine-
free DMEM supplemented with 10% fetal bovine serum and 1% L-
glutamine. L-methionine was added to a final concentration of 30
mg/| for standard cultures. Methionine-restricted cultures contained
either 3 mg/l of methionine (90% reduced) or 1 mg/| of methionine
(97% reduced). MetDEF lacked methionine in the culture media

Cruz Biotechnologies); p53 (Ab-6, OP43)
and p21 (Ab-1,0P64) (EMD Millipore);
phospho (S235/236)-ribosomal protein S6
(2211), ribosomal protein S6 (54D2, 6194),
phosphor (S473)-AKT (D?E, 4060S), AKT (C67E7, 4691S), beta-tu-
bulin (10376), eEF2 (2332S), phosphor (T898) GCN2 (3301), GCN2
(3302), phosphor (S51)-elF2a. (9721), elF20. (9722), ATG5 (2630),
ATG12 (2010), and LC3B (2775) (Cell Signaling); p62 (Q13501)(Enzo
Life Sciences); IL-6 (A0286) (NeoBiolab); and lamin B1 (ab16048)
(Abcam), according to the manufacturers’ instructions. Immunoblots
were visualized using 800 LI-COR secondary antibodies with IRDye
680 on a LI-COR Odyssey Imaging System analyzed utilizing LI-COR
Odyssey Software Version 3.0 (LI-COR Biosciences).

Mitochondrial respiration (oxygen consumption), ECAR, and
glucose uptake

Oxygen consumption and the ECAR were measured on a Seahorse
XF24 Analyzer (Seahorse Bioscience) using the XF Cell Mito Stress

cultures examined in (B). Panel (D) contains representative photographs of HCF cells stained for SA-B-galactosidase
harboring either the pLKO vector or the pLKO expressing one of the two shRNA molecules directed against ASH1L.
Induction of senescence was repeated in two independent experiments. Differences marked with a single asterisk
represent significance at P < 0.05. Differences marked with a double asterisk represent significance at P < 0.01.

Panel (E) shows the histone H3 content of late passage cells and late passage cells cultured under MetR + Rapa
conditions. Panel (F) shows relative levels of H3K36me1, 2, and 3. Relative quantities for the modifications are presented
as absorbance units per ng H3 protein. Panel (G) shows the graphic output of the ECAR generated from a Seahorse
extracellular flux analysis system. Panel (H) contains an integrated quantification of the ECAR from the Seahorse
extracellular flux analysis. The flux analysis results are representative of three independent experiments and two
independent lentiviral vectors expressing shRNA constructs targeting the ASH1L mRNA shown in (B). Differences
marked with a single asterisk are significant at P < 0.05 and differences marked with a double asterisk are significant at

P<0.01.
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Test and XF Mito Fuel Flex Test kits, respectively. Cells were seeded
at a density of 15,000 to 25,000 cells per well in an XF24 microplate.
The plates were then loaded into the analyzer, which was preloaded
with a sensor cartridge containing oligomycin, carbonilcyanide p-
triflouromethoxyphenylhydrazone (FCCP), and rotenone/antimycin
A for the Mito Stress Test and UK5099, BPTES, and etomoxir for the
Mito Fuel Flex Test. Oxygen consumption was measured after se-
quential addition of the compounds in a minimum of three indepen-
dent experiments. Respiration rates and ECARs were assessed ac-
cording to published methods (Dranka et al., 2011; Hill et al., 2012).
Mitochondrial respiration was calculated based on OCR measure-
ments. All OCR measurements were performed using triplicate
samples at a minimum. For the Mito Stress Test, basal respiration
represents the initial OCR, while maximal respiration represents oxy-
gen consumption following FCCP addition. ATP-linked respiration
represents the oligomycin-sensitive oxygen change to the basal
OCR. Nonmitochondrial sources of oxygen consumption were sub-
tracted by normalizing to the rotenone/antimycin A-insensitive OCR
measurements. For the Mito Fuel Flex Test, the calculated rate of
oxidation was based on the percentage of OCR inhibition after
treatment with metabolic pathway pharmacological inhibitor(s). Py-
ruvate oxidation was determined following treatment with UK5099
(8 uM), while capacity was determined after sequential treatment
with BPTES (10 puM)/etomoxir (15 pM) followed by UK5099 treat-
ment. Glutamine/palmitate oxidation was determined following
treatment with BPTES/etomoxir, while capacity was determined fol-
lowing sequential treatment with UK5099 followed by BPTES/eto-
moxir treatment. The spare capacity was determined based on the
difference between capacity and oxidation. OCRs and ECARs were
normalized to the cell number by counting cells in each well at the
completion of the assay using the Guava EasyCyte Mini. Glucose
uptake was determined by measuring glucose levels in the media
using an ACCU-CHEK glucometer and was normalized to cell num-
bers using a Guava EasyCyte Mini flow cytometer.

Quantitative real-time PCR and NanoString analysis

RNA was isolated from cells using TRIzol solution (ThermoFisher Sci-
entific) or the RNeasy Kit (Qiagen). RNA was then subjected to
quantitative real-time PCR (qRT-PCR) or NanoString analysis. Tag-
Man Assays (ThermoFisher Scientific) were utilized for gRT-PCR with
the following probe sets: GAPDH (Hs99999905-m1), ATF4
(Hs00909569_g1), CHOP (Hs00358796_g1), and RPL5 (Hs03044958_
g1). For gRT-PCR analysis, ATF4 and CHOP levels were normalized
to GAPDH levels. All gRT-PCR experiments were conducted using a
Stratagene Mx3000P thermocycler. NanoString analysis was per-
formed according to the manufacturer’s protocol (Geiss et al., 2008).

RNA extraction, cDNA synthesis, and sequencing

Total RNA was isolated from triplicate samples of HCFs (early pas-
sage, late passage, methionine restricted, Rapa treated, and combi-
nation treated) using TRIzol extraction. Total RNA was then submit-
ted to the Drexel University College of Medicine Center for Genomic
Sciences for quality control, polyA selection, cDNA library prepara-
tion, and sequencing. The cDNA library was prepared using the
TruSeq Stranded mRNA Library Prep Kit (lllumina) and sequenced
using the lllumina NextSeq 500 platform over two runs with the
75-cycle High Output Kit (Version 1). Two independent sequencing
reactions were performed.

Mapping of RNA-Seq reads
For read alignments, the GRCh37.75 reference was used. The fol-
lowing alignment algorithms were used to map all samples to the
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reference. Specifically, the Burrows-Wheeler Aligner algorithm
(BWA, v0.7.10) and the STAR aligner (v2.4.0 h) in conjunction with
downstream analysis tools were utilized to independently arrive at a
set of differentially expressed genes. Importantly, only uniquely
mapping reads were retained by filtering with Sambamba (v0.5.0)
using a mapping quality of 21 for BWA and 255 for STAR. General
mapping statistics were generated using the Sambamba Flagstat
tool or the STAR aligner.

Generating count tables

A series of Bioconductor packages for R were used to create count
tables reporting the number of reads mapping to each transcript in
the reference gene set using either the BWA or the STAR align-
ments. Specifically, these packages were R Samtools (v1.18.2), Ge-
nomic Features (v1.18.3), and Genomic Alignments (v1.2.1). The
output of this workflow was a data table with counts per annotated
gene per sample suitable for direct use in the differential expression
analysis. In addition, the counts per gene were normalized using the
reads per kilobase of transcript per million mapped reads (RPKM)
method by dividing the total counts aligned to each gene by the
kilobase length of that feature and the total number of millions of
reads in the sample.

Differential gene expression analysis

While independent differential gene expression analyses were
tested, the majority of differential gene expression analysis was per-
formed using the DESeq2 (v1.6.3) package in R. Individual contrasts
were conducted within the DESeq2-generated object on raw counts
normalized by the median ratio method and statistical significance
was determined after multiple testing corrections and calculation of
fold changes based on a fitted model of normalized counts. For this
analysis, significant differential gene expression was determined us-
ing a false discovery rate-adjusted P value of 0.05 (adjusted with the
Benjamini-Hochberg adjustment). Venn diagrams were generated
using R. Additional data visualization was performed using R, in-
cluding the ggplot2 package (v1.0.0). To follow general convention
and to provide estimated expression levels, plotting was performed
using RPKM values. However, statistical significance was generated
using the normalized median ratio values within DESeq2.

Validation of differential expression analysis

Gene read counts from replicates within a group correlated with
adjusted R-squared values >0.98 when plotted against one another.
To confirm there was no sequencing bias between RNA sequencing
preps and runs, we ran one RNA sample (EarlyPassA) through both
runs. When gene read counts were plotted against one another, the
adjusted R-squared value was 0.994, suggesting that these two
samples were extremely similar despite being handled separately
(Supplemental Figure S8). As an additional validation, mRNA ex-
pression values from the RNA-Seq data were compared with results
acquired previously using NanoString analysis, which provides di-
rect fluorescent-labeled mRNA counts using two contiguous probes
for each mRNA species. The expression of 44 genes from both
mRNA counting methods, when plotted against each other for each
of the five conditions, confirmed that these two methods did indeed
corroborate the findings of R-squared values, ranging from 0.37 to
0.53 for each treatment comparison (P values 5.5 x 107 to 1.6 x
1078; Supplemental Figure S9).

Pathway analysis and gene ontology

DAVID pathway analysis was used for pathway enrichment and gene
ontology analysis. Gene lists created through DESeq?2 thresholding
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were fed into the DAVID functional annotation tool in order to provide
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway correla-
tions and rank important genes involved in the given pathway.

Chromatin accessibility assay

ATAC-seq was performed as described previously (Buenrostro et al.,
2013), with minor modifications. Nuclei were isolated from 50,000
cell pellets from biological duplicates for each condition. Cell pellets
were washed with 50 pl of cold 1x phosphate-buffered saline (VWR
LifeScience) and centrifuged at 500 x g for 5 min. Cells were lysed
using 50 pl cold lysis buffer (10 mM Tris-Cl, Invitrogen), pH 7.4,
10 mM NaCl (Lonza), 3 mM MgCl, (Invitrogen), and 0.1% vol/vol
NP-40 (US Biological). The nuclei were centrifuged at 500 x g for
10 min at 4°C. Nuclei pellets were resuspended in 25 pl transposase
reaction mix (25 pl 2x TD buffer, 2.5 pl transposase (lllumina) and
22.5 pl of nuclease-free water). The transposition reaction was car-
ried out for 30 min at 37°C. Tagmented DNA was purified with a
MinElute Reaction Cleanup kit (Qiagen), according to the manufac-
turer’s instructions; 20 pl of tagmented DNA was used to amplify li-
brary fragments in a 50 pl PCR reaction. The PCR reaction included 5
pl of both index primers (i5 and i7) (lllumina), 15 pl Nextera PCR
Master Mix, and 5 pl PCR Primer Cocktail. Amplification was per-
formed using the following PCR conditions: 72°C for 3 min, 98°C for
30 s, followed by thermocycling at 98°C for 10's, 63°C for 30 s, and
72°C for 1 min. To reduce GC and size bias in the PCR reaction, the
reaction was monitored using quantitative PCR (qPCR) to stop ampli-
fication prior to saturation. To do this, the libraries were amplified for
5 cycles. After 5 cycles, 10 pl of the PCR was taken for further ampli-
fication using PCR index primers i5 and i7. This reaction was run for
20 cycles to determine the additional number of cycles needed for
the remaining 45 pl reaction. Libraries were amplified for a total of
10-12 cycles. Final library purification was performed using AMPure
XP beads with a size selection to enrich for fragments shorter than
700 bp and to remove primer dimers and large >1000 bp fragments.
Library concentration and fragment size distribution were assessed
by Bioanalyzer High Sensitivity DNA kit (Agilent). Libraries were
sequenced on an lllumina HiSeq2500 using V4 chemistry in order
to produce 75 bp pair-end reads. Unless specified otherwise, se-
quencing raw data was processed as follows using a customized ver-
sion of DNAnexus software (DNAnexus Inc.; https://dnanexus.com)
and CHIPseeker package in R/Bioconductor. Initial quality control
analysis was performed using FastQC (https://www.bioinformatics
.babraham.ac.uk/projects/fastqc/). Additional QC was generated
with DNAnexus software. All replicates for all samples were cleared
for current ENCODE QC standards before proceeding for further
analysis. After sequencing, reads were demultiplexed using the pro-
vided barcodes, the lllumina index read and the tool “lllumina De-
multiplex.” The reads were processed and mapped using DNAnexus.
For each obtained sample, adaptors were trimmed. The trimmed
reads were aligned to GRCh38 human reference genome using
Bowtie2. Mapped reads were filtered for mapping quality and
proper pairing using SAMtools. Duplicate fragment reads and reads
mapping to the mitochondrial genome were excluded from all
downstream analysis using Picard Mark Duplicate. Filtered reads
were sorted and indexed using SAMtools. Peaks were called on each
sample using MACS2 in DNAnexus. Narrow peaks (P-value thresh-
old =0.01) generated were filtered for blacklist regions (regions with
a very high ratio of multimapping to unique mapping reads and high
variance in mappability. This includes repeat elements such as satel-
lite DNA, and centromeric and telomeric repeats). Both alignment
and peak calling were performed on both replicates in each sample
by creating pseudoreplicates. Peak annotation was performed using
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the CHIPseeker package in R/Bioconductor. Validation of transcrip-
tion start sites, insert size analysis, and chromatin accessibility plots
for each chromosome are presented in Supplemental File 2.

Telomere length assessment and telomerase activity assay
Telomere length assays were performed by the Risques laboratory
at the University of Washington by gqPCR (Cawthon, 2002). The ser-
vice is available as a fee-based service and includes internal quality
controls validated by the facility. Telomerase activity was evaluated
using the Trapeze assay (EMD Millipore) which utilizes the telomeric
repeat amplification protocol(Herbert et al., 2006) following manu-
facturer’s instructions.

Histone H3 measurements

Total histone H3 and modified levels of histone H3 were examined
using an ELISA-based system produced by Epigentek. Briefly, chro-
matin-associated proteins were extracted by acid extraction using a
histone extraction kit (Epigentek) and evaluated by ELISA using an-
tibodies directed against the total H3 protein and a panel of histone
modifications including H3K4, H3K9, H3K36 mono-, di-, and tri-
methylation. This analysis was performed twice with similar results.

Statistical analysis

The results are representative of at least two independent experi-
ments. A detailed description of the number of repetitions for each
set of experiments is provided in the figure legends. Logistic regres-
sion for growth curves was performed using Prism Graph Pad. Sta-
tistical significance was determined for direct comparisons in RT-
PCR, immunoblot analysis, puncta for LC3 and yH2AX foci, and
differences in metabolic measurements (ECAR, OCAR, glucose up-
take, etc.) using an unpaired two-tailed Student's t test. Data sets
were subjected to normality tests to verify normal distribution of
data. One-way ANOVA with Bonferroni post-hoc analysis was per-
formed on multiple comparison groups where appropriate.
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