RESEARCH PAPER

Nucleus 6:6, 490-506; November/December 2015; © 2015 Taylor & Francis Group, LLC

Rapamycin reduces fibroblast proliferation
without causing quiescence and induces STAT5A/
B-mediated cytokine production
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Rapamycin is a well-known inhibitor of the Target of Rapamycin (TOR) signaling cascade; however, the impact of this
drug on global genome function and organization in normal primary cells is poorly understood. To explore this impact,
we treated primary human foreskin fibroblasts with rapamycin and observed a decrease in cell proliferation without
causing cell death. Upon rapamycin treatment chromosomes 18 and 10 were repositioned to a location similar to that
of fibroblasts induced into quiescence by serum reduction. Although similar changes in positioning occurred,
comparative transcriptome analyses demonstrated significant divergence in gene expression patterns between
rapamycin-treated and quiescence-induced fibroblasts. Rapamycin treatment induced the upregulation of cytokine
genes, including those from the Interleukin (IL)-6 signaling network, such as IL-8 and the Leukemia Inhibitory Factor
(LIF), while quiescent fibroblasts demonstrated up-regulation of genes involved in the complement and coagulation
cascade. In addition, genes significantly up-regulated by rapamycin treatment demonstrated increased promoter
occupancy of the transcription factor Signal Transducer and Activator of Transcription 5A/B (STAT5A/B). In summary, we
demonstrated that the treatment of fibroblasts with rapamycin decreased proliferation, caused chromosome territory
repositioning and induced STAT5A/B-mediated changes in gene expression enriched for cytokines.

Introduction
TORCI is the most studied of the 2 complexes and has been

The evolutionarily conserved target of rapamycin (TOR) com-
plexes function as major signaling hubs downstream of several
essential pathways necessary for growth and development. These
pathways include the phosphoinositide 3 kinase (PI3K)/adenosine
monophosphate protein kinase (AMPK) and insulin signaling
networks with TOR complexes providing the essential link to
processes such as translational control and autophagy. Mamma-
lian TOR (mTOR) signaling is centered on the TOR protein
kinase, which forms the backbone of 2 complexes in higher

eukaryotes; mTOR complex (TORC) 1 and mTORC2.'?
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identified as the major complex mediating nutrient sensing at the
molecular level.*> Under conditions of caloric restriction, a state
of reduced nutrient availability without causing malnutrition,
TORCI function is down-regulated causing decreased protein
translation and increased autophagy.&8 At the cellular level,
decreased availability of critical molecules, such as essential amino
acids,”!? also leads to inhibition of TORC] function, decreased
rates of protein translation and increased autophagy. The inhibi-
tion of TORCI function has been documented to significantly

increase lifespan in a number of model organisms and non-

Volume 6 Issue 6



human primates, as well as significantly reducing the develop-
ment of age-related pathologies, such as cardiovascular disease,
diabetes and cancer.®''™" Based on these observations, disruption
of TOR signaling and function could be a viable strategy for
increasing health and promoting healthier aging.

Rapamycin is a macrocyclic lactone-based drug originally iso-
lated from the bacterium Streptomyces hygroscopicus. Rapamycin
is bound between the mTOR kinase and FKBP12 subunits of
the TORCI1 complex resulting in functional inhibition.
Although it primarily inhibits TORCI, high concentrations or
chronic exposure of rapamycin have also been reported to inhibit
TORC2."*" This compound has attracted a great deal of atten-
tion due to its proposed ability to mimic caloric restriction,
resulting in decreased protein translation, increased autophagy
and increased health and lifespan.'®** These benefits were
observed in both mice fed high-fat diets*® and older mice®® when
fed rapamycin. Rapamycin has been suggested to elicit its anti-
aging properties by preventing senescence under conditions that
would normally cause cells to irreversibly exit the cell cycle.?**
In addition, rapamycin stimulates the degradation of the mutant
Progerin protein in cells from patients suffering from the prema-
ture aging disease Hutchinson Gilford Progeria Syndrome
(HGPS).*

Genome organization is tightly linked to normal and dis-
rupted cellular function. Numerous studies have highlighted how
folding of the genome in 3 dimensional space, such as the inter-
action between the locus control region and the B-globin gene
cluster,””* can facilitate gene expression. These changes in
genome organization can also be observed at a much larger scale
through the monitoring of chromosome territories. Chromo-
some territories can reorganize within the nuclear volume upon
stimulation of normal dermal fibroblasts into quiescence and
senescence.””?! This reorganization occurred rapidly, taking
only minutes in quiescent stimulated cells, demonstrating the
dynamic nature of genome organization and its responsiveness to
stimuli. Given this rapid and dynamic response and the impor-
tance of TOR in regulating cellular function, significant changes
in both genome function and organization could result from
TOR repression.

Our primary aim was to determine the impact of rapamycin-
induced inhibition of TORCI signaling on genome function
and organization. To investigate this, we treated early passage
(<20) primary human foreskin fibroblasts with rapamycin in cul-
ture, resulting in decreased proliferative rates as well as a decrease
in the proportion of cells exhibiting the proliferative marker
Ki67 or actively replicating DNA. Rapamycin also induced chro-
mosome territory re-positioning within the nuclei of treated cells,
representing a shift in genome organization. Decreased prolifer-
ative rates and re-localization of chromosome territories were
comparable to those changes observed in fibroblasts induced into
quiescence by decreased levels of serum, indicating that both
treatments may result in similar cellular responses. Comparative
transcriptome analyses of RNA sequencing (RNA-seq) datasets;
however, demonstrated that rapamycin promoted significant
divergence in transcript profiles. Serum reduction upregulated
genes involved with the complement and coagulation cascade,
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while rapamycin treatment resulted in the upregulation of cyto-
kine genes, including many of those involved with the Interleu-
kin 6 (IL-6) cascade. Transcription factor motif analysis and
subsequent chromatin immuno-precipitation (ChIP) assays
revealed an increase in Signal Transducer and Activator of Tran-
scription (STAT) 5 A/B promoter occupancy, implicating this
factor in regulating rapamycin responsive cytokine-related genes.

Results

Rapamycin reduces cell proliferative rates in normal human
fibroblasts

To determine the impact of rapamycin on proliferating cells,
we treated proliferating primary human dermal fibroblasts iso-
lated from foreskin (designated 2DD)** with 500 nM rapamycin
for 48h, 120h, 168h and 216h, and measured the doubling times
as well as the total number of population doublings within cul-
ture (Fig. 1A and 1B). We observed a significant increase in the
doubling time from an average of 31h under proliferating condi-
tions to a maximum of 224h following rapamycin exposure. In
concordance with this, we also observed a significant decrease in
the total number of cell population doublings, with cells under
proliferative conditions doubling 7.0 times while rapamycin
treated cells only doubled a total of 2.1 times within a 216h time
frame. To further determine the impact of rapamycin on prolifer-
ation, we measured the percentage of 2DD cells exhibiting Ki67,
a nucleolar protein that is a marker of actively proliferating
cells.**** Only 31% of rapamycin-treated fibroblasts were posi-
tive for Ki67 while 70.0% of fibroblasts were positive in prolifer-
ating cultures (Fig. 1C) indicating that fewer cells were actively
in the cell cycle following rapamycin treatment. To confirm that
rapamycin treatment resulted in the expected inhibition of
mTOR function, western blot analyses were performed and a
decrease in activated phosphorylated mTOR was observed (Fig.
S1A). In addition, we observed diminished levels of phosphory-
lated p70-S6 kinase, a downstream target of TORCI, which
indicated decreased TOR activity. Inhibition of TORCI func-
tion induces autophagy which increases the number of light chain
(LC) 3 containing autophagosomes.>> Immuno-fluorescence for
LC3 identified that 72% of rapamycin-treated cells contained
LC3 positive foci in comparison to only 18% in proliferative cul-
tures (Fig. S1B). Together these observations indicate that rapa-
mycin inhibited mTOR function in conjunction with decreased
proliferative status of normal fibroblasts.

Previous studies have demonstrated that decreased levels of
serum in culture media (from 10% to 0.5%) induced quiescence
and caused 2DD fibroblasts to increase cell population doubling
times and decrease the number of Ki67 positive cells.’® In this
study, quiescence induction of 2DD fibroblasts using 0.5%
serum for 120h resulted in 4.3% Ki67 positive cells (Fig. S2A)
with doubling times consistently >500 hours in several repli-
cates, indicating that significantly fewer cells were actively prolif-
erating. In addition, both quiescent induction with reduced
serum and rapamycin treatment caused similar morphological
changes, with cells becoming more flattened while still appearing
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chromosome 18 from the nuclear
periphery to a more central posi-
tion within the nucleus (Fig. 2).
We performed 2D-DNA fluores-
cence 7 situ hybridization (FISH)
to ’paint’ specific chromosomes
and determined the location of
the

nucleus by performing erosion

these chromosomes within

C

analysis. Briefly, erosion analysis
breaks the nucleus into 5 concen-
tric rings or shells of area, with
the outer most shell at the nuclear

Kie7+

Ki67-

periphery considered shell 1 and
the inner most ring, shell 5. The
percent of each chromosome that
falls into each ring was then mea-
sured and divided by the counter
stain signal for chromatin to nor-
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216h malize for DNA content in each

shell. Treatment of rapamycin

individual counts. Scale bar = 10 pm.

Figure 1. Rapamycin decreases the rate of fibroblast proliferation. 2DD fibroblasts were grown under normal
culture conditions or in the presence of 500 nM rapamycin. Cell numbers were monitored and the popula-
tion doubling times (Y axis) calculated over Oh, 72h, 120h, 168h, and 216h (X axis) (red bars represent prolif-
erative fibroblasts and black bars represent rapamycin-treated fibroblasts for both panels). The total number
of population doublings (Y axis) were plotted for control (red) and rapamycin-treated cultures (black). Data
represent single biological replicates and repeated 2 additional times (data not shown) demonstrating paral-
lel trends. Ki67 was immuno-labeled in cells cultured in rapamycin for Oh, 72h, 120h, 168h and 216h (C). Ki67
positive (Ki67+) and Ki67 negative (Ki67-) cells are shown on the left side of the panel. Ki67 was false colored
green. Chromatin was counterstained with H33342 (blue). The percentage of Ki67 positive (%Ki67-+, Y axis)
cells calculated for each time point are shown (X axis). Error bars represent the SEM of the percent cells from

induced a similar repositioning of
chromosome 18 the
nuclear volume, exhibiting a more

within

interior nuclear location. Rapamy-
cin treatment also caused signifi-
of
chromosome 10, moving from an
intermediate position (shells 3
and 4) to a more peripheral posi-

cant re-localization

healthy (Fig. S2B). Neither treatment exhibited deleterious
effects on cell cultures; quiescent and rapamycin-treated cultures
exhibited 96.4% and 97.3% viability via Trypan blue staining
within the respective populations, while proliferative cultures had
97.3% viability (Fig. S2C). We further determined the number
of cells actively replicating DNA by incubation with the thymi-
dine analog, 5’-ethynyl-2’deoxyuridine (EdU) under each condi-
tion. In agreement with our Ki67-based observations, fewer cells
incorporated EdU following rapamycin treatment and quiescence
induction, indicative of a decrease in the number of cells in S-
phase and actively replicating DNA (Fig. S2D). Furthermore,
cells cycle analysis of propidium iodide stained proliferating, qui-
escent and rapamycin-treated 2DD fibroblasts demonstrate that
64.4%, 91.0% and 72.0% of the cells were in G1/GO respectively
(Fig. S2E). Although quiescence induction had a greater impact
on reducing the number of actively proliferating 2DD fibroblasts
(as measured by doubling times, Ki67 levels, EAU incorporation
and flow cytometry), both reduced serum levels and rapamycin
treatment exhibited similar phenotypic consequences.

Previous work has demonstrated that one of the hallmarks of
quiescence induction is the re-positioning of chromosome 18
within the nuclear volume of fibroblasts.”® We re-capitulated
this observation; reduced serum levels resulted in re-location of
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tion, further indicating a shift in
chromosome territory positioning
and  genome reorganization
(Fig. 2). Repositioning of both chromosomes 18 and 10 was
significant with regards to proliferative samples (p values <
0.01). Under all conditions identified for 2DD cells, the X
chromosome remains at the periphery of the nucleus.*
Although the statistical analyses (Student’s T-tests) did show
that there was a difference between quiescent and rapamycin-
treated samples in the ratio of chromosome signal to chromatin,
correlation calculations demonstrate that the X chromosome is
found toward the periphery of the nucleus. Negative correlation
trends were demonstrated for chromosome 18 in proliferative
vs. quiescent (R* value = —0.83) and proliferative vs. rapamy-
cin-treated fibroblasts (R> = —0.99), indicating a significant
shift of chromosome position in response to quiescence induc-
tion or rapamycin treatment. Previous reports also demonstrate
that chromosome 10 moves from an intermediate position
toward the periphery of the nucleus upon quiescence induc-
tion.’® Although T-test’s of our data did not demonstrate signif-
icance when comparing the ratios of signal intensity, correlation
calculations exhibit more similarities in chromosome 10 posi-
tioning between quiescent and rapamycin treated fibroblasts (R*
= 0.87) than between proliferative and quiescent (R? = 0.43).
These correlations indicate that there is a stronger relationship
in the positioning of chromosome 10 following the removal of
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Figure 2. Chromosome re-localization following rapamycin treatment and quiescence induction. Chromo-
somes 18 (top row), 10 (middle row) and the X chromosome (bottom row) were identified in proliferating
(Pro, first column), quiescent (Qui, second column) and rapamycin-treated (Rap, third column) 2DD fibroblasts
by chromosome painting. Red signal represents the identified chromosomes; chromatin was counter stained
with H33342 (blue). Scale bar = 5 um for all images. Following painting, erosion analysis was performed to
designate the location of the chromosomes within the nuclear volume. Nuclei were broken into 5 concentric
shells of area, shell 1 being most exterior and shell 5 being most interior. Graphs for each specific chromo-
some represents the measured ratio of % chromosome signal divided by the % H33342 signal in each shell (Y
axis) to normalize for DNA content in each shell (X axis). Proliferative positioning is represented by blue bars,
quiescent by red and rapamycin-treated in gray. Error bars = SEM. Two tailed Student’s test for unequal vari-
ance were used to demonstrate significant difference in chromosome positioning. ** indicates that both pro-
liferative and quiescent measurements had p values <0 .01. * indicates that only rapamycin had significant
changes in chromosome positioning. # indicates a significant difference (p values <0 .01) between quiescent
and rapamycin-treated samples. Correlation calculations were also performed to demonstrate if the trend in
chromosome positioning was similar or divergent between the samples. Chromosome 18 Pro vs. Qui R? =
—0.83, Pro vs. Rap R* = —0.99 and Qui vs. Rap R* = 0.87. Chromosome 10 Pro vs. Qui R?> = 0.43, Pro vs. Rap R?
= 0.64 and Qui vs. Rap R? = 0.95. X chromosome: Pro vs. Qui R* = 0.84, Pro vs. Rap R? = 0.98 and Qui vs. Rap
R?=0.91.

of direct inhibition via rapamycin.
To determine if there were signifi-
between these
conditions, we performed compar-

cant  similarities
ative transcriptome analyses of
RNA-seq data generated from
mRNAs isolated from prolifer-
ative, quiescent and rapamycin-
treated fibroblasts. Raw sequence
reads from Illumina-based
sequencing were mapped to a ref-
erence genome (GRh37/hgl9),
RPKM
(reads per kilobase of gene per

million reads) method, and then
analyzed using the tool, SeqMonk.

normalized using the

For initdal comparisons, scatter
plots were generated, indicating
the log number of reads from qui-
escent fibroblasts (Fig. 3A) or the
log number of reads from rapamy-
cin-treated fibroblasts  (Fig. 3B),
against the log number of reads
from proliferative fibroblasts. We
highlighted a subset of genes that
changed transcript profiles >5-
fold in quiescent vs. proliferative
or rapamycin-treated vs. prolifer-
ative, and genes that changed >5-
fold in both data sets. In quiescent
2DD fibroblasts, we identified
751 genes that exhibited a >5-
fold change in expression (428
genes up-regulated and 323 genes
downregulated) (Table S3). Rapa-
mycin treatment resulted in 537
genes exhibiting a >5-fold change
(421 genes upregulated and 116
down-regulated)  (Table  S4).
Although the majority of genes
from quiescent and rapamycin-

treated 2DD fibroblasts had simi-

serum and rapamycin treatment than with actively dividing pro-
liferative cells.

Rapamycin treatment and serum restriction induced
divergent transcript profiles

Both rapamycin and quiescence induction reduced proliferative
rates, decreased the number of cells exhibiting Ki67 or actively rep-
licating DNA, and caused the repositioning of chromosomes 18
and 10. These similarities demonstrate that both treatments may
have common or overlapping consequences on cellular function.
The mTOR pathway is downstream of many signaling and growth
factor receptors. Decreased serum levels (which include signaling
and growth factors required for cell growth in culture) induce phe-
notypic changes and decreased growth responses similar to those
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lar read count values to those of proliferating cells (correlations of
0.971 and 0.975 respectively), the scatter plots indicated that there
was litde overlap in the genes that changed expression between
these 2 treatments. Examination of both gene lists revealed that
only 123 genes (76 up-regulated and 47 downregulated) were
common between quiescent and rapamycin-treated fibroblasts
(Fig. 3C; Table S5), indicating that the responses to each condi-
tion were predominantly divergent and unique.

We validated the change in expression of genes from both qui-
escent and rapamycin-treated fibroblasts by reverse transcriptase-
quantitative PCR (RT-qPCR) to ensure that our observations
from RNA-seq were accurate (Fig. S6A). Of the 22 genes ana-
lyzed to have increased >5-fold by RNA-seq in the quiescence
dataset, 19 (86%) were also increased >5-fold by qRT-PCR. Of
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changed expression as a result of
1 each treatment. Cytoscape®® with
ReactomeFI?” was used to classify
highly interacting groups of genes
(modules) from our data sets, and
identify the associated pathway
4 annotation terms (Kyoto Encyclo-
. pedia of Genes and Genome;
KEGG terms). Twenty-four indi-
vidual modules were identified in
the network dataset of genes that
were over-expressed in quiescent
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2DD fibroblasts (Table S7) (p-
value <0.05, FDR <0.05). Exam-

Proliferative

C Qui vs. Rap Up-regulated

Qui vs. Rap Down-regulated

ination of the KEGG terms associ-
ated with these modules showed
significant enrichment in the com-
plement and coagulation cascade

as well as for infection response
(Table 1). Examination of the net-

Figure 3. Scatter plots demonstrate different transcript profiles following quiescence induction or rapamy-
cin treatment. Scatter plot comparing transcript abundance in quiescent and proliferating fibroblasts. The
number of counts for each transcript identified by RNA-seq for proliferative (X axis) and quiescent (Y axis)
fibroblasts was log-base-2 transformed with each square representing a single transcript. Transcripts exhibit-
ing >5-fold increase and decrease in quiescent fibroblasts when compared to proliferative samples are
marked in red (A). Gray squares represent transcripts that did not change abundance >5-fold. The number
of counts for each transcript identified by RNA-seq for proliferative (X axis) and rapamycin-treated (Y axis)
fibroblasts was log-base-2 transformed with each square representing a single transcript. Gray squares rep-
resent transcripts that did not change abundance >5-fold. Transcripts exhibiting >5-fold increase and
decrease in rapamycin treated fibroblasts when compared to proliferative samples are marked in blue (B).
Blue squares in panel A represent those transcripts that had a >5-fold increase and decrease in rapamycin
treated fibroblasts and the red squares in panel B represent those transcripts that had a >5-fold increase
and decrease in quiescent fibroblasts. Green squares in both panels represent transcripts that had a >5-fold
increase or decrease under both quiescence induction and rapamycin treatment when compared to prolifer-
ative fibroblasts. Red or blue text highlights specific genes within each scatterplot. Venn diagrams demon-
strating the number of genes up-regulated (left) or down regulated (right) from quiescent (red circles) or
rapamycin-treated (green circles) fibroblasts in comparison to proliferating fibroblasts (C). Numbers in the
overlapped areas indicate the number of genes changing expression in both quiescent and rapamycin

work associated with this term
shows several genes that have either
increased or decreased in transcript
abundance (Fig. S8). For example,
transcripts from the Serpingl, C2
and CFD genes increased while
Serpinel, F2 and FI12 show signifi-
cantly decreased transcript levels in
response to quiescence induction.
These data demonstrated a previ-
ously unreported enrichment in
KEGG-associated terms in upre-
gulated genes for the complement
and

response to reduced serum levels

coagulation pathways in

treated fibroblasts.

in normal human fibroblasts.

the 11 genes upregulated >5-fold by RNA-seq in rapamycin-
treated data sets, 7 (64%) were >5-fold up-regulated by qRT-
PCR (Fig. S6B). In addition, we tested 17 genes identified from
the rapamycin RNA-seq dataset that were below our >5-fold
cut-off and observed that all of these genes (100%) did not
change >5-fold when measured by RT-qPCR (Fig. S6B). BED-
graphs of the raw sequence reads demonstrate that the AczCI
gene had the highest fold increase as a function of rapamycin
treatment (Fig. S6C). Western blots confirmed that this equated
to an increase in ACTCI protein (Fig. S6D). These results dem-
onstrate that the observed changes in transcript abundance likely
result in biologically relevant changes in protein levels for other
identified genes.

Network analyses reveal enrichment in cytokine-related
pathways following rapamycin treatment

To determine which biological pathways were enriched for by
quiescence induction and rapamycin treatment, we performed
network analyses using identified genes that had significanty
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Analysis of quiescence up-regu-
lated genes demonstrated enrichment for Gene Ontology (GO)
terms involved with the negative regulation of cell proliferation
and negative regulation of mRNA synthesis/transcription (p-
value <0.05) (Fig. S9A).

Ten identified in the under-
expressed gene data set as a function of quiescence induction
(Table S10). Enriched KEGG terms included cell cycle, mitosis,
Aurora B signaling and p53 signaling (Table 2) in addition to

individual modules were

GO term enrichment for biological processes in cell cycle pro-
gression and mitosis (p-value <0.05) (Fig. S9B). These observa-
tions indicated that gene expression patterns for cellular
replication are inhibited in the absence of growth factors.

In contrast to quiescence, the rapamycin-induced network
contained 22 distinct modules (p-value <0.05, FDR <0.05), 19
from the upregulated gene dataset and 3 from the down- regu-
lated gene data set (Table S11). In the rapamycin up-regulated
genes, we observed a significant enrichment for KEGG pathway
annotation terms associated with PI3K-AKT signaling (Table 3),
linking our observations to known mTOR-associated pathways.
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Table 1. Network pathway annotation terms enriched in quiescence upregulated genes. Genes >5 fold up-regulated in response to quiescence induction
were analyzed for enrichment of KEGG terms. The identified enriched pathway KEGG annotation terms (GeneSet) from network analyses are listed. The total
number of genes from the network identified to be upregulated in response to quiescence and belonging to a specific pathway was identified. p-value (with
0 values equating t0o<0.0001) and false discovery rates (FDR) are presented. Nodes identify specific genes/proteins from our data sets present in the

networks.
Genes From
GeneSet Network  p-value FDR Nodes
Complement and coagulation cascades 9 0 <1.000e-03 CFH,CFD,SERPING1,C3,C1R,BDKRB2,C1S5,C2,CFB
Extracellular matrix organization 13 0 <5.000e-04 LTBP4,NCAM1,CTSK,VCAN,MFAP4,FMOD,LUM,DCN,BMP4,
BMP2,TNXB,FBLN1,COL14A1
Staphylococcus aureus infection 7 0 <3.333e-04 CFH,CFD,C3,C1R,C1S,C2,CFB
Metabolism of xenobiotics by cytochrome P450 5 0.0003 2.73E-02 ADH1B,ADH1A,AKR1C2,AKR1C1,ALDH3A1
Pertussis 5 0.0003  2.32E-02  SERPING1,C3,C1R,C15,C2
BMP receptor signaling 4 0.0003 1.97E-02  CHRDL1,BMP4,BMP2,CHRD
Complement cascade 7 0.0007  4.16E-02  CFH,CFD,C3,C1R,C1S,C2,CFB
Cadherin signaling pathway 5 0.0011 5.34E-02 CDH23,PCDHB5,PCDHB4,PCDHB14,PCDHB12
Wnt signaling pathway 8 0.0011 4.79E-02  CDH23,PCDHB5,PCDHB4,SMARCA5,PCDHB14,PCDHB12,SFRP2,SFRP4

However, the most significant pathway annotation term identi-
fied in the up-regulated gene dataset was related to cytokine-cyto-
kine receptor interactions. Examination of the network associated
with this term demonstrates the up regulation of several cytokines
(Fig. S12) and provides a functional relationship between /L-
68T, IL-11, IL-1B, INHBA, CXCL-1, CXCL-3, CXCL-2,
PF4V1, LIF, IFNA1, BMP2, IL-6, IL-8 and TGFBRI genes.
Four of these genes (LIF, IL-8, IL-11, INHBA) ranked within
the top 20 of all genes from the up-regulated data set that exhib-
ited a >5-fold change in expression. We further observed that
many of these genes belong to the IL-6 signaling pathway.
Enzyme linked immuno-sorbent assays (ELISA) for IL-6 and IL-
8 confirmed that these cytokines were produced in response to
rapamycin and secreted into the cell media (Fig. 4A). Western
blot analysis also confirmed elevated levels of the Leukemia
Inhibitory Factor (LIF), also linked to IL-6 signaling, within cell
lysates of rapamycin-treated fibroblasts (Fig. 4B). In addition,
other cytokine/chemokine genes not associated with IL-6 signal-
ing were upregulated, indicating that rapamycin elicits a response
in fibroblasts broadly enriched for in cytokines.

Enrichment for GO terms from rapamycin up-regulated genes
further supports the negative regulation of cell proliferation,
while demonstrating enrichment in terms associated with positive
regulation of mRNA synthesis/transcription (p-value <0.05)
(Fig. S9C). Both of these terms were common to quiescence
induction and rapamycin treatment, and included genes such as
IDI-1, MDM-2, AREG and AREGB. This correspondence of
GO terms indicated that although there were only 76 upregu-
lated genes in common between the datasets, many of these are
involved with signal transduction as well as negative regulation of
the cell cycle and transcription. Other than this, there was no
commonality between the KEGG pathway terms and little over-
lap with GO terms. Network pathway analyses demonstrated
only 4 KEGG annotation terms enriched within rapamycin
down-regulated modules (Table S13), all of which contained <4
genes in each module (Table 4). Analysis of GO terms enrich-
ment indicates that genes promoting general transcription are
downregulated as a function of rapamycin treatment (Fig. S9D),
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further illustrating the divergence in the gene response to quies-
cence and rapamycin.

STATS5A/B binding sites are enriched in rapamycin-induced
gene promoters

To identify mechanisms driving rapamycin-mediated changes
in gene expression, we performed transcription factor motif
searches using the cis-element over-representation (CLOVER)
algorithm.”® We focused on promoter regions from 1000bp
upstream to 50bp downstream of the transcription start site of
genes that exhibited >5-fold change. Several binding motifs for
the Signal Transducer and Activator of Transcription (STAT)
family were enriched in the promoters of genes up-regulated by
rapamycin. We observed an increase in the expression of several
genes, including as /Z-6ST and LIF,*® which are known to be
regulated by the STATSA/B transcription factor. Unlike other
members of the STAT family, STAT5A/B also had a significant
number of reads in our RNA-seq data sets, indicating that it was
expressed. We, therefore, focused our analysis on this transcrip-
tion factor to determine if STAT5A/B played a role in mediating
changes in gene expression in response to rapamycin. Of the 421
genes identified to be upregulated, 144 (34.2%) (Table S14) had
a STAT5A/B consensus binding element (Fig. 5A), a significant
enrichment when compared against the genomic background (p-
value <0.05). Immuno-fluorescence microscopy and subsequent
line scans (Fig. S15A) demonstrated cells treated with rapamycin
have larger, brighter foci of STAT5A/B within the nucleus. Fur-
thermore, immuno-fluorescence for activated phosphor-tyrosine
694 STATS5A/B (STATS5A/B-Y694P) demonstrated brighter
nuclear localization (Fig. 5B). However, it did appear that not
all cells responded identically to the treatment with only a sub-
population (~40%) of labeled cells exhibiting brighter foci.
Examination of our RNA-seq datasets did not show an increase
in STAT5A/B transcripts; however, western blot analysis of pro-
tein extracts from rapamycin-treated 2DD cells did show an
increase in the amount of STAT5A/B (Fig. S15B). Our observa-
tions indicate that rapamycin may lead to the stabilization of
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Figure 4. Protein levels of IL-6, IL-8 and LIF increased as a function of
rapamycin treatment. ELISA assays were used to confirm that the rapa-
mycin-induced increases in transcript profiles from the /-6 and IL-
8 genes also led to increased levels of secreted cytokines (A). Three bio-
logical replicates of culture media from proliferative (PRO) and 5 day
rapamycin-treated cells (RAP) were subjected to sandwich ELISA and the
concentration of both IL-6 and IL-8 determined. p-values for one tailed
Student’s t-tests are shown for IL-6 (* p=0.006) and IL-8 (** p=0.038).
Error bars demonstrate the SEM. Equivalent amounts of whole-cell pro-
tein extracts from proliferative (PRO) and rapamycin-treated (RAP) fibro-
blasts were subjected to protein gel blotting for the LIF protein (20KDa)
(B). A blot for B-actin was also used as a load control. Molecular weights
(in KDa) are shown to the right of the blots.

STAT5A/B protein levels and drive the transcription of
STAT5A/B-mediated genes.

We conducted ChIP assays to determine if the increased pres-
ence of STAT5A/B within the nucleus resulted in increased chro-
matin binding. We confirmed increased STATSA/B occupancy
within the promoters of 15 rapamycin up-regulated genes, 4 of
which encoded cytokines (Fig. 5C). We also tested MMP2,
XPO7, Actin B, which do not contain STAT5A/B elements, as
well as an intergenic region of chromosome 18, and did not see
significant enrichment above input. ChIP for RNA polymerase II
was used to validate enrichment of our assays (Fig. $16). These
observations demonstrate that STAT5A/B promoter occupancy
increased in fibroblasts treated with rapamycin and may identify
this factor as key to mediating the observed cytokine response.

The Suppressor of Cytokine Synthesis (SOCS) family of pro-
teins are negative regulators of cytokine signaling which have
been documented to control STATS5 localization; binding and
sequestering these molecules in the cytoplasm. In a number of
systems, SOCS1 has been shown to control the localization and
transcriptional activation function of STATS.%“*%! Examination
of our RNA-seq data sets demonstrated that rapamycin treatment
resulted in a 5.05 fold decrease in SOCSI transcripts (Table S4).
In biological replicates, we demonstrated a 2.74/—0.06 fold
decrease SOCS! transcript abundance by qRT-PCR validation
(data not shown). Furthermore, ChIP assays for STAT5A/B
demonstrated increased occupancy of the SOCSI promoter in
response to rapamycin (Fig. 5D). Although the levels of tran-
script were reduced, our data indicates that other repressors are
likely bound to this region inhibiting transcription, with
increased levels of STAT5A/B bound at the promoter to quickly
drive expression once the rapamycin stimulus is removed.

In addition to STATS5A/B consensus sites, CLOVER screens of
rapamycin up-regulated genes showed a significant enrichment in
binding elements for the Nuclear Factor of Activated T Cells (NFAT)
transcription factor family (346/422; 82.0%) (Table S17). We also
observed a significant increase in the level of NFATC2 transcript (also
known as NFAT1) as a function of rapamycin treatment (Table $4).
NFAT family members have putative roles in cell proliferation, apo-
ptosis and tumorigenesis, and have been hypothesized to drive the
expression of several cytokines.*” In addition, it has been reported that
NFATC2 acts to repress STATSA/B function.” In our analyses of
promoters, we found that 130/421 (30.9%) promoters contained
both STAT5A/B and NFAT binding elements (Fig. 5E). Further-
more, we found that 130/143 (90.9%) promoters that had STAT5A/
B sites also had an NFAT consensus element. We tested the promoters
of the CXCL-2, JARID and CXCL-I genes which had increased
STATSA/B promoter occupancy, and found that they exhibited
decreased NFATC2 binding in rapamycin-treated cells when com-
pared to proliferative cells (Fig. 5F). Other genes queried (JAK2, ATR,
IDI-1, IVL and LIF) showed little or no binding of NFATC2 under

both proliferative or rapamycin treatments.

Discussion

We observed that rapamycin treatment induced phenotypic
changes of normal human foreskin fibroblasts similar to that of
serum reduction, as well as causing the re-localization of chromo-
somes 18 and 10 within the nuclear volume. In addition,

Table 4. Network pathway annotation terms enriched in genes down-regulated in rapamycin-treated fibroblasts. Genes >5 fold downregulated in response
to rapamycin treatment were analyzed for enrichment of KEGG terms. The identified enriched pathway annotation terms (GeneSet) from network analyses
are listed. The total number of genes from the network identified to be down-regulated in response to rapamycin and belonging to a specific pathway
were identified. p-value (with 0 values equating to<0.0001) and false discovery rates (FDR) are presented. Nodes identify to the genes/proteins from our
datasets present in the networks.

GeneSet Genes From Network p-value FDR Nodes

GPCR ligand binding 4 0.0001 3.30E-02 MCHR1,F2,GNG13,ADM2
Formation of Fibrin Clot (Clotting Cascade) 2 0.0002 2.03E-02 F2,PF4V1

Thrombin signaling through proteinase activated receptors (PARs) 2 0.0002 2.03E-02 F2,GNG13

Gastrin-CREB signaling pathway via PKC and MAPK 3 0.0003 2.05E-02 MCHR1,F2,GNG13
www.tandfonline.com Nucleus 499
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Figure 5. Increased STAT5A/(B)promoter occupancy but not NFACT2 in genes upregulated in response to
rapamycin. Using CLOVER, the promoters of genes that increased expression following rapamycin treatment
were enriched in STAT5A/B transcription factor binding sites. Position weight matrix/sequence logo of this
binding site is shown (A). Scale to the left represents the log-base-2 of the information content of each nucle-
otide and the bottom scale represents the position of those nucleotides within the binding site. Immuno-
fluorescence for phosphorylated Y694-STAT5A/B (Y694P; red) in proliferating (Control) and rapamycin-treated
(Rapamycin) fibroblasts (B). Chromatin is counterstained with H33342 (blue). Scale bar = 10 wm. ChIP assays
were used to compare promoter occupancy of STAT5A/B in proliferative (Pro/blue) and rapamycin treated
(Rap/orange) samples (C). Promoters analyzed are given (X-axis) and the percent enrichment over input
reported (Y-axis). For all ChIP assays, error bars represent the SEM and * indicate significant enrichment with
p-values from one tailed t-tests <0 .05. ChlIP assays for STAT5A/B promoter occupancy in the promoter of the
SOCST1 gene under proliferative (Pro) and rapamycin treatment (Rap) (D). Venn diagram indicating the num-
ber of genes up-regulated by rapamycin (red; 421 genes) that shared STAT5A/B (green; 143 genes) and NFAT
(purple; 345 genes) binding sites (E). ChIP assays were also performed for NFATC2 promoter occupancy. Pro-
liferative (Pro/blue) and rapamycin treated (Rap/orange) samples were compared. Promoters analyzed are

lated genes, such as those related
to transcription (FOXMI) and
regulation of the cell cycle
(CCNBI), were also present in
our RNA-seq data set as well as
the study by Coller and col-
leagues.44 These observations
demonstrate commonalities
between these different, although
similar, cell types in response to
quiescence induced by serum
reduction.

Previous computationally-

based studies predicted rapamy-

rapamycin induced a significantly divergent transcriptional pro-
file than that of quiescence, up-regulating cytokine/chemokine-
related genes. These observations confirmed that although rapa-
mycin decreased cell proliferation without causing cell death, it
did not result in a cellular state similar to quiescence. Increased
occupancy of STATS5A/B in the promoters of these genes impli-
cate this factor as part of the mechanism mediating rapamycin-
induced changes in gene expression.

Network analyses of datasets from both quiescent and rapa-
mycin-treated fibroblasts demonstrated enrichment of several dis-
genes from the

tinct biological pathways. Interestingly,
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cin treatment may lead to

increased cytokine production, in
particular those related to IL-6.*7 While we confirmed this
prediction, we were surprised that such a large number of genes
associated with cytokines/chemokines were upregulated in fibro-
blasts. IL-6 production has previously been linked to stress-
induced premature senescence (SIPS)/replicative senescence and
the senescence-associated secretory phenotype (SASP).*849 A
recent study by Lagerge and colleagues indicated that mTOR
inhibition with rapamycin or knockdown of mTOR components
causes decreased IL-6/cytokine production in senescent fibro-
blasts.”® Although we observed the opposite effect, with increased
IL-6 and IL-8 production, our system used proliferating
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fibroblasts exposed to higher concentrations of rapamycin. 2DD
fibroblasts treated with rapamycin were still able to proliferate,
albeit at a much slower rate, indicating that our treatments were
likely not causing SIPS/SASP. It is a possibility that rapamycin is
inducing cytokine production in proliferating cells while repres-
sing SASP in senescent cells, mediating a balance between the
two states. Rapamycin enhances tumor necrosis factor (TNF)-a
stimulated production of IL-6 and IL-8 in proliferating human
orbital fibroblasts®® supporting our observed link between rapa-
mycin and cytokine production. Although rapamycin has been
partially linked with cytokine production in other cell types,*’
we demonstrate, at least in part, the mechanisms involved with
this stimulation, identifying STAT5A/B and decreased levels of
SOCSI transcription as being involved with this rapamycin-
mediated response.

ELISAs provided further evidence of IL-6 and IL-8 produc-
tion, displaying an increase in the amount of both proteins
secreted from fibroblasts treated with rapamycin. Increased levels
of these cytokines were detected within the culture media after
120h, but the fold change values were not as dramatic as those
observed at the transcript level. This finding raises the possibility
that IL-6 and IL-8 could have effects on adjacent cells within the
environment. Furthermore, western blotting confirmed increased
levels of LIF, which is also an IL-6-related secreted protein.
Future investigations of these proteins should reveal if these sig-
nals are part of the program caused by disrupted nutrient sensing
which promotes increased cellular health and longevity.

Transcription factor motif screens and subsequent ChIP anal-
ysis identified STAT5A/B as one of the factors binding up-regu-
lated gene promoters in response to rapamycin in 2DD
fibroblasts. One of the genes identified to have a STATSA/B
binding site in the promoter encodes the Suppressor of Cytokine
Signaling (SOCS) family member, SOCSI. The SOCSI protein,
which is a negative regulator of Janus kinases (JAK) and STAT
proteins, has previously been reported to sequester STAT5A/B in
the cytoplasm.”" In rapamycin-treated fibroblasts, SOCSI tran-
script abundance was decreased 5.05 fold in our RNA-seq data-
set. This increase in STAT5A/B-mediated transcription of
several cytokine genes agrees with the model in which SOCS1
forms part of the negative feedback loop; decreased expression of
the SOCS! gene possibly leads to decreased protein levels in the
cytoplasm.”” This loss of SOCS1 protein would, therefore, allow
STATS5A/B to translocate into the nucleus, where it binds and
drives the expression of a large number of genes.*! In addition,
several of the cytokines we observed to be up-regulated, such as
IL-6 and LIF, are reported to up-regulate the expression of
SOCS1.> We did not observe an up-regulation of SOCSI
expression; however, this could be due to the ongoing treatment
with rapamycin. Future studies will need to examine how
STATS5A/B and decreased expression of the SOCSI gene are
linked to inhibition of mMTOR by rapamycin. An indirect interac-
tion between STAT5A/B and mTOR has been proposed in T
cells and in response to cytokine signaling5 4. however, the mecha-
nism involved with this is unclear.

Other SOCS family members have a range of functions in dif-
ferent cell types, often acting to form a negative feedback loop
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for cytokine signaling.”> Immune responses implicated in signal-
ing from SOCS family members have been linked to obesity and
type-2 diabetes.”’ While decreased expression of other SOCS
family members was observed, these genes did not reach our cri-
teria for significance. However, these observations may implicate
SOCS family members as potential global regulators controlling
rapamycin-mediated transcription programs in other cell types.

In addition to STAT5A/B involvement with rapamycin-medi-
ated gene induction, we also identified NFATC2 binding sites to
be significantly enriched in these promoters. Previous studies
have identified a physical interaction between STATSA/B and
NFATC2, with NFATC2 acting as a negative regulator.”® The
increased transcription of the NFATC2 gene may be a response
to increased activity of STAT5A/B; the resulting NFATC2 pro-
tein functioning to sequester and inhibit continued STAT5A/B-
mediated transcription. Our ChIP analysis showed, at least in a
subset of promoters analyzed, that NFATC2 is not interfering
with STAT5A/B promoter occupancy.

In conclusion, we have demonstrated that rapamycin induced
a significant change in the transcript profiles of normal human
foreskin fibroblasts, distinguishing rapamycin treatment from
quiescence induction by serum reduction. Furthermore, we
observed increased cytokine/chemokine expression and produc-
tion, including 7L-6, IL-8 and LIF, which coincided with
increased STATS5A/B promoter occupancy at many of these
genes. This STAT5A/B-mediated regulation of gene expression
provides novel insight into the mechanisms through which rapa-
mycin treatment impacts cell proliferation, gene expression and
cytokine production. Our observations link TOR inhibition
with changes in genome function and organization independent
of quiescence; changes which have the potential to regulate cellu-
lar health and longevity which, in turn may influence the aging
process at the tissue/organ/organismal level.

Materials and Methods

Cell culture, cell counts and treatments

The normal human foreskin fibroblast cell line, designated
2DD (previously described in*®), was cultured in high glucose
(5mg/ml) DMEM (GE Health Care) no later than passage 20.
For proliferative cultures, fibroblasts were grown in media con-
taining 10% fetal bovine serum (FBS) (GE Health Care) and 1%
penicillin/streptomycin (Sigma). Cultures were never allowed to
proceed past 70% confluence to prevent contact inhibition. For
passaging and counting, cells were dissociated from the tissue cul-
ture flasks using TrypLE Xpress (Invitrogen) and counted using a
haemocytometer. For determination of cell viability counts, cells
in suspension were mixed 1:1 with 0.4% Trypan blue dye (VWR
international), and the total number of stained and unstained
documented. Cells were induced into quiescence by the reduc-
tion of serum to 0.5% for 5 d Rapamycin treatments were identi-
cal to proliferative cultures but included 500 nM rapamycin (LC
Laboratories, cat #; R-5000) dissolved in dimethyl sulfoxide
(DMSO) in the media (stock solutions of 1.09 mM). Final con-
centrations of DMSO in media were at 0.046%. All parallel
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proliferative cultures were treated with DMSO to avoid artifacts.
Media was changed every 2-3 d to ensure the presence of the
drug over time.

Immuno-labeling

Proliferative, quiescent and rapamycin-treated cells grown on
coverslips were fixed with 4% formaldehyde (FA) in phosphate
buffered saline (PBS) for 10 min at RT. Cells were dehydrated
using an ethanol series up to 100% followed by further extraction
with methanol/acetone (1:1 mixture; 5 min RT). Cells were
rehydrated and further extracted with 0.5% Triton X-100/PBS
before blocking in 1% bovine serum albumin (BSA)/PBS for
20 min. Following this, immuno-labeling with rabbit anti-Ki67
(Novacastra Cat #: NCL-Ki67p_CE) (1:5,000 dilution in 1%
BSA/PBS) and secondary antibody incubation with goat anti-
rabbit A488 (Stratech/Jackson Scientific, Cat #: 111-545-003-
JIR) (1:200 dilution in 1% BSA/PBS) was conducted. Nuclei
were counterstained with Hoechst 33342 (H33342) dye
(1:10,000 dilution in mounting media). Images were collected at
40X magnification with a constant exposure time. Gray-scale
images were imported into Image ] software and an arbitrary
threshold selected for all images. Any nuclei containing label
above the threshold was scored as positive for Ki67.

For immuno-labeling, cells grown on coverslips were fixed in
4% FA/PBS. Cells were permeablized with 0.5% Triton X-100/
PBS. Rabbit anti-LC3 antibody (Abcam, Cat #: ab48394)
(1:2000 dilution) was used to label autophagosome following
rapamycin treatment. Rabbit ant-STAT5A/B (Abcam, Cat #:
ab7969) (1:200) or rabbit anti-STAT5 phospho-tyrosine 694
(Thermo Fisher, Cat #: J.536.2) (1:100) was used for the locali-
zation of STAT5A/B protein. Secondary labeling was achieved
using the above mentioned antibody. All images were collected
in gray-scale, false-colored in Adobe Photoshop (CS5/6) and
merged. Line scans were performed using the McMaster Biopho-
tonics Image] software developed by McMaster University
(https://www.macbiophotonics.ca/software.htm).

EdU incorporation/labeling and flow cytometry

Following 2 and 5 day rapamycin treatment or quiescence
induction, live cells were incubated for 2h with 5uM 5-ethynyl-
2-deoxyuridine (EdU) and fixed using the methods previously
described for immuno-fluorescence. Following permeabilization,
cells were labeled using the Click-It dye reagents (Life Technolo-
gies Cat #: C10338) following the manufacturer’s instructions.
For flow cytometry studies, proliferative, quiescent, and rapamy-
cin treated cells were grown for 5 d before being fixed in a final
concentration of 70% ethanol. Fixed cells were pelleted and
washed in 1 X PBS. Fibroblasts were then re-suspended in 1ml
dH,O and 20 pl of propidium iodide solution (VWR Cat #:
CA421301-BL). 100 pg of RNase was added and samples were
incubated at 37°C for 20 minutes. Analysis was performed using
the BD Accuri C6 flow cytometer, flow rate was set to slow and
10,000 events recorded. Events were plotted using forward scat-
ter (FSC, X-axis) and side scatter (SSC, Y-axis) parameters in
order to identify single cells, and gates were used to remove cellu-
lar debris and doublets from the analysis. A histogram with linear
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axes plotting fluorescence intensity units (X-axis) against events
counted (Y-axis), and gates were set to determine the percentage
of cells in G1/GO, S and G2 phase based on DNA content.

Western blotting

Western blot analyses were performed on protein extracts gen-
erated from proliferative, quiescent and rapamycin-treated cul-
tures. Following disruption of cells from dishes using TrypLE
Express (Invitrogen), cells were pelleted followed by disruption
in RIPA (25 mM Tris-HCI pH 7.6, 150 mM NaCl, 1% NP-40,
1% sodium deoxycholate, 0.1% SDS) buffer. Equivalent protein
amounts were loaded (60 ug) per lane, transferred to nitrocellu-
lose membrane, and blocked with 5% skim milk powder in Tris-
buffered saline containing 0.5% Triton X-100 (SMP/TBST).
Primary antibodies used were rabbit anti-LIF (1:500 dilution,
Abcam Cat #: ab113262), rabbit anti-p70-S6 kinase-phos-
pho421/424 (1:500 dilution, Cell Signaling, Cat #: 9204S), rab-
bit anti-Actin B (1:2000 dilution, Abcam Cat #: ab8227), rabbit
anti-ActC1 (1:500 dilution, Abcam Cat #: ab151787), rabbit
anti-STATS5A/B (Abcam, Cat #: ab7969) (1:2000) and rabbit
anti-phosphor-mTOR (ser2448) (1:500 dilution, Cell Signaling,
Cat #: 55306). Secondary antibodies used were goat anti-rabbit
horse radish peroxidase (HRP) (1:5000 dilution) or donkey anti-
mouse HRP (1:5000 dilution, Jackson Scientific/Cedarlane Cat
#:715-035-150).

2D FISH/Chromosome Painting and Erosion Analysis

Chromosome painting was performed on untreated 2DD
normal human fibroblasts or fibroblasts treated with 500 nM
Rapamycin for 5 d following the protocol detailed by Mehta and
colleagues™ for both the painting procedure and DOP-PCR of
chromosomes to create probes containing biotinylated uridine
residues (biotin-16-UTP, Roche). Digital gray-scale images of
random nuclei were captured using a Photometrics cooled
charged-coupled device (CCD) camera, false-colored and merged
in Adobe Photoshop (CS6). Smart Capture VP V1.4, a Leica
fluorescence microscope (Leitz DMRB) with Plan Fluotar 100 x
oil-immersion lens were used to collect images. New software
called the Cell Nucleus Analyzer was developed (using Python
coding language) for nuclear segmentation and analysis and
based on the analysis software used previously.”® Briefly, the
imaging software divides the DAPI image into 5 concentric shells
of equal area, the first shell being most peripheral, and the inner-
most denoting the interior of the nucleus. The script measures
the pixel intensity of DAPI and the chromosome probe in these
5 shells. Normalization of the probe signal was conducted by
dividing the percentage of the probe by the percentage of DAPI
signal in each shell. > 35 nuclei were measured for each chromo-
some under proliferating conditions or following Rapamycin
treatment. Ratios from each shell were averaged and the standard
error of the mean calculated. Data were plotted as bar graphs
with the X axis representing the shell and the Y axis the % signal
chromosome/% signal H33342. Overlapping cells in the images
were segmented using a semi-automatic method based on the
watershed algorithm56 and user-specified markers. Both 2 tailed
Student’s T-tests for and correlation

unequal variance
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calculations were performed in Microsoft Excel to demonstrate
significance alterations in positioning.

RNA extractions, cDNA library synthesis and RT-qPCR

RNA was extracted from proliferative, quiescent and rapamy-
cin treated cells using either Trizol (Invitrogen) or the FastRNA
Pro Green Kit with FastPrep-24 instrument (MP Biomedicals)
according to the manufacturer’s instructions. RNA extractions
for proliferative, quiescent and rapamycin treated fibroblasts
were conducted at the same time for each replicate. Cultures for
treatment were expanded from a single flask of fibroblasts to pre-
vent any variation in passage or chronological age of the culture.
The integrity of RNA was determined using the Bioanalyzer
(Agilent Technologies) with RNA with an RNA integrity num-
ber (RIN) above 9.0 used for further analysis. For RT-qPCR, 5
ug of RNA was used in each reaction with 50 ng of random hex-
amer used as primers in SuperScriptlIl reactions (Invitrogen) as
per manufacturer’s instructions. Following precipitation, cDNAs
were resuspended in 100 ul H,O. cDNAs were diluted 1:10 and
a 1 ul was used in each 10 ul reaction with 300 nM forward and
reverse primer, 1.5 ul HO and 5 ul 2X IQ RT-qPCR mastermix
(Biorad). RT-qPCR reactions were conducted using the Rotor-
Gene RT-qPCR machine (Qiagen). Each reaction was run in
triplicate with non-template controls to ensure that there was no
contamination. In addition, melt curve analyses were performed
to confirm the presence of only one product in each reaction.
RT-qPCR results were quantified using the AACt method
against 5 normalizing genes: PRDX5, EFEMP2, FAU, SPARC
and FKBP10. The fold change for each gene of interest was com-
pared to each of the normalizers and the average fold change
between the 5 genes calculated. SEM were calculated for all genes
of interest. A complete list of primers used is given in supplemen-
tal information (Table S18).

RNA sequencing and mapping

Extracted RNAs were submitted to Center for the Analysis of
Genome Evolution and Function, (University of Toronto, Tor-
onto, Canada) and poly-adenylated RNAs purified. cDNA librar-
ies were constructed and subjected to paired-end sequencing
using the Illumina GlIx to generate 75bp reads from 2 biological
replicates for proliferative, quiescent or rapamycin treated sam-
ples. All reads were mapped back to a human reference genome
(GRCh37/hgl9 assembly from Ensembl) using the TUXEDO
software package including TopHat2 with the following parame-
ters: —bowtiel -p 8 -r 20 —solexa-quals —coverage-search —micro-
exon-search—library-type fr-unstranded. No clipping of reads was
performed. The resulting BAM files were imported into the
quantification and visualization tool SeqMonk (http://www.bio
informatics.babraham.ac.uk/projects/seqmonk). Using the fea-
ture probe generator function, 149,135 probes were produced
and the reads quantified within these probes using the reads per
kilobase of gene per million reads (RPKM) normalization
method as previously defined within.”” A read value of 0.05 was
added to each probe to avoid infinite values during quantifica-
tion. Examination of several of the transcripts demonstrated that
genes from rapamycin-treated or quiescence samples had
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sufficient read depth indicating that the >5-fold change in these
genes is not an artifact of low data volume. Probes were converted
to genes in SeqMonk, and genes that had significant fold change
in quiescent and rapamycin-treated fibroblasts were calculated
against proliferative reads as baseline. Genes that had transcript
abundance changes, either increased or decreased >5-fold, were
considered significant and used for further analysis.

ELISA assays

Cells were plated as described above. Three mL of media were
used for each flask of cells (with or without rapamycin) and
maintained for the duration of the experiment. After 5 days, the
media was removed, aliquoted and stored at —80°C. ELISA
assays for IL-6 and IL-8 were performed as per manufacturer’s
instructions (R&D Systems) and quantified. One tailed Student’s
t-tests were performed indicating that the observed increase in
protein levels was significant.

Network analysis

Cytoscape®® and ReactomeFI?” were used to identify the
enrichment of network annotation terms (KEGG) to categorize
specific pathways either up-regulated or downregulated (>5-
fold) as a function of quiescence induction or rapamycin treat-
ment. Lists of Ensembl gene IDs were used as input to the Gene
Set/Mutation Analysis function along with the following parame-
ters: 2013 network version and gene set file format. Once the net-
works were constructed, all of the built-in functions within
ReactomeFI Analyze Network Functions were used to determine
KEGG and GO term enrichment within the network. The net-
works were also clustered into a subset of modules using the
Cluster FI Network function within ReactomeFI. The resulting
modules were analyzed for KEGG and GO term enrichment
using the built-in functions within ReactomeFI Analyze Module
Functions (Pathway Enrichment). Each module was required to
contain a minimum of 2 genes to be included in the analysis for
KEGG and GO term enrichment. GeneCodis*®*? was used for
the identification of GO terms associated with biological pro-
cesses for lists of genes that were upregulated or down-regulated
as a function of quiescence induction or rapamycin treatment.
For visualization of the networks, the most significantly enriched
KEGG annotations terms were uploaded to Cytoscape using
CytoKEGG. The nodes were colored based on fold change with
upregulation represented in green and down-regulation in red
with more intensely colored nodes representing those that had
the greatest fold change.

Promoter analysis

CLOVER,* using the TRANSFAC database, was used to
identify over-represented transcription factor binding sites in the
promoters of genes that exhibited a >5-fold change in transcript
abundance during quiescence induction or rapamycin treatment.
The complete set of human promoter sequences was used as a
background baseline. Transcription factor binding sites were
ranked based on raw score and only contained those with p-val-
ues <0.05.
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Chromatin immuno-precipitation

2DD cells were grown to 70% confluence in 150 mm diame-
ter dishes and treated as previously described. The cells were fixed
with 1% FA in 10 mL media for 10 min at 37°C and washed 2X
with 10 mL PBS containing 1X protease and phosphatase inhibi-
tors (Sigma). Cell pellets were lysed for 10 min on ice in 600 uL
SDS Lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris pH
8.0) with added inhibitors. The cells were sonicated on ice, for 3
cycles of 60 sec at 30% duty cycle, into chromatin fragments
500 bp in length. Five ug of anti-STAT5A/B (Abcam, Cat #:
ab7969) was added to 107 cells and incubated overnight at 4°C,
followed by binding of complexes of protein A Dynabeads (Invi-
trogen) overnight at 4°C. For NFATC2 (Abcam, Cat #: ab2722)
or RNAPII-S5 (Abcam, Cat #: ab5131) ChIP assays, 5 ug of
antibodies were bound to protein G (EDM Millipore Cat #: 16—
201) or protein A agarose beads (EDM Millipore Cat #: 16—
157), respectively, for 2h at 4°C. For non-specific binding con-
trols, goat anti rabbit antibodies were bound to both protein A
agarose and Dynabeads. The samples were washed with Low Salt
buffer (0.1% SDS, 1% Triton X, 2 mM EDTA, 20 mM Tris
pH 8.0, 150 mM NaCl), High Salt buffer (0.1% SDS, 1% Tri-
ton X, 2 mM EDTA, 20 mM Tris pH 8.0, 500 mM NaCl) and
TE buffer, and eluted with 500 uL Elution buffer (1% SDS,
0.1 M NaHCO;). Crosslinks were reversed with 20 ul 5M
NaCl incubated at 65°C for 5h, followed by phenol chloroform
extraction and DNA precipitation. DNA was re-suspended in 30
ul ddH20O and 0.67 uL used in 10 uL RT-qPCR reactions car-
ried out with gene-specific (300 nM) primers. A list of ChIP pri-
mers can be found in supplemental information (Table S19).
ChIP-qPCR data was normalized by the percent input method
and enrichment calculated. Standard error was calculated as a
function of the standard deviations between triplicates.

RNA-seq files submitted to the Gene Expression Omnibus;
accession number GSE65145).
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