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PPARγ acetylation governs mammary adenocarcinoma tumor
growth via acetylated residues that determine DNA sequence-
specific binding
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Peroxisome proliferator-activated receptor γ (PPARγ), which is expressed in a variety of malignancies, governs biological functions
through transcriptional programs. Defining the molecular mechanisms governing the selection of canonical versus non-canonical
PPARγ binding sequences may provide the opportunity to design regulators with distinct functions and side effects. Acetylation at
K268/293 in mouse Pparγ2 participates in the regulation of adipose tissue differentiation, and the conserved lysine residues (K154/
155) in mouse Pparγ1 governs lipogenesis in breast cancer cells. Herein, the PPARγ1 acetylated residues K154/155 were shown to
be essential for oncogenic ErbB2 driven breast cancer growth and mammary tumor stem cell expansion in vivo. The induction of
transcriptional modules governing growth factor signaling, lipogenesis, cellular apoptosis, and stem cell expansion were dependent
upon K154/155. The acetylation status of the K154/155 residues determined the selection of genome-wide DNA binding sites,
altering the selection from canonical to non-canonical (C/EBP) DNA sequence-specific binding. The gene signature reflecting the
acetylation-dependent genomic occupancy in lipogenesis provided predictive value in survival outcomes of ErbB2+ breast cancer.
The Pparγ1 acetylation site is critical for ErbB2-induced breast cancer tumor growth and may represent a relevant target for
therapeutic coextinction.

Oncogene (2025) 44:3476–3492; https://doi.org/10.1038/s41388-025-03492-z

INTRODUCTION
The activation of oncogenic signals, downregulation of tumor
suppressor pathways, metabolic changes and alterations in the
tumor microenvironment, including immune cells, adipocytes, and
tumor-associated fibroblasts, contribute to tumor onset and
progression [1–3]. Identifying endogenous target genes governing
tumor metabolism and inflammation is essential to provide a
rational approach to extinguishing multiple pathways activated in
cancer. Upregulation of lipid metabolism occurs in breast tumor
epithelium [4, 5]. Enhanced synthesis or uptake of lipids
contributes to rapid cancer cell growth and tumor formation.
Increased fatty acid synthesis occurs in cancers, and lipogenesis is
essential for tumor growth [6]. Increased lipogenesis and
mevalonate pathway activation are supported by enhanced

expression of the enzymes belonging to these pathways,
regulated by the sterol regulatory element-binding proteins
(SREBPs), the liver X receptors, (LXRα and LXRβ) and PPARγ
[5, 7]. The induction of lipid metabolism occurs early in “normal”
breast epithelium of women who subsequently develop breast
cancer, associated with the upstream regulator PPARγ. Under-
standing the mechanisms governing tumor lipogenesis may
identify therapeutic vulnerabilities. For example, mTORC1
increases SREBP activity and cancer cells driven by the AKT/mTOR
pathway become reliant on de novo lipogenesis [8].
HER2/neu overexpression in breast cancer confers a lipogenic

phenotype [9, 10]. ErbB2 expressing breast cancers represent
~25% of human breast cancers and respond to treatment with
Her2 inhibitors, including Herceptin and the dual tyrosine kinase
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inhibitor lapatinib [11]. Although the introduction of anti-Her2
therapies has led to dramatic improvements in survival, nearly all
patients with metastatic Her2-positive breast cancer will progress
on treatment suggesting the importance of developing coextinc-
tion approaches targeting multiple pathways. The resistance
mechanisms to anti-Her2 therapy include alterations in receptor
tyrosine kinases, local immune cell infiltration, expression of the
nuclear receptor (NR) ERα, and cyclin D1/Cdk4 activity. Recent
studies identified KEGG pathway enrichment of Peroxisome
proliferator-activated receptor γ (PPARγ) signaling in lapatinib-
resistant breast cancer [12].
PPARγ is a NR superfamily member that regulates diverse

biological functions, including lipogenesis and differentiation,
inflammation, insulin sensitivity, cellular proliferation and autop-
hagy [13–16]. Evidence for PPARγ as a tumor growth inhibitor
includes the detection of heterozygous PPARγ mutations in colon
cancer and the finding that PPARγ agonists reduce tumorigenesis
in murine models [17–19]. In contrast, several lines of evidence
suggest PPARγ augments growth, as PPARγ ligands increased
gastrointestinal polyp number in the Apc mouse model of familial
adenomatosis [20], and mammary tumor growth [21]. Further-
more, Cre mediated deletion of Pparγ1 reduced ErbB2-induced
mammary tumorigenesis in transgenic mice [22].
PPARγ regulates much of its known functions through binding

DNA, either at canonical or non-canonical binding sequences. The
canonical DNA binding properties of PPARγ are determined by a
DNA binding domain (DBD) together with the ligand binding
domain or the hinge region. The DBD of PPARγ forms a
heterodimer with the DBD of RXR in a head-to-tail orientation,
which binds consensus DNA elements, known as DR1 sites (a
direct repeat of the AGGTCA element separated by a single
nucleotide). Chromatin immunoprecipitation (ChIP) of PPARγ/
RXRα coupled with whole genome tiling identified enrichment of
the consensus DR1 binding motif in mouse 3T3-L1 adipocytes [23].
PPARγ binds additional DNA cis elements associated with other
transcription factors (TFs), including CCAAT/enhancer-binding
proteins (C/EBPs), NFκB and AP-1 proteins, to promote non-
canonical signaling [24–26].
Although Cre based Pparγ1 gene deletion in mammary tumor

oncomice showed Pparγ1 participates in the onset and progres-
sion of ErbB2-induced mammary tumorigenesis [22], the mole-
cular mechanisms and the post-translational modifications of
PPARγ governing Pparγ1 tumorigenic function remained to be
determined. Post-translational modifications of PPARγ include
phosphorylation [27–29], sumoylation [24], acetylation [30], and
O-GlcNAcylation [24, 28, 31]. Ligand-dependent sumoylation of
PPARγ2 at lysine residue K77 governs the transcription of
inflammatory response genes in mouse macrophages [24, 28].
Acetylation of NRs was initially shown to occur at a conserved
lysine motif shared amongst evolutionarily related NRs [32, 33].
The action of PPARγ is mediated via two isoforms, the widely
expressed PPARγ1, and the adipose tissue-restricted PPARγ2.
PPARγ is acetylated at multiple residues, including K268/293 in
mouse Pparγ2 [30] and the conserved lysine residues (K154/155) in
mouse Pparγ1 [7]. Substitution of these lysines to generate
residues that cannot be acetylated, either arginine (R) [34] or
glutamine (Q) [7] revealed the importance of this modification as
the murine Pparγ1 K154/155Q and Pparγ1 K154/155A were
defective in lipogenesis in tissue culture [7]. The K268/293R
substitution in murine Pparγ2 reduced the conversion of white to
brown fat gene expression [30] and K268/293R acetylation dead
mutant mice were protected from visceral adiposity [34].
The role of Pparγ1 in the growth of mammary adenocarcinoma

and the function of the Pparγ1 acetylation site in breast tumor
growth was not previously known. Herein, we defined the role of
the PPARγ1 acetylation site in breast cancer growth in immune-
deficient mice using distinct breast cancer cell lines (MCF10-Ha-
Ras, MCF10A-NeuT). Furthermore, using ChIP and ChIP-Seq we

show that the acetylated residues of Pparγ1 contribute to altered
preference of cis-element binding in chromatin to augment Pparγ
non-canonical binding (C/EBP proteins). The Pparγ1 acetylation
site governs Pparγ-mediated tumor growth, stem cell expansion
and autophagy.

MATERIALS AND METHODS
Mouse tumor models
All animal experiments were approved by the Institutional Animal Care and
Use Committee of Thomas Jefferson University, protocol number 782A. All
methods were performed in accordance with the relevant guidelines and
regulations. Animals were housed and maintained at Thomas Jefferson
University in a pathogen-free barrier facility under National Institutes of
Health (NIH) guidelines. 12-week-old Female NCr nu/nu (NCI, Bethesda,
MD) mice received 1 × 106 of MCF10A-NeuT or MCF10A-Ras cells stably
expressing PPARγ1 WT, PPARγ1 K154/155Q, PPARγ1 K77R or its vector
control suspended in 50 μL of Dulbecco PBS lacking calcium and
magnesium (DPBS) and 50 μL of BD Matrigel Basement Membrane Matrix
(BD Biosciences) by subcutaneous injection at one dorsal flank. The
injection was performed using 27.5-gauge needle. Transgenic mice
encoding tamoxifen inducible CRE recombinase with the genotypes of
Pparγ1FLOX/FLOX ROSA26mTmG/CRE-ERT2 or Pparγ1WT/WT/ROSA26mTmG/CRE-ERT2

were described previously [22].

Antibodies
All Antibodies for Western blotting and IHC were previously described
[7, 35] and were purchased from commercial sources. BNIP3 (ANa40) was
from Abcam, BNIP3L (GTX28399) was from GeneTex. SCD1 (M38), LC3A
(D50G8 XP), Cleaved Caspase-3 (Asp175) and p-Rb (Ser780) were from
Cell Signaling. BECN1 (H-300), Cyclin D1 (DCS-6), SREBP1 (H-160), SREBP2
(H-164), FASN (H-300), PPARγ (H-100), PPARγ (E-8), Bcl-XL (H-5) and total
Rb (C-15) were from Santa Cruz. Vinculin (SPM227) was from Novus.
FLAG (M2) was from Sigma-Aldrich. GDI was RTG Sol (Gaithersburg, MD).

Cell culture, plasmid DNA, and transfection
The HEK293T and MCF-10A cell line were initially purchased from ATCC.
The early passages of the cells were stored. MCF10A-NeuT, and MCF10A-
Ha-Ras cell lines, the expression plasmids encoding 3XFLAG-PPARγ1 and
mutants (K154/155Q and K77R), the MCF10A-NeuT cells stably expressing
PPARγ1 WT, PPARγ1 K154/155Q and PPARγ1 K77R of MSCV-IRES-GFP and
the MCF10A-Ha-Ras cells stably expressing PPARγ1 WT, PPARγ1 K154/155Q
and vector control of pCDH-CMV-MCS-EF1-RFP were established as
described [7]. The cells thawed from low passage stocks were used within
1 month of the initial thaw. During the experiments, the morphology of all
cell lines was checked under phase contrast microscope routinely. The
mycoplasma contamination was determined with Hoechst 33258 staining
under high magnification fluorescent microscope routinely and/or with
ATCC Universal Mycoplasma Detection Kit.
Mammosphere assays were conducted as previously described [36, 37].

Markers for breast cancer stem cells using CD24-CD44+ [38–40] was
conducted by FACS analysis of isogenic breast cell lines (MCF10A-NeuT-
vector, MCF10A-NeuT-PPARγ1 and MCF10A-NeuT-PPARγ1 K154/155Q) as
described [36, 41]. Aldehyde dehydrogenase (ALDH) activity was detected
with ALDEFLUOR Kit (STEMCELL Technologies) as described previously
[36, 42].

Oil Red-O staining and Triglycerides-Glo assay
Oil red-O staining for neutral lipid was described previously [7].
Triglycerides-Glo assay was conducted according to manufacturer’s
instruction [43]. 5000 cells per well were plated into 96-well plate for 24 h.

ChIP assays and ChIP-Seq analysis. ChIP assays [44, 45] and ChIP-Seq
analysis [46] were conducted as described. Raw ChIP-seq reads were
aligned to the hg38 reference genome using the Bowtie v.2 algorithm.
Only uniquely aligned reads were retained for subsequent analyses. Peak
calling of individual ChIP-seq replicates was performed with MACS2 with
default parameters [47]. Consensus peaks were identified by intersecting
MACS2 peaks obtained from each sample using bedtools intersect
(v.2.25.0) with minimum overlap >0.6. MCF10A PPARγ1 WT and PPARγ1
K154/155Q consensus peaks were than intersected with bedtools intersect
(-v, minimum overlap= 1 bp) to obtain a list of uniquely-bound peaks in
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PPARγ1 WT and PPARγ1 K154/155Q. Merged bigwig tracks for visualization
were created from merged bam files from all replicates using the
bamCoverage function with scaling factor normalization and heatmaps
and average profiles were plotted with deepTools2 [48]. The gene
annotations of the peaks were ascribed using ChIP-enrich [49]. The
HOMER motif discovery suite (v.4.10) was used for motif analysis, using
random, matched regions as background. For CEBP sites enriched at K154/
155Q mutant only peak we used the Homer motif CEBP(bZIP)/ThioMac-
CEBPb-ChIP-Seq (GSE21512)/Homer. Motifs were ranked by log P value
from hypergeometric enrichment calculations (or binomial) to determine
motif enrichment. Observed/expected fold change enrichment analyses
were performed using GAT [50].

Gene expression analysis
Total RNA was extracted from frozen MCF10A-NeuT PPARγ1 wildtype and
MCF10A-NeuT PPARγ1 K154/155Q mutant murine xenograft tumor tissues
using the RNeasy Kit (Qiagen). cDNA was generated using the Super- Script
II Reverse Transcriptase Kit according to the manufacturer’s instructions.
RNA quality was determined by an Agilent 2100 bioanalyzer. Probe
synthesis and hybridization to Affymetrix gene chips, Human Exon 1.0 ST
Array (Affymetrix, Santa Clara, CA), were performed according to the
manufacturer’s manual. Chips were scanned on an Affymetrix Gene Chip
Scanner 3000, using Command Console Software. Background correction
and normalization were done using Iterative plier 16 with GeneSpring
V12.0 software (Agilent, Palo Alto, CA, USA). 2-fold (p < 0.05) differentially
expressed gene lists were generated and loaded to David Functional
Annotation Tool (https://david.ncifcrf.gov/home.jsp) for Gene Ontology
(GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) [51] pathway
analysis. Further downstream pathway exploration was performed by
Preranked Gene Set Enrichment Analysis (GSEA) (https://www.gsea-
msigdb.org/gsea/index.jsp) based on log2 fold change between PPARγ1
WT and K154/155Q mutant and groups across the cell types using the
Hallmark pathway database.

Breast cancer patients’ data set and statistical analysis
Breast cancer microarray datasets previously compiled from the public
repositories of Gene Expression Omnibus (GEO) and ArrayExpress were
used to evaluate GPASS expression in the context of clinical samples. The
data were obtained from public databases and were de-identified;
therefore, ethical approval was not required. Differential gene expression
among these sample subsets was evaluated using a 2-tailed Student t-test.
These studies were extended into a larger cohort of patients to examine
GPASS expression in breast cancer genetic subtypes and its correlation
with outcome. Breast cancer microarray datasets from the public
repository GEO, The European Genome-phenome Archive (EGA), and The
Cancer Genome Atlas were used to evaluate GPASS association with
patient survival. The most reliable probe set for each gene was selected
using JetSet. Analysis of GPASS expression was then evaluated by assigning
patients into two cohorts based on the high or low expression of the
GPASS. The intersection of the gene expression data with Raw ChIP-seq
reads aligned to the hg19 reference genome, was calculated. The
correlation between survival and the averaged gene signature magnitude
among these sample subsets was evaluated using Cox proportional
hazards regression. Kaplan–Meier analysis was used to visualize survival
trends within the sample subsets.
Statistical significance of differences in means was determined with two-

tailed Student’s t-tests.

Public datasets. MCF7 CEBPB ChIP-seq data sets were downloaded from
ENCODE ENCSR000BSR https://www.encodeproject.org/experiments/
ENCSR000BSR/.

RESULTS
The PPARγ1 K154/155 is required for the induction of
tumor growth
The 3DZY PDB structure PMID:19043829) of hPPARγ1 (green) with
DNA double helix (blue) and RXR (purple) [52] places the acetylation
sites lysine 154 and 155 in proximity to the consensus DNA binding
site (Fig. 1A). To determine whether PPARγ1 increased cellular
growth, we employed tissue culture and immune-deficient mouse
xenograft tumor models. In prior mass spectrometry analysis,

PPARγ1 was shown to be acetylated at nine lysine residues,
including a conserved lysine motif at K154/155. To determine the
role of the PPARγ1 Κ154/155 acetylation site in cellular growth,
MCF10A-NeuT cells were transfected with PPARγ1 WT, an acetylation
site mutant (K154/155Q mutant) or a control vector. In addition, a
comparison was made with a mutation of another residue (K77R), as
this lysine residue is required for PPARγ1 sumoylation and was
previously shown to enhance PPARγ1 transactivity [53, 54]. Both
PPARγ1 WT and the PPARγ1 K77R mutant transduced cells showed
increased cell proliferation. In contrast, the PPARγ1 K154/155Q
mutant failed to induce cell proliferation (Fig. 1B). The lack of growth
induction by the K154/155Q mutant was not due to altered
subcellular distribution. Similar distribution for the PPARγ1 WT and
PPARγ1 K154/155Q were identified in the nuclear and cytoplasmic
compartments (Fig. S1A, B). Endogenous levels of PPARγ1 in
MCF10A increased upon oncogenic transformation (Fig. S1C) but
were very low compared with the abundance of PPARγ expressed
from the introduced vectors (Fig. S1D, E). The lack of growth
induction by the K154/155Q mutant was not due to reduced levels
of the PPARγ1 K154/155Q protein compared with PPARγ1 WT as
higher levels of protein were identified by Western blot in the
MCF10A-NeuT cells (Fig. S1D, E). Quantitative analysis of lipid
production in MCF10A-NeuT transduced with either PPARγ Wt or
PPARγmutants showed a 3- to 4-fold induction of Oil-Red O staining
with PPARγ WT, with the PPARγ1 K154/155R acetylation mimic or
PPARγ1 K77R, but a ~90% reduction in Oil Red O staining with the
PPARγ1 mutant of K154/155Q, or K154/155A (Fig. S2A,B), consistent
with our prior studies [7]. Intracellular triglycerides were increased in
PPARγ Wt vs K154/155Q (2.31 ± 0.11 vs 0.42 ± 0.06 nmol/5000 cells,
n= 4, p < 0.001) (Fig. S2C). MCF10A NeuT-PPARγ1 and MCF10A
NeuT-PPARγ1-K77R cells were enriched for S phase, which was
reduced ~90% by PPARγ1 mutants of K154/155Q, and K154/155A
(Fig. S2D,E).
MCF10A-NeuT cells stably expressing PPARγ1 WT, PPARγ1 K154/

155Q or vector control were injected into the mammary fat pad of
nude mice. The MCF10A-NeuT cells transduced with the empty
vector failed to populate in the mammary fat pad, as previously
described [55], whereas the PPARγ1 WT was sufficient to promote
MCF10A-NeuT tumor growth in mice (Figs. 1C, D and S3). The
PPARγ1 K154/155Q mutant reduced the growth-enhancing
function of PPARγ (N ≥ 12, WT vs. K154/155Q, P= 0.00011) (Figs.
1C, D and S3). The PPARγ1 K77R tumors grew larger than PPARγ1
WT (N ≥ 12, K77R vs. WT, P= 0.0099) (Figs. 1C, D and S3). To
determine whether the tumor-enhancing function of PPARγ1 was
oncogene-specific, we examined the function of the PPARγ1
acetylation site in Ha-Ras oncogene-transformed breast cancer
cells (MCF10A-Ha-Ras). PPARγ1 WT enhanced MCF10A-Ha-Ras
tumor growth, which was reduced by 75% by the PPARγ1 K154/
155Q mutant (Figs. 1E, F and S4). These results indicate that the
PPARγ1 acetylation site K154/155 plays an important role in
mammary tumor growth induced by either Ha-Ras or oncogenic
ErbB2 in vivo.

The PPARγ1 K154/155 acetylation site governs signaling
pathways of lipogenesis, cell growth, stem cell function,
autophagy and apoptosis in vivo
To determine the molecular mechanisms by which the PPARγ1
K154/155 acetylation site participates in breast adenocarcinoma
xenograft growth, the tumors were subjected to Affymetrix
microarray and David pathway analysis using KEGG and GO
terms. A comparison of the gene expression from the PPARγ1WT
and the PPARγ1 K154/155 acetylation defective mutant identified
GO pathways that were enriched for the terms including “PPAR
signaling” “FOXO signaling” and “Pathways in cancer” and multiple
terms related to stem cell pathways (Fig. S5A). KEGG terms
included “cell proliferation,” “cell growth,” “apoptotic process,”
“DNA damage response” and “autophagy” (Fig. S5B).
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Fig. 1 PPARγ governs breast tumor growth via acetylated residues. A the 3DZY PDB structure of hPPARγ1 (green) with DNA double helix
(blue) and RXR (purple) in cartoon representation, NCOA2 peptides are displayed in light pink, and a small molecule ligand in cyan. The two
lysines receiving the acetylations fall into a loop of one of the PPARγ zinc fingers and are depicted in red stick representation. The inset picture
zooms in on the two lysines. Zinc ions coordinated by the zinc finger-type DNA-binding domains are displayed as blue spheres, and the
cysteins coordinating the zinc atoms in PPARγ are depicted in green stick representation. B MCF10A-NeuT cells transduced with retrovirus
expressing PPARγ1 WT or PPARγ1 mutants were seeded at the same density, and the cell growth curve plotted over a period of 4 days.
C MCF10A-NeuT cells were transduced with PPARγ1 WT or PPARγ1 mutants as indicated. 5 × 106 cells were implanted into the mammary fat
pad of immune-deficient nude mice (n ≥ 12 each group). Tumor growth was measured every 3 days by digital caliper, and tumor volume was
calculated. D Tumors from (C) were weighed at the time of sacrifice and the mean tumor weight was calculated and graphically represented.
Data are mean ± SEM. E MCF10A-Ha-Ras cells were transduced with PPARγ1 WT or PPARγ1 mutants as indicated. 5 × 106 cells were implanted
into the mammary fat pad of immune-deficient nude mice (n= 10 each group). Tumor growth was monitored by measuring tumor size every
3 days. F Tumors from (E) were weighed at the time of sacrifice and the mean tumor weight was calculated and graphically represented. Data
are mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.

L. Tian et al.

3479

Oncogene (2025) 44:3476 – 3492



The expression of genes related to “breast cancer stem cell like
signature” [56] and “IL6 JAK STAT3” signaling were also enriched
(Fig. S4C–E). Genes governing stem cell function induced by
PPARγ1 WT vs. PPARγ1 K154/155Q included ALDH1 gene family
members (ALDHA3, 5A1, 6A1, 1B1, 3B1), KLF4, osteopontin [57]

and EphrinA4. Compared with PPARγ1 K154/155Q the PPARγ1WT
induced osteopontin 2.8-fold (n= 3, SEM, P= 0.008). Target genes
within modules promoting apoptosis induced by PPARγ1 K154/
155Q vs. PPARγ1 WT included PRMT1 [58], EP300 [59, 60], PYCARD
a bipartite protein that promotes apoptosis [61], and TP63 [62]
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(Fig. S4D). Gene expression related to “cancer stem cell” were
differentially regulated by PPARγ1 WT vs. PPARγ1 K154/155Q
(Fig. S4E).
GSEA display evidenced the enrichment of the PPARγ signaling

related pathway including “peroxisome”, “fatty acid metabolism”,
“cholesterol homeostasis”, “stem cell like signature” and “adipo-
genesis” in PPARγ1 WT xenograft tumor compared to the PPARγ1
K154/155 acetylation defective mutant (Fig. 2A) and enrichment of
oncogenic and cell-cycle pathways (Fig. S6, Table S1).
The role of PPARγ in breast cancer stem cell function remained to

be characterized in vivo. To define the role of Pparγ1 in mammary
epithelial stem cell function we conducted mammosphere analysis
of epithelial cells derived from transgenic mice in which the Pparγ1
locus was under control of inducible Cre recombinase expression.
The ROSA26-Cre-ERT2 mice, which encode tamoxifen inducible Cre
recombinase, were intercrossed with Pparγ1FLOX/FLOX mice and
subsequently were intercrossed with ROSA26mT/mG reporter mice
(Fig. 2B). To control for any independent effect of tamoxifen all mice
were treated with a pulse of tamoxifen for 5 days to induce Cre
expression. Twenty-five weeks later mammary epithelial cells were
prepared from ROSA26-CreERT2Pparγ1FLOX/FLOXROSA26mTmG vs.
ROSA26-CreERT2Pparγ1WT/WTROSA26mTmG mice (Fig. 2C). Pparγ1
deficient mammary epithelial cells showed a ~3-fold reduction in
the number of mammospheres formed (Fig. 2D, N= 3 of each
genotype. Pparγ1+/+, 20.3 ± 1.5 and for Pparγ1−/−, 6.8 ± 0.7.
p= 0.0011), although the size of mammosphere was not signifi-
cantly altered (Fig. S7A, B), indicating a role for Pparγ1 in the
initiation and formation of mammospheres.
In the multigenic mice Cre expression mediates deletion of

Pparγ1 and the conversion of RFP to GFP cells (Fig. S8A, B). If
Pparγ1 were to promote mammary epithelial cellular regeneration
and or survival it would be anticipated that the proportion of RFP+

cells would have a growth advantage over GFP+ cells in the
mammary gland after the induction of Cre expression to delete
the Pparγ1 gene. We therefore analyzed the mammary epithelial
cell populations in multigenic mice for GFP, RFP and CK8 (Fig.
S8C). The percentage of GFP vs. RFP positive CK8+ epithelial cells
was determined in the mammary gland of the transgenic mice
25 weeks after the induction of Cre expression.
In the control mice (Pparγ1WT/WT) the proportion of RFP+ cells

was 17.9 ± 5% and the proportion of GFP+ cells was 82.1 ± 5% (the
ratio of GFP/RFP cells was 4.59) (Fig. S8D). In contrast, in
the Pparγ1fl/fl mice (Pparγ1 deficient CK8+ epithelial cells), the
proportion of RFP+ cells was 49.1 ± 6%, the proportion of GFP+

cells was 50.9 ± 6% (the ratio of GFP/RFP cells was 1.04). Thus,
there was a 4.4-fold relative reduction in the relative proportion of
GFP+ cells in the Pparγ1 deficient CK8+ epithelial cells. These
findings are consistent with endogenous Ppar γ1 providing a
replicative/survival advantage in CK8+ mammary epithelial cells
in vivo.
To determine the functional significance of the PPARγ1 K154/

155 acetylation site, equal numbers of mammary cells from the
MCF10A-NeuT-PPARγ1 WT vs. MCF10A-NeuT-PPARγ1 K154/155Q
mutant were compared. The mammosphere number and size

were reduced in the MCF10A-NeuT-PPARγ1 K154/155Q (Fig. 2E–G).
The mammosphere number and size were also induced by PPARγ1
WT in the MCF10A-Ras and MCF10A-Src lines (Fig. S9A–G). PPARγ1
K154/155Q reduced the size of mammospheres compared with
PPARγ1 WT in MCF10A-Ras and MCF10A-Src lines (Fig. S9C, F).
Fluorescent activated cell sorting for CD24-CD44+ mammary stem
cell markers [38, 63] showed the abundance was enriched in the
MCF10A-NeuT-PPARγ1 WT vs. MCF10A-NeuT PPARγ1 K154/155Q
(Fig. 2H, I).

The PPARγ1 K154/155 acetylation site governs de novo
lipogenesis in mammary tumorigenesis in vivo
The tumor samples from MCF10A-NeuT xenograft tumor model
were analyzed for lipogenesis by measuring the abundance of TFs
and critical enzymes required for de novo lipogenesis, including
stearoyl-CoA desaturase (SCD), fatty acid synthase (FASN) and
sterol regulatory element-binding protein (SREBP1,2). Western blot
analysis of individual MCF10A-NeuT tumor samples expressing
PPARγ1 WT, PPARγ1 K154/155Q mutant, or the PPARγ1 K77R
mutant demonstrated a reduction in SCD1, FASN, SREBP1
(precursor and active form), and SREBP2 abundance in cells
expressing the PPARγ1 K154/155Q mutant tumor samples,
compared to PPARγ1 WT tumor samples (Fig. 3A, B, Fig. S10).
MCF10A-NeuT tumors expressing PPARγ1 WT or PPARγ1 K77R
mutant, but not PPARγ1 K154/155Q mutant, demonstrated robust
lipogenesis by Oil Red-O staining (Fig. 3C, D). Immunohistochem-
ical (IHC) staining confirmed the decreased expression of SCD1
and SREBP1 in PPARγ1 K154/155Q mutant MCF10A-NeuT tumor
samples both within the epithelial cells and tumor stroma
(Fig. 3E–H, Fig. S11A, B). These results show that the PPARγ1
K154/155Q expressing mammary adenocarcinomas was less
lipogenic than PPARγ1 WT in vivo.

The PPARγ1 K154/K155 governs breast tumor apoptosis and
autophagy in vivo
TUNEL staining, used as a marker of cell death, was increased in
the PPARγ1 K154/155Q mammary adenocarcinoma (Fig. 4A
(n= >7)). Increased active caspase-3 is a marker of apoptotic cell
death. IHC of MCF10A-NeuT tumor samples demonstrated
increased active caspase 3 in tumors expressing the PPARγ1
K154/155Q mutant (Fig. 4B, Fig. S11C). Western blot analysis
showed that the anti-apoptotic protein Bcl-XL, was decreased by
~90% (N= 6) in tumors expressing the PPARγ1 K154/155Q mutant
(Fig. 4C, Fig. S12A). Collectively, these data demonstrate that the
PPARγ1 K154/155 acetylation site participates in cellular apoptosis.
The autophagy marker Beclin1 (Becn1) was reduced in MCF10A-

NeuT tumors expressing the PPARγ1 K154/155Q mutant (Fig. 4D,
Fig. S12B). BNIP3L, a marker of mitophagy/autophagy [64], was
reduced in MCF10A-NeuT tumors expressing the PPARγ1 K154/
155Q mutant compared with PPARγ1 WT (Fig. 4E, F, Fig. S11D, Fig.
S12C). Lipidated microtubule-associated protein light chain 3A
(LC3A) II, a hallmark of autophagy, was increased in MCF10A-NeuT
tumors expressing PPARγ1 WT and PPARγ1 K77R, and decreased
in MCF10A-NeuT tumors expressing PPARγ1 K154/155Q mutant

Fig. 2 The PPARγ1 K154/155 acetylation site governs stem cell signaling pathways and stem cell function in vivo. A Gene set enrichment
analysis (GSEA) of ErbB2 breast adenocarcinoma xenografts expressing PPARγ1 WT or PPARγ1 K154/155Q showed the enrichment of
pathways associated with peroxisomes, fatty acid metabolism, cholesterol homeostasis, adipogenesis, breast cancer stem cell like
signature and IL6-JAK-Stat3 signaling. Expression was increased by PPARγ1WT compared with the PPARγ1 K154/155 acetylation defective
mutant. B Schematic representation of transgenic mice expressing the ROSA26-CreERT2 mice, which encode tamoxifen inducible Cre
recombinase, Pparγ1FLOX/FLOX mice and ROSA26mTmG reporter mice. C Mice were treated with a pulse of tamoxifen for 5 days to induce Cre
expression. 25 weeks later mammary epithelial cells were prepared from ROSA26-CreERT2/Pparγ1FLOX/FLOX/ROSA26mTmG or ROSA26-CreERT2/
Pparγ1WT/WT/ROSA26mTmG mice treated with tamoxifen. D Number of mammospheres formed (N= 3 of each genotype, Pparγ1+/+,
20.3 ± 1.5 and for Pparγ1−/−, 6.8 ± 0.7. p= 0.0011). E Representative examples of mammospheres formed from isogenic breast cell lines
(MCF10A-NeuT-vector, MCF10A-NeuT-PPARγ1 and MCF10A-NeuT-PPARγ1 K154/155Q). F The number of mammospheres and G the size of
mammospheres is shown as mean ± SEM for N= 3. H Representative fluorescent activated cell sorting for the markers of mammary stem
cells (CD24-CD44+) with (I). mean data shown as ±SEM for N= 3.
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(Fig. 4F, Fig. S12C). To determine whether the induction of
apoptosis and restraint of autophagy by the PPARγ1 K154/155Q
mutant induced counter-regulatory survival pathway signaling,
Western blot was conducted of the tumor tissues for ERK and AKT
signaling. The PPARγ1 K154/155Q mutant was associated with the

induction of β-catenin, GSK3p, and activation of ERK and AKT
signaling (Fig. 4G–I, Fig. S12D). These findings are consistent with
prior studies showing chronic inhibition of proliferative signaling
leads to feedback hyperactivation of PI3K/Akt [65–68]. Cyclin D1
levels showed a trend toward being reduced in the PPARγ1 K154/
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155Q compared with PPARγ1WT (Fig. 4H, S12E). Collectively, these
data demonstrate that the PPARγ1 K154/155 acetylation site
governs apoptosis and autophagy (Fig. 4J).

Acetylation of PPARγ1 K154/155 determines DNA binding
sequence preference in the context of chromatin
ChIP-Seq was used to define the genome-wide DNA sequence-
specific binding characteristics regulated by acetylation of the
PPARγ1 K154/155 residues in breast cancer cells using the
identical approach as previously described [44]. ChIP and input
libraries were generated from two distinct biological samples from
MCF10A-NeuT cells stably expressing vector control, PPARγ1 WT
or PPARγ1 K154/155Q mutant. High-confidence PPARγ1 ChIP-Seq
peaks were identified in MCF10A-NeuT cells expressing PPARγ1
WT or PPARγ1 K154/155Q mutant using masc2 (FDR <5%) and
consensus peaks between two replicates were compared by
intersecting the peak locations. The PPARγ1 K154/155Q mutant
binds to around ~11.3% of the consensus sites bound in the
PPARγ WT (WT= 25,174 peaks, K154/155Q mutant= 2849). Of
these, 22,882 consensus PPARγ1 peaks were present in WT only
and 557 peaks present in K154,155Q mutant only (Fig. 5A).
Average binding profile analysis of normalized ChIP-seq reads
revealed a strong PPARγ1 ChIP-seq signal at PPARγ1 WT only
peaks, while K154,155Q mutant only peaks showed binding in the
K154,155Q mutant ChIP-seq and a reduced binding intensity
genome-wide in the PPARγ1 WT ChIP-seq (Fig. 5B). We next
compared the position of ChIP-seq peaks relative to gene
transcription start site by evaluating the percentage of binding
peaks upstream from the transcription start site as indicated
(Fig. 5C). There was no significant difference between PPARγ1 WT
and the PPARγ1 K154/155Q mutant in the distribution of binding
peaks (Fig. 5C).
The differences in the number of peaks, reflecting chromatin

occupancy, may relate to differences in motif recognition and
transcription factor (TF) binding determined by the PPARγ
acetylation site. The ChIP-seq peak regions were scanned using
position weight matrices generated from TF binding site motifs
collected in the HOMER database. TFs associated with non-
canonical PPARγ regulation, including AP-1, Atf3, BATF, Fosl2,
JunB, Jun-AP1 and Fra1/2, were significantly associated with
PPARγ1 binding in both PPARγ1 WT and PPARγ1 K154/155Q
mutant (Fig. 5D). Canonical PPARE and RXR motifs were only
significantly enriched at PPARγ1 WT only peaks as compared to
matched background regions, while PPARγ1 K154/155Q mutant
only peaks were specifically enriched at C/EBP motifs as compared
to matched background regions (Fig. 5D).
To study the specific binding motifs enriched in PPARγ1 in an

acetylation-dependent manner, the TF motifs were individually
analyzed in the peak regions of PPARγ1 WT only and PPARγ1
K154/155Q mutant only. Of the consensus PPARγ1 WT only
binding peaks, about 32% of the peaks matched the PPARE (NR) or
RXR (NR) motif (32.23% and 32.59%, respectively) (Fig. 5E). In
contrast, only 14% of the PPARγ1 K154/155Q mutant only binding
peaks matched the PPARE (NR) or RXR (NR) motif (12.99% and
15.78%, respectively) (Fig. 5E). We next compared the proportion
of PPARγ1 peaks that were located at AP-1 and C/EBP motifs

between PPARγ1 WT and K154/155Q mutant. For the non-
canonical AP-1 motif, there was no significant difference between
PPARγ1 WT alone (39.78%) and the PPARγ1 K154/155Q mutant
alone (32.25%). Interestingly, PPARγ K154/155Q mutant alone
binding peaks (32.48%) more frequently overlapped the C/EBP
motif than PPARγ1 WT alone (21.88%) (Fig. 5E). To further confirm
the putative change in CEBPB binding at these K154/155Q mutant
only peaks, we quantified the enrichment of CEBPB binding
(ENCODE MCF7; ENCAN087WJW) at both WT only and K154/155Q
mutant only peaks. CEBPB binding sites were significantly more
enriched at K154/155Q mutant only peaks as compared to WT
only peaks (Fig. 5F). These studies suggest that PPARγ1 K154/155
contributes to the binding specificity of the canonical (PPARE and
RXR/155 mutant were preferentially enriched for CEBPB binding as
illustrated in Fig. 5G (Fig. 5G–I).
To establish whether the ChIP seq for PPARγ conducted on cell

lines overexpressing PPARγ in our studies faithfully represented
PPARγ binding sites, we first integrated PPARγ ChIP-seq data from
ReMap2022 [69] and compared the location of the PPARγ peaks
identified in our study to these described in other cell types
(HUVEC, ACS and HT29). We observed a significant overlap
between called peaks in each of the experiments (Fig. S13A) with
~75% of peaks identified in our study being present in at least one
other PPARγ ChIP-seq experiment. Thus, in our study PPARγ is
binding mostly to previously established, functional PPARγ
binding sites. Secondly, we assessed the frequency of PPARγ
ChIP-Seq site binding to the frequency of endogenous PPARγ site
binding in prior studies. We performed analyses of publicly
available PPARγ ChIP-seq in different tissues and cell lines from
ReMap2022 and compared the total number of peaks detected in
each of the experiments to our study (Fig. S13B). The number of
consensus peak binding sites in our studies was similar to the
number of consensus peak binding sites identified by others,
suggesting that the PPARγ expression system used in our study
did not induce random PPARγ binding throughout the chromatin.
Thirdly, we determined the concordance of PPARγ peaks between
the two individual PPARγ ChIP experiments. This analysis showed
over 65% overlap between detected PPARγ peaks in the two
replicates (Fig. S13C), very high correlation between the ChIP-seq
signal at identified peaks (Pearson’s R= 0.9223) (Fig. S13D) and
clear concordant ChIP-seq signal at peaks in both replicates (Fig.
S13E). Fourthly, we assessed whether the distribution of PPARγ
binding site locations within the genome was similar to that
identified for endogenous PPARγ. We compared the RefSeq
distribution of PPARγ peaks from our study (WT Rep1 and WT
Rep2) to that of previously published datasets (HUVEC, ACS and
HT29 from ReMap2022). These analyses demonstrated a similar
distribution of peaks detected in our study to that described in
previous studies (Fig. S13F).

The PPARγ1 K154/155 determines CBP recruitment and H3K9
acetylation
To assess whether the alteration in DNA binding, dependent upon
the PPARγ1 K154/155 residues, may determine the regulation of
cellular functions observed in the breast tumor xenografts in vivo,
we interrogated the depth of coverage of ChIP-Seq reads in

Fig. 3 PPARγ1 K154/155 acetylation site regulates lipogenic gene expression. A Total cellular lysates from MCF10A-NeuT PPARγ1 WT or
PPARγ1 mutant tumor samples (n= 8, each group) were subjected to Western blot analysis with the indicated antibodies. GDI serves as a
protein loading control. All antibodies were blotted on the same membrane except FASN, which was blotted on a separate membrane using
the same cellular extracts. B Quantitative analysis of the protein abundance of lipogenic proteins. Each lipogenic protein was normalized to a
loading control, GDI. Data were presented using the normalized expression ratio of PPARγ1 mutants group compared to PPARγ1 WT group.
C Oil Red O staining on frozen sections from MCF10A-NeuT PPARγ1 WTor PPARγ1 mutant tumor samples. D Quantitative analysis was done by
the imaging software ImageJ. The relative density per cell (n= 6 separate tumors; data are mean ± SEM). E, G IHC staining of tumor samples
derived from MCF10A-NeuT PPARγ1 WT or PPARγ1 mutant tumor samples using the indicated antibodies. F, H Quantitative analysis of IHC
positive staining using imaging software ImageJ. Shown as the relative density per cell (n= 6 separate tumors; data are mean ± SEM).
*P < 0.05, **P < 0.01, and ***P < 0.001.
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promoters of the genes involved in lipid biogenesis and
autophagy. ChIP-Seq analysis showed reduced binding of PPARγ1
K154/155Q compared with PPARγ1 at the regulatory regions of
genes involved in lipid biogenesis (FABP4, SCD, SREBF2 (encodes
SREBP2 protein), and ADIPOQ) (Fig. 6A). In addition, regulatory

regions of genes that promote autophagy (BNIP3L, ATG10) also
showed enhanced binding to PPARγ1 WT (Fig. 6B). To validate the
results of the ChIP-Seq, PPARγ1 enrichment was studied by ChIP-
qPCR at the PPARγ1 summit peak regions of FABP4, SCD, SREBF2,
AdipoQ, ATG10 and Bnip3L genes (Fig. 6C, D). The sites located 2 kb
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upstream from the binding region of PPARγ1 were selected for the
AdipoQ and Bnip3L genes as negative controls (Fig. S14). PPARγ1
binding was enhanced in MCF10A-NeuT cells expressing PPARγ1
WT compared with vector control or the PPARγ1 K154/155 mutant
at the canonical PPAREs. We determined the intersection of genes
that preferentially bound and were regulated by PPARγ vs. PPARγ1
K154/155 in the breast tumor xenografts (Fig. S15). A representa-
tive gene example IL6 preferentially bound PPARγ1 vs PPARγ1
K154/155 in ChIP-Seq and was induced 2-to 3-fold by PPARγ1
(Fig. S16).
Histone acetylation, including acetylated lysine 9 of histone H3

(H3K9Ac), is highly enriched at active promoter regions [70–72]
and was therefore used to assess the transcriptional functionality
of genome-wide PPARγ binding in adipocytes and macrophages
[23, 73]. The occupancy of PPARγ in chromatin influences the
recruitment of other TFs and local histone chromatin modifica-
tions in a cell-type-specific manner [73]. Consistent with PPARγ1
enrichment, H3K9Ac binding was also increased at PPARγ1
binding locations in PPARγ1 WT compared with vector control
or the PPARγ1 K154/155Q mutant (Fig. 6E). The PPARγ1
coactivator CBP was recruited with PPARγ1 to the FABP, AdipoQ,
ATG10, and BNIP3L promoter regions (Fig. 6F, G) while a reduced
recruitment of CBP was detected to these PPAR binding elements
with PPARγ1 K154/155Q mutant.
The genes that preferentially bound PPARγ1 K154/155Q

compared with PPARγ1 WT were assessed for changes in gene
expression in MCF10A-NeuT cell tumors. The relative levels of
gene expression are shown as a heat map (Fig. S17). The direction
of expression regulated by the K154/155Q mutant is consistent
with a model in which these genes may contribute to the demise
of cancer cells (ACSL1, ARID5B, C1QTNF1, IDO1, IQGAP2, PPFIBP2,
RGS2, SERTAD4 and SLC16A4 (Fig. S17)).

A PPARγ1 K154/155 acetylation-specific lipid signature
(PASS2) is associated with prognosis in basal and ErbB2 breast
cancer patients
The current studies suggest a transcriptional output of PPARγ1,
mediated via its K154/155 acetylation site, governs breast cancer
tumor growth and may therefore potentially contribute to the
prognostic significance in human breast cancer. SREBP1 and
SREBP2, which were induced by PPARy via its K154/155 site, were
previously shown to correlate with poor prognosis in breast
cancer [74, 75]. We therefore conducted analysis of human
samples. We first assessed PPARγ1 mRNA expression. Secondly, we
generated a gene signature representing the intersection of
PPARγ1 acetylation site specific gene expression with ChIP
binding (PASS1). Thirdly, we generated a signature that repre-
sented the intersection of PPARγ1 acetylation site specific lipid
metabolism with PPARγ1 acetylation site specific binding in ChIP
(PASS2).
First, we used a gene expression database consisting of 2254

breast cancer patients (Fig. S18A) to catalog patients by breast
cancer subtype, and PPARG gene expression. As SIRT1 is a key

deacetylase of PPARγ [7, 30, 76], we also cataloged SIRT1
abundance (Fig. S18A). We compared the relative expression of
PPARG and SIRT1 in breast epithelium of 55 healthy women with
the 2254 breast cancer samples. These studies showed a reduction
in PPARG and SIRT1, in breast cancer (Fig. S18A). The relative
abundance of PPARG was increased in breast cancer patients
compared to healthy women (Fig. S18B) and inversely correlated
with SIRT1 (r=−0.13, p= 1.875E−009).
Secondly, we derived a PPARγ1 K154/155 acetylation site-

mediated gene expression module (Fig. 7A), then identified its
intersection with a PPARγ1-ChIP module (Fig. 7B), to define a
PPARγ1 K154/155 acetylation site-specific gene signature. In
our prior publication, we performed microarray gene expres-
sion analysis using MCF10A-NeuT cells stably expressing
PPARγ1 WT, PPARγ1 K154/155Q, or control vector [7].
Genome-wide expression analysis identified 995 genes differ-
entially expressed in PPARγ1 WT-transduced cells compared
with vector control (Fig. 7A). To study the specific genes
regulated by PPARγ1 K154/155 acetylation, we identified the
612 genes regulated by the PPARγ1 K154/155Q mutant
compared with vector control (Fig. 7A). The intersection of
the 995 genes regulated by PPARγ1 WT with the 612 genes
regulated by PPARγ1 K154/155Q mutant identified 250 genes
regulated by both (Fig. 7A, yellow). Thus 745 genes were
regulated by PPARγ1 WT and not regulated by the PPARγ1
K154/155Q mutant, suggesting these genes were regulated in
a manner that is dependent upon the PPARγ1 K154/155
acetylation site (Fig. 7A). In contrast with analysis of ChIP-Seq
that included all binding sites (Fig. 5), we next analyzed the
number of genes that selectively bound PPARγ1 WT vs.
PPARγ1 γ1 K154/155 as defined by the limits of within 10 kb
upstream of the transcriptional start site (TSS), and 10 kb
downstream of the transcription end sites (TES) (Fig. 7B). This
analysis identified 5162 genes that were selectively bound by
PPARγ1 WT (Fig. 7B). The intersection between the microarray
gene expression data of PPARγ1-acetylation sites regulated
genes and the ChIP-Seq data of genes bound by PPARγ1 WT vs.
PPARγ1 K154/155Q, identified 230 genes that were both bound
and regulated by PPARγ1 in a PPARγ1 K154/155 acetylation-site
dependent manner (Fig. 7C). The top 23 up-regulated genes
(>2 fold) were used to define the PPARγ Acetylation-Specific
Signature (PASS) (Fig. 7C). This set of genes was then used in a
blinded analysis of breast cancer patient’s clinical datasets
(Fig. 7D–F). We studied PPARγ mRNA expression using
combined microarray datasets [77] encompassing 55 healthy
women and 2254 breast cancer patient samples. 22 genes from
the 23 genes were present within the breast cancer dataset
and were used in the analyses. The PPARγ Acetylation-Specific
Signature 1 (PASS1) was significantly associated with worse
outcomes and shorter distant metastasis-free survival (DMFS)
in all breast cancer patients (Fig. 7D p= 0.04) and ERα-negative
breast cancer patients (Fig. 7E, p= 0.007). PASS1 was further
investigated in the 5 breast cancer subtypes, and the high

Fig. 4 PPARγ1 K154/155 acetylation mimic enhances apoptosis and reduces autophagy. A MCF10A-NeuT tumor samples expressing
PPARγ1 WT or PPARγ1 K154/155Q (n= 6 each group) were analyzed by TUNEL staining to determine apoptotic cell death. The number of
TUNEL-positive cells per view (at 400× magnification was counted (>25 views each group). Data are mean ± SEM. B IHC staining of tumor
samples derived from the MCF10A-NeuT PPARγ1 WT or PPARγ1 mutants group using anti-active caspase-3 antibody (Asp175). Quantitative
analysis of IHC positive staining was conducted using imaging software ImageJ. Shown is the relative density per cell (n= 6 separate tumors;
data are mean ± SEM). C Tumor samples expressing PPARγ1 WT or PPARγ1 mutants were analyzed by Western blot for Bcl-XL abundance.
Quantitative analysis of abundance normalized to the loading control, GDI. Data were presented using the normalized ratio of PPARγ1
mutants group compared to PPARγ1 WT group. *P < 0.05, **P < 0.01, and ***P < 0.001). D–F Quantitative analysis of proteins governing
autophagy. D Beclin1, E BNIP3, F Bnip3L and LC3A-1/LC3A-II, PPARγ and vinculin. Each protein was normalized to a loading control (n= 6 each
group). E IHC analyzed BNIP3 abundance in tumor samples. Quantitative analysis of IHC positive staining using imaging software ImageJ. The
relative density per cell (n= 6 separate tumors; data are mean ± SEM). *P < 0.05, **P < 0.01, and ***P < 0.001. G, H Western blot analysis of
mitogenic kinase signaling pathways with antibodies as indicated. I (mean ± SEM, n= 8). *P < 0.05, **P < 0.01, and ***P < 0.001. J Schematic
representation of PPARγ acetylation site-dependent functions.
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expression of PASS was significantly associated with shorter
overall-free survival (OS) in the luminal B breast cancer subtype
(Fig. 7F).
Thirdly, to determine the prognostic significance of lipid

metabolism regulated by the PPARγ acetylation site, we

conducted pathway analysis comparing gene expression of
MCF10A-NeuT-PPARγ1 vs. MCF10A-NeuT-PPARγ1 K154/155Q. We
identified 126 entities determined as “associated with lipid
metabolism” (Fig. S18C). We then identified 513 genes from the
ChIP-seq analysis “associated with lipid metabolism” pathway
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analysis that bound PPARγ1 WT vs. PPARγ1 K154/155Q as defined
by the limits of within 10 kb upstream of the transcriptional start
site (TSS), and 10 kb downstream of the TES (Fig. S18D). The
intersection of these two gene sets, (the genes that were
regulated in an acetylation-site specific manner in MCF10A cells,
and genes bound by PPARγ1 in ChIP Seq), identified promoter
regions that were selectively bound by PPARγ1 WT and that were
regulated by PPARγ1 WT compared with PPARγ1 K154/155Q (Fig.
S18E). The top 23 upregulated genes (>2 fold) were selected for
the clinical analysis of breast cancer patients. 20 genes from the 23
genes were present within the breast cancer set. This signature,
referred to as PASS2 was significantly associated with ERα-negative
breast cancer patients (Fig. S18F). PASS2 was further investigated
in 5 canonical breast cancer subtypes; the high expression of
PASS2 was significantly associated with poor overall survival in
Her2-positive subtype (Fig. S18G) and basal subtype (Fig. S18H) of
breast cancer. These data indicate that PASS2 is associated with
poor outcome in basal and ErbB2 positive breast cancer patients.

DISCUSSION
The current studies determined the function of the PPARγ1
acetylation site K154/K155 in vivo. PPARγ1 acetylation is regulated
by both endogenous TSA-sensitive and NAD-dependent deacety-
lases [7]. Acetylation of lysine 154 was identified by mass
spectrometry and deacetylation of lysine 155 by SIRT1 was
confirmed by in vitro deacetylation assay [7]. In vivo labeling
assays revealed K154/K155 as bona fide acetylation sites. Wild-
type Pparγ1 was acetylated while the K154/155 mutation
significantly reduced the incorporation of [3H] acetyl-CoA [7].
We deployed the acetylation defective mutant PPARγ1 K154/

155Q for several reasons. Firstly, prior in vivo labeling studies
demonstrated that mutation of PPARγ1 K154/155 reduced the
incorporation of [3H] acetyl Co-A into PPARγ [7]. Secondly,
mutation of lysyl (K) residues to either alanine (A) or glutamine
(Q) in other acetylated proteins rendered the mutants functionally
defective [7, 78, 79]. Substitutions of the progesterone receptor
(PR) acetylation site, with either K to A or K to Q mutations,
resulted in receptors with reduced phosphorylation and reduced
transcriptional activation of acute response target genes [78]
(reviewed in [80]). Secondly, acetylation-defective cortactin
mutants (K9Q and K9R) showed defective induction of GN11 cell
migration [79]. Thirdly, SIRT1, which participates in the function of
the PPARγ transcriptional complex [76], and plays an essential role
in PPARγ-mediated remodeling of brown adipose tissue [30], was
previously shown to be defective in binding to PPARγ1 K154/155Q
compared with the PPARγ1 WT receptor [7]. One limitation of the
studies however is that the exogenous PPARγ was expressed in
the presence of, all be it low levels, of endogenous PPARγ. These
current studies are consistent with a model in which substitutions
of lysyl residues with either A or Q mutations inactivated PPARγ
functions.
Herein, PPARγ induced tumor growth in oncogenic ErbB2- and

Ha-Ras-induced mammary tumors in immune-deficient mice. The
growth of the PPARγ1 K154/155Q expressing tumors was reduced
by ~90%. Mechanistic analysis showed the PPARγ1 K154/155

lysine motif serves as a molecular switch of breast tumor growth,
apoptosis, autophagy, cancer stem cell expansion and lipogenesis
in vivo. Mutation of the PPARγ1 K154/155 acetylation site to
residues that could not be acetylated (PPARγ1 K154/155Q),
abrogated the induction of breast tumor de novo lipogenesis in
xenograft tumors. Analysis of the PPARγ1 K154/155Q acetylation
defective mutant breast tumors linked lipogenesis to tumor
growth. The loss of PPARγ-dependent lipid synthesis in the
PPARγ1 K154/155Q mutant expressing tumors is predicted to
reduce the supply of lipids required to support the rapid
proliferation of tumor cells. The PPARγ1 K154/155Q mutant
expressing breast tumors showed induction of β-catenin/GSKβ
consistent with activation of Wnt signaling. GSEA confirmed the
induction of Wnt signaling. The induction of β-catenin/Wnt
signaling and reduced adipogenesis is consistent with studies in
which Wnt activation inhibited adipogenesis [81–85]. The PPARγ1
WT tumors showed reduced ERK and AKT signaling compared
with K154/155Q mutant tumors consistent with the reduced AKT/
MAPK signaling that occurs with chronic pro-proliferative or
oncogenic pathway activation [65–68].
We showed mammary epithelial cells derived by genetic

deletion of Pparγ1 in the mammary gland, conveyed a reduced
capacity to form mammospheres. Compared with PPARγ1 WT, the
PPARγ1 K154/155 mutant tumors conveyed reduced “stem cell
like” gene expression by GSEA, reduced size and number of
mammospheres and reduced expression of the CD24-CD44+

mammary stem cell markers. These findings are consistent with
a previous study in which GW9662, which preferentially inhibits
PPARγ compared with PPARα, reduced the renewing subpopula-
tion of breast cancer stem cells in tissue culture [86]. The
population of mammary stem cells can be characterized by the
CD24-CD44+ markers [38, 63]. Mutation of PPARγ1 K154/155 in the
context of human breast cancer cells expressing oncogenic ErbB2,
reduced the proportion of CD24-CD44+ cells. Resistance to HER2
inhibition correlated with increased CD24-CD44+ BCSCs resulted
from activation of an IL6-driven inflammatory loop [87]. Our prior
Ingenuity Pathway Analysis (IPA) analysis of the pathways
governed by endogenous Pparγ1 in ErbB2 mammary tumors
identified IFNG and IL6 as the most induced by several genes and
Z score [22]. A significant correlation between PPARγ and IL6
(n= 136, Pearson 0.55, p= 6.1 × 10−13) was identified in human
metastatic breast cancer (Metastatic Breast Cancer Project).
Although the mechanism by which PPARγ1 augments stem cell
expansion via the acetylation site remains to be further assessed,
the IL-6 promoter bound PPARγ1 WT but not PPARγ1 K154/155Q
and IL-6 mRNA was induced 2.6-fold in PPARγ1 WT compared with
PPARγ1 K154/155Q (data not shown) suggesting a potential role
for IL6 in PPARγ1 WT-mediated breast cancer stem cell expansion.
The PPARγ1 acetylation site restrained apoptosis as evidenced

by increased TUNEL staining and activated caspase 3 (Asp175) in
the PPARγ1 acetylation site defective mutant tumor samples.
Apoptotic signaling modules, defined by gene expression and GO
term for apoptosis, were contingent upon the PPARγ1 acetylation
site. The PPARγ1 acetylation site-dependent anti-apoptotic func-
tion may be due, in part, to the induction of the anti-apoptotic
protein Bcl-XL. Mutation at the PPARγ1 acetylation site reduced

Fig. 5 The PPARγ1 K154/155 residues govern relative DNA-sequence-specific binding to canonical vs. non-canonical sequences in
chromatin. A ChIP-Seq analysis was performed on samples derived from MCF10A-NeuT transduced with either PPARγ1 WT or PPARγ1 K154/
155Q mutant, and peak calling defined by MACS2 software is shown in the Venn diagram. B Quantitative analysis of PPARγ1 ChIP-Seq signal.
Normalized read density is shown in blue for PPARγ WT and in green for PPARγ 154/155Q. Scatterplots of the maximum stack height (tag
counts) at each PPARγ1 peak, color-coded based on whether each peak was called alone in PPARγ1 WT or in PPARγ1 K154/155Q or common to
both PPARγ1 WT and PPARγ1 K154/155Q. C Distribution of PPARγ1 WT or PPARγ1 K154/155Q peaks relative to the TSS. The region upstream
from the TSS was divided as indicated. D Comparison of the enrichment of PPARγ1 WT alone or PPARγ1 K154/155Q for each canonical or non-
canonical PPARγ1 motif. E Comparison of the percentage of peaks within PPARγ1 WT alone or PPARγ1 K154/155Q for each PPARγ1 motif. F The
-fold enrichment (observed/expected) for PPARγ1 WT or PPARγ1 K154/155Q at CEBP sites defined in MCF7 cells. G–I Integrated genome
browser visualization of tag density profiles for ChIP-Seq PPARγ1 WT and K154/155Q. Selected genes are: LSM12, NTNG1 and ABACB.
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Fig. 6 The PPARγ K154/155 residues govern coactivator recruitment and H3K9 acetylation at lipogenic and autophagy gene promoters.
A, B Integrated genome browser visualization of tag density profiles for ChIP-Seq PPARγ1 WT and K154/155Q. Selected genes are: FABP4, SCD,
SREBF2, ADIPOQ, BNIP3L and ATG10. C, D ChIP-qPCR analysis of PPARγ1 enrichment for PPARγ1 WT and PPARγ1 K154/155Q at the four genomic
regions highlighted in (A, B). Primers were designed against the peak interval sequence. Data were mean ± SEM (n= 3). E ChIP-qPCR analysis
of H3K9Ac enrichment at the same genomic regions shown in (C, D). F, G ChIP-qPCR analysis of CBP enrichment at the same genomic regions
shown in (E).
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Bcl-XL abundance by 90%. Bcl-XL is overexpressed in a substantial
proportion of human breast cancers, promotes breast cancer
therapeutic resistance, anti-apoptosis and metastasis, and has a
more potent anti-apoptotic function than Bcl-2 in breast cancer
cells [88]. Breast tumor mitophagy and autophagy were evidenced
by the abundance of the mitophagy-specific marker BNIP3 and
the autophagy marker lipidated LC3A in both the tumors and cell
lines. Enhanced binding of PPARγ1 to the regulatory regions of
autophagy-related genes Bnip3L and ATG10 occurred in an
acetylation site-dependent manner. In addition to affecting direct
binding to TF sites, acetylation of PPARγ1 increased local H3K9
acetylation at its cognate binding sites. H3K9 acetylation, which is
mediated by a dynamic interaction between acetylation (PCAF,
GCN5) and deacetylation (SIRT1, HDACs), is enriched at active
gene promoters correlating positively with high levels of gene
expression. Our findings are consistent with studies in which NRs
either induced autophagy (PPARγ [16], PPARα [89] and the

androgen receptor (AR) [90]), or suppressed autophagy (FXR/
NR1H4 [89] and NR1D1/Rev-Erba [91]). The PPARα-mediated
induction of autophagy in the liver was associated with the
induction of autophagy gene expression [89]. The PPARγ
acetylation site motif is conserved between many NRs, including
PPARα, AR, and Rev-Erba [33]. Therefore, it will be of interest to
determine whether acetylation of other NRs contributes to their
autophagy function.
The PPARγ1 K154/155 residues, which reside in close proximity

to the DNA binding region, determined recruitment in chromatin.
The number of sites bound by PPARγ1 WT, including all cis-
elements, was comparable to the ~23,000 and ~21,000 sites
identified in human adipocyte cell lines [92]. In contrast with
PPARγ1 WT, which bound 25,174 sites, the PPARγ1 K154/155Q
bound 2849 sites. ChIP of the PPARγ1 K154/155Q for associated TF
binding sites was either not significantly altered (AP-1) or
increased (C/EBP). In adipocytes, C/EBPs co-localize with PPARγ1

Fig. 7 The PPARγ acetylation-specific signature (PASS) has predictive value for human breast cancer outcomes. A Derivation of the PPARγ
acetylation site-specific gene expression signature was based on the intersection of the genes differentially regulated by PPARγ1 WT vs. the
PPARγ1 K154/155Q in MCF10A-NeuT breast cancer cells and is shown by the Venn diagram. B PPARγ acetylation site-specific ChIP-Seq was
derived by comparing the ChIP-Seq of the PPARγ1 WT and PPARγ1 K154/155Q mutant. Genes bound by PPARγ1 within 10 kb upstream of the
transcription start site (TSS), 10 kb downstream of the TSS and within the gene were generated for PPARγ1 WT or PPARγ1 K154/155Q. Genes
only bound by in a manner dependent upon the PPARγ acetylation site (5162) were applied for the pathway analysis. C The PPARγ acetylation
site-specific signature (PASS) generation was derived by the intersection of the PPARγ acetylation site-specific gene expression and ChIP-Seq.
The top 23 up-regulated genes (>2 fold) were selected for the clinical analysis. D–F Kaplan-Meier survival curves for distant metastasis-free
survival (DMFS) and overall survival (OS) in subsets of breast cancer samples and F human breast cancer subtypes.
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at most of its binding sites and cooperate in target gene
transcription [23, 92], whereas in macrophages, PPARγ1 ChIP is
enriched with the hematopoietic TF PU.1 [93]. The finding herein
that the PPARγ1 K154/155Q mutant conveyed enhanced C/EBP
site binding, and reduced growth promotion, is consistent with
the understanding that the C/EBPs function as growth inhibitors in
breast tissue [94].
We did not conduct studies on the role of PPARγ ligands in

breast cancer cells for several reasons. Firstly, because the ligands
for PPARγ in breast or breast cancer are not known [95], and
whether PPARγ is ligand bound in breast cells is unknown. Our
studies were designed to study the impact of the PPARγ
acetylation site in the basal state without an added ligand. PPARγ
conveys ligand-dependent and independent functions [96] and
the acetylation function of PPARγ is ligand independent [97], as
are several functions including the PPARγmediated recruitment of
P300 and RAD21 to the DNA, governing the M2-like phenotype in
macrophages [98]. An expansive number of natural PPARγ ligands
have been described [99–104], however their biological role in
humans is not known [103].
The current studies extend our understanding of Her2-mediated

mammary tumor growth via PPARγ through several novel
findings. Herein, PPARγ induced mammary tumor growth in
xenografted immune-deficient mice via a conserved acetylation
site (K154/155) that served as a key determinant of breast tumor
growth, apoptosis, mammary cancer stem cell expansion and
autophagy. The acetylation site defective mutant tumors showed
altered lipogenesis, stemness and autophagy (Fig. S15). Secondly,
using mammary epithelial cells derived from inducible Pparγ1
deletion transgenic mice, we showed that endogenous Pparγ1
contributes to the expansion of mammary stem cells. We showed
that the PPARγ acetylation site contributes to breast cancer tumor
stem cell expansion using multiple different assays. Thirdly, we
showed that the PPARγ1 K154/155 site governs gene expression
for canonical peroxisome and lipid signaling and contributes to
anti-apoptotic and stem cell signaling. We showed enhanced
binding of PPARγ1 K154/155Q to C/EBP sites, similar binding to
AP-1 sites, and reduced binding to canonical PPARγ binding sites.
In turn, this binding preference altered binding to genes
participating in autophagy, anti-apoptosis, and lipogenesis.
Fourth, we show that the PPARγ acetylation site governs the
recruitment of the co-activator and PPARγ acetylase CBP and
changes in local chromatin acetylation, including local H3K9
acetylation. Finally, we showed the PPARγ acetylation site-
dependent gene expression signature provided prognostic
significance in human breast cancer. Together, these results are
consistent with a model in which the PPARγ1 K154/155 residues
contribute to mammary epithelial cell lipid biogenesis, stem cell
expansion, autophagy, and apoptosis via changes in cis associa-
tions and thereby chromatin binding to the regulatory regions of
genes that govern these functions.
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