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Alterations of the tumor suppressor 7P53, one of the most common events in cancer,
alone are insufficient for tumor development but serve as drivers of transformation.
We sought to identify cooperating events through genomic analyses of a somatic
Trp53%%Y mouse model (equivalent to the T7P53%2%W hot spot mutation in human
cancers) that recapitulates metastatic breast—cancer development. We identified cooper-
ating lesions similar to those found in human breast cancers. Moreover, we identified
activation of the Pi3k/Akt/mTOR pathway in most tumors via mutations in Pren,
Erbb2, Kras, and/or a recurrent Pip5klc mutation that stabilizes the Pip5klc protein
and activates Pi3k/Akt/mTOR signaling. Another PIP5KIC family member, PIP5KIA,
is coamplified with PI4KB in 18% of human breast cancer patients; both encode
kinases that are responsible for production of the PI3K substrate, phosphatidylinositol
4,5-bisphosphate. Thus, the TP53%%WY mutation and PI3K/AKT/mTOR signaling
are major cooperative events driving breast-cancer development. Additionally, a combi-
nation of two US Food and Drug Administration (FDA)-approved drugs, tigecycline
and metformin, which target oxidative phosphorylation downstream of PI3K signaling,
inhibited tumor cell growth and may be repurposed for breast-cancer treatment. These
findings advance our understanding of how mutant p53 drives breast-tumor develop-
ment and pinpoint the importance of PI3K/AKT/mTOR signaling, expanding combi-

nation therapies for breast-cancer treatment.
p53 | breast cancer | PipSk1c | genomics

Breast cancer is the most commonly diagnosed cancer in women (1). Genomic altera-
tions are generally recognized as contributing to breast malignancy (2). Somatic mis-
sense mutations in the 7P53 gene are among the most-frequent genomic alterations in
human breast cancer (3, 4). Specifically, arginine-to-tryptophan/glutamine mutations
at codon 248 (TP53%%"Q) and arginine-to-histidine mutation at codon 175
(TP53%7°") are “hotspot” mutations that occur more frequently than other 7P53
mutations in breast cancer (5, 6). Recently, our laboratory generated the first sporadic
breast cancer mouse models that allow mutating p53 specifically in mammary epithelia
while maintaining a wild-type (WT) stroma and immune system (7), thereby faithfully
mimicking the somatic 7P53 mutations in human breast cancer. Using these models,
we demonstrated that somatic 77p53”"* mice (corresponding to 7P53*"* in
humans) required long latency (~20 mo) to develop spontaneous breast tumors, while
the somatic 77p53%7?% mice (corresponding to 7P53%'7°"* in human) required
additional insults, e.g., radiation or loss of the WT 77p53 allele through Cre/loxP-
mediated deletion (T;’])53R172H/ﬂx) for tumor formation (7). Regional whole-exome
sequencing of two 77p532"* primary breast tumors and their corresponding lung
metastases not only identified genomic heterogeneity of these tumors but also demon-
strated early dissemination of metastases, providing experimental validation of human
studies (7-9). Collectively, these data support our mouse models as a valuable tool for
human breast cancer studies and suggest that additional cooperative events are needed
for somatic 77p53 mutations to facilitate tumorigenesis.

The PI3K/AKT/mTOR pathway is a critical signaling transduction system that
regulates multiple aspects of cellular metabolism and growth and is one of the most-
activated pathways in human cancers (10, 11). The major genomic alternations activat-
ing PI3K/AKT/mTOR pathway in human breast cancer are PIK3CA mutations or
PTEN mutations/deletions (12). PIK3CA, mutated in >30% of breast cancer, encodes
p110a protein, which is the catalytic subunit of PI3K that phosphorylates phosphatidy-
linositol-4,5-bisphosphate (P1(4,5)P2) to produce phosphatidylinositol-3,4,5-trisphos-
phate (PIP3), which further activates the downstream AKT/mTOR signaling (10).
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TP53 mutations drive tumor
development but require
additional cooperating lesions to
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mutation catalogue a list of
potential cooperative driver
mutations. In particular, we
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target these cancers.
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PTEN dephosphorylates PIP3 to prevent the activation of this
pathway, and P7EN is lost in ~10% of breast cancer (13).
Pik3ca mutations or Pren deletions have been shown to cooper-
ate with p53 alterations to drive breast tumorigenesis in mouse
models (14, 15). Although, we also identified a Pren mutation
in one of the two somatic T;’])53R245 WA breast tumors
sequenced (7), whether and how Pi3k/Akt/mTOR signaling is
activated in our somatic mutant 77p53-driven breast cancer
model is not clearly understood.

Metabolic reprogramming, featured as upregulated glycolysis,
represents a potential vulnerability for targeted therapies (16,
17). Metabolic heterogeneity, however, poses a significant
barrier to developing such therapies (18, 19). Oxidative phos-
phorylation (OXPHOS), which has been falsely assumed to be
downregulated in cancers, is still active and serves as the major
energy source for most cancer cells (19, 20). Consistent with
this paradox, PI3K/AKT/mTOR signaling has diverse effects
on cellular energetics via regulating nutrient sensing, metabolic
enzymes, and mitochondrial dynamics (21, 22). PI3K/AKT
activates glycolysis to supply energy and metabolites to fuel the
growth and expansion of cancer cells (16, 17), whereas mTOR
coordinates mitochondrial activity and biogenesis to promote
tumorigenesis (21, 23-25). As the main function of mitochon-
dria, OXPHOS has also been shown to augment the tumor-
initiating activities of cancer stem cells and to confer cell
survival advantage with drug treatment or oxidative stress
(26-28). Targeting OXPHOS is therefore another promising
strategy for cancer treatment (29, 30). However, like other can-
cer therapies, the stratification of patients that can benefit from
treatment remains challenging.

In this study, we took advantage of the breast-tumor samples
generated in our sporadic breast-cancer mouse models (7) and
performed whole genomic and transcriptome analyses of tumors.
We identified a Pip5kIc mutation activating Pi3k signaling in
mouse breast tumors and subsequently classify coamplification of
PIP5KIA and PI4KB on chromosome 1q21 as a frequent event
activating PI3K signaling in human breast tumors with 7P53
mutations. These findings reveal a potential anticancer strategy
by targeting both PI3K and mutant p53 in breast cancer.

Results

Identification of Cooperating Mutations in Mutant p53-Driven
Breast Tumors. In order to explore the mutational landscape
and molecular pathways altered in breast tumors driven by
somatic 77p53 mutations, we performed whole-genome sequenc-
ing (WGS) of nine Tr])53R245 WA tumors as listed in Table 1. All
tumors were from mice with an identical C57BL/6JXBALB/c F1

hybrid background. Lack of expression of Esrl, Pgr, and Erbb2
in these tumors suggested all were triple-negative breast cancer
(TNBC) (SI Appendix, Fig. S1). The survival of mice bearing
these tumors ranged from 14.7 to 23.1 mo. Six tumors were
pathologically diagnosed as breast adenocarcinomas, two were
anaplastic carcinomas, and one was a pootly differentiated carci-
noma. Additionally, six tumors were accompanied by visible
metastases in lung and/or liver. Thus, somatic 77p53%%W as a
driver mutation in mammary epithelial cells led to multiple types
of breast cancers, indicative of different evolutionary trajectories
in these tumors. The WT 77p53 allele was completely lost in
five tumors, partially lost in two tumors, and retained in another
two tumors. Thus, it was not necessary to lose the WT T7p53
allele in these mice for tumor development.

WGS analysis of nine tumors using two mouse tails as con-
trols revealed a large No. of somatic mutations across individual
tumors, ranging from ~6,000 to ~14,000 mutation counts per
tumor (S/ Appendix, Fig. S2A). The average mutation fre-
quency of the whole genome was 3.74 (range 2.26-5.55) muta-
tions/Mb. These mutations were mainly intronic or intergenic
and the majority spanned chromosomes 1, 3, 7, 15, 16, and X
(ST Appendix, Fig. S2 A and B). A small No. of mutations were
exonic, with most being nonsynonymous mutations or non-
frameshift substitutions (87 Appendix, Fig. S2A and Fig. 1A).
Specifically, 22-94 exonic mutations were identified per tumor
sample. The distribution of exonic mutations across chromo-
somes followed the similar pattern of total mutations (Fig. 1B).
Gene Oncology (GO) enrichment analysis (31) of all exonic
mutations identified pathways related to cell migration, such
as actin cytoskeleton organization, regulation of filopodium
assembly, and cell—cell adhesion (Fig. 1C). GO analysis also
identified the enrichment of Pi3k signaling and Akt signaling,
highlighting a role of the Pi3k/Ak¢/mTOR signaling in these
breast tumors (Fig. 1C). GO analyses of breast-tumor samples
with metastasis (6) separated from those without obvious
metastases (3) also indicated that Pi3k/Akt/mTOR signaling
was enriched (SI Appendix, Fig. S3). Analysis of the exonic
mutations also documented a list of genes identified as cancer
genes by OncoKB, a database that provides up-to-date informa-
tion about the biological and clinical implications of potential
cancer gene alterations (32), or previous publications (33-40)
(S Appendix, Table S1). These genes included some common
driver mutations, such as ERBB2, PTEN, NFI, and KRAS, in
human cancers, including breast cancer, as well as driver muta-
tions implicated in cancer types other than breast cancer, such
as BIRCG (34) and WDRI1 (39, 40). All of these cancer genes
are mutated in 7P53-mutant human breast tumors as demon-
strated in cBioPortal (https://www.cbioportal.org/) (41, 42)

Table 1. Summary of mouse breast tumors driven by somatic Trp53%?4*¥ included in this study
Age at

Tumor  Tumor genotype Diagnosis LOH WT Trp53 retention  Metastasis site  endpoint (mo)
245-1 53R245W/+ Anaplastic carcinoma Partial No ND 17.1
245-4 53R24sWr+ Adenocarcinoma Yes No Lung 19.4
245-5 53R245Wr+ Anaplastic carcinoma Yes No Lung, liver 16.9
245-14 53R245W/+ Poorly differentiated carcinoma No Yes Lung 14.7
245-17 53R245WIE Adenocarcinoma Yes No Lung 21.7
245-20 53RN Adenocarcinoma Yes No ND 22.1
245-21 53R245Wr+ Adenocarcinoma Partial No Lung 23.1
245-24 53R245Wr+ Adenocarcinoma Yes No ND 22.1
245-27 p53R24SW+ Adenocarcinoma No Yes Lung 20.9
ND, not detectable; LOH, loss of heterozygosity.
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Fig. 1. WGS identifies disruption of Pi3k/Akt/mTOR signaling in Trp53R?4"/+ preast tumors. (A) The graph showing exonic mutation count for each tumor.
Types of mutations were also shown. A total of nine tumors were sequenced. (B) A graph depicting distribution of exonic mutations on different chromo-
somes for each tumor. (C) GO enrichment analysis of the mutated genes identified in Trp53%?*"* tumors. GTPase, guanosine triphosphatase. (D) The identi-
fied cancer genes in our mouse tumors were input into cBioPortal to generate OncoPrint for these genes in TP53-mutant human breast tumors (n = 280) in
The Cancer Genome Atlas data. All identified cancer genes in mouse tumors were altered in TP53-mutant human breast tumors to various extents.

(Fig. 1D), indicating that our mouse models recapitulated at
least some of the driver mutations in human breast tumors. The
occurrence of these driver mutations in the context of 77p53
mutation suggested their contribution to mutant p53-driven
breast tumorigenesis.

Identification of a Recurrent Pip5k1c Mutation as a Potential
Driver for Breast Cancer. Recurrent mutations in tumors can
be highly informative of the biological processes driving tumor
evolution and are usually predicted to be cancer driver muta-
tions (43, 44). To identify such driver mutations in our mouse
breast tumors, we compiled the mutations that occurred in at
least two tumor samples (SI Appendix, Fig. S4). Surprisingly, a
large No. of genes were mutated at high frequency in these
tumors: 23 genes were mutated in more than 50% of the
tumors. In particular, Pip5klc was found to be mutated in 78%
(719) of the Trp53%25WH tumors (SI Appendix, Fig. S4 and Fig.
2A). This mutation was of interest because Pi3k signaling was
found to be dysregulated in these tumors (Fig. 1C) and Pip5klc
is a member of the phosphatidylinositol 4-phosphate 5-kinase
(Pip5k) family that catalyzes the production of PI(4,5)P2 and is
an upstream activator of Pi3k signaling (45, 46).

Strikingly, a guanine to adenine mutation occurring at the
same codon of PipSklc was consistently observed in these tumors,
resulting in a glycine (G) to glutamic acid (E) mutation at the
amino acid position 67 (PipSk1cG67E) (SI Appendix, Fig. S5A).

PNAS 2022 Vol. 119 No.45 2210618119

We performed Sanger sequencing using DNAs from 77p53=% "+
tumors and control tails and validated this mutation in the
seven Trp53°°"™* tumor samples as identified by WGS (S/
Appendix, Fig. S5B). Sanger sequencing results also indicated
that the Pip5k1c¢“”F mutation was in a heterozygous state. In
addition, we identified the mutation in an additional tumor sam-
ple, 245-5, which had a low rate of the G to A mutation and
thus was missed by WGS (87 Appendix, Fig. S5B). We confirmed
that the Pip5k1c¢“%”F mutation was a somatic mutation because
this mutation was found in tumor 245-1, but not found in the
tail of mice bearing tumor 245-1 (SI Appendix, Fig. S5B). The
observation of identical mutations occurring at high frequency in
mouse breast tumors is not unique to our tumors. A recent pub-
lication reported that an identical cytosine to thymine mutation
in Ptprh was observed in 81% MMTV-PyMT breast tumors and
the mutation increased the EGFR signaling dependence of tumor
cells and enhanced their sensitivity to etlotinib treatment (47).
Human and mouse Pip5klc protein sequences exhibit
>90% similarity, with conservation of the glycine at the amino
acid position 67 (Fig. 2B). The change from a neutral glycine
to an acidic glutamic acid may have an evident impact on pro-
tein structure and function. To predict how the Pip5k1c767F
mutation may affect the function of protein, we used
DEOGEN?2, which analyzes and predicts the deleterious nature
of a single amino acid variant in human proteins (48).
DEOGEN?2 showed that amino acids glutamic acid and glycine
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Fig. 2. WGS identifies a recurrent Pip5k1c®®’f mutation activating Pi3k/Akt/mTOR signaling as a potential driver for p53*24*"/+ breast tumors. (4) OncoPrint

representation of the Pip5k7c mutation identified in Trp537°2*"+ tumors. (B) Alignment of the first 71 amino acids of human PIP5K1C amino acid sequence
with mouse Pip5k1c amino acid sequence. Glycine (G) at codon 67 is conserved between human and mouse. (C) Comparison of glycine and glutamic acid in
DEOGEN2 generates a score of 0.775, showing the difference between the two amino acids. (D) Human PIP5K1C%®E is predicted to be deleterious and dis-
ease causing, with a score of 0.718 by DEOGEN?2. (E) Western blot showing the stability of Pip5Sk1c protein in tumor-derived cell lines treated with 33 pg/mL
cycloheximide (CHX) and harvested at different time points. (F) Quantification of the western blot results in E. (G) Western blot showing the protein levels of
Pip5k1c in Pip5k1c"T tumors and Pip5k1c®7f tumors. 172-3, 172-4, 172-6, and 172-7 are mouse mammary tumors driven by somatic p53%'7?" that maintain
WT Pip5k1c. (H) Quantification of the western blot results in G. (/) Western blot showing the protein levels of PipSkic and p-Akt in Pip5k1c”” and Pip5k1c®%7F
overexpressing cells with quantification of p-Akt normalized to Akt. (/) MTT assays in 245-1, 245-14, and 245-4 cells treated with alpelisib or APR-246 for 3 d.
Results were shown as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

are relatively different, with a score of 0.775, and that the vari- which had concurrent 7P53 mutations (S/ Appendix, Fig. S7A).

ant is likely deleterious, with an overall score of 0.718 (0 is
benign and 1 is deleterious, with the prediction cutoff point at
0.5) (Fig. 2 C and D). As reference, p53R175H and
p53R248W were also predicted to be deleterious, with an over-
all score close to 1 (SI Appendix, Fig. S6). Therefore,
Pip5k1cG67E variant was predicted to be disease causing and
likely oncogenic in mouse breast tumors driven by somatic
Trp53%2HW. Analysis of human breast cancer data showed
PIP5KIC was amplified in 12 breast cancer patients, six of
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Although the No. of patients with PIP5KIC amplification is
low, amplification correlates with higher mRNA expression and
worse overall survival (87 Appendix, Fig. S7 B-D). We therefore
speculated that the Pip5k1c“%”F mutation increased the stability
of PipSklc protein. Indeed, the half-life of Pip5klc protein in a
cycloheximide-treated cell line generated from Pip5kIc-mutant
tumor 245-1 was much longer than that generated from a

Pip5klc-WT tumor 2454 (Fig. 2 E and F). Similarly, the
Pip5klc protein was quite stable in the Pip5kIc-mutant 245-14
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cell line, but not in Pip5k1c-WT 1727 cell line, which is from
a mouse breast tumor initiated by 77p53%' 7" (SI Appendix, Fig.
S8 A and B). Moreover, Pip5klc protein levels were relatively
lower in Pip5kl1c-WT tumors than in Pip5klcmutant tumors
(Fig. 2 G and H). Additionally, overexpression of both WT and
mutant Pip5klc activated the Pi3k/Akt/mTOR signaling, as
demonstrated by increased phospho-Akt (p-Akt) (Fig. 21). There-
fore, the Pz'p5/ech67 Z mutation stabilizes the Pip5klc protein
and activates Pi3k/Akt/mTOR signaling.

We next treated T71p53R245W/+ tumor-derived cell lines with
a US Food and Drug Administration (FDA)-approved PI3K
inhibitor, alpelisib (49), and demonstrated that cancer cells
responded to Pi3k inhibition (Fig. 2/). Additionally, we com-
bined alpelisib with APR-246, which targets mutant p53 and
reactivates WT p53 functions, albeit with off-target effects (50),
and showed that their combination achieved greater repression of
cancer cell growth (Fig. 2/). These findings not only underscored
the cooperation of Pi3k signaling with mutant p53 in driving
breast cancer but also supported the application of dual repres-
sion of Pi3k and mutant p53 in treating breast cancer.
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Identification of OXPHOS as a Vulnerability in p53-Mutant TNBC.
To gain insight into the signaling pathways disrupted by the
mutations identified in tumors driven by somatic 77p53%2%V,
we performed RNA sequencing (RNA-seq) on the same tumors
and compared with isolated mammary epithelia from three
mice of the same background. Gene Set Enrichment Analysis
(GSEA) (51) of the RNA-seq data re-emphasized the role of
Pi3k/Akt/mTOR signaling by identifying the activation of
mTORCI in these tumors (Fig. 3 A and B). Additionally, we
identified the activation of both glycolysis and OXPHOS in
tumors (Fig. 3 A and (), consistent with the role of Pi3k/Akt
in regulating glycolysis (16, 17) and mTOR in regulating mito-
chondrial kinetics (21, 23-25). Focusing on OXPHOS, we
performed Seahorse Mito Stress analysis on 245—4-control cells
and 245—4-Pip5k1¢7°7F cells. We demonstrated that expression
of Pip5k1c“®’ promoted mitochondrial respiration (Fig. 3
D-F), supporting the activation of OXPHOS in mouse breast
tumors and also consistent with previous reports in human
breast cancer (52, 53). To test the essentiality of OXPHOS in
these tumors, we treated T;ip53R245W/+ tumor-derived cell lines
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Fig. 3. Oxidative phosphorylation is a vulnerability in Trp53%?*"* breast tumors. (A) GSEA of RNA-seq data of murine Trp53*?*"* tumors sequenced
in Fig. 1. Graph representing the top 10 significantly upregulated pathways in tumors. (B) mTORC1 signaling was activated in Trp53%24"* tumors as
demonstrated by GSEA. (C) Oxidative phosphorylation was activated in Trp53724"* tumors as demonstrated by GSEA. (D) Mito Stress assay results in control
245-4 cells and Pip5k1c®®”F-overexpressing 245-4 cells. (F) Basal respiration as measured by OCR (oxygen consumption rate) in 245-4-control cells

and Pip5k1c®7E-overexpressing 245-4 cells. (F) Maximal respiration in 245-4-control cells and Pip5k1c

G67E_gverexpressing 245-4 cells. (G and H) MTT assays

in (G) 245-1 and (H) 245-4 cells treated with tigecycline and metformin for 3 d. Results were shown as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001;

**%%p < 0.0001.
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with two FDA-approved drugs that have been reported to tar-  results of large-scale genetic screens performed in human cancer
get mitochondria—tigecycline repressing mitochondrial transla-  cell lines. Detailed information of the breast cell lines studied
tion (54) and metformin inhibiting mitochondrial complex I~ are shown in S/ Appendix, Table S2. Ingenuity Pathway Analy-
(55). We showed that both tigecycline and metformin repressed sis (IPA) with the essential genes identified in breast cancer cells
the growth of tumor-derived cell lines and that combination of  identified OXPHOS and mitochondrial dysfunction as top
the two drugs achieved better efficacy in repressing cell growth — essential pathways (Fig. 44), supporting that OXPHOS is a
(Fig. 3 G and H). Collectively, these results highlighted the role ~ vulnerability in human breast cancer. Intriguingly, OXPHOS
of OXPHOS in somatic mutant p53-driven mouse TNBC and ~ and mitochondrial dysfunction did not show up as top essential
supported the application of therapies targeting OXPHOS in  pathways in other eight types of solid cancers that have rela-

treating these tumors. tively large No. of cell lines included in Depmap (S Appendix,
To comprehensively evaluate the essentiality of OXPHOS in  Fig. S9). These two pathways were the most significantly
human breast cancer, we took advantage of the Dependency Map ~ enriched essential pathways in breast cancer compared with other

(DepMap) (https://depmap.org/portal/) portal, which compiles  cancers (Fig. 4B).
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Fig. 4. Oxidative phosphorylation is a vulnerability in human TNBC. (A) Top 10 pathways by IPA of the essential genes identified by genetic screens in
human breast cancer cell lines. (B) Comparison of essential pathways in breast cancer and other types of cancers. (C-H) MTT assays in (C) MCF-10A (normal
cell line, TP53WT), (D) MCF-7 (ER* HER2™, TP53WT), (E) MDA-MB-175 (ER* HER2~, TP53WT), (F) SK-BR-3 (ER™ HER2*, TP53R175H), (G) MDA-MB-231 (TNBC,
TP53R280K), and (H) MDA-MB-468 (TNBC, TP53R273H) cells treated with tigecycline and metformin for 3 d. Results were shown as mean + SE (SEM).
*P < 0.05; **P < 0.01; ***P < 0.001.
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Analysis of human breast cancer sequencing data identified
PTEN signaling was the most significantly downregulated path-
way in patients with 753 missense mutations compared with
patients with WT 7P53 (SI Appendix, Fig. S10). Downregula-
tion of PTEN signaling is an indicator of activation of PI3K
signaling and its downstream OXPHOS. To further validate
the dependency of human breast cancer cells on OXPHOS, we
treated a panel of cell lines: MCF-10A (normal cell line,
TP53%"), MCF-7 (ER* HER2™, TP53%"), MDA-MB-175
(ER* HER2™, TP53%"), SK-BR-3 (ER~ HER2", TP53R7°H),
MDA-MB-231 (TNBC, TP53"**%), and MDA-MB-468
(TNBC, TP53"*7*") with tigecycline and metformin. Our results
demonstrated that MCF-10A responded poorly to tigecycline
or metformin treatment; MCF-7, MDA-MB-175, and SK-BR-
3 showed minimal response to tigecycline and some response
to metformin; and the two TNBC cell lines, MDA-MB-231
and MDA-MB-468, responded to both tigecycline and met-
formin (Fig. 4 C-H). Additionally, combination of tigecycline
and metformin achieved slightly better efficacy in MCF-10A and
MCE-7 but achieved much better efficacy in MDA-MB-231
and MDA-MB-468, suggesting that 7P53-mutant TNBC cells
respond better to the combination therapy.

Identification of Coamplification of PI4KB and PIP5K1A as a
Frequent Event Activating PI3K Signaling to Drive Human
TP53-Mutant Breast Cancer. The identification of Pip5k1c“®"®
mutant as an activator of Pi3k/Akt/mTOR signaling suggests
that genomic alterations in the genes encoding phosphatidyli-
nositol kinases for the production of PI(4,5)P2 represent addi-
tional mechanisms for PI3K activation in breast cancer. The
production of PI(4,5)P2 is regulated step by step by two kinase
families: (1) the PIP5K family, including PIP5K1A, PIP5K1B,
and PIP5KIC, catalyzes the production of PI(4,5)P2 from
PI4P and (2) the PI4K (phosphatidylinositol 4-kinase) family,
including PI4KA, PI4KB, PI4K2A, and PI4K2B, catalyzes
the production of PI4P. We examined the METABRIC data
(56, 57) in the cBioPortal analysis tool (www.cBioPortal.org)
and found that PI4KB and PIP5KIA were coamplified in 18%

of human breast cancer (Fig. 5A4). Intriguingly, both PI4KB
and PIP5KIA are located on chromosome 1q21, the amplifica-
tion of which is frequently found in breast cancer and is associ-
ated with tumor-initiating characteristics (58). PI4KB and
PIP5K1A have been shown individually to regulate PI3K/
AKT/mTOR signaling (59, 60); however, the role of coamplifi-
cation of PI4KB and PIP5KIA in cancer has not been studied.
Since that PI4KB catalyzes the production of PI4P and that
PIP5KIA catalyzes the production of PI(4,5)P2 from PI4P, it
is very likely that coamplification of PI4KB and PIP5KIA
augments the production of PI(4,5)P2 to hyperactivate PI3K
signaling. Sixty-five percent (258 out of 357) of the PI4KB/
PIPSKIA coamplified patients are ERYHER2™ (SI Appendix,
Tables S3 and S4), indicating that coamplification of P/4KB
and PIP5KIA may preferentially occur in this subtype. Proges-
terone receptor status, however, is not available for these
patients. Approximately thirty percent of PI4KB/PIP5KIA
coamplification co-occurs with 753 mutations (Fig. 54), sug-
gesting the possibility of PI4KB and PIP5KIA coamplification
cooperating with mutant 7P53 to drive breast tumorigenesis.
Additionally, coamplification of PI4KB and PIP5KIA is con-
current with P/K3CA mutations in 8.6% of patients, indicative
of hyperactivation of PI3K signaling in these patients. We next
stratified patients with P/4KB/PIP5SKIA coamplification,
PIK3CA mutations, and PTEN mutations as those with altera-
tions in PI3K pathway and found that patients with mutations
in both the PI3K pathway and 7P53 gene had worse overall
survival and relapse-free survival than those with mutations in
PI3K pathway only or those with 7P53 mutations only (Fig. 5
B and (). These data re-emphasize the cooperation of PI3K
pathway and 7P53 mutations in tumor initiation and
progression.

Discussion

TP53 mutations are the most frequent genomic alterations in
human breast cancer (3, 4). Hotspot mutations in 7P53, such
as TP53"%Y, occur more frequently than other mutations and
correlate with more-aggressive disease and worse prognosis
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Fig. 5. Coamplification of PI4KB and PIP5KTA as a frequent event to activate PI3K signaling in TP53-mutant breast cancer. (A) OncoPrint of PI4KB, PIP5KTA
together with TP53, PIK3CA, and PTEN in human breast cancer (n = 2,173). (B) Overall survival of the breast-cancer patients with different mutation status of
TP53 and PI3K-related genes (PI4KB, PIP5K1A, PIK3CA, and PTEN). (C) Relapse-free survival of the breast-cancer patients with different mutation status of 7TP53
and PI3K-related genes. Patients that had mutations in TP53, but not in other genes, were designated as MUT in TP53 only; patients that had mutations in
PI3K-related genes, but not in TP53, were designated as MUT in PI3K pathway only; patients that had mutations in both TP53 and one of the PI3K-related
genes were designated as both; and all other patients were designated as no alterations.

PNAS 2022 Vol.119 No.45 2210618119

https://doi.org/10.1073/pnas.2210618119 7 of 10


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2210618119/-/DCSupplemental
http://www.cBioPortal.org
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2210618119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2210618119/-/DCSupplemental

(61-63). Our laboratory generated the first sporadic breast can-
cer mouse models that faithfully recapitulate human breast
tumor etiology (7), laying the foundation to identify coopera-
tive mutations required for somatic mutant 77p53-driven breast
cancer. We performed WGS on tumors from these models and
identified a list of mutated cancer genes that may function as
cooperative lesions for somatic 77p53 mutations in breast can-
cer. The identified cancer genes include Erbb2, Kras, and Pren,
as well as other genes, the role of which have not been eluci-
dated in breast cancer. GO analysis of all mutated genes also
recognizes Pi3k signaling as a cooperative event for mutant
53, consistent with previous reports (14, 15). Additionally, we
identify recurrent mutations that may facilitate the tumorigene-
sis initiated by somatic 775372V, Particularly, we identify
and validate a recurrent Pip5k1¢“®* mutation that stabilizes
the Pip5klc protein to amplify Pi3k/Akt/mTOR signaling.

Although we did not identify the same PIP5SK1C“®”* muta-
tion in human breast cancer, and PIP5K1C is only amplified in
a small percentage of human breast tumors, we identify an ana-
log to PIP5KICG—PIP5KIA—amplified in 18% of human
breast cancer, suggesting that genomic alterations in the genes
responsible for PI(4,5)P2 production represent a frequent event
for PI3K activation in breast cancer. Intriguingly, PI/4KB,
which functions upstream of PIP5KIA, is located on the same
chromosomal region as PIP5KIA and is coamplified with
PIPSKIA in the 18% of human breast cancer. Therefore,
coamplification of P/4KB and PIP5KIA enhances the produc-
tion of PI(4,5)P2 to hyperactivate PI3K signaling. Additionally,
the co-occurrence of PI4KB/ PIP5KIA amplification with 7P53
mutations and the worse prognosis in patients harboring both
PI3K activation and 7P53 mutations further support their
cooperation in driving breast-cancer progression. Consistent
with the essential role of Pi3k signaling in these somatic
Trp53"*Y_driven breast tumors, inhibition of Pi3k represses
the growth of tumor-derived cell lines. Importantly, the combi-
nation of drugs targeting Pi3k and mutant p53 achieves better
efficacy than either drug alone. These data not only stress the
cooperation of PI3K signaling with mutant 7753 in driving
breast tumorigenesis but also shed light on therapeutic strate-
gies targeting both PI3K and mutant p53.

Transcriptomic analysis in these somatic 77p53%*"-driven
breast tumors identified activation of Pi3k/Akt/mTOR signal-
ing and its downstream metabolic pathways, including glycoly-
sis and OXPHOS. Disrupting different steps of OXPHOS
using FDA-approved drugs tigecycline or metformin inhibits
the growth of mouse TNBC cell lines initiated by somatic
T;']J53R245W, and combination of the two drugs achieves better
efficacy than just one. Intriguingly, OXPHOS is the top essen-
tial pathway in human breast cancer cell lines, but not in other
types of cancer cell lines. Tigecycline, metformin, or their com-
bination potently represses the growth of human 7P53-mutant
TNBC cell lines. Therefore, our findings potentially open ther-
apeutic opportunities for breast-cancer patients and especially
TNBC patients. In addition, these results point to a different
direction for repurposing the two FDA-approved drugs, tige-
cycline and metformin, which have been used for bacterial
infections and diabetes, respectively, for cancer treatment.

Finally, we propose one model in which the frequent ampli-
fication of chromosome 1q21 containing P/4KB and PIP5KIA
leads to overexpression of PI4KB and PIP5K1A, which subse-
quently boosts the production of PI(4,5)P2 to overactivate
PI3K/AKT/mTOR signaling (SI Appendix, Fig. S11). The
hyperactivation of PI3K signaling rewires cellular energetics (to
cooperate with mutant p53) to promote breast tumorigenesis.
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In summary, our findings uncover potential cooperative driver
mutations and pathways for somatic 77p53 mutations, reveal
mutations activating Pi3k/Akt/mTOR pathway, and shed light
on therapeutic strategies for breast-cancer patients.

Materials and Methods

Cell Lines. Human breast cancer cell lines were obtained and authenticated
from the Cytogenetics and Cell Authentication Core at Department of Genetics at
MD Anderson Cancer Center. Al cancer cell lines were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin.

was. DNA was isolated using the Qiagen DNeasy Blood & Tissue Kits according
to manufacturer's instructions. WGS for tumor DNAs was performed at MD
Anderson Advanced Technology Genomics Core (ATGC) with NovaSeq6000
150-nt PE flow cells. DNA from two tails of mice from the same cohorts was
included as normal control. The quality of raw, 150-bp paired-end reads in
FASTQ format was assessed using FastQC (https://www.bioinformatics.babraham.
ac.uk/projectsffastqc/). After quality check, the reads were aligned to the mouse
reference genome (GRCm38 from the Wellcome Sanger Institute) using BWA
(64). Summary statistics of read alignments were obtained using SAMtools flag-
stat (65). Then the Picard tool of MarkDuplicates was employed to mark and
remove duplicate reads (broadinstitute.github.io/picard/). Local realignment
around insertions and deletions was then performed to correct mapping-related
artifacts using the genome analysis toolkit (GATK) (66-68) RealignerTargetCrea-
tor and IndelRealigner tools. Next, base quality scores were recalibrated using
the GATK tools BaseRecalibrator and PrintReads in order to correct sequencing
errors and other experimental artifacts. After the above preprocessing steps,
somatic mutations were called using GATK MuTect2 v4.1.0.0 for tumors and their
corresponding normal controls (mouse tails). We filtered out likely false-positive
variants using the default parameters of the GATK tools FilterMutectCalls, Collect-
SequencingArtifactMetrics, and FilterByOrientationBias. The mutations, including
single nucleotide variants and short insertions/deletions were functionally anno-
tated using ANNOVAR with the corresponding databases for mouse GRCm38/
mm10 (69). Further filtering steps were applied: (1) we removed all variants
occurring in simple repeat regions (simpleRepeatixt, downloaded from
hgdownload.cse.ucsc.edu/goldenpath/mm10/database) (70), (2) we filtered out
known variation using the Sanger variant dbSNP142 databases, (3) we removed
variants replicated in all nine Trp53%*** tumors, (4) we kept mutations with
approximate read depth >20 in both tumor and normal samples, (5) we kept
mutations with allele fraction of alternate alleles >0.1 in the tumor and <0.05
in the normal, and (6) we kept the overlapping variants for the tumor sample
called against the two normal samples.

Western Blots. Tissues were homogenized and protein lysates were prepared
using radioimmunoprecipitation assay buffer. Equal amounts of lysates were
resolved by SDS-PAGE and transferred to ImmunBlot polyvinylidene difluoride
membranes (Bio-Rad). Membranes were blocked and probed with specific pri-
mary antibodies. Anti-P53 antibody was purchased from Santa Cruz (#sc-6243).
Anti-PIP5K1C antibody was purchased from Milipore Sigma (#K1894 or #K2019).
Anti-Phospho-Akt (#4060), anti-Actin (#4970) and anti-GAPDH (#2118S) antibod-
ies were purchased from Cell Signaling Technology. Bound antibodies were
detected with secondary antibodies conjugated with horseradish peroxidase and
visualized by enhanced chemiluminescent substrate (Pierce/Thermo Fisher Scien-
tific). Quantification was performed with ImageJ normalizing to internal control
GAPDH or Actin.

Generation of Pip5k1c®¢’® Expressing Vector. Pip5k7c (DNA was synthe-
sized by Twist Bioscience. Pip5k7c®® (DNA was generated by site-directed
mutagenesis using WT Pip5kTc cDNA as template and cloned into pBabe-puro
(Addgene plasmid No. 1764, a gift from Hartmut Land & Jay Morgenstern &

Bob Weinberg).

Mammary Epithelia Isolation. Isolation of murine mammary epithelia fol-
lowed published protocol (71).
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RNA Extraction. Total RNA was isolated from homogenized tissues using TRIzol
and Qiagen RNeasy Kits. Briefly, appropriate volume of TRIzol was added to
homogenized tissues and incubated at room temperature for 5 min. Chloroform
was then added to the tissue/TRIzol mixture and mixed by vortex (chloroform:trizol,
1:5 in volume). After incubating at room temperature for 3 min, the
chloroform/tissue/TRIzol mixture was centrifuged at 12,0009 at 4°C for
30 min. The upper phase was transferred to a new tube without disturbing
the interphase. Then 1.5 volumes of 100% ethanol was added to the upper
phase, mixed thoroughly by inverting several times, loaded to RNeasy spin
column, and centrifuged for 15 s at >8,000g. The flow-through was dis-
carded. The column was washed with buffer RW1, treated with DNasel, and
then washed with RW1 and RPE buffers. Thirty to one hundred microliters
nuclease-free water was added to the column to elute RNA.

RNA-Seq. RNA-seq was performed at MD Anderson ATGC with NextSeq500
High. The sample library was prepared using Illumina TruSeq stranded protocol.
Raw, 75-bp paired-end reads in FASTQ format were initially checked for read
quality using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
and then aligned to the mouse reference genome (Gencode GRCm38 (72)) using
TopHat2 (73). Alignment quality was evaluated from the output of TopHat2. The
BAM file with mapped reads for each sample was sorted using SAMtools (65)
and then served as an input for HTSEq (74) to count reads that mapped to genes.
The read counts for all samples were then normalized using the timmed mean
of M method implemented in the R Bioconductor package edgeR to generate the
abundance for each gene (75, 76). Based on the count data, edgeR was also
used to perform differential gene expression analysis between groups of samples
using the generalized linear model likelihood ratio test. For the comparisons
involving tumor samples, we applied the R limma package voom transformation
to the RNA-seq data and then fit the mixed model by treating the groups of inter-
est as a fixed effect and sample identification as a random effect as we estimated
the correlation between the duplicated samples that were sequenced more
than once (77, 78). Benjamini-Hochberg correction was applied to the resulting
P values for multiple testing adjustment.
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Metabolic Assays. Agilent Seahorse XF Cell Mito Stress Test Kit was performed
according to manufacturer's protocol. Briefly, 5,000 cells were plated in Seahorse
XF cell culture plates the day prior to analysis. On the day of experiment, media
was replaced with XF Base Medium containing required supplements. Cartridge
was incubated in calibrant prior to drug addition to injection ports. Oligomycin,
fluoro-carbonyl cyanide phenylhydrazone, and rotenone and antimycin were
added to final concentrations of 1.5 uM, 1 pM, 0.5 pM, and 0.5 pM, respec-
tively. Data were collected in the Seahorse XFe96 Analyzer.

statistics. Unpaired Student's t test was used for comparing the means of two
groups. Log-rank test was used for comparing Kaplan-Meier survival curves.
P values less than 0.05 were recognized as statistically significant. Statistical anal-
ysis was performed in Graphpad Prism 9.

Data, Materials, and Software Availability. WGS data reported in this
paper have been deposited in NCBI BioProject database with ID PRINA858446
(79). RNA-seq data reported in this paper have been deposited in the Gene
Expression Omnibus database with accession No. GSE207604 (80).

All other data are included in the manuscript and/or SI Appendix.
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