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treatment with the ferroptosis inducer IKE (50), only cells 
with WT p53 (p53+/+ and p53+/AD) underwent ferroptosis 
under these conditions, which was confirmed via rescue with 
the ferroptosis inhibitor ferrostatin-1 (ref. 51; Fig. 5F; Supple-
mentary Fig. S7D). Further, treatment with the topoisomer-
ase I inhibitor camptothecin did not kill mutant p53(A347D) 
cells (Fig. 5G).

Given the well-defined apoptogenic role cytoplasmic p53 
plays at mitochondria and the hyperstability of p53(A347D), 
we posited that p53(A347D) drives basal levels of stress, 
which leads to enhanced apoptotic cell death after topoi-
somerase II inhibition (46). In order to test this hypothesis, 
we assessed the association of p53 protein from the different 
U2OS allelic series with mitochondria. Cell fractionation 
analysis revealed that p53 protein from U2OS p53+/+ and 
p53+/AD cells was associated with the mitochondrial fraction 
to a much lesser extent than p53 protein from p53AD/AD cells, 
with p53+/AD cells exhibiting intermediate mitochondrial p53 

levels (Fig.  6A). The elevated levels of dimeric mutant p53 
at mitochondria may be due to the greater amounts of this 
hyperstable protein or may reflect preferential localization or 
binding to mitochondria. The amount of the p53AD/AD vari-
ant associated with mitochondria was increased to an even 
greater extent when cells were treated with etoposide, sug-
gesting that protein levels alone may not explain increased 
levels of mitochondrial mutant p53 (Fig. 6A and B).

We utilized pifithrin-μ (PFTμ), a small-molecule inhibitor 
reported to disrupt p53 binding to mitochondrial antiap
optotic proteins and prevent p53-mediated apoptosis (52). 
Remarkably, treatment with this compound dramatically 
reduced the level of mutant p53 within the mitochondrial 
fraction (Fig.  6B; Supplementary Fig.  S8A and S8B). In 
accordance, we found that p53(A347D) could be found 
associated with the mitochondrial antiapoptotic proteins, 
Bcl-2 and Bcl-xL, to a significantly greater extent than does 
WT p53 (Fig. 6C). Relevantly, p53 association with Bcl-2 and 

Figure 4.  Dimeric mutant p53 promotes mitochondrial network aberration. A, Representative images of �xed p53+/+, p53 KO, p53+/AD, and p53AD/AD 
U2OS cells transfected with 25 nmol/L of either a nontargeting siRNA pool (siCtrl) or a siRNA pool against p53 (sip53) for 48 hours and treated with 
DMSO for 24 hours. Mitochondria were visualized by MitoTracker Red staining (red). Nuclei were stained with DAPI (blue; n = 3). Scale bar, 50 μm. 
B, Relative mitochondrial aberrance was determined by a trained observer counting the number of cells with aberrant mitochondria and total number 
of cells within each �eld. Images were blinded and randomized prior to counting. Bars represent the mean ± SEM of three biologically independent 
experiments (n = 3; 7�12 images captured per group). Statistical signi�cance was assessed by two-tailed t test. *, P < 0.05; **, P < 0.01. C, Representative 
images of p53+/+ and p53AD/AD U2OS cells treated with etoposide for 24 hours after transfection with nontargeting siRNA for 24 hours and then stained 
with MitoTracker Red (red) and DAPI (blue; n = 3). Scale bar, 50 μm. D, Representative images of U2OS p53 KO cells stably expressing either vector or 
p53(A347D) and U2OS p53AD/AD cells stained with MitoTracker Red (red) and DAPI (blue). Scale bar, 50 μm.
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Figure 5.  Mutant p53 cells preferentially undergo apoptosis under genotoxic stress. A, Viability of indicated U2OS cells treated with 20 μmol/L 
etoposide (etopo) or 20 μmol/L etopo + 100 μmol/L zVAD-FMK (zVAD), as assessed by neutral red uptake and normalized to the DMSO control. Data 
represent mean ± SEM of four biologically independent experiments each with four technical replicates. B, Viability of U2OS p53 KO cells stably express-
ing either vector or the p53 mutations E343K, L344A, A347S, and A347D and U2OS p53AD/AD cells treated with 10 or 20 μmol/L etopo, as assessed by 
neutral red uptake and normalized to the DMSO control. Viability experiment with vector, transduced p53(A347D), and p53AD/AD cells (left) performed 
separately. Data represent mean ± SEM of three biologically independent experiments each with two or three technical replicates. C, U2OS cells varying 
in p53 status (p53+/+, p53 KO, p53+/AD, and p53AD/AD) were treated with DMSO, 20 μmol/L etopo, or 20 μmol/L etopo + 100 μmol/L zVAD for 48 hours and 
subjected to immunoblotting with the indicated antibodies. D, MSCs derived from primary dermal �broblasts through the protocol described in Methods 
were treated with 20 μmol/L etopo for 24 hours, harvested, and subjected to immunoblot analysis with the indicated antibodies. E, Viability of U2OS 
p53AD/AD cells treated with etopo and/or actinomycin D (ActD) at indicated concentrations for 48 hours, as assessed by neutral red uptake and normalized 
to the DMSO control. Two biologically independent experiments were performed in triplicate, and representative data are shown as mean ± SD. F, Viabil-
ity of U2OS cells varying in p53 status treated with increasing concentrations of IKE for 48 hours, as assessed by neutral red uptake and normalized to 
DMSO-treated cells. Data represent mean ± SEM of three biologically independent experiments each with at least three technical replicates. G, Viability 
of U2OS cells varying in p53 status treated with 5 μmol/L camptothecin (CPT) for 48 hours, as assessed by neutral red uptake and normalized to the 
DMSO control. Data represent mean ± SEM of three biologically independent experiments each with three technical replicates. Statistical signi�cance 
was assessed by two-tailed t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

U2OS

U2OS

U2OS p53AD/AD 5 �mol/L CPTGFE

C D

A B

MSC

U2OS p53 KO

Vector100

50

R
el

at
iv

e 
vi

ab
ili

ty
 (%

)

0

100

50

R
el

at
iv

e 
vi

ab
ili

ty
 (%

)

0

100

50

R
el

at
iv

e 
vi

ab
ili

ty
 (%

)

0

100

50

R
el

at
iv

e 
vi

ab
ili

ty
 (%

)

0
0 2.5 5 2 4 8 16 32

100

50

R
el

at
iv

e 
vi

ab
ili

ty
 (%

)

0

100

50

R
el

at
iv

e 
vi

ab
ili

ty
 (%

)

0
10 �mol/L etopo

20 �mol/L etopo

10 �mol/L etoposide
DMSO [IKE] �mol/L p5

3
+/+

p5
3

+/A
D

p5
3

AD/A
D

p5
3 K

O

p5
3

+/+

p5
3

+/A
D

p5
3

AD/A
D

p5
3 K

O

p53+/+

p53+/AD

p53AD/AD

p53 KO

ActD (nmol/L)

20 �mol/L etoposide

20 �mol/L etopo + 100 �mol/L zVAD

Dimer

+ + +
+

+ +
+

–
– –

+ +
+

–
– –

+ +
+

–
– –

+ +
+

–
– –

+ +
+ + +

+ + +
+ +

+ +

p53+/+ p53+/AD p53AD/AD p53 KO DMSO

PARP
c-PARP

p53

Cleaved
caspase-3

Actin

PARP

Etopo
zVAD

c-PARP

p53

Cleaved
caspase-3

Actin

W
T

W
T

LF
S

-1

LF
S

-2

LF
S

-1

LF
S

-2

ETOPO

Dimer Monomer

20 �mol/L etopo

E343K
L344A
A347S
A347P
A347D
p53AD/AD

D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/doi/10.1158/2159-8290.C

D
-22-0882/3321564/cd-22-0882.pdf by guest on 17 April 2023



D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/doi/10.1158/2159-8290.C

D
-22-0882/3321564/cd-22-0882.pdf by guest on 17 April 2023



D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/doi/10.1158/2159-8290.C

D
-22-0882/3321564/cd-22-0882.pdf by guest on 17 April 2023



D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/doi/10.1158/2159-8290.C

D
-22-0882/3321564/cd-22-0882.pdf by guest on 17 April 2023



Mutant p53 Dimers Induce Transcription-Independent Apoptosis RESEARCH ARTICLE

	 MAY  2023 CANCER DISCOVERY | OF16 

DNA binding domain mutants, and little is known about the 
functions of tumor-associated p53 OD variants. To our knowl-
edge, this is the first study to perform a deep dive into the 
molecular functions of oligomerization-defective mutant p53 
that may ultimately possess therapeutic implications. Here, we 
studied the p53(A347D) mutation expressed in a diverse set of 
endogenous contexts (U2OS cells, patient-acquired primary 
fibroblasts, patient-derived MSCs and osteoblasts) and utilized 
orthogonal experimental approaches to characterize the GOF 
and LOF activities of this dimeric p53 variant, which are sum-
marized in Supplementary Tables  S1 and S2. Given striking 
similarities between derivatives from LFS patient–derived cells 
and CRISPR-generated mutants, we posit the relevance of both 
systems to study other LFS-derived p53 variants.

Tetramerization of p53 has been well demonstrated to be 
necessary for efficient DNA binding, and certain mutations 
within the p53 OD were shown to abolish both tetramer for-
mation and transcriptional activity to varying degrees (13, 23). 
Although prior findings have demonstrated that p53(A347D) 
may have lost selective transcriptional activity, our observations 
demonstrate more globally in a physiologically relevant context 
that endogenously expressed p53(A347D) has a significantly 
impaired ability to activate a canonical p53 transcriptional 
program. This loss in transactivation potential most likely leads 
to the accumulation and hyperstability of p53(A347D) due to 
the inability of this p53 variant to induce its negative regula-
tor MDM2. Although we have demonstrated previously that 
dimeric p53, in both WT and tumor-derived variants, is prefer-
entially bound and degraded by MDM2, such an enhanced deg-
radation may only occur in contexts where MDM2 is present 
in adequate quantities (19). Ultimately, these results implicate 
impaired canonical transcriptional activity as a clear LOF phe-
notype of p53(A347D) that may promote tumorigenesis. Yet, 
p53(A347D) gains a novel chromatin binding signature char
acterized by the enrichment of ETS binding motifs at predicted 
mutant p53 binding sites. Although this finding implies coop-
erativity with ETS family members, especially ETS1 and ETS2, 
which have previously been demonstrated to interact with p53 
DNA binding domain mutants to drive transcription (38, 39, 
56) the lack of such an interaction by p53(A347D) suggests 
that this dimer-forming variant may independently bind DNA, 
albeit less efficiently than WT p53. This is a distinct possibility 
given that p53(A347D) possesses a conformation that is not 
fully denatured, implicated by inaccessibility to PAb240, yet not 
completely well folded. We cannot rule out the possibility that 
p53(A347D) either interacts with other ETS family members 
to regulate transcription or coordinates with PPAR proteins, 
although we did not observe evidence for the upregulation of a 
PPAR-dependent transcriptional program.

Transcriptomics revealed both glycolysis and mitochondrial 
respiration–related genes to be enriched in dimeric mutant 
p53–bearing cells, yet only mitochondrial electron transport 
genes were predicted to be bound by p53(A347D). This seem-
ing discrepancy suggests that mitochondrial changes may be 
regulated, in part, transcriptionally by mutant p53, whereas 
glycolytic reprogramming may be an indirect compensatory 
outcome of mitochondrial network alterations that occur. 
We additionally report that dimeric mutant p53 is found 
associated with mitochondria at higher levels both basally 
and after etoposide treatment, which may also contribute 

significantly to mitochondrial network changes. Although 
difficult to delineate whether these changes are mediated 
through gain of transcriptional or transactivation-independ-
ent function, it is clear that p53(A347D) drives mitochondrial 
aberrations that are characteristic of stress.

The regulation of mitochondrial fission and fusion dynam-
ics is critical in sustaining mitochondrial health and function 
under metabolically or environmentally stressful conditions 
(43, 57). Excessive mitochondrial fission leads to fragmenta-
tion and is both a sensitizer to and a requisite step in apoptosis 
(57–59). Furthermore, mitochondrial fragmentation has been 
linked to glycolytic reprogramming in cancer cells and cancer-
associated myofibroblasts (60, 61). WT p53 has been shown to 
regulate fission–fusion dynamics by transcriptionally inducing 
mitofusins (Mfn1 and Mfn2), which are essential for mito-
chondrial fusion, and by promoting the mitochondrial trans-
location of dynamin-related protein 1 (Drp1), which induces 
fission (46, 62). Though we cannot definitively label mitochon-
drial aberrations driven by p53(A347D) as either mitochondrial 
fission or fusion, when placed into the context of apoptotic 
sensitivity and increased glycolysis, unopposed fission may be 
the more likely explanation for this phenotype. Further investi-
gation into the precise mechanism by which p53(A347D) may 
tilt the mitochondrial dynamic balance either transcriptionally 
or through direct protein–protein interactions is warranted, 
especially given that (i) we found elevated levels of mutant 
dimeric p53 associated with mitochondria, (ii) WT p53 already 
functions in this capacity, and (iii) dysregulated mitochondrial 
dynamics may be a targetable vulnerability of cancers (46, 63). 
However, of note is that though p53AD/AD cells may be primed 
to die, they do not undergo apoptosis under basal conditions, 
implying that mitochondrial network alteration may be neces-
sary, but not sufficient, for cell death.

Mitochondrial fission may additionally be tumor-support-
ive in certain contexts. Higher levels of mitochondrial fission 
have been associated with increased proliferative capacity 
and invasion in some cancer cell lines, whereas mitochon-
drial fusion opposes growth (64). Mitochondrial fission may 
thereby serve as a potential mechanism of tumorigenesis 
in cells bearing p53(A347D). Furthermore, mitochondrial 
fragmentation has been linked to glycolytic reprogramming 
in cancer cells and cancer-associated myofibroblasts (60, 61). 
Elevated glycolysis is a well-demonstrated and frequent pro-
tumorigenic alteration that supports the increased anabolic 
demands of rapidly proliferating cancers and helps main-
tain cellular redox potential (65). Therefore, we can hypoth-
esize that mitochondrial fission and associated metabolic 
reprogramming may be mechanisms by which p53(A347D) 
mediates the observed enhanced proliferative, invasive, and 
tumorigenic capacities of cells bearing this mutation.

In addition to its proapoptotic functions as a transcrip-
tion factor, p53 possesses transactivation-independent apop-
togenic roles. WT p53 rapidly translocates to mitochondria 
in response to stress signals, where it can interact with and 
induce the oligomerization of both proapoptotic BH3-only 
proteins Bax and Bak and VDAC, leading to pore formation in 
the outer mitochondrial membrane and subsequent release of 
apoptogenic factors from mitochondria (66, 67). Additionally, 
p53 physically interacts with and inhibits antiapoptotic pro-
teins Bcl-2, Bcl-xL, and MCL1, thereby releasing proapoptotic 
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tBid, Bax, and Bak from the Bcl-2/Bcl-xL inhibitory complex 
and leading to the induction of apoptosis (46, 53). The DNA 
binding domain of p53 was determined to be the binding inter-
face for Bcl-2, and mutations within the DNA binding domain 
abolish this binding interaction (68, 69). Consequently, several 
tumor-derived DNA binding domain missense mutants were 
found to be unable to promote cytochrome c release, whereas 
a C-terminally deleted p53 protein preserved the ability to 
induce apoptosis (70, 71). Yet some recent evidence suggests 
that p53(R181E) preserves the ability to induce apoptotic cell 
death, suggesting mutation specificity in terms of apoptogenic 
potential (72). We demonstrate that p53(A347D), which has a 
WT DNA binding domain, binds both Bcl-2 and Bcl-xL to an 
even greater extent than WT p53 does, suggesting that higher 
levels of the mutant protein basally and after induction alone 
do not account for mutant p53 cells’ propensity to apoptose. 
The direct mitochondrial apoptogenic role for p53(A347D) is 
supported by our finding that PFTμ, which has been shown 
to attenuate p53 association with mitochondria and preclude 
p53 binding to Bcl-2 and Bcl-xL, both decreases the amount of 
p53 found in the mitochondrial fraction and rescues p53AD/AD 
cells from etoposide-mediated cell death (52, 73). Not only 
p53(A347D) but other dimeric p53 mutants may similarly pos-
sess transactivation-independent proapoptotic activity, given 
that ectopically expressed dimer but not monomer mutants 
were able to sensitize cells to etoposide. This proapoptotic 
ability may not be a universal feature of dimeric p53, however, 
as the dimer-forming K351N mutant demonstrates defec-
tive mitochondrial trafficking in ovarian cancer cells and 
attenuated p53-dependent mitochondrial fragmentation in 
yeast (74). Furthermore, our observation that not all induc-
ers of genotoxic stress can promote heightened cell death in 
mutant p53 cells indicates specificity in terms of what can 
induce p53(A347D) to kill. Ultimately, these data describe 
p53(A347D) as a mutant tumor suppressor that retains the 
license to kill but only under specific orders.

Germline mutations in the p53 OD have been found to 
have variable impacts on clinical outcomes dependent on the 
quaternary structure the specific p53 mutant may form (18). 
Although clinical data stratifying survival by monomeric and 
dimeric p53 status are limited, the association with cancer 
development is clear. Limited in vitro evidence has demon-
strated increased proliferation and colony formation in both 
monomeric and dimeric p53 mutants expressed ectopically in 
H1299 cells relative to both WT p53 and tetrameric p53 vari-
ants (18). We expand on this finding to observe that endog-
enously expressed mutant p53 may facilitate augmented 
proliferation in 2D culture, invasion into an experimentally 
derived extracellular environment in a 3D setting, and tumor 
engraftment and growth in ectopic xenograft models. Despite 
the tumorigenic characteristics imparted by p53(A347D), this 
mutant still preserves apoptogenic ability, thereby suggesting 
that chemotherapies may retain efficacy in cancers bearing 
such a mutant. Although we suspect that the GOF activities 
of p53(A347D) may be applicable to other transcriptionally 
inert, dimeric p53 mutants that accumulate to intracellular 
high levels, whether other OD mutants demonstrate this 
phenotype remains to be shown. Ultimately, our results serve 
to delineate the LOF and GOF abilities of the dimer-forming 
p53(A347D) mutant, which not only hints at the complexities 

inherent in different p53 mutants but also implicates the effi-
cacy of specific proapoptotic therapeutic strategies.

METHODS
Chemicals and Antibodies

Dimethyl sulfoxide (Sigma), nutlin-3a (Sigma), etoposide (Sigma), 
zVAD-FMK (AdooQ Biosciences), daunorubicin (Sigma), campto-
thecin (Sigma), imidazole ketone erastin (Selleck Chemicals), ferro-
statin-1 (Selleck Chem), actinomycin D (Calbiochem), and PFTμ 
(Calbiochem) were utilized at indicated concentrations and times.

The following commercial primary antibodies, supplemented with 
0.02% sodium azide, were used: anti-MDM2 (1:1,000; Cell Signaling 
Technology, D1V2Z), anti-p53 (1:1,000; Bio-Rad, VMA00019), anti-
p53 (1:500; Santa Cruz Biotechnology, sc-126), anti-p53 PAb1620 
(1:1,000; EMD Millipore, OP33), anti-p53 PAb240 (1:500; Santa Cruz 
Biotechnology, sc-99), anti–β-actin (1:5,000; Sigma, A2228), anti-p21 
(1:2,000; Cell Signaling Technology, 12D1), anti–Myc-tag (1:1,000; Cell 
Signaling Technology, 9B11), anti–α-Tubulin (1:1,000; Cell Signaling 
Technology, 2144S), anti-PARP (1:1,000; Cell Signaling Technology, 
9542S), anti–caspase-3 (1:1,000; Cell Signaling Technology, 9662S), 
anti–COX-IV (1:1,000; Cell Signaling Technology, 4844S), CD24 (BD 
Biosciences, 555427), CD73 (BD Biosciences, 560847), CD105 (eBiosci-
ence, 12-1057), OCT4 (Santa Cruz Biotechnology, sc-9081), and SSEA4 
(R&D Systems, FAB1435P). In-house mAb anti-p53 (1:10; mixture of 
DO1/1801 hybridoma supernatant) was also used. Goat anti-mouse 
and goat anti-rabbit horseradish peroxidase–conjugated secondary 
antibodies (1:5,000; Sigma) were utilized. Mouse TruBlot ULTRA: anti-
mouse Ig HRP (ROCKLAND, eB144) secondary antibody was also used.

Plasmids
The HA-p53 and FLAG-p53 plasmids were described previously 

(19). The p53 mutations L330A, E343K, L344A, A347S, A347P, and 
A347D were introduced into the HA-p53 construct as previously 
reported using the QuikChange II site-directed mutagenesis kit 
(Agilent Technologies; ref. 19). Myc-DDK-tagged BCL2 (RC204498), 
Myc-DDK-tagged BCL2L1 (RC201314), Myc-DDK-tagged PPARα 
(RC216237), and Myc-DDK-tagged PPARγ (RC201538) were pur-
chased from OriGene Technologies. Myc-ETS1 and Myc-ETS2 were 
kindly gifted by Dr. Luis A. Martinez (Stony Brook Cancer Center, 
Department of Pathology, Renaissance School of Medicine, Stony 
Brook University, Stony Brook, NY).

Study Participants
This study was approved by the National Heart, Lung, and Blood Insti-

tute (NHLBI)–NIH Internal Review Board (ClinicalTrials.gov identifiers 
NCT00406445 and NCT01143454) and the University of Utah Institu-
tional Review Board (IRB #41211, Cancer Genetics Study). The study 
was conducted in accordance with the U.S. Common Rule and after 
the subjects provided written informed consent for their participation.

Cell Lines
U2OS osteosarcoma cell lines varying in p53 status (U2OS paren-

tal; U2OS CRISPR p53 KO, p53+/AD, p53AD/AD), primary dermal 
fibroblasts with either WT p53 (L53-WT) or p53+/AD (L53-M1, L53-
M2), the p53-null lung carcinoma H1299 cell line, and HEK293T 
cells were cultured in Dulbecco’s modified Eagle medium (DMEM) 
containing 10% fetal bovine serum (FBS) at 37°C in a humidified 5% 
CO2 environment. Dermal fibroblasts were obtained from an LFS 
family in which two siblings harbored the germline p53(A347D) 
mutation (L53-M1 and L53-M2) and a third sibling harbored WT 
p53 (L53-WT). Human fibroblasts (L53-M1) from one of the LFS sib-
lings were prepared at the NHLBI–NIH, and the fibroblasts (L53-WT 
and L53-M2) from the two additional siblings were prepared at the 
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University of Utah using standard protocols. Either WT p53 dermal 
fibroblasts or L53-M1 fibroblasts were utilized to generate iPSCs, 
which were then differentiated into MSCs and osteoblasts accord-
ing to the methods provided below. Single clones were isolated, and 
patient fibroblast derivatives with mutant p53 are termed LFS-1, 
LFS-2, LFS-3, LFS-4, and LFS-5. WT p53 derivatives are termed WT-1, 
WT-2, and WT-3. Cell lines were routinely assessed for Mycoplasma 
infection using the Lookout Mycoplasma PCR Detection Kit (Sigma).

Gene Editing by CRISPR–Cas9 in U2OS Cells.  U2OS p53(A347D) 
mutant cells were generated using a modification of CRISPR–Cas9 
genome-editing technology (75). A 100-base-pair single-stranded oli-
godeoxynucleotide (ssODN) flanking the cut site and containing 
the mutation of interest was used as a donor template. U2OS cells 
(2  ×  106) were electroporated with 200 pmol/L of ssODN (IDT), 
100 pmol/L of EnGen Cas9 NLS (New England Biolabs), and 120 
pmol/L of single-guide RNA (Synthego) using an Amaxa Nucleofec-
tor II device. Single-cell clones were selected via limiting dilution, and 
mutant clones were confirmed by genomic DNA and cDNA sequenc-
ing. Three single-cell clones of p53+/AD cells, two single-cell clones of 
p53AD/AD cells, and two single-cell clones of p53 KO cells were pooled 
after confirming similar growth rates and were used for all experi-
ments with U2OS cells unless otherwise indicated. U2OS p53 KO 
cells were generated as described previously (19).

Generating U2OS Cells Stably Expressing OD Variants by Retroviral 
Transduction.  Mutant p53 constructs (E343K, L344A, A347S, A347P, 
and A347D) were cloned into the pMXs-IRES-Puro retroviral expres-
sion vector (Cell Biolabs) and cotransfected with packaging plasmids 
into HEK293T cells to produce viruses. Each virus with either empty 
vector or mutant p53 constructs was infected into U2OS p53 KO cells 
and selected by 1 μg/mL of puromycin for at least 1 week.

Somatic Cell Reprogramming of Dermal Fibroblasts.  Somatic cell 
reprogramming with Sendai viruses (SeV) was described previously 
(76–79). WT and LFS (L53-M1) fibroblasts were reprogrammed by 
transducing SeVs expressing Yamanaka four factors (OCT4, SOX2, 
KLF4, and MYC) using the CytoTune-iPS 2.0 reprogramming kit  
(Invitrogen). The reprogrammed iPSCs were maintained in human 
embryonic stem cell (hESC) media (DMEM/F12; Corning) con-
taining 20% (v/v) KnockOut Serum Replacement (Invitrogen), 
β-mercaptoethanol, nonessential amino acids, L-glutamine, penicillin–
streptomycin antibiotics, and 10 ng/mL bFGF for 3 weeks. The iPSC 
clones with hESC morphology and positive expression of the hESC sur-
face marker SSEA4 were picked and expanded in StemMACS iPSC-Brew 
XF medium (Miltenyi Biotec). Expression of hESC pluripotency factor 
OCT4, hESC surface marker SSEA4, and alkaline phosphatase was 
confirmed by immunofluorescent staining (Supplementary Fig. S9A).

In Vitro Differentiation of LFS iPSCs to MSCs and Then to Osteo-
blasts.  In vitro differentiation of iPSCs to MSCs was performed by an 
SB-431542/7.5% CO2-based MSC differentiation method described 
previously (78, 80). iPSCs were cultured in StemMACS iPSC-Brew XF 
medium supplemented with 10 μmol/L TGFβ inhibitor SB-431542 
and 7.5% CO2. After culturing for 1 month, the majority of cells 
acquired an MSC-like spindle-shaped morphology. The differenti-
ated cells were then maintained and expanded in the modified MSC 
differentiation medium [KnockOut DMEM (Gibco) supplemented 
with 10% KnockOut serum replacement, β-mercaptoethanol, nones-
sential amino acids, penicillin–streptomycin, glutamine, 20 ng/mL 
EGF, and 20 ng/mL bFGF] under regular culture conditions. The 
expression of MSC markers CD73 and CD105, but not pluripotent 
stem cell marker CD24, was verified by immunofluorescent staining 
(Supplementary Fig.  S9B). For osteogenic differentiation, 2  ×  104 
CD73+/CD105+/CD24− MSCs were plated and cultured in osteo-
genic differentiation medium (α-MEM supplemented with 10% FBS, 

10 mmol/L β-glycerol phosphate, 200 μmol/L ascorbic acid, and 
0.1 μmol/L dexamethasone) for 15 days (76–79).

Immunoblot
Cells were lysed with TEB Lysis Buffer (10 mmol/L Tris-HCl pH 

7.5, 137 mmol/L NaCl, 10% glycerol, and 1% Nonidet P-40 with 50 
nmol/L PMSF and inhibitor cocktail containing 100 μmol/L Benza-
midine, 300 μg/μL Leupeptin, 100 mg/mL Bacitracin, and 1 mg/mL 
a2-macroglobulin). Lysates were cleared by 10,000-rpm centrifuga-
tion at 4°C, and protein concentration was measured using the Brad-
ford assay (Bio-Rad). Equivalent lysates were separated by SDS-PAGE 
and electrotransferred onto nitrocellulose membranes (Bio-Rad) and 
blocked with phosphate buffer (PBS) containing 0.1% Tween 20 
(Sigma) and 5% nonfat dry milk for 30 minutes. The above antibodies 
were applied. Pierce ECL Western Blotting Substrate (Thermo Fisher) 
or Immobilon Western Chemiluminescent HRP Substrate (EMD 
Millipore) was used for protein visualization.

Immunoprecipitation
PAb240/PAb1620 Immunoprecipitation and PPARα/PPARγ Coim-

munoprecipitation.  U2OS p53 KO cells were transfected with HA-p53, 
HA-p53(A347D), HA-p53(R175H), or empty vector pcDNA3 using Lipo-
fectamine 2000 (Thermo-Fisher) according to indicated combinations. 
Cells were lysed with immunoprecipitation (IP) buffer [150 mmol/L NaCl, 
50 mmol/L Tris-HCl (pH 8.0), 1 mmol/L EDTA, 1% NP40, 10% glycerol, 
protease inhibitor]. Protein lysates and Protein G Sepharose 4 Fast Flow 
beads (Cytiva) were incubated with anti-p53 PAb1620, PAb240, or DO-1 
(Santa Cruz Biotechnology) overnight at 4°C. Samples were washed with 
IP buffer three times and subjected to immunoblotting with anti-p53 (DO-
1, Santa Cruz Biotechnology), anti–Myc-tag, or anti–β-actin antibodies.

ETS1/ETS2 Coimmunoprecipitation.  H1299 cells were cotrans-
fected with HA-p53, HA-p53(A347D), HA-p53(R175H), or the empty 
vector pcDNA3 and/or Myc-ETS1 and Myc-ETS2 using Lipo-
fectamine 2000 (Thermo Fisher) according to indicated combina-
tions. Cells were lysed with IP buffer [150 mmol/L NaCl, 50 mmol/L 
Tris-HCl (pH 8.0 or 7.4), 1 mmol/L EDTA, 1% NP40, 10% glycerol, 
protease inhibitor]. Protein lysates were incubated with Pierce Anti-
HA Agarose (Fisher Scientific) overnight at 4°C. Samples were washed 
with IP buffer three times and subjected to immunoblotting with 
anti-Myc-tag, anti-p53 (DO-1), or anti–β-actin antibodies.

Bcl-2/Bcl-xL Coimmunoprecipitation.  U2OS p53 KO cells were 
cotransfected with indicated plasmids and combinations using Lipo-
fectamine 2000 (Thermo Fisher) and treated with 10 μmol/L etopo-
side for 6 hours. Cells were lysed with IP buffer [150 mmol/L NaCl, 50 
mmol/L Tris-HCl (pH 7.4), 1 mmol/L EDTA, 1% NP40, 10% glycerol, 
protease inhibitor], and protein lysates were incubated with Pierce 
Anti-HA Agarose (Fisher Scientific) overnight at 4°C. Samples were 
washed with IP buffer three times and subjected to immunoblotting 
with anti–Myc-tag, anti-p53 (DO-1), or anti–β-actin antibodies.

Cross-linking Analysis
Following harvesting cells by scraping with PBS, cells were resus-

pended in phosphate buffer (PBS + 10% glycerol + 10 mmol/L 
EDTA + 0.5% NP-40, 0.1 mol/L KCl, protease inhibitor mixture), 
incubated on a rolling shaker at room temperature for 20 minutes 
in the presence or absence of glutaraldehyde at indicated concen-
trations (Sigma). Samples were then boiled with protein sample 
buffer containing SDS and subjected to immunoblot analysis as 
described previously.

Cycloheximide Chase
Cells were treated with 100 μg/mL cycloheximide (Sigma) and 

harvested at the indicated time points. Cell lysates were subjected to 
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immunoblotting with the indicated antibodies. Signal intensity of 
p53 and actin was measured using ImageJ software (version 1.53K). 
The p53 signal was normalized to the actin signal.

Quantitative Real-time PCR
RNA extraction was performed using the RNeasy Mini Kit (Qiagen) 

according to the manufacturer’s protocol, and concentration was 
measured using the NanoDrop 2000 (Thermo Fisher). QuantiTect 
Reverse Transcription Kit (Qiagen) was used to generate cDNA. 
Power SYBR Green Master Mix (Thermo Fisher) was mixed with 
cDNA and following real-time PCR primers. The RPL32 gene was 
used as a housekeeping control. Quantitative PCR was performed 
with the StepOnePlus Real-Time PCR System (Applied Biosystems) 
and quantified by double delta Ct analysis.

Quantitative Real-time PCR Primer Sequences
The following qRT-PCR primers were used: RPL32_F 5′-TTCCTGGTC 

CACAACGTCAAG-3′, RPL32_R 5′-TGTGAGCGATCTCGGCAC-3′,  
MDM2_F 5′-TTGGCGTGCCAAGCTTCTCT-3′, MDM2_R 5′-TACCTG 
AGTCCGATGATTCC-3′, CDKN1A_F 5′-GGCGGCAGACCAGCATG 
ACA-3′, CDKN1A_R 5′-GCAGGGGGCGGCCAGGGTAT-3′, TIGAR_F  
5′-CCAGGCTCGCAGCTTCA-3′, TIGAR_R 5′-GGTTTCGACTCCAGGT 
GCAA-3′.

RNA-seq
Conditions and RNA Library Preparation.  Bulk RNA was extracted 

from cells grown in 15-cm plates using TRIzol (Invitrogen) and the 
RNeasy Mini Kit (Qiagen). Cells grown on separate 15-cm plates were 
considered biological replicates. RNA-seq was performed on RNA 
libraries prepared from two biologically independent experiments 
in U2OS cells. The first prep contained U2OS parental and U2OS 
CRISPR p53 KO, p53+/AD, and p53AD/AD cells treated with either 
DMSO or 20 μmol/L etoposide for 24 hours with four biological rep-
licates per condition. The second prep contained U2OS parental and 
U2OS CRISPR p53 KO, and p53AD/AD cells treated with either DMSO 
or 20 μmol/L etoposide for 24 hours with two biological replicates 
per condition. Additionally, bulk RNA was prepared from three 
clones of LFS osteoblasts and two clones of WT osteoblasts grown 
in 10-cm plates. U2OS RNA samples from the first prep were sent 
in TRIzol to BGI Genomics for further sample preparation, quality 
control (QC), and sequencing. U2OS RNA samples from the second 
prep and osteoblast RNA samples were sent to the Cancer Research 
& Prevention Institute of Texas (CPRIT) UTHealth Cancer Genomics 
Center for further library preparation, QC, and sequencing.

Sequencing and Downstream Analysis.  Resulting .fastq files were 
aligned to human genome reference hg38 using the kallisto pseu-
doalignment and quantification algorithm, as described by Bray and 
colleagues (81). Quantification of RNA read counts was performed 
at the gene level for downstream analysis. No outliers were observed 
with respect to total sequencing depth or gene coverage. In order to 
perform an integrated analysis of expression data from two separate 
library preps performed in U2OS cells, ComBat-Seq was utilized 
to correct for batch effect (82). Using the DESeq2 analysis package 
(83), the combined read-count matrix of all samples annotated by 
treatment and genotype was converted to a variance-stabilized gene 
expression matrix, and projected into 2D visualization by uniform 
manifold projection. On this projection, replicates of the same geno-
type and treatment condition can be observed to cocluster, without 
concerning outliers. The major axis of separation between datapoints 
was found to be etoposide treatment, though within each treatment 
arm, cosegregation of gene expression patterns is seen corresponding 
to genotype.

Within each treatment arm, pairwise differential gene expression 
was computed by the DESeq2 negative binomial test for p53AD/AD 

versus p53+/+ genotype, p53 KO versus p53+/+ genotype, and p53AD/AD 
versus p53 KO genotype, with adjustment of P values for multiple 
hypothesis testing by Benjamini–Hochberg correction. Differential 
gene expression for LFS OB versus WT OB was also computed simi-
larly. The full data tables ranked by log-fold-change are provided in 
the Supplementary Data files.

In order to highlight biological pathways in addition to indi-
vidual genes of interest, pathway enrichment was performed by 
GSEA for each gene set described above on the WebGestalt online 
platform (84) using the entire set of biological pathways defined in 
the Human Wikipathways database (85). Enriched pathways were 
ranked by enrichment score, and the weighted set cover was used 
to reduce redundancies. Pathways that were found to be positively 
or negatively enriched in indicated datasets were plotted as a dot 
plot, with relative dot size indicative of enrichment score and rela-
tive color representing the FDR. All analyses were performed in the 
R version 4.1.2 statistical computing environment. Additionally, 
GSEAs for the set of differentially expressed genes in LFS osteoblasts 
versus WT osteoblasts were performed with the GSEA software (86) 
using the p53 signaling pathway defined in the KEGG Pathway 
Database (87).

Quantitative ChIP
ChIP experiments were performed as previously described (88). 

U2OS cells with either p53+/+ or p53AD/AD grown under indicated 
conditions were harvested and lysed with RIPA buffer [150 mmol/L 
NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 50 mmol/L Tris-HCl 
(pH 8.0), 5 mmol/L EDTA, and protease inhibitors] and incubated 
on ice for 20 minutes. Lysates were sonicated to generate DNA 
fragments with an average length of  ∼500 to 1,000 bp. Following 
sonication, samples were incubated overnight with indicated anti-
bodies and protein A/G beads were preblocked with 1 mg/mL BSA 
and 0.3 mg/mL salmon sperm DNA. The following antibodies were 
utilized for ChIP: anti-p53 (DO-1, Santa Cruz Biotechnology, sc-126) 
and rabbit IgG (Diagenode, C15410206). DNA was purified using 
the QIAquick PCR Purification Kit (Qiagen). Quantitative ChIP 
was performed on a StepOnePlus Real-Time PCR system (Thermo 
Fisher) using Power SYBR Green Master Mix (Thermo Fisher) versus 
genomic standard DNA and input DNA. ChIP primers designed with 
Primer Express (Applied Biosystems) were derived from the UCSC 
Human Genome Browser hg19 assembly, and sequence specificity 
was confirmed with the UCSC Human Genome Browser in silico PCR 
tool. Primer sequences are provided below.

ChIP-qPCR Primer Sequences
The following ChIP-qPCR primers were utilized: CDKN1A_F 5′- 

GTGGCTCTGATTGGCTTTCTG-3′, CDKN1A_R 5′-CTGAAAACAGGC 
AGCCCAAG-3′, PUMA_F 5′-GAACGCCCGTCGGTCGGTCTGT-3′,  
PUMA_R 5′-CAAGTCAGGACTTGCAGGCGC-3′.

ChIP-seq
Experimental Conditions.  Two biologically independent ChIP-seq 

experiments were performed in U2OS cells. The first contained two 
biological replicates of U2OS p53+/+, p53+/AD, and p53AD/AD cells and 
one replicate of U2OS p53 KO cells as a control. The second experi-
ment contained two biological replicates of U2OS p53+/+ and p53AD/AD 
cells treated with either DMSO or 20 μmol/L etoposide for 24 hours 
and one replicate of U2OS p53 KO cells treated under the same con-
ditions as a control. Additionally, ChIP-seq was performed on two 
clones of WT osteoblasts (WT-1 and WT-2) and two clones of LFS 
osteoblasts (LFS-1 and LFS-2).

ChIP-seq Library Preparation.  p53 ChIP-seq was performed using 
modified previous methods (78). Cells were fixed in 1% formaldehyde 
at room temperature for 10 minutes and quenched by 125 mmol/L 
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glycine. Collected cells were sonicated in ChIP lysis buffer [50 mmol/L 
HEPES-KOH (pH 7.5), 140 mmol/L NaCl, 1 mmol/L EDTA, 0.1% Na-
Deoxycholate, 0.1% SDS, 1% Triton X-100, protease inhibitor] on ice. 
Anti-p53 antibody (Santa Cruz Biotechnology, sc-126) was added to 
lysate supernatants for overnight incubation at 4°C. The cell lysates 
and antibody mixtures were diluted by the same amount of ChIP 
dilution buffer [50 mmol/L HEPES-KOH (pH 7.5), 140 mmol/L 
NaCl, 1 mmol/L EDTA, 1% Triton X-100] and incubated with mag-
netic protein G Dynabeads (Thermo Fisher Scientific, 10004D) for 
3 hours at 4°C. Immunoprecipitates on beads were washed with 
ChIP high-salt buffer [20 mmol/L Tris-HCl (pH 8.0), 500 mmol/L 
NaCl, 2 mmol/L EDTA, 0.1% SDS, 1% Triton X-100] and eluted in 
TE buffer. DNA isolated from the immunoprecipitates was used for 
library preparation and sequencing at the CPRIT UTHealth Cancer 
Genomics Center.

ChIP-sequencing data analyses were conducted at Galaxy (usegal-
axy.org) following the tutorials provided by Galaxy Training! In 
brief, .fastq files were trimmed by Trim Galore! and mapped to 
human reference genome (hg19) by Bowtie2. PCR duplicates were 
removed by SAMtools RmDup before MACS2 was used for calling 
peaks. Unique peaks were identified by bedtools intersect. Heat 
maps were generated using deepTools (bamCoverage, computeMa-
trix, and plotHeatmap). Peak annotation and motif prediction were 
performed using HOMER software (89). Identification of enriched 
biological processes (Fig. 3D) was performed using EnrichR. GSEA 
for Supplementary Fig.  S3B and S3C was performed using default 
KEGG pathway gene sets with the metric for ranking genes as 
“Signal2Noise” and the enrichment statistic as “classic.” GSEA for 
Supplementary Fig. S5H was performed using default U2OS p53+/+, 
p53+/AD, and p53AD/AD ChIP targets as gene sets with the metric for 
ranking genes as “Diff_of_Classes” and the enrichment statistic as 
“classic.” The analyzed results were considered significant when the 
FDR q value was less than 0.25 and the nominal P value was less 
than 0.05.

Mitochondrial Network Imaging and Quantification
U2OS cells (3 × 105) varying in p53 status were seeded in 6-well 

plates, allowed to adhere overnight, and transfected with SMART-
pool sip53 (Horizon Discovery) and DharmaFECT1 Transfection 
Reagent for 48 hours. Cells were then split 1:2 into 6-well plates 
containing coverslips, let to adhere overnight, and treated with 
either DMSO or 10 μmol/L etoposide for 24 hours. Treated cells 
were washed twice with 1× PBS, and MitoTracker Red CMXRos was 
added in a final concentration of 100 nmol/L. Cells were incubated 
at 37°C for 30 minutes, and later fixed with 4% paraformaldehyde 
(Thermo Fisher) for 1 hour, washed twice with 1×  PBS, and per-
meabilized with PBS/0.5% Triton X-100 (Sigma) for 15 minutes, 
followed by blocking with 2% goat serum (Sigma) for 30 minutes 
at room temperature. Immunofluorescence staining was performed 
by adding 100 μL of diluted (1:1,000) primary antibody [mouse 
anti-p53 (DO-1)] solution to coverslips. After 1-hour incubation at 
room temperature, coverslips were washed with 1×  PBS and then 
incubated for 1 hour with 100 μL of diluted (1:100) secondary 
antibody (Alexa Fluor 488 goat anti-rabbit or Alexa Fluor 594 goat 
anti-mouse antibodies; Life Technologies). Coverslips were washed 
three times with 1× PBS after each of the above steps and mounted 
on a microscope slide with Vectashield (Mounting Medium with 
DAPI; Vector Laboratories), and images were analyzed by confocal 
laser scanning microscopy (Zeiss LSM 800). Quantification of the 
percentage of cells with aberrant mitochondria was performed by 
a trained observer using blinded and randomized files. Quantifica-
tion of mitochondrial area/cell was performed in ImageJ. Mito-
chondrial network visualization was also performed for U2OS p53 
KO cells stably expressing either vector or p53(A347D) with U2OS 
p53AD/AD cells in the same experiment as a comparison according to 
the above protocol.

Mitochondrial Fractionation
Mitochondrial and cytosolic fractions were isolated with the Pierce 

Mitochondria Isolation Kit for Culture Cells (Thermo Fisher) accord-
ing to the manufacturer’s protocol. Signal intensity of p53 and COX-
IV was measured using ImageJ software (version 1.53K). The p53 
signal was normalized to the COX-IV signal.

Metabolic Assays
U2OS parental and U2OS CRISPR cells (p53 KO, p53+/AD, and 

p53AD/AD) were plated at a density of 10,000 cells/well in Seahorse 
XFp cartridges the day prior to analysis. Seahorse XFp Glycolytic 
Rate Assay and ATP Production Assay were performed according 
to the manufacturer’s protocol. To assess GSH:GSSG ratios, cells 
varying in p53 status were plated in triplicate at 1 ×  104 cells/well 
in 96-well plates. After cells adhered to the plate overnight, media 
containing 0.1% FBS and either 20 μmol/L etoposide or no treatment 
were added for 24 hours. Reduced and oxidized glutathione levels 
were assessed using the GSH/GSSG-Glo Assay (Promega) according 
to the manufacturer’s protocol. Lysates were transferred to a white-
walled 96-well plate prior to luminescence detection.

Cell Viability Assay
Cells (5 × 103) were plated in a 96-well plate (Corning) in an appro-

priate growth medium and allowed to adhere overnight. Cells were 
then treated with indicated drugs for 48 hours. The Neutral Red 
Cell Viability Assay (BioVision) was utilized to measure cell viability 
according to the manufacturer’s protocol.

Cell-Cycle Profiling
U2OS parental and U2OS CRISPR cells (p53 KO, p53+/AD, and 

p53AD/AD) were seeded in 6-well plates in triplicate at an appropriate 
density to yield subconfluent plates at harvest and let adhere to plate 
overnight. Cells were treated with either DMSO or 20 μmol/L etopo-
side for 24 hours, collected with trypsin, and counted. ∼5 × 105 cells 
were resuspended in 200 μL cold PBS, after which 200 μL cold 100% 
ethanol was added to fix and permeabilize cells. Cells were incubated 
for 30 minutes on ice, washed once with cold PBS, and resuspended 
in 400 μL propidium iodide staining solution (50 μg/mL ribonucle-
ase A and 62.5 μg/mL propidium iodide (Sigma) in PBS). Cells were 
transferred to FACS tubes and incubated at 37°C for 15 minutes 
protected from light. Samples were immediately analyzed with the 
FACSCelesta flow cytometer (Becton Dickinson) using a 488-nm 
laser and collecting fluorescence emission with a 610/20 bandpass 
filter. FlowJo software (Becton Dickinson) was used to determine the 
percentage of cells at each stage of the cell cycle.

Growth Curve
U2OS parental and U2OS CRISPR cells (p53 KO, p53+/AD, p53AD/AD) 

were seeded at an initial density of 2.5 × 105 cells/well in a 6-well plate 
with three technical replicates/cell line. Cells were trypsinized and 
counted with the Countess 2 FL Automated Cell Counter.

3D Invasion Assay
Reagents.  Accutase was purchased from MP Biomedicals. Pepsin-

treated (PT) bovine type I collagen was obtained from Advanced 
BioMatrix as a 5.9 to 6.1 mg/mL solution. Growth factor–reduced, 
Phenol Red-free BME/Matrigel was obtained as an 8.9 to 10 mg/
mL solution from BD Biosciences. DMEM solution (10  ×), 
NaOH (1 N), and sodium bicarbonate solution (7.5%) were pur-
chased from Sigma-Aldrich and sterile-filtered before use. Gibco 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer 
(1 M) was obtained from Invitrogen and sterile-filtered before use. 
CellMask membrane dye was obtained from Molecular Probes by 
Thermo Fisher Scientific.
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Generation of Multicellular Tumor Spheroids and Patient-Derived 
Organoids.  Spheroids were formed from 2,000 cells per spheroid in an 
appropriate growth medium using a centrifugation method described 
previously (90) using ultralow attachment 96-well U-bottom Nunclon 
Sphera plates (Thermo-Fisher Scientific). Spheroids and organoids 
were allowed to form for 24 hours at 37°C under 5% carbon dioxide.

Preparation of Collagen Solutions.  Collagen solution (1 mg/mL) 
was prepared by diluting the high-concentration PT collagen 
monomer stock solution. Appropriate amounts of collagen stock 
solution were prepared with 10% (v/v) 10  ×  DMEM, 2.5% (v/v) 
HEPES buffer, 2.5% (v/v) sodium bicarbonate, and distilled deion-
ized H2O. To prevent the self-assembly of collagen monomers, all 
solutions were held and mixed at 4°C. NaOH was added to adjust 
the pH to 7.4.

Preparation of Cell-Embedded Gels.  To prepare gels loaded with 
a single spheroid, 1 mg/mL collagen solution was prepared as 
described above at 4°C to prevent gelation. Neutralized collagen 
(200 μL) was added to a chamber consisting of a 5-mm glass cyl-
inder glued to a coverslip-bottom cell culture dish. A nylon mesh 
was placed on the inner circumference of the cylinder to anchor the 
collagen gel. The spheroid was added to the liquid collagen in 5 μL 
growth medium. The chamber was then transferred immediately to 
a 37°C incubator. The collagen gels were overlaid with 50 μL growth 
medium after 1 hour and surrounded by additional liquid to pre-
vent drying during extended incubation periods. To prepare colla-
gen gels loaded with dispersed cells, the 1 mg/mL collagen solution 
was prepared omitting 50% of the water and neutralized at 4°C. 
The water volume was substituted with ice-cold growth medium 
containing the desired number of cells (20,000–40,000 cells/mL). 
Subsequently, 100 μL of the cell-loaded collagen or collagen/BME 
was added to the chamber and gelled at 37°C as described above 
for spheroid-loaded collagen gels. After 1 hour, gels were overlaid 
with 30 μL growth medium. In all cell experiments, time points are 
described considering time zero (t =  0 minutes) to be the time at 
which the cells or spheroids were placed into the collagen or col-
lagen/BME solution.

Imaging and Image Analysis.  For invasion analysis, spheroids were 
generated from cells fluorescently labeled with CellTracker Orange 
(7 μmol/L dye for 40 minutes at 37°C) and imaged at 10× magnifica-
tion using transmitted light microscopy at 1 hour and fluorescent 
confocal imaging at 24 hours after implantation (z-stacks from 
80–120 μm total with step size of 10 μm). We used these magnified 
fluorescence images to determine the invaded area, defined as the dif-
ference between the area of the spheroid at t = 1 hour and an ellipse 
that circumscribes 90% of the invasive cells at t = 24 hours. Maximum 
intensity projections were thresholded and used to generate masks 
from which the noninvading spherical core of the spheroid, which 
is well discernible under these matrix conditions, was removed. 
The remaining structures, termed invasive structures, were analyzed 
regarding their area that reflects how far the cells have invaded. The 
total area of invasive structures per spheroid was used to assess inva-
sion efficiency.

Tumor Xenograft Assay
All mouse experiments were reviewed and approved by the 

UTHealth Houston Animal Welfare Committee following Institu-
tional Animal Care and Use Committee guidelines. Tumor xeno-
grafts were performed as described previously (77, 78, 91). WT and 
LFS iPSC-derived osteoblasts (1  ×  107) were injected subcutane-
ously into the right and left flanks of 7- to 8-week-old NU/NU 
mice. After 3-month inoculation, mice were sacrificed, and tumors 
were extracted and weighed. For U2OS cells, 1 ×  107 parental and 
U2OS CRISPR pools (p53 KO, p53+/AD, and p53AD/AD) were injected 

subcutaneously into the right and left flanks of 7- to 8-week-old 
NU/NU mice. Mice were sacrificed, and tumors were extracted and 
weighed at the indicated time.

Statistical Analysis
Statistical analyses were conducted in Excel and GraphPad Prism 7. 

Results, unless indicated otherwise, are expressed as mean ± SEM. A 
P value of <0.05 determined via two-tailed Student t test of unknown 
variance was considered statistically significant for hypothesis test-
ing. The Benjamini–Hochberg procedure was utilized to correct for 
multiple hypotheses where appropriate. The following format was 
used to denote significance based on P value: P < 0.05 (*), P < 0.01 
(**), P < 0.001 (***).

Data Availability
The SuperSeries containing all four sequencing experiments as 

well as each individual sequencing experiment have been deposited 
to the Gene Expression Omnibus (GEO). The GEO accession number 
for the SuperSeries is GSE226407.
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