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Introduction
Gastric and esophageal adenocarcinoma (GEA) is one of  the main causes of  cancer-related mortality 
worldwide (1). Even with several treatment regimens available, the overall survival of  patients with GEA 
remains dismal. Recent genomic studies revealed key molecular features in common among GEAs. 
Within these analyses, esophageal adenocarcinomas, which are typically found in the distal esophagus 
immediately adjacent to the stomach, were found to have a striking resemblance to the chromosomal 
instability (CIN) class of  gastric adenocarcinoma, suggesting that these cancers could largely be consid-
ered a single disease entity (2). This group, CIN-GEAs, are the most common form of  both gastric and 
esophageal adenocarcinomas and are especially prevalent in the proximal stomach/distal esophagus, 
where rates of  disease have risen dramatically in the Western population in recent decades.

Genomic analyses of  both stomach and esophageal adenocarcinomas have found TP53 to be the 
most frequently mutated gene, present in 46% and 77% of  total tumors, respectively (3, 4). Within 
the CIN populations, TP53 mutations are found in 71% and greater than 90%. Furthermore, new 
data suggest that TP53 mutations often emerge in the early process of  gastric (5) and esophageal car-
cinogenesis (6) — a contrast to sporadic colorectal cancer (7) or pancreatic cancer (8), where TP53 
mutations have been described as developing later in the neoplastic process (i.e., following oncogene 
activation). Given the propensity for structural chromosomal aberrations in the development of  
GEA (especially with CIN), the strong propensity for loss of  p53’s tumor suppressor function is an 
expected finding. However, as with many other cancer types, deeper review of  the patterns of  TP53 
alteration in these cancers have found highly recurrent specific missense mutations. These recurrent 
missense mutations of  TP53 have been suggested to possess 2 different properties: dominant-nega-
tive and gain-of-function (9). It has long been established that recurrent “hotspot” missense TP53 
mutations such as those at codons 175, 248, and 273 possess a dominant-negative capacity by atten-
uating the transcriptional activity of  WT p53 protein through aberrant tetramer complexes (9, 10). 

Despite the propensity for gastric and esophageal adenocarcinomas to select for recurrent missense 
mutations in TP53, the precise functional consequence of these mutations remains unclear. Here 
we report that endogenous mRNA and protein levels of mutant p53 were elevated in cell lines 
and patients with gastric and esophageal cancer. Functional studies showed that mutant p53 was 
sufficient, but not necessary, for enhancing primary tumor growth in vivo. Unbiased genome-wide 
transcriptome analysis revealed that hypoxia signaling was induced by mutant p53 in 2 gastric 
cancer cell lines. Using real-time in vivo imaging, we confirmed that hypoxia reporter activity was 
elevated during the initiation of mutant p53 gastric cancer xenografts. Unlike HIF co-factor ARNT, 
HIF1α was required for primary tumor growth in mutant p53 gastric cancer. These findings elucidate 
the contribution of missense p53 mutations in gastroesophageal malignancy and indicate that 
hypoxia signaling rather than mutant p53 itself may serve as a therapeutic vulnerability in these 
deadly set of cancers.
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More recently, several reports have suggested that these mutants are also imbued with gain-of-func-
tion activity, which is an alternative but not mutually exclusive explanation underlying their recur-
rence in human cancer (11). However, the effect of  these recurrent missense TP53 mutations in 
GEA remains uncertain. Furthermore, a critical question relates to the potential dependence of  
established GEAs on mutant TP53 activity and whether targeting any gain-of-function behavior may 
be a therapeutic vulnerability in these cancers.

We therefore investigated the function of  hotspot missense mutations of  TP53 in GEA using both 
in vivo and in vitro models. These studies demonstrated that genetic targeting of  mutant TP53 does not 
impact cell line or tumor growth, arguing strongly that these mutations do not present an immediate 
therapeutic liability. However, we found that these mutations can promote tumor growth. Our studies 
identified a connection between mutant p53 and hypoxia signaling. Deregulation of  the hypoxia path-
way plays an important role in tumor progression (12, 13). In GEA, several mechanisms of  hypoxia/
HIF1α-related invasion and metastasis have been reported (14–16). However, the relationship between 
hypoxia signaling and TP53 in GEA is not well elucidated. This study establishes a functional connec-
tion between TP53 mutation and hypoxia signaling during primary tumor growth of  GEA and demon-
strates that while missense mutations of  TP53 promote tumor progression, they are not essential for 
tumor formation.

Results
Frequent missense mutations in TP53 lead to elevated transcript and protein expression in GEA. To investigate the 
role of  TP53 mutations in GEA, we started with focused analysis of  the patterns of  mutations in data 
sets derived from patients seen at the DFCI and in the Cancer Genome Atlas (TCGA) study (4). Con-
sistent with studies in other solid tumors (17, 18), we found that 3 specific codons within the DNA-bind-
ing domain of  p53 harbored a disproportionately higher number of  missense mutations, leading to the 
following amino acid changes: R175H, R248Q/W, and R273C/H (Figure 1A). Missense mutations, and 
particularly the hotspot subset, are associated with higher transcript levels of  TP53 in the comprehensive 
catalog of  cell lines included in the Cancer Cell Line Encyclopedia (CCLE) (Figure 1, B and C, and Sup-
plemental Figure 1A; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.128439DS1). Many GEA cell lines with hotspot TP53 mutations also showed higher protein expres-
sion levels of  p53, most of  which indicated mutant protein expression given loss of  heterozygosity (LOH) 
in these models (Figure 1, D–F). Furthermore, analysis of  reverse-phase protein array (RPPA) data from 
patients in the TCGA cohort allowed us to correlate p53 protein levels with genotype in primary patient 
samples and showed a consistent increase in protein expression with codon 175, 248, or 273 mutant p53 in 
patients with GEA (Supplemental Figure 1B and ref. 4). The elevated protein levels of  mutant p53 are con-
sistent with prior mechanistic models whereby these mutants are weak inducers of  p53’s negative regulator, 
E3 ubiquitin ligase MDM2, leading to enhanced stability of  mutant p53 protein (19). There is, however, 
evidence that mutant p53 can stabilize MDM2 expression in cancer (20), opening the possibility for other 
explanations for mutant p53 overexpression in cancer. It is conceivable that elevated protein expression 
of  mutant p53 could also reflect potential pro-oncogenic activity, as previously reported in several tumors 
(21–28). The observation that the majority of  patients with TP53 mutant Barrett’s metaplasia, a precursor 
to esophageal adenocarcinoma, and GEA selectively lose the remaining WT TP53 copy through LOH also 
raises the potential of  a gain-of-function activity in addition to an established dominant-negative property 
(Supplemental Figure 1C). Together, these data indicate that TP53 is recurrently mutated at specific loci, 
highly expressed at both the transcript and proteins levels, and associated with LOH in GEA.

Mutant p53 is not required for GEA tumor proliferation and primary tumorigenesis. We next tested the 
necessity for hotspot mutant p53 in established GEA cellular models given the reports supporting 
its requirement in other cancer types (29, 30). Cognizant that mutations in TP53 occur early in the 
progression of  precancerous lesions to GEA (6), we asked whether advanced GEA cells harboring 
endogenous mutations in TP53 still required its activity to determine whether mutant p53 may rep-
resent a therapeutic liability. To this end, we used multiple targeting short guide RNAs (sgRNAs) in 
conjunction with stable Cas9 expression for CRISPR-mediated gene KO and 2 distinct shRNAs to 
knock down (KD) mutant TP53 in several GEA cancer cell lines with TP53 hotspot mutations (Figure 
2, A and B, and Supplemental Figure 2, A–C). Constitutive or inducible KD of  mutant TP53 did not 
significantly impact adherent or ultra-low attachment proliferation of  the LMSU (endogenous R175H) 
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gastric cancer cell line by CellTiter-Glo (Figure 2C and Supplemental Figure 2, D and E). Disruption 
of  mutant TP53 in 2 esophageal adenocarcinoma cell lines with distinct hotspot TP53 mutations con-
firmed these results. Mutant TP53-KO in luciferase-labeled Eso51 (endogenous R175H) and inducible 
KD of  mutant p53 in SH10TC (endogenous R273C) cell lines did not affect nonadherent or adherent 
proliferation capacity (Figure 2D and Supplemental Figure 2F). We next tested the requirement for 
mutant p53 in soft agar colony growth assays, examining its importance in anchorage-independent 
growth. Consistent with the previous results, mutant p53 was expendable for soft agar growth of  Eso51 
and LMSU GEA cell lines (Figure 2, E and F, and Supplemental Figure 2G). As SH10TC cells did not 
form robust soft agar colonies, we could not evaluate the effects of  p53 manipulation in these cells.

To more broadly evaluate the relationship between TP53 mutation and genetic dependence across solid 
tumor cancer cell lines, we evaluated data from 2 comprehensive data sets in which genome-scale CRISPR 
or RNAi libraries were introduced to hundreds of  cancer cell lines to estimate gene dependencies across 
tumor models. As anticipated, deletion or attenuation of  WT TP53 provided a modest selective growth 
advantage for a subset of  cancer cell lines (Figure 2, G and H, and Supplemental Figure 3, A and B). We 
experimentally confirmed these findings in at least one gastric cancer cell line that is WT for p53. Although 
undetectable by immunoblot analysis (Supplemental Figure 3C), deletion of  WT p53 in AGS gastric cancer 
cells provided a slight proliferation advantage during adherent culture and soft agar growth (Supplemental 
Figure 3, D and E). By contrast, loss of  hotspot, missense, or damaging (defined as frameshift or nonsense 
mutations) mutant p53 did not impact proliferation or survival of  GEA cancer cell lines (Figure 2, G and 
H, and ref. 31). Interestingly, there was a modest yet statistically significant detrimental effect of  deleting 

Figure 1. p53 is frequently mutated and overexpressed in human gastroesophageal cancer. (A) Mutation plots of p53 derived from patients with gastro-
esophageal cancers collected through TCGA (top) and the DFCI (bottom). Box plot showing mRNA expression of TP53 across (B) all and (C) gastroesoph-
ageal cell lines found in the CCLE annotated by type of p53 mutation (damaging: nonsense and frameshift, n = 274 and n = 8; hotspot: R175H, R248Q/W, 
and R273C/H, n = 133 and n = 6; missense: all other missense excluding hotspot mutations, n = 331 and n = 16; WT: n = 394 and n = 10). P values are from 
pairwise Wilcoxon’s rank-sum tests. (D) Immunoblot analysis showing protein expression levels of p53 across various gastroesophageal cells lines anno-
tated by p53 mutation status. (E and F) Box plot showing protein expression of p53 (RPPA data) across (E) all and (F) gastroesophageal cell lines found in 
CCLE annotated by p53 mutation status (damaging: n = 231 and n = 6; hotspot, n = 114 and 5; missense, n = 278 and n = 14; WT, n = 263 and n = 10. Lines 
within boxes represent median, the bounds of the boxes represent the 25th and 75th percentiles, and the whiskers extend to the lowest/largest values 
within 1.5 IQR from the lower and upper quartiles, respectively. P values were calculated by Wilcoxon’s rank-sum test.
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hotspot mutant p53 by CRISPR when all CCLE cell lines were pooled (Supplemental Figure 3A). Col-
lectively, these data provide evidence that mutant p53 is not required for GEA cells during adherent or 
nonadherent in vitro growth.

Enforced expression of  mutant p53 promotes GEA primary tumorigenesis. We next evaluated whether 
forced expression of  recurrent missense mutant p53 can promote proliferation of  GEA cancer cells. 
To test the sufficiency of  mutant p53, we generated cDNA constructs overexpressing R175H, R248Q, 
and R273H mutant p53. Next, using site-directed mutagenesis, a synonymous mutation was introduced 
into each plasmid at the protospacer adjacent motif  (PAM) site for p53 sgRNA#1, the precise location 
where sgRNA recruits Cas9 for genome editing (Supplemental Figure 4A). As a result, mutant p53 con-
taining the silent point mutation (e.g., R175H′) would be insensitive to p53 sgRNA#1-mediated DNA 
editing, whereas endogenous mutant (and WT) p53 would remain susceptible to CRISPR-mediated 

Figure 2. Mutant p53 is not required for primary tumor functions of gastroesophageal cancer cells. (A) Immunoblot showing protein expression 
levels of p53 in the LMSU gastric adenocarcinoma cell line, which harbors an endogenous R175H p53 mutation, stably expressing a Cas9 control 
(con) vector or 2 distinct targeting sgRNAs in addition to Cas9. (B) Immunoblot showing protein expression levels of p53 in LMSU gastric cancer 
cells expressing an inducible vector control, scrambled (Scram) control, or 2 targeting shRNAs with or without doxycycline (Dox). (C) Proliferation of 
LMSU gastric adenocarcinoma cells expressing a constitutively active vector control, scrambled control, or 2 p53-targeting shRNAs using CellTi-
ter-Glo. (D) Proliferation of Eso51 nonadherent esophageal cancer cells (R175H) stably expressing firefly luciferase in addition to a constitutively 
active Cas9 control vector or 2 p53-targeting sgRNAs using a luciferase assay. (E) Soft agar colony formation assay of Eso51 esophageal adenocar-
cinoma cells (R175H) stably expressing a constitutively active Cas9 control vector or 1 p53-targeting sgRNA. (F) Quantification of soft agar colony 
formation assay shown in E. (G and H) TP53 dependency scores for GEA cell lines derived from the CCLE, with damaging (nonsense/frameshift) 
mutations, hotspot (R175H, R248Q/W, R273C/H) mutations, or missense mutations or WTTP53 using (G) CRISPR and (H) RNAi dependency data. 
Lines within boxes represent median, the bounds of the boxes represent the 25th and 75th percentiles, and the whiskers extend to the lowest/larg-
est values within 1.5 IQR from the lower and upper quartiles, respectively. P values were calculated by Wilcoxon’s rank-sum test
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inactivation (Supplemental Figure 4B). Using this system, we could reexpress mutant p53 in a GEA 
cell line that lost endogenous mutant TP53 via Cas9/p53 sgRNA#1 activity. (We attempted constitutive 
overexpression of  WT p53, but this perturbation was not tolerated in any of  the GEA cell lines tested). 
To demonstrate the specificity of  this approach for manipulating TP53 expression, we showed that ecto-
pically expressed versions of  p53-R175H with and without the PAM site mutation were unaffected by a 
nontargeting control sgRNA. By contrast, only the p53-R175H′ construct containing the silent mutation 
was expressed in GEA cells with TP53 sgRNA#1. Both versions were effectively deleted in GEA cells 
expressing p53 sgRNA#2, which targets a distinct, unaltered PAM site (Supplemental Figure 4B).

Using this robust system, we generated 3 genetically modified isogenic versions of  the LMSU (endog-
enous R175H) cell line: a double control that expressed a nontargeting sgRNA/Cas9 and GFP (sgRNA 
con + GFP); a mutant p53-KO cell line that expressed p53 sgRNA#1 and GFP (p53 sg#1 + GFP); and 
a mutant p53 cell line that expressed p53 sgRNA#1 and a cDNA construct overexpressing p53-R175H′ 
(p53 sg#1 + R175H′). The results showed that, consistent with our previous data, deletion of  endogenous 
mutant p53-R175H did not significantly alter adherent proliferation of  luciferase-labeled LMSU gastric 
cancer cells (Figure 3A and Supplemental Figure 4C). However, enforced expression of  p53-R175H′ in 
LMSU cells that lost endogenous mutant p53 via sgRNA#1 promoted proliferation by luciferase and Cell-
Titer-Glo assays (Figure 3A). A similar pattern was observed when these genetically modified cells were 
cultured in ultra-low attachment and soft agar conditions (Figure 3, B and C).

We next evaluated whether enforced expression of  mutant p53 can promote primary tumor growth in 
vivo. Xenograft experiments in nude mice showed that although endogenous mutant p53-R175H was non-
essential for the growth of  LMSU gastric cancer cells in vivo, overexpression of  mutant p53-R175H pro-
moted primary tumor growth (Figure 3D). We ensured that transcript and protein levels of  mutant p53 as 
determined by real-time PCR (RT-PCR) and IHC were maintained throughout the experiment as assessed 
at the endpoint (Figure 3E and Supplemental Figure 4D). It is noteworthy that endogenous p53-R175H 
was highly expressed in LMSU cells while grown in xenograft primary tumors compared with adherent 
culture (Figure 3E). Given these promising findings, we next wondered whether enforced expression of  
hotspot p53 mutants can promote primary tumor properties in HGC27, a gastric cancer cell line with an 
endogenous frameshift mutation in TP53 and therefore presumably defective for WT p53 activity. Unlike in 
LMSU cells, overexpression of  hotspot p53 mutants (Figure 3F) did not promote proliferation of  HGC27 
cells during adherent culture. By contrast, enforced expression of  p53-R175H and p53-R273H promoted 
ultra-low attachment (Supplemental Figure 4, E and F) and soft agar colony growth (Figure 3, G and H) 
to a greater extent than p53-R248Q in HGC27 cells. These data indicate that although endogenous mutant 
p53 is not required, overexpression can enhance primary tumor properties in GEA.

Mutant p53 expression induces a hypoxia transcriptional program in GEA. To define genes and/or pathways 
that are responsible for mutant p53-mediated primary tumor growth in gastric cancer, we pursued whole 
genome transcriptomic analysis of  TP53-manipulated GEA cell lines. We performed parallel analyses 
of  genetic silencing of  endogenous mutant TP53-R175H in the LMSU model and ectopic expression of  
distinct hotspot TP53 mutations in HGC27 cells. In the LMSU model, we performed RNA sequencing 
following TP53 KD and KO (2 shRNAs and 1 sgRNA, respectively) compared with their corresponding 
controls to define the transcriptional program mediated by endogenous mutant p53-R175H (Supplemen-
tal Figure 5, A and B). Gene set enrichment analysis (GSEA) of  mRNA sequencing data revealed specific 
pathways predicted to be regulated by endogenous mutant p53-R175H (Supplemental Figure 5C). Con-
sistent with evidence showing regulation of  the mevalonate pathway by mutant p53 in breast cancer (32), 
genes associated with the cholesterol homeostasis pathway were upregulated in p53-R175H–expressing 
LMSU gastric cancer cells. Furthermore, we found enrichment of  a misfolded protein response, which 
is consistent with the cellular presence of  mutant p53 (33), and recent evidence showing its ability to 
regulate the proteasome pathway (28). Interestingly, the p53 pathway is also modestly upregulated in 
p53-R175H–expressing LMSU cells, suggesting that the mutant allele may retain partial WT p53 activity;. 
We also found significant enrichment of  the hypoxia gene expression signature in LMSU gastric cancer 
cells retaining endogenous p53-R175H (normalized enrichment score [NES] = 1.84, FDR P = 0.007; 
Supplemental Figure 5C). Other results included upregulation of  EMT genes, consistent with evidence 
supporting a role for mutant p53 in the mesenchymal phenotype and metastasis (21, 24, 27, 34); and 
upregulation of  mTOR pathway signatures, a result not validated by our analysis of  phosphorylated AKT 
in xenografted p53-R175H LMSU tumors.
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To further refine candidate genes and/or pathways regulated by mutant p53 in gastric cancer, we 
next performed mRNA sequencing of  HGC27 gastric cells overexpressing mutant p53 (Figure 3F and 
Figure 4A). Comparing all 3 hotspot mutant p53–overexpressing cell lines with GFP controls, we found 
3513 significantly differentially expressed genes (q < 0.2). GSEA analysis demonstrated a more robust 
enrichment of  the hypoxia gene set in HGC27 gastric cancer cells overexpressing mutant p53 compared 
with GFP controls (Figure 4B; FDR = 0.0043). Indeed, multiple gene sets related to hypoxia transcrip-
tional expression signatures and a HIF1α promoter–binding score were all enriched in HGC27 cells 
expressing mutant p53 (Supplemental Figure 5D). By isolating transcriptomic data from each mutant 
p53 allele, we found the hypoxia signature to be most strongly driven by overexpression of  p53-R175H, 
where it was the single most significantly enriched gene set (Figure 4C; FDR = 3.13 × 10–4). p53-R273H– 
expressing HGC27 cells also demonstrated enrichment of  the hypoxia gene expression signature, albeit 
to a lesser extent than those expressing p53-R175H (Supplemental Figure 5E; FDR = 1.5 × 10–2). Ectopic 
expression of  R248Q in HGC27 did not show an enriched hypoxia signature and was an outlier, with 
markedly fewer differentially expressed genes relative to the ectopic GFP control. These data followed 
the phenotypic pattern observed during ultra-low attachment and soft agar growth of  these isogenic 
gastric cancer cells, suggesting that these transcription associations likely contributed to the growth phe-
notype. There was also a strong correlation between differentially expressed genes in HGC27-R175H 
and HGC27-R273H compared with HGC27-GFP control cells (Pearson’s correlation, 0.68; Figure 4D 

Figure 3. Enforced expression of mutant p53 in 2 gastric adenocarcinoma cell lines confers a growth advantage. (A) Proliferation of control (sgRNA 
con + GFP), p53-KO (p53 sg#1 + GFP), and p53 KO-R175H′ rescue (p53 sg#1 + R175H′) LMSU cells using a firefly luciferase assay (Fluc; top panel) and 
CellTiter-Glo (CTG; bottom panel). **P ≤ 0.001. (B) Low-attachment and soft agar colony formation assays of control, p53-KO, and p53 KO-R175H′ 
rescue LMSU cells. (C) Quantification of low-attachment colony formation assay described in B. (D) Primary tumor growth of flank xenografts of 
control, p53 KO, and p53 KO-R175H′ rescue LMSU cells at 6 weeks. P values were calculated by Student’s t test. (E) p53 IHC of xenografts described in 
D at the endpoint. (F) Immunoblot showing expression of GFP control or indicated mutant p53 in the genetically engineered HGC27 gastric cancer line 
(p53 null). (G) Quantification of soft agar colonies of HGC27 gastric cancer cell line expressing GFP control or the indicated p53 mutant. P value was 
calculated by 1-way ANOVA. (H) Crystal violet, dissection microscope, and phase-contrast images of soft agar colonies of the HGC27 gastric cancer 
cell line expressing GFP control or the indicated p53 mutant. All data are mean ± SD. 
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and Supplemental Figure 5F). In addition, many specific hypoxia genes were co-upregulated in HGC27-
R175H and HGC27-R273H cells (Figure 4D), including a 9-gene hypoxia signature (ref. 35 and Figure 
4E). To show that this relationship was generalizable to gastric cancer broadly, beyond the subset rep-
resented by these 2 cell lines, we demonstrated an association among the Hallmark hypoxia gene set, 
HIF1α mRNA levels, and gastric cancer cell lines harboring missense mutations in TP53 (Figure 4F;  
P = 0.037). We also evaluated mRNA expression levels in human gastric cancer primary tumors, finding 
upregulation of  hypoxia-associated genes in patients with TP53-altered compared with those with WT 
TP53 GEA (Supplemental Figure 6). These results suggest that missense mutations in p53, especially at 
codons 175 and 273, can regulate and induce a hypoxia transcriptional program in GEA.

Mutant p53 activates the hypoxia pathway in GEA cells. We next performed additional validation of  the 
ability of  mutant p53 to induce hypoxia signaling in GEA cells. Utilizing a luciferase reporter driven by 
hypoxia response elements (HREs), we first confirmed that hypoxia-inducing agents can reliably acti-
vate the reporter in vitro. Of  the agents, dimethyloxalyl glycine (DMOG) was a potent inducer of  HRE 
luciferase reporter activity in HGC27 cells, consistent with its ability to stabilize HIF1α through compet-
itive inhibition of  HIF1α prolyl hydroxylase (Supplemental Figure 7A), whereas desferrioxamine (DFO) 
had a more modest impact. We next cotransfected the HRE luciferase reporter with WT or mutant 
p53–expressing plasmids into HEK293T cells. The HRE luciferase reporter was activated in HEK293T 
cells overexpressing p53-R175H and p53-R273H, but not WT p53, albeit to a lesser degree than positive 
control DMOG-treated cells (Figure 5A). We confirmed that expression of  WT p53 indeed activated 
the p53 pathway using a luciferase reporter driven by p53-binding elements (Supplemental Figure 7B). 
Consistent with previous results (Supplemental Figure 5C), p53-R175H induced a 2-fold induction in 
p53 reporter activity, but this was a far smaller increase than with WT p53, again suggesting hypomor-
phic WT p53 activity (Supplemental Figure 7B). We also confirmed that expression of  mutant p53 could 

Figure 4. Mutant p53 induces a hypoxia transcriptional program in gastric cancer cells. (A) mRNA expression of TP53 in the HGC27 cell line expressing the 
indicated mutant p53. Data are presented as mean ± SD. (B) Volcano plot showing gene set enrichment analyses (GSEA) for pathways enriched in GFP control or 
combined mutant p53–overexpressing HGC27 cells (using the Hallmark gene set collection). (C) GSEA plot of Hallmark hypoxia gene set enrichment in R175H-ex-
pressing HGC27 cells versus GFP controls. Red labels indicate select hypoxia genes. (D) Scatter plot comparing differentially expressed genes in HGC27-R175H 
and HGC27-R273H compared with HGC27-GFP control (Pearson’s correlation = 0.68). FC, fold change. (E) Heatmap showing 9-gene hypoxia signature across 
HGC27 cells expressing either GFP control or the indicated mutant p53. (F) Scatter plot showing correlation among Hallmark hypoxia single-sample gene set 
enrichment (ssGSEA), HIF1α mRNA expression levels, and TP53 mutation status in gastric cancer cell lines. P value was calculated by Pearson’s correlation.
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activate the hypoxia reporter in HGC27 cells (Supplemental Figure 7C). Moreover, expression of  mutant 
p53 in gastric cancer cells induced or regulated downstream targets of  hypoxia signaling, including pro-
tein levels of  NDRG1 by immunoblot (Figure 5B and Supplemental Figure 7D) and mRNA expression 
levels of  VEGFA by RT-PCR (Figure 5C and Supplemental Figure 7E); protein HIF1α was undetectable 
under endogenous conditions (Supplemental Figure 7D).

To ensure that induction of  hypoxia signaling by mutant p53 is relevant to other model systems, we 
utilized isogenic gastric organoids derived from genetically engineered mice with conditional expression of  
the Trp53R270H mutant allele upon Cre recombination. Endogenous expression of  Trp53R270H in nondysplas-
tic gastric organoids by ex vivo AdenoCre virus treatment increased protein levels of  HIF1α in the presence 
and absence of  DFO and DMOG (Supplemental Figure 7F). Moreover, conditional activation of  endoge-
nous Trp53R270H in dysplastic gastric organoids derived from a carcinogen-induced mouse model by ex vivo 
AdenoCre increased protein levels of  HIF1α in the presence of  DMOG (Figure 5D). Furthermore, to inves-
tigate whether this regulation occurs in vivo during the pathogenesis of  gastric premalignancy, we analyzed 
HIF1α expression in dysplastic premalignant lesions from an integrative genetically engineered mouse 
model. To conditionally express Trp53R270H in gastric tissue in vivo, we utilized the Mist1-Cre driver, which 
is expressed in chief  cells and select progenitor cells. Tamoxifen-induced Mist1-Trp53R270H and uninduced, 
control Mist1-Trp53+/– mice were exposed to drinking water that contained a disease-relevant dietary car-
cinogen (N-methyl-N-nitrosourea [MNU]) and inflammatory agent (the bile acid deoxycholic acid [DCA]) 
to develop premalignant gastric lesions. Dysplastic lesions from Mist1-Trp53R270H mice demonstrated greater 
nuclear HIF1α staining compared with Mist1-Trp53+/– mice (Figure 5E). Of  importance, these results indi-
cate that mutant p53 can activate hypoxia signaling as early as during gastric premalignancy.

To corroborate these findings, we examined the primary tumors at the endpoint of our LMSU xenograft 
experiment for expression levels of HIF1α by IHC. Primary tumors from LMSU control (R175H-expressing) 

Figure 5. Mutant p53 activates downstream mediators of hypoxia in gastric dysplasia and cancer. (A) HIF-responsive promoter (HRE) firefly luciferase 
reporter activity in HEK293T cells transiently transfected with the indicated mutant p53 constructs; 1 mM DMOG treatment was used as a positive control. 
Data were normalized to cotransfected constitutively active Renilla luciferase activity. (B) Immunoblot showing protein expression levels of NDRG1, HIF1α, 
and p53 in HGC27 cells expressing the indicated mutant p53. (C) Gene expression levels of TP53, VEGFA, and BCL2 in control or p53-R175H–overexpres-
sion HGC27 cells. Results are shown as mean ± SD. P values were calculated by Student’s t test (D) Protein expression of HIF1α and p53 in conditional 
Trp53LSL-R270H/+ dysplastic gastric organoids derived from MNU-exposed mice with and without AdenoCre virus in the presence or absence of 1 mM DMOG 
by immunoblot analysis. (E) Histopathology of dysplastic gastric lesions in Mist-p53+/– and Mist-p53R270H/+ mice after 1 year of DCA/MNU treatment. H&E 
staining (left panel); and HIF1α IHC (right panels). Scale bars: 250 μm.
 

https://doi.org/10.1172/jci.insight.128439
https://insight.jci.org/articles/view/128439#sd
https://insight.jci.org/articles/view/128439#sd
https://insight.jci.org/articles/view/128439#sd
https://insight.jci.org/articles/view/128439#sd
https://insight.jci.org/articles/view/128439#sd


9insight.jci.org   https://doi.org/10.1172/jci.insight.128439

R E S E A R C H  A R T I C L E

and LMSU-mutant p53-KO mice showed no difference in HIF1α protein levels by IHC. However, p53-R175H–
overexpressing LMSU primary tumors showed higher levels of HIF1α by IHC (Supplemental Figure 8; ANO-
VA P = 0.1). These results were, of course, confounded by the larger tumor size of p53-R175H–overexpressing 
LMSU primary tumors (Figure 3D). Angiogenesis as assessed by CD34 staining was not significantly different 
among the 3 groups (Supplemental Figure 8).

Mutant p53 activates hypoxia in vivo using real-time bioluminescent imaging in a xenograft model. To address 
whether mutant p53 can induce hypoxia in vivo without interference of  tumor size, we engineered HGC27 
gastric cancer cells to stably express the HRE–firefly luciferase reporter (HGC27-HRE), followed by stable 
expression of  GFP control, p53-R175H, p53-R248Q, or p53-R273H (Figure 6A). These cells were also 
designed to constitutively express Renilla luciferase as a surrogate measure of  tumor size by biolumines-
cence; however, expression levels were too low for in vivo detection. We therefore relied on manual caliper 
measurements to control for tumor size. We observed that the ratio of  hypoxia reporter activity to tumor 
size was higher in mutant p53–expressing HGC27-HRE cells at early time points (~2 weeks) when tumor 
volumes were not significantly different (Figure 6B; ANOVA P = 0.048). Enforced expression of  mutant 
p53-R175H and p53-R273H compared with p53-R248Q in HGC27-HRE cells led to a greater increase in 
hypoxia reporter activity relative to GFP (Figure 6B), consistent with our previous results. Furthermore, 
overexpression of  mutant p53 in HGC27-HRE cells promoted primary tumor growth over time (Figure 6C; 
ANOVA P = 0.016), corroborating our findings in LMSU cells (Figure 3, D and E). Once again, the stron-
ger effects were observed in p53-R175H– and p53-R273H–expressing HGC27-HRE cells. As the experi-
ment progressed, the increased hypoxia reporter activity of  mutant p53–expressing HGC27-HRE primary 
tumors was diluted, as indicated by either saturated bioluminescent reporter measurements or larger tumor 
sizes (Figure 6, C and D). Protein levels of  HIF1α, however, remained elevated in mutant p53–expressing 
HGC27-HRE cells by IHC at the experiment endpoint (Figure 6E; ANOVA P = 0.013), suggesting that 
perhaps the reporter system was less reliable at larger tumor volumes. Together, these data provide an in 
vivo validation of  the impact of  hotspot missense TP53 mutations upon induction of  hypoxia signaling.

Figure 6. Mutant p53 induces hypoxia during the initiation of gastric cancer primary tumor xenografts using real-time in vivo imaging. (A) Luciferase assay of 
adherent cultured HGC27 cells stably expressing HRE–firefly reporter and either GFP or the indicated mutant p53. (B) Ratio of total flux (HRE-reporter activity) 
to tumor volume in HGC27-HRE xenografts at the 2-week time point. Representative images of mice are shown. (C) Tumor volume of HGC27-HRE xenografts 
at the 4-week time point. (D) Ratio of total flux (HRE-reporter activity) to tumor volume in HGC27-HRE xenografts at the 2-week time point. Representative 
images of mice are shown. (E) Representative images and quantification of HIF1α IHC of HGC27-HRE xenograft tumors. All data are presented as mean± SEM.
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Disruption of  the HIF1/ARNT hypoxia program is expendable in mutant p53 gastric cancer primary tumors. To 
investigate whether the HIF-mediated hypoxia signaling axis was necessary for mutant p53-mediated aug-
mentation of  tumor growth in gastric cancer, we first genetically deleted the essential cofactor aryl hydrocar-
bon receptor nuclear translocator (ARNT, also known as HIFβ) in the HGC27 model. ARNT heterodimeriz-
es with HIF1α, HIF2α, and HIF3α in order to execute transcriptional control of  hypoxia-responsive genes. 
Using 3 different sgRNAs against ARNT, we showed that disruption of  HIF-dependent signaling attenuates 
HRE luciferase reporter activity in HGC27 cells treated with DMOG (Supplemental Figure 9A). Consistent 
with these results, NDRG1 expression levels were reduced in ARNT-KO HGC27 cell lines in the presence and 
absence of  DMOG by immunoblot analysis (Supplemental Figure 9B). As expected, HIF1α levels were unaf-
fected by elimination of  ARNT (Supplemental Figure 9B). We next tested whether deleting ARNT impacted 
hypoxia reporter activity in HGC27-HRE cells overexpressing mutant p53-R175H (HGC27-HRE-R175H 
cells). ARNT KO led to reduced reporter activity in HGC27-HRE-R175H cells in the presence of  DMOG, 
although the decrease was smaller than in parental HGC27-HRE cells (Supplemental Figure 9C). Interest-
ingly, NDRG1 levels were not affected by ARNT KO in HGC27-HRE-R175H cells (Supplemental Figure 
9D), indicating a potential HIF-independent mechanism of hypoxia transcriptional activation. We next tested 
whether ARNT deletion negatively impacted primary tumor growth properties observed in HGC27-HRE-
R175H cells. ARNT KO did not affect ultra-low attachment proliferation of  HGC27-HRE-R175H cells in 
vitro (Supplemental Figure 10A). Disruption of  HIF/ARNT signaling led to a modest reduction in hypoxia 
reporter activity in HGC27-HRE-R175H cells in vivo, which corresponded to no significant impact on prima-
ry tumor growth (Supplemental Figure 9, E–G). These findings were corroborated by the lack of  difference in 
protein levels of  phospho-NDRG1 and VEGF in the xenograft tumors by IHC at the experimental endpoint 
(data not shown), suggesting that ARNT inhibition may not effectively disrupt hypoxia signaling in vivo. To 
generalize this finding, we asked whether ARNT was required for proliferation of  gastric adenocarcinoma 
cell lines in CCLE. Although hypoxia signaling activity as measured by single-sample GSEA (ssGSEA) was 
elevated in gastric cancer cell lines harboring hotspot mutations in TP53, consistent with our previous results 
(Figure 4C), they were inversely dependent on ARNT (Supplemental Figure 9H).

Direct inhibition of  HIF1α in mutant p53 gastric cancer diminishes primary tumor growth in vivo. Given the 
modest attenuation of  HIF signaling by ARNT inhibition, and the ability of  ARNT to impair transcription-
al activity of  HIF1α, HIF2α, and HIF3α — each of  which can affect distinct cancer functions (36–38) — we 
next directly tested whether disruption of  HIF1α impacts primary tumor function of  mutant p53 gastric 
cancer cells in the HGC27 model. CRISPR/Cas9-mediated deletion of  HIF1α in HGC27-HRE GFP con-
trol cells led to a potent reduction in protein expression of  HIF1α and downstream target NDRG1 in the 
presence of  DMOG by immunoblot analysis (Figure 7A). Despite robust induction of  HIF1α in HGC27-
HRE-R175H cells (Figure 7A), HIF1α KO led to decreased protein expression of  HIF1α and NDRG1 by 
immunoblot analysis and HRE-reporter activity by luciferase assay (Figure 7B). Disruption of  HIF1α did 
not significantly impact adherent proliferation of  HGC27-HRE-R175H cells by CellTiter-Glo assay (Figure 
7C), consistent with dependency data in other gastric cancer cell lines (Supplemental Figure 10, B and C) 
or anchorage-independent colony growth in soft agar (Figure 7, D and E). These data indicate that inhi-
bition of  HIF1α-mediated hypoxia signaling does not significantly impact proliferative properties in vitro.

To examine whether deletion of HIF1α impacted primary tumor growth in vivo, isogenic HGC27-HRE-
R175H cells were injected into the flanks of nude mice. Unlike ARNT inhibition, disruption of HIF1α led to a 
greater than 5-fold reduction in hypoxia signaling in vivo (Figure 7F). Direct inhibition of HIF1α corresponded 
to a significant attenuation in primary growth of HGC-HRE-R175H cells in vivo (Figure 7G). Importantly, 
the ratio of hypoxia reporter activity to tumor volume was preserved in each arm throughout the experiment, 
suggesting that these results could not be explained by tumor volume alone (Figure 7H). These data indicate 
that disruption of HIF1α-mediated hypoxia signaling may be required for mutant p53 gastric cancer in vivo.

Discussion
GEAs are lethal cancers owing to their aggressive and chemoresistant behavior, the molecular basis of  
which requires further elucidation. TP53, the most frequently altered gene in GEAs, usually sustains mis-
sense mutations in the DNA-binding domain. Given the extensive literature on potential gain-of-function 
properties of  select, disproportionately frequent TP53 missense mutations in many cancers (21–24, 27, 
30, 39, 40), we designed an experimental system to investigate the functional importance of  hotspot mis-
sense TP53 mutations in GEAs, ultimately to test the hypothesis that targeting of  these gain-of-function 
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properties may be of  therapeutic value. Despite being overexpressed in GEAs, we found that endogenous 
mutant p53 was not necessary for proliferation, anchorage-independent growth, and/or in vivo primary 
tumor growth in several GEA cell lines. These results suggest that although missense mutations in TP53 
are an early, enabling event in the pathogenesis of  GEAs, gain-of-function properties may not be required 
during advanced stages of  tumor progression. Select mouse models, such as those involving T cell lym-
phomas (30) and non–small cell lung cancer (41), have shown a requirement for mutant p53, which is 
thought to be secondary to an addiction to its gain-of-function activity. A comprehensive analysis of  the 
requirement for mutant p53 across many cancer types suggests that this is less frequently the case (Figure 
2, G and H, Supplemental Figure 3, A and B, and ref. 31). These findings suggest that the therapeutic 
value of  directly inhibiting mutant p53 may be limited in advanced GEAs.

Instead, we found that overexpression of  mutant p53 is sufficient to drive primary tumor cancer prop-
erties in GEAs, consistent with findings in other tumor types (21–28). Unbiased transcriptomic analysis 
evaluating genes regulated by endogenous mutant p53 in one gastric cancer cell line and overexpression of  
mutant p53 in another revealed enrichment for a hypoxia-associated transcriptional program. A hypoxic 
microenvironment is a hallmark of  cancer pathogenesis that enables cancer cells to utilize HIF-dependent 
transcriptional programs to their advantage (42). Angiogenesis, metabolism, stemness, and metastasis are 
some of  the advanced tumor properties implicated in hypoxia/HIF regulation. Hypoxia/HIF signaling is a 
poor prognostic marker in human gastric cancer (43), and activation of  the pathway has been shown to pro-
mote gastric cancer progression in experimental models (43–46). Despite the evidence that hypoxia plays a 
pro-cancer function in gastric cancer, the precise mechanisms have yet to be elucidated.

Figure 7. Disruption of HIF1α impairs primary tumor growth of mutant p53 gastric cancer. (A) Immunoblot of HIF1α and NDRG1 expression levels in 
HGC27-HRE cells stably expressing either control or HIF1α sgRNA in the presence and absence of 1 mM DMOG. (B) Luciferase assay of HGC27-HRE-
R175H cells stably expressing either control or HIF1α sgRNA displayed as a ratio of 1 mM DMOG/no DMOG. (C) Proliferation of HGC27-HRE-R175H 
cells stably expressing either control or HIF1α sgRNA under adherent culture conditions as measured by CTG; normalized to baseline counts on day 
0. (D and E) Soft agar growth of HGC27-HRE-GFP and HGC27-HRE-R175H cells stably expressing either control or HIF1α sgRNA. Right panel in D 
shows representative images of colonies. (F) Total HRE flux (bioluminescence) of HGC27-HRE-R175H–expressing control (n = 5) or HIF1α sgRNA (n = 
5) xenografts; comparison of fits, P < 0.0001. (G) Tumor volume of HGC27-HRE-R175H–expressing control (n = 5) or HIF1α sgRNA (n = 5) xenografts; 
comparison of fits, P < 0.0032. (H) Total HRE flux/tumor volume of HGC27-HRE-R175H–expressing control (n = 5) or HIF1α sgRNA (n = 5) xenografts; 
comparison of fits, P < 0.0002. All data are presented as mean ± SD.
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There is expanding literature on the relationship between p53 and HIF/hypoxia in physiological and patho-
logical settings (47). Early studies pointed to the ability of HIF/hypoxia to induce WT p53 (48, 49) and serve as 
a selective pressure for neoplastic cells with defects in apoptosis (50). In a negative feedback role, WT p53 was 
shown to attenuate angiogenesis by promoting the degradation of HIF1α (51, 52). There is now evidence to 
suggest that genes negatively regulated by WT p53 are often activated by mutant p53 (23). Consistent with this 
notion, we found that 2 mutant p53 alleles that strongly correlate in transcriptional output can promote activa-
tion of hypoxia signaling in GEA cell lines. Similar findings were most recently reported in non–small cell lung 
cancer, in which mutant p53 physically engaged HIF1α to regulate extracellular matrix components to promote 
cancer progression (41). Mutant p53 has also been shown to increase tumor vascularization via ROS-mediated 
activation of the HIF1α /VEGF-A pathway in colon tumor cells (53).

We show for the first time to our knowledge the ability of  mutant p53 to induce hypoxia during pri-
mary tumor growth using real-time in vivo luciferase reporter–based imaging. Importantly, we found that 
the greatest impact of  mutant p53 on hypoxia occurred during the early stages of  primary tumor growth, 
a phenomenon that attenuated as the tumors grew larger over time. These results could represent a techni-
cal limitation of  the in vivo reporter system or the strong propensity to activate hypoxia signaling during 
tumor growth, especially with the rapid growth kinetics of  mouse xenografts. However, these results may 
also indicate the potential pathological importance of  mutant p53–mediated hypoxia induction during the 
initiation/early formation of  primary tumor growth or even in the preneoplastic phase, providing a growth 
advantage to the p53 mutant cell prior to oncogene activation. Once the tumor reaches a sufficient size, the 
effect of  mutant p53 on hypoxia induction is difficult to discern. There is evidence to support the impor-
tance of  hypoxia-induced angiogenesis during these early stages of  tumorigenesis: progression from hyper-
plasia to neoplasia requires neovascularization, enabling the transition from dysplastic lesions to overt can-
cer (54). It will be important for future studies to investigate the importance of  hypoxia induction by mutant 
p53 using models of  gastroesophageal premalignancy or early neoplasia.

Ultimately, we found that inhibiting HIF1α-dependent hypoxia signaling impaired primary tumor 
growth in mutant p53 gastric cancer. Importantly, the strongest effect of  HIF1α deletion on mutant p53 
gastric cancer appeared to occur under hypoxic conditions, such as during primary tumor growth; these 
detrimental effects were not observed while cells were cultured in vitro. Collectively, these data suggest that 
activation of  a hypoxia transcriptional program by mutant p53 under endogenous conditions may not be 
a significant liability in gastric cancers. In addition, these results may motivate the pursuit of  new areas of  
investigation to elucidate the context under which mutant p53 and hypoxia activation impact the devel-
opment of  upper gastrointestinal cancers. For example, based on the data from the premalignant gastric 
lesions using the carcinogenesis genetically engineered mouse model, it is possible that the importance of  
mutant p53–induced hypoxia activity may be at early stages of  gastric tumorigenesis. In contrast to the 
HIF1α studies, inhibition of  ARNT did not significantly impact primary tumor growth of  mutant p53 gas-
tric cancer. One possible explanation is that disruption of  multiple HIF proteins, which can exert distinct 
cancer functions, may have confounded the results. Another explanation is that hypoxia signaling was not 
attenuated below the critical amount required to observe an impact on primary tumor growth; deletion of  
HIF1α was a stronger detriment to hypoxia signaling than ARNT inhibition. A deeper investigation into 
mutant p53 biology and its intersection with hypoxia signaling will improve our understanding of  upper 
gastrointestinal cancers, which it is hoped will inspire new ideas for therapeutic intervention.

Methods
Mice. To activate endogenous expression of  p53R270H in gastric tissue, we crossed Trp53LSL-R270H mice (pro-
vided by Kwok Wong, NYU Langone Hospital, New York, New York, USA) to Mist1-CreERT2 mice 
(provided by Timothy Wang, Columbia University Medical Center, New York, New York, USA). Experi-
mental mice aged 6–8 weeks received 5 consecutive daily 200-mL i.p. injections of  tamoxifen in sunflower 
oil at 10 mg/mL for activation. Control mice did not receive tamoxifen. All treated mice received 240 ppm 
MNU in drinking water every other week and 0.3% DCA continuously for the indicated time period. Mice 
were euthanized at the endpoint of  the experiment, and stomachs were harvested for histopathological and 
immunohistochemical analyses.

Tumor xenografts and bioluminescence analysis. 1 × 106 tumor cells were injected into flanks of  athymic 
Ncr-nu/nu mice. Tumor measurements were made by caliper, and tumor volumes were calculated using the 
following formula: volume = length × width2 × 0.5. Hypoxia reporter activity was monitored by total flux of  

https://doi.org/10.1172/jci.insight.128439


1 3insight.jci.org   https://doi.org/10.1172/jci.insight.128439

R E S E A R C H  A R T I C L E

luciferase activity as measured by bioluminescence imaging (BLI). Anesthetized mice were injected i.p. with 
d-luciferin. Bioluminescence images were acquired with a Xenogen IVIS 200 Imaging System (PerkinElmer). 
Analysis was performed with Living Image software 4.2 (PerkinElmer) by measuring photon flux in tumors.

Cell lines and culture conditions. The human cancer cell lines LMSU, HGC27, AGS, ESO51, and SH10TC 
were obtained from the CCLE core facility, which obtained them directly from commercial sources and 
authenticated the lines using standard short tandem repeat analysis. LMSU is a gastric adenocarcinoma 
cell line harboring an endogenous R175H TP53 mutation cultured in F10 medium supplemented with 
10% FBS. HGC27 is a gastric adenocarcinoma cell line harboring an endogenous P152fs TP53 mutation 
cultured in αMEM supplemented with 10% FBS and nonessential amino acids. AGS is a gastric adenocar-
cinoma cell line that is TP53 WT cultured in Ham’s F12 medium supplemented with 10% FBS. ESO51 is a 
suspension esophageal adenocarcinoma cell line harboring an endogenous R175H TP53 mutation cultured 
in DMEM supplemented with 10% FBS. SH10TC is an esophageal adenocarcinoma cell line harboring an 
endogenous R273C TP53 mutation cultured in RPMI medium supplemented with 10% FBS.

Cell proliferation assays. Cell viability was quantified by measuring cellular ATP content using the  
CellTiter-Glo Cell Viability Assay (Promega) according to the manufacturer’s instructions. All experiments 
were performed in triplicate in 96-well plates. Adherent culture refers to cancer cells grown on traditional 
cell culture plates upon which cells attach to surface and require trypsinization for dissociation and passage. 
Ultra-low attachment is a method for culturing cells under nonadherent conditions. This method can be used 
to assess proliferation, colony-forming ability, and anchorage-independent growth. Typically, between 1 × 103 
and 1 × 104 cells were plated in each well of a 24-well or 6-well plate (Corning, 3471). Area measurements and 
quantification of low-attachment colonies was measured using ImageJ software (NIH).

Generation of  CRISPR-mediated KO cell lines. All genetically engineered gastric cancer cell lines were 
generated using the protocol described by Shalem et al. (55). In brief, sgRNAs targeting TP53 and ARNT 
were designed, amplified, and cloned into lentiCRISPR v2 (56). shRNAs targeting TP53 were cloned into 
PLKO.1 and TET-PLKO vectors. Lentivirus was generated using standard protocols. In brief, HEK293T 
cells were plated in 10-cm2 plates with fresh medium without antibiotics. Subsequently, 5 μg of  the lentiviral 
vector, 100 ng of  the envelope plasmid, and 900 ng of  the packaging plasmid were diluted in Opti-MEM 
(Thermo Fisher Scientific, 31985070); 20 μl X-tremeGENE 9 DNA Transfection Reagent (MilliporeSigma, 
036335779001) was added dropwise; and this mixture was incubated for 20 minutes. The DNA complex-
es were added dropwise to the cells and incubated for 12 hours before aspiration and addition of  6 mL 
fresh medium. After 24 hours, the virus-containing medium was collected and filtered through a 0.45-μm 
syringe, and the lentivirus was stored at −80°C. The oligonucleotide sequences used for cloning TP53 sgR-
NAs were as follows: sgRNA control (distal U6 promoter): GAGGCTAAGCGTCGCAA; TP53sg#F2F-F: 
GGGCAGCTACGGTTTCCGTC, TP53sg#F2F-R: GACGGAAACCGTAGCTGCCC (57); TP53s-
g#1-F: CCATTGTTCAATATCGTCCG, TP53sg#1-R: CGGACGATATTGAACAATGG; TP53sg#2-F: 
CCCCGGACGATATTGAACAA, TP53sg#2-R: TTGTTCAATATCGTCCGGGG. shRNA sequences for 
TP53 are listed in Supplemental Table 1. The oligonucleotide sequences used for cloning ARNT and HIF1α 
sgRNAs were as follows: ARNTsg#1-F: 5′-CACCGGGCTATTAAGCGACG GTCA-3′, ARNTsg#1-R: 
5′-AAACTGACCGTCGCTTAATAGCCC-3; ARNTsg#3-F: 5′-CACCGAGAAACGGCCATGCGTAA-
GA-3′, ARNTsg#3R: 5′-AAACTCTTACGCATGGCCGTT TCTC-3′; sgHIF1α forward: 5′-CACCGTGT-
GAGTTCGCATCTTGATA-3′, sgHIF1α reverse: 5′-AAACTATCAAGATGCGAACTCACAC-3′.

RNA isolation and RT-PCR. Total RNA was isolated using the RNeasy Mini Kit (QIAGEN), and 
cDNA was synthesized using the TaqMan Reverse Transcription Reagents Kit (Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. Gene-specific primers for SYBR Green Real-Time 
PCR were designed by use of  Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and 
synthesized by Integrated DNA Technologies. RT-PCR was performed and data were analyzed using 
the CFX96 Real-Time PCR Detection System (Bio-Rad) and Power SYBR Green PCR Master Mix 
(Thermo Fisher Scientific) according to the manufacturer’s instructions. Relative mRNA expression was 
determined by normalizing to GAPDH expression, which served as an internal control. See Supplemen-
tal Table 2 for primers used for RT-PCR.

Immunoblots and antibodies. Western blot analysis was performed as previously described (58). The 
following antibodies were used for Western blotting (from Cell Signaling Technology, except where indi-
cated): anti-p53 (2524, 1:1,000), anti-V5, anti–phospho-Stat3, anti-Stat3, anti-NDRG1, and anti–β-actin 
(A5441, 1:1,000, MilliporeSigma). See complete unedited blots in the supplemental material.
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Immunohistochemistry. Xenograft tumors were excised and fixed with 10% formalin overnight and 
embedded in paraffin (FFPE). Unstained sections were stained using the following protocol. All IHC was 
performed on the Leica Bond automated staining platform. HIF1α antibody from Cell Signaling Technology 
(catalog 22204s, clone E1Q6W) was run at 1:30,000 dilution using the Leica Biosystems Refine Detection 
Kit with EDTA antigen retrieval and TSA amplification (PerkinElmer). Antibody from Beckman Coulter 
(catalog IM0787, clone QBEnd10) was run at 1:70 dilution using the Leica Biosystems Refine Detection Kit 
with citrate antigen retrieval. p53 antibody from Cell Signaling Technology (catalog 48818, clone DO-7) was 
run at 1:100 dilution using the Leica Biosystems Refine Detection Kit with citrate antigen retrieval. Repre-
sentative images were taken using a Leica DM1000 LED light microscope camera.

Quantification of  HIF1α. Three to 5 representative ×20 images were taken from each xenograft tumor 
FFPE slide stained with HIF1α. Images were then uploaded into ImageJ, and color threshold was adjusted 
from color space to HSB, threshold color to red, and thresholding method to default. Positively stained cells 
were gated with a filter of  approximate hue 0 to 45, whereas unstained cells were gated with a filter from 
approximate hue 60 to 215. To save images, the threshold color was changed from red to black and white. 
The ImageJ-processed image was opened in Adobe Photoshop to use the histogram function. The colors 
were normalized by using the caution symbol in the panel. The leftmost spike, representing black, is the 
percent total cell cover of  positive/negative results.

Differential expression analysis. We first excluded genes that had fewer than 1 count per million in at least 6 
samples in each experiment. The weighted trimmed mean of M-values method (59) was used to normalize the 
library size of each sample, using the calcNormFactors function in the R package: edgeR (60). To estimate log 
fold change differences, and associated P values, between sample groups, we used the R package limma (61). 
Read counts data were transformed using the limma function “voom” prior to model fitting, in order to model 
the mean-variance relationship of the log counts data (62). For LMSU, we compared expression in the sam-
ples with sgRNA- or shRNA-mediated TP53-KO/KD versus the controls (NCBI Gene Expression Omnibus 
[GEO], GSE132331). For HGC27, we compared expression in the samples with mutant p53 overexpression 
allele R175H, R248Q, or R273H with GFP control (GEO, GSE132333). Correlations between replicates were 
modeled using the duplicateCorrelation function of limma. P values were estimated from the empirical Bayes 
moderated t statistics, and q values were estimated using the Benjamini-Hochberg method (63). GSEA (64) was 
run to test for gene sets that were up- or downregulated in each experimental condition in a subset of experi-
ments. For the majority of experiments, we used the R package fgsea (65) to estimate normalized enrichment 
statistics, and associated P values, for each gene set in the Hallmark collection of the Molecular Signatures 
Database (66). The GSEA algorithm was run using log fold change values as the gene-level statistics, 100,000 
random permutations, and a GSEA parameter of 1.

Cancer cell line analysis. RNAi gene dependency data were derived from the combined Achilles/
DRIVE/Marcotte data set processed using DEMETER2 (67). CRISPR/Cas9 dependency data, pro-
cessed using CERES (68), were taken from the Dependency Map 18Q4 data release (DEMETER2 
data; doi.org/10.6084/m9.figshare.6025238.v4). Cancer cell line omics data were taken from the 
CCLE mutation calls, and mRNA expression data were taken from the Dependency Map 18Q4 data 
release (69). All cancer cell line gene dependency and omics data sets can be accessed at https://
depmap.org/portal/. CCLE cell line TP53 status was obtained from the DepMap 18Q4 mutation calls 
file. Cell lines that did not have any (nonsilent) mutation in TP53 were classified as WT; cell lines 
with mutations resulting in the protein changes R248Q/W, R273H/C, and R175H were classified 
as hotspot; cell lines with other missense mutations were classified as missense; and cell lines with a 
TP53 mutation classified as deleterious in the CCLE mutation calls file were classified as damaging. 
Cell lines with damaging and hotspot mutations were classified as damaging. Two-group comparisons 
of  cancer cell line omics and gene dependency data were performed using Wilcoxon’s rank-sum tests. 
Single-sample GSEA enrichment scores were calculated for the Hallmark hypoxia gene set (66) using 
the R package GSVA (70). All of  the cell line omics and gene dependency data used in the analysis are 
provided in Supplemental Table 3.

Statistics. Experiments were performed in triplicate. Data are presented as mean ± SD unless indicated 
otherwise. For each experiment, independent biological experiments or technical replicates are as noted in 
the figure legends and were repeated with similar results. Statistical analysis was performed using Microsoft 
Office statistical tools or in Prism 7.0 (GraphPad). Pairwise comparisons between groups (experimental ver-
sus control) were performed using an unpaired 2-tailed Student’s t test or Kruskal-Wallis test as appropriate. 
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P < 0.05 was considered to be statistically significant. For all experiments, the variance between comparison 
groups was found to be equivalent. For xenograft experiments, data are presented as mean ± SD, and statisti-
cal comparisons were performed using unpaired, 2-tailed Student’s t tests with Welch’s correction or compar-
ison of  fits. Sample sizes and animal numbers were determined from pilot laboratory experiments and previ-
ously published literature. Animals were excluded from analysis if  they were euthanized due to health reasons 
unrelated to tumor volume end point. For in vivo experiments, all mice were randomized before studies.

Study approval. All procedures involving mice and experimental protocols were approved by the 
IACUC of  the DFCI (no. 11-009).
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