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Supplementary Figure 1. p53 loss-of-heterozygosity is a prerequisite for mutp53 protein 

stabilization and enables invasion in colorectal cancer  

(a) The humanized GOF TP53R248Q allele (p53Q) was paired with the WT p53 allele or the 

p53null allele77 in the AOM/DSS colorectal cancer model as we previously described in Schulz-

Heddergott et al.5 to generate heterozygous p53Q/+ mice (mimicking ‘no LOH’) and GOF p53Q/- 

mice (mimicking p53LOH), with corresponding controls (p53-/+ and p53-/- mice). All mice were 

treated with 1.5% DSS. Time line for p53-proficient (containing one WTp53 allele) and p53-

deficient (both p53 alleles are altered) mice used in this study. Endpoint analysis at 10 wks for 

all mice to avoid losing p53-deficient mice to lymphoma and intestinal obstruction.  

(b) Representative immunofluorescence for p53 (green) and DAPI (blue) of CRC tumors from 

the indicated genotypes at endpoint 10 wks. Occasional p53Q/+ tumors show a minor focus of 

stabilized mutp53, presumably an area that underwent p53LOH. White arrowheads show 

invasive malignant glands in bowel wall. Scale bars, 100 μm. 

(c) Total tumor numbers per mouse of the indicated genotypes at endpoints described in (a). 

p53-/+ and p53Q/+ mice (n = 7 each) harbor heterozygous CRC tumors. Tumors from p53-/- and 

p53Q/- mice (n= 16 each) are homozygous for their TP53 alteration mimicking p53LOH. Dots 

with vertical black lines represent means ± SD. p values with Student’s t-test, two-sided.  

(d) (left) Number of mice analyzed for non-invasive and invasive tumors, and (right) invasive 

tumors per mouse, from the indicated genotypes at endpoint 10 wks.  

(left) Calculation of numbers of mice with invasive tumors. A mouse with at least one invasive 

tumor was counted as positive. p53-/+ and p53Q/+, n = 7 mice each, p53-/- and p53Q/-, n = 16 

mice each. p values, Fisher’s exact tests for indicated group comparisons. (right) Calculation 

of number of invasive tumors per mouse. p53-/+ from n = total 42 tumors from 7 mice; p53Q/+ 

from n = total 45 tumors from 7 mice; p53-/- from n = total 71 tumors from 16 mice and p53Q/- 

from n = total 115 tumors from 16 mice. p values, Student’s t-test, two-sided.  

(e) Representative sections of p53Q/- tumors. panCytK, pan-cytokeratin immunohistochemistry  

and H&E staining. Dashed line, muscularis mucosae; dashed/dot line, border to muscularis 

propria. Scale bars, 100 μm. 

(f) Detection of the colon-specific recombined Trp53 allele after TAM-induced excision of exons 

2−10 (‘’  allele, recombined 612 bp fragment). Genomic PCR using a forward primer upstream 

of the loxP site in intron 1 and a reverse primer downstream of the loxP site in intron10. NTC, 

non-template control. Source data are provided as Source Data file. 

(g) Representative immunohistochemistry of serial sections for p53 and Cyclin D1 from TAM-

treated p53Q/fl tumors at 6 wks post-TAM. Tumors show mutp53 stabilization which correlates 

with Cyclin D1 overexpression. Scale bars, 100 μm.  
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Supplementary Figure 2. p53 deletion alone is not sufficient to activate HSF1 in vivo 

(a) Mdm2 mRNA levels of untreated CRC tumors (≥ 5 tumors pooled per group). qRT-PCR 

normalized to Rplp0 mRNA. Mean ± SD of 3 technical replicates (different cDNA synthesis). 

Student’s t-test, two-sided, p*≤ 0.05. 

(b) RNA-seq analysis of +/- Nutlin treated p53+/+, p53-/+ and p53Q/+ tumors from Figure 2b.  

Upregulated genes (base mean > 10, log2(fold change) > 0.7 and p-value < 0.05) were 

selected for Enrichr analyses (https://maayanlab.cloud/Enrichr/).  

(c, e) mRNA levels of WTp53 target genes (c) and HSF1 target genes (e) of p53Q/+ and p53+/+ 

tumors from DMSO (D) and Nutlin (N)-treated mice. Single colonic tumors (n = 3-5 per group) 

with 2-3 technical replicates for each tumor were used for qRT-PCR, normalized to Rplp0 

mRNA. Mean ± SD. 

(d) RNA-seq analysis. Enrichment plots for HSF1 target genes in +/- Nutlin treated p53+/+ and 

p53Q/+ tumors. HSF1 target gene list from Vilaboa et al. generated from heat shock-induced 

Hela cells64.  

(f) Downregulation of individual HSF1 target genes from the RNA-seq analysis in (d). 

(g) Scheme of the AOM/DSS colorectal cancer model used in Supplementary Figures 2h-m. 

Mice of the indicated genotypes were treated with AOM/DSS as outlined. Endpoint analysis at 

12 wks for p53-proficient mice to avoid losing them to extraneous reasons such as intestinal 

obstruction and anal prolapse. Endpoint analysis at 10 wks for p53-deficient mice to avoid 

losing them to lymphoma. 

(h) left Total number of colonic tumors per mouse and right tumor size distribution of the 

indicated genotypes. n, total mouse numbers. left Dots with vertical black lines represent 

means ± SD. right Horizontal black lines indicate means. Student’s t-test, two-sided. 

(i) Representative colonoscopy of p53+/+ and p53-/- mice at endpoint 10 wks post AOM/DSS. 

White lines outline tumors. Black arrow indicates an S2 tumor and striped arrows indicate S3 

tumors. Tumor scoring was performed according to Becker & Neurath79. Scale bars, 1 mm. 

(j) Colon sections from ‘Swiss roles’ of AOM/DSS-treated p53+/+ and p53-/- mice. H&E. Scale 

bars, 400 µM.  

(k, l, m) mRNA levels of cell cycle genes (k), wildtype p53 target genes (l) and HSF1 target 

genes (m) isolated from the indicated genotypes of colonic tumors (pooled samples, n ≥ 5 

tumors per genotype). qRT-PCR normalized to Rplp0 or Hprt mRNA. Mean ± SEM of ≥ 3 

technical replicates (different cDNA synthesis).  

(n) Scheme for treatment of colonic tumor-derived organoids. Heterozygous p53Q/fl; vilCreERT2 

mice were treated with AOM/DSS and tumor burden was visualized via colonoscopy. Tumors 

arisen between 6-8 wks post AOM were resected and processed for colonic organoid cultures. 

p53LOH was induced by adding 4OHT (4OH-Tamoxifen) for 24 hrs to activate the CreERT2 

recombinase and create p53Q/Δ organoids. EtOH, control treatment (no-LOH, p53Q/fl). Two days 

after p53LOH induction, organoids were treated with 10 µM Nutlin or DMSO for 24 hrs and 

harvested for analysis.  



(o) The heterozygous p53 genotype in CRC organoids is stable. Two randomly chosen 

organoid cultures (generated from 2 different heterozygous TP53R248Q/fl; vilCreERT2 mice) were 

followed during p2-p7 passaging in vitro. The p53 floxed allele and the p53Q allele are 

indicated. Source data are provided as Source Data file. 

(p) Incomplete recombination after 4OHT. Residual WT Trp53 mRNA levels detected in colonic 

organoids after p53LOH induction by 4OHT treatment. Primers to Exon 1 and Exon 4 specific 

for the murine WTp53 allele were used. qRT-PCR normalized to Hprt1 mRNA. Mean ± SD 

from ≥ 3 independent experiments of ≥ 3 cultures. 

(q) Cdkn1a mRNA levels of heterozygous (no LOH) p53Q/fl; vilCreERT2 organoids as in Figure 

2f. Organoids were treated as indicated for 24 hrs. Dox=Doxorubucin, 5-FU= Fluorouracil. 

qRT-PCR normalized to Hprt mRNA. Mean ± SD from 2 independent experiments, one 

includes a technical replicate from the same organoid culture (total n = 3). 

(a, c, e, k, l, m, p, q) Relative values are given in [ratio (2-ddCT)]. Student’s t-test, two-sided, p*≤ 

0.05, p**≤ 0.01, p*** ≤0.001; ns, not significant. 
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Supplementary Figure 3. HSF1 activity is repressed by WTp53 in human colorectal 

cancer cells  

(a) p53-induced HSF1 target gene repression is rescued by WTp53 silencing. WTp53 

harboring HCT116 cells were transfected with siRNAs for p53 or scrambled control siRNA 

(scr2) for 48 hrs. Cells were treated with DMSO or 10 µM Nutlin for 24 hrs. qRT-PCRs for the 

indicated mRNAs were each normalized to RPLP0 mRNA. Relative values are given in [ratio 

(2-ddCT)]. Mean ±SD of 2 independent experiments, each repeated in triplicates. Student’s t-

test, two-sided. p*=0.05, p**=0.01, p***=0.001; ns, not significant. 

(b) WTp53 harboring LS513 and LS174T cells were treated with DMSO or 10 µM Nutlin for the 

indicated times. Representative immunoblot analysis for pSer326-HSF1, the key marker of 

HSF1 activity.  

(c) p53 silencing abrogates HSF1 inactivation upon Nutlin. HCT116 cells were transfected with 

two different siRNAs against p53 or scrambled control siRNA (scr). 48 hrs post-transfection, 

cells were treated with DMSO or 10 µM Nutlin for 24 hrs. Cell lysates were immunoblotted for 

pSer326-HSF1, total HSF1 (tHSF1) and p53.  

(d) p53 deletion prevents Nutlin-induced HSF1 inactivation. Isogenic HCT116 cells (p53+/+ 

versus p53-/- harboring  a p53 Exon2 deletion) were left untreated (un) or treated with DMSO 

or 10 µM  Nutlin for 24 hrs. Representative immunoblots for pSer326-HSF1 and p53.  

(e) mutp53-containing CRC cells fails to reduce pSer326-HSF1 after Nutlin. SW480 cells 

treated +/- Nutlin (20 µM) for the indicated hours. Representative immunoblot.  

(f) Stably HSF1-overexpressing HCT116 subclone HSF1c1 and its empty vector clone (ORF) 

were treated with DMSO or 10 µM Nutlin for 24 hrs. qRT-PCR analysis of the indicated HSF1 

target genes. Mean ± SD of ≥ 2 independent experiments, each with technical replicates.  

Student’s t-test, two-sided. p*≤ 0.05, p**≤ 0.01; ns. 

(b-e) Actin, loading control. pHSF1/actin, pHSF1 densitometry normalized to loading control. 

Source data are provided as Source Data file. 
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Supplementary Figure 4. p53 suppresses HSF1 activity via cyclin-dependent kinase 

inhibitor CDKN1A/p21 in human CRC cells 

(a) Analysis of CDKN1A/p21 mRNA expression. qRT-PCRs of HCT116 and RKO cells. Cells 

were transfected with siRNAs against CDKN1A/p21 and p53 or scrambled control siRNA (scr2) 

for 48 hrs, followed by DMSO or 10 µM Nutlin treatment for 24 hrs. Relative values of CDKN1A 

mRNA normalized to RPLP0 mRNA and relative values given in [ratio (2-ddCT)].  

(b) Analysis of HSF1 target gene expression in HCT116 cells upon depletion of p21. 48 hrs 

post- transfection with two siRNAs against CDKN1A/p21 or scrambled control siRNA (scr2), 

HCT116 cells were treated with DMSO or 10 µM Nutlin for 24 hrs. qRT-PCR analysis. Mean 

±SD of ≥2 independent experiments, each with technical replicates. Relative values were 

calculated as in (a).  

(c, d) Combined CDK4 and CDK6 silencing lead to HSF1 inactivation. HCT116 cells were 

transfected with two different siRNAs against CDK4 and/or CDK6 or scrambled control siRNA 

(scr). 72 hrs post-transfection, cell lysates were immunoblotted as indicated. (D) 10 µM 

Palbociclib for 24 hrs. 

(e) Cell cycle inhibition in HSF1-overexpressing HSF1c1 cells strongly suppress HSF1 target 

gene expression. HSF1c1 or ORF control clones were exposed to H2O or Palbociclib (10 µM) 

for 24 hrs. qRT-PCR analysis of the indicated HSF1 target genes. Mean ± SD of ≥ 2 

independent experiments, one with a technical replicate (total n = 3). Relative values given in 

[ratio (2-ddCT)]. 

(a, b, e) Student’s t-test, two-sided. p*≤ 0.05, p**≤ 0.01, p*** ≤0.001; ns, not significant. 

(c, d) Actin, loading control. pHSF1/actin, pHSF1 densitometry normalized to loading control. 

Source data are provided as Source Data file. 
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Supplementary Figure 5. Cell cycle aberrations activate the MEK pathway and regulate 

HSF1 activity 

(a, b) Depletion of CDK1 (a) and CDK2 (b) fail to abrogate pSer326-HSF1 phosphorylation. 

The indicated cells were transfected with two different siRNAs each. 72 hrs post-transfection 

cell lysates were analyzed by immunoblots. Actin, loading control. 

(c) PLK4 silencing in RKO cells. Cells were transfected with two different siRNAs against PLK4 

or scrambled control siRNA (scr) for 72 hrs.  qRT-PCRs for PLK4 mRNAs normalized to RPLP0 

mRNA. Relative values given as ratio (2-ddCT). Mean ±SD of 2 independent experiments, one 

with a technical replicate (total n = 3). Student’s t-test, two-sided. p*≤ 0.05, p**≤ 0.01, p***≤ 

0.001. 

(d) Despite PLK4 silencing (c), PLK4 protein and pSer326-HSF1 levels are stable, excluding 

PLK4 as HSF1-activating kinase. Immunoblot analysis of RKO cells from (c).  

(e) Activated WTp53 strongly reduces MLK3 protein levels. The indicated CRC cells were 

treated with DMSO or 10 µM Nutlin for 36 hrs. Immunoblot analysis. Actin, loading control. 

Source data are provided as Source Data file. 

(f) MEK inhibition suppresses HSF1 phosphorylation. HCT116 and RKO cells were treated for 

24 hrs with DMSO or U0126 at the indicated concentrations. Immunoblot analysis. pERK1/2, 

functional control for MEK1 inhibition. GAPDH, loading control. 

(a, b, d, f) pHSF1/actin, pHSF1 densitometry normalized to loading control. Source data are 

provided as Source Data file. 
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Supplementary Figure 6. In colorectal and breast cancer patients p53LOH combined 

with p53 missense mutations upregulates HSF1 activity  

(a) Heatmap of HSF1 target genes analyzed from colorectal adenocarcinoma patients 

(COADREAD cohort, TCGA database). Patients harboring homozygous TP53+/+ (WT TP53) 

were compared to patients harboring all TP53 mutations (MS, missense; FS, frameshift; NS, 

nonsense) plus p53LOH (shallow deletions) (called MS/FS/NS + LOH). Genes were ordered 

from top to bottom by their relative Z-scores (upregulation red, downregulation blue) and their 

log-ranked p-values. A stringently curated HSF1 target gene panel based on HSF1 knockdown 

and integrated ChiP-seq/RNA-seq criteria from Mendillo et al was used46. 

(b, c) Heatmaps of HSF1 target genes as analyzed in (a). Patients harboring homozygous 

TP53+/+ (WT TP53) were compared to patients harboring missense TP53 mutation (MS) plus 

p53LOH (B) or all TP53 mutations (MS, missense; FS, frameshift; NS, nonsense) plus p53LOH 

(shallow deletions) (called MS/FS/NS + LOH) (c). Broad HSF1 target gene list from Vilaboa et 

al was used64. 

(d) Correlation between the p53 mutation status to lymph node stages (N0, N1A/B/C and 

N2A/B) and metastasis stages (M0/X, M1/1A and M1B) of CRC patients. Patients harboring 

MS/FS/NS mutations combined with shallow deletions (MS/FS/NS+LOH) were compared to 

patients with WT TP53. Patient numbers are indicated. Chi-square statistics.  

(e) Correlation of CRC patients with WT TP53 and HSF1low or MS/NS/FS+LOH and HSF1high 

to the N and M stages as in (d). Patient numbers as indicated. Chi-square statistics. 

(f, g) Heatmap of HSF1 target genes analyzed from breast cancer patients (BRCA cohort, 

TCGA database). Patients with homozygous WT TP53 were compared to patients with 

MS/FS/NS + LOH. Genes were ordered from top to bottom by their relative Z-scores 

(upregulation red, downregulation blue) and their log-ranked p-values. The HSF1 target gene 

panel as in (a).  

(h, i) Heatmap of HSF1 target genes analyzed from breast cancer patients (BRCA cohort, 

TCGA database) as analyzed in (f, g). The HSF1 target gene panel as in (b, c).  

(j) Breast cancer cells repress pSer326-HSF1 when harboring WTp53 but not mutp53. MCF7 

cells harboring homozygous WTp53 and MDA-MB-231 cells harboring homozygous mutp53 

R280K were treated with DMSO, Nutlin or Idasanutlin (RG7388) for 24 hrs as indicated. 

Representative immunoblot analysis. Actin, loading control. pHSF1/actin, pHSF1 densitometry 

normalized to loading control. Source data are provided as Source Data file. 
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Supplementary Figure 7. Analysis of heterozygous CRC organoids  

(a) Treatment scheme used in (b-d) for ‘long-term p53LOH’ (p53Q/Δ) of p53Q/fl; vilCreERT2 

organoids over 20 days, induced by adding weekly 4OHT for 48 hrs (red lines). EtOH, control 

(no LOH, p53Q/fl). 

(b) Validation of induced p53LOH after 20 days and 3 weekly pulses of 4OHT. mRNA levels 

of the murine wildtype Trp53 allele and the humanized TP53 Q allele of heterozygous 

p53Q/fl;vilCreERT2 organoids treated as in (a). qRT-PCR using species-specific primers, 

normalized to Hprt1 mRNA.  

(c) RNA-seq analysis of organoids subjected to long-term p53LOH generated in (a). GSEA 

enrichment plot for the hallmark p53 gene set sorted by NES.  

(d, e) mRNA levels of the indicated p53 target genes (d) and proliferative Stat3 target genes 

(e) in heterozygous p53Q/fl;vilCreERT2 organoids treated as in (a). qRT-PCR normalized to 

Hprt1 or Rplp0 mRNA.  

(f) Long-term chronic Nutlin treatment of heterozygous p53Q/fl; vilCreERT2 organoids provides 

selection pressure to induce spontaneous p53LOH. Two days after plating, organoids were 

treated with 5µM Nutlin/DMSO for 21 days. At day 8 dead organoids induced by Nutlin-

activated WTp53 (marked as black structures with complete loss of integrity of the outer 

epithelial barrier) were removed by splitting the cultures (passaging). Subsequently many 

organoids, presumably those that had undergone p53LOH, were able to regrow and show 

invasive morphologic structures with branchings and protrusions. Representative images of 

different times are shown. Scale bars, 200 µM. 

(g, h) Long-term chronic Nutlin treatment to mimic chronic stress for spontaneous p53LOH. 

mRNA levels of p53 targets (g) and proliferative Stat3 target genes (h) from heterozygous 

p53Q/fl;vilCreERT2 organoids. qRT-PCR normalized to Hprt1 mRNA. Mean ± SD from 2 

independent experiments, one includes a technical replicate from the same organoid culture 

(total n = 3).  

(i) Serial sections of three representative pancreatic KPC tumors immunostained for p53, 

pHSF1 and Hsp70. Scale bars, 100 mm. 

(b, d, e) Mean ± SD from ≥ 3 independent experiments of ≥ 3 cultures.  

(b, d, e, g, h) Student’s t-test, two-sided. p*≤ 0.05, p**≤ 0.01, p***≤ 0.001; ns, not significant. 
















