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SUMMARY

The large number of mutations identified across all
cancers represents an untapped reservoir of targets
that can be useful for therapeutic targeting if highly
selective, mutation-specific reagents are available.
We report here our attempt to generate such re-
agents: monoclonal antibodies against the most
common R175H, R248Q, and R273H hotspot mu-
tants of the tumor suppressor p53. These antibodies
recognize their intended specific alterations without
any cross-reactivity against wild-type (WT) p53 or
other p53 mutants, including at the same position
(as exemplified by anti-R248Q antibody, which
does not recognize the R248W mutation), evaluated
by direct immunoblotting, immunoprecipitation,
and immunofluorescence methods on transfected
and endogenous proteins. Moreover, their clinical
utility to diagnose the presence of specific p53
mutants in human tumor microarrays by immunohis-
tochemistry is also shown. Together, the data
demonstrate that antibodies against specific single-
amino-acid alterations can be generated reproduc-
ibly and highlight their utility, which could potentially
be extended to therapeutic settings.
INTRODUCTION

Genomic technologies have revolutionized theway in which can-

cers are investigated and are now beginning to transform treat-

ment paradigms (McDermott et al., 2011; McDermott, 2015).

The latest advances in single-cell sequencing of DNA and RNA

using both fresh and formalin-fixed clinical samples are pushing
Ce
This is an open access article under the CC BY-N
the frontiers in clinical care, leading to an era of precision medi-

cine in oncology and beyond. However, while changes in RNA

expression are informative, they do not always correlate with

protein levels and thus may not be the best indicator of the func-

tions of the mutated gene. Furthermore, given the heterogeneity

of tumors (Swanton, 2012) and the presence of mutations in tu-

mor suppressor genes that have been noted even in non-tumor

tissues in patients with high cancer risk (Hussain et al., 2000), be-

ing able to analyze the mutant protein product at the single-cell

level in the native environment in situwill be a great step forward

in our efforts to truly understand the effects of the mutated gene

product. Nonetheless, current technologies are limiting, as they

are not able to distinguish mutant proteins in situ from their wild-

type (WT) counterparts. While antibodies capable of recognizing

subtle post-translational modifications such as phosphorylation,

ubiquitination, and acetylation on target amino-acid residues

have been successfully generated, facilitating a mechanistic un-

derstanding of a wide variety of physiological and pathological

processes (Mandell, 2003; Norris et al., 2009; Fuhs et al.,

2015), antibodies that are able to recognize single-amino-acid

changes (as often caused by missense mutations in cancers)

are not readily generated using standard technologies, although

occasional attempts have been made (Bondgaard et al., 2014).

Tp53 (referred hereafter as p53) is the most mutated gene

across all cancer types and is genetically altered in over 50%

of all tumors (Forbes et al., 2017). Most mutations in p53 are

found in the central DNA-binding domain (DBD), which spans

�200 amino acids, and account for �80% of all p53 mutations

identified (Bouaoun et al., 2016). Almost all DBD mutations

lead to the loss of WT p53 functions, which are essential for tu-

mor suppression and effective response to therapy, due to

p53’s multi-functional role in guarding the genome through the

regulation of a variety of cellular processes such as apoptosis,

senescence, cell-cycle arrest, and metabolism (Vousden and

Lu, 2002; Freed-Pastor and Prives, 2012). Besides loss of WT

functions, mutations in p53 also lead to two major phenomena
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C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:dplane@p53lab.a-star.edu.sg
mailto:cmrksb@nccs.com.sg
https://doi.org/10.1016/j.celrep.2017.11.112
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2017.11.112&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


that aid the development of cancers and also contribute to the

inhibition of an effective therapeutic response (Børresen-Dale,

2003; Goh et al., 2011; Freed-Pastor and Prives, 2012; Muller

and Vousden, 2014). One is the dominant-negative (DN) effect

that occurs when a mutant allele of p53 coexists with the WT

allele, thereby forming hetero-oligomers that result in the atten-

uation of the remaining WT p53 function (Kern et al., 1992). The

other phenomenon occurs in the presence of mutant p53 allele

alone, especially during the later stages of cancers, when the

WT p53 allele is lost due to loss of heterozygosity. In this

instance, cancer cells become ‘‘addicted’’ to mutant p53 protein

for survival due to the gain of novel oncogenic functions (GOFs)

by mutant p53 that promote survival and invasive properties

(Bossi et al., 2006; Vikhanskaya et al., 2007; Freed-Pastor and

Prives, 2012;Muller and Vousden, 2014). A causal role formutant

p53 in these processes has been demonstrated by reducing its

expression or inactivating its function, where both the DN and

GOF functions can be rescued, allowing cells to become more

sensitive to therapeutic treatment (Lee et al., 2012; Alexandrova

et al., 2015). While these data open up the exciting possibility of

targeting mutant p53 for therapeutic benefit, several challenges

for its successful inactivation exist. Most importantly, it is to be

noted that while all mutations in p53 unequivocally lead to loss

of its WT activities and, in most cases, the DN effect, the GOF

property appears to be selective for only some mutants, as it is

not exhibited by all (Lee et al., 2012; Hanel et al., 2013), high-

lighting that a more sophisticated approach to targeting mutant

p53 may be needed to selectively detect and inactivate each in-

dividual p53 mutant.

Attempts to generate antibodies against mutant p53 have

been made over the past few decades, and monoclonal anti-

bodies (mAb) against the mutant (PAb240) or WT (PAb246)

conformation of p53 are available (Gannon et al., 1990). How-

ever, these antibodies are not sufficiently specific and hence

exhibit cross-reactivity, which limits their use, because they

require very selective conditions for the recognition of specific

conformations. Nevertheless, an antibody against the N-terminal

region of human p53, which differs by only one amino acid from

the similar region ofmouse p53, termedDO-1, shows a high level

of specificity without any cross-reactivity between species

(Vojtĕsek et al., 1993), highlighting that selective immune detec-

tion of single-amino-acid changes is possible. We therefore at-

tempted to generate mAbs against three commonly occurring

hotspot mutations of p53 in the DBD region: R175H, R248Q,

and R273H (Bouaoun et al., 2016). Our approach has been to uti-

lize thioredoxin A (TrxA), a widely used fusion partner in Escher-

ichia coli expression systems for enhancing protein expression

levels, solubility, and thermal stability in which the active site

(Cys33-Gly34-Pro35-Cys36) protrudes from the protein body into

solution (LaVallie et al., 2000; Young et al., 2012). The presence

of a restriction site (RsrII) on the DNA sequence coding for this

active site provides an insertion point for internal peptide fusions

that can be presented on the surface of TrxA and has been suc-

cessfully exploited for production of antibodies by insertion of

the antigen within the solvent-accessible loop on the TrxA scaf-

fold (Barrell et al., 2004). Using a modified version of this

approach, we demonstrate here the generation and character-

ization of mAbs with high specificity against the individual p53
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hotspot mutations and show their utility in a variety of biochem-

ical and histological assays. The demonstration of the possibility

to generate such amino-acid-specific mAbs could pave the way

for more antibodies against many tumor-derived mutations in a

variety of oncogenes and tumor suppressors to be generated,

which could be the first step in utilizing them in the clinic as a

diagnostic tool and, perhaps, as a therapeutic agent in our pre-

cision medicine efforts of the future.

RESULTS

Design of Immunogens
Despite trials of a large array of protocols, earlier attempts to

generate antibodies against specific p53 mutants had limited

success because of the lack of efficient expression of themutant

epitopes and the consequent lack of antibody specificity. We

therefore utilized the TrxA protein with a protruding peptide

loop, in which were placed three similar copies of the individual

mutant p53 residues (i.e., R175H, R248Q and R273H) with vari-

able lengths of the WT p53 sequences flanking the sites of mu-

tation (Figure 1A), unlike traditional methods using a single

copy (Harlow and Lane, 1988). Essentially, the length of the epi-

topeswere designed bearing inmind that the number of residues

involved in interactions with the paratope on an antibody ranges

between 10 and 25 (van Regenmortel, 2009). Hence, the slightly

differing antigen peptide lengthswere kept within this range, with

the mutated residue located centrally or slightly off center, but

not at the extreme ends. We used multiple peptide insertions

instead of single epitope insertions based on previous observa-

tions that the former are more effectively recognized by antigen-

presenting cells (Liu and Chen, 2005; Schuman et al., 2005;

Kovacs-Nolan andMine, 2006). Furthermore, with peptide inser-

tions grafted into the surface exposed loop of TrxA, it was previ-

ously found that immunogenicity was enhanced when peptide

copy number increased from one to three, but further increases

in copy number up to 15 did not confer notable advantages

(Rubio et al., 2009). Hence, we limited our epitope copy number

to three for all the antigens designed. The peptide antigen was

inserted into the active site of TrxA with flanking flexible Gly-

Ser-Gly-Ser-Gly linkers separating the antigen sequence and

the TrxA sequence. Shorter Gly-Ser-Gly linkers were also in-

serted between each copy of the mutant p53 sequences

together with a 6x histidine tag at the C terminus of TrxA (Fig-

ure 1B). The small size of glycine residues was expected to

provide flexibility and allows greater mobility of the connecting

antigen units to adopt ‘‘natural’’ folds driven by thermodynamic

principles, while the presence of serine in the linker sequences

facilitates stability in an aqueous environment by forming

hydrogen bonds with water, thereby reducing unfavorable inter-

actions between the linker and the peptide moieties.

The predicted 3D structure of the TrxR175H, TrxR248Q, and

TrxR273H peptide immunogens by Swiss Model are shown

compared to the respective WT p53 regions spanning the DBD

where the mutations are found (Figure 1C), revealing the

exposed p53mutant antigenic regions. Homologymodeling pre-

dicted that inserting the mutant p53 antigen sequences into the

active site of the TrxA scaffold offers a viable presentation strat-

egy to increase the immunogenicity of the peptide sequence,



Figure 1. Mutant p53 Immunogen Design

(A and B) Schematic of thioredoxin A (TrxA) protein fusion with three copies of the mutant p53 sequences for the R175H, R248Q, and R273H p53 mutants. TrxA,

linkers, and the His tag are indicated as blue, green, and orange bars, respectively (A). Sequences corresponding to wild-type (WT) p53 residues and the mu-

tations are highlighted in yellow and pink, respectively. Three copies of similar p53 peptides of variable lengths, each harboring the same mutation in each case,

were inserted into the active site of TrxA with G-S-G-S-G or G-S-G flexible linkers (underlined) separating the peptides from TrxA and from each other,

respectively. The C-terminal His6 tag that allows for single-step purification is shown in italics (B).

(C) Predicted Swiss Model of Trx mutant p53. The dotted and solid black bars indicate the positions of glycine residues representing the start and end

glycine linker residues, respectively, of the mutant p53 sequences inserted into the active site of TrxA (left model in each case). Positions of the mutated His

or Gln residues are indicated by pink arrows in each case. The right model in each case represents the model of the DNA-binding domain of WT p53 (from

Ser95 to Leu289) for structural comparison with the predicted triple-peptide antigens. The red highlighted regions on the WT p53 model denote the sequences

used in the construction of each of the mutant p53 antigens. The positions of the mutation hotspots at Arg175, Arg248, and Arg273 are indicated by pink

arrows.
with the mutant p53 antigen sequence extending away from the

TrxA protein and the mutated residues exposed in the solvent

accessible loop. The structure surrounding these hotspot muta-

tion sites comprises random coils and beta strands in the WT

case. The predicted triple antigen arrays (for the mutants) also

comprise mainly random coils and beta strands, but helical re-

gions were also predicted for the R248Q and R273H antigens.

This therefore suggests that the exact replication of the native

fold is not entirely a prerequisite for successful generation of mu-

tation-specific monoclonal antibodies.

Antigen expression was induced in E. coli; it was expected to

be �18.8 kDa for TrxR175H, which was expressed in both the

soluble and insoluble forms (Figure S1A), with higher partitioning

into the latter fraction. Mass spectrometry analysis of purified

TrxR175H revealed an actual molecular mass of �18,700 Da,
which was consistent with the loss of the first methionine residue

(calculated mass, �18,707 Da) (Figure S1D). Previous reports

have shown that TrxA fusions containing a Ser residue in the sec-

ond position of its amino acid sequence promote efficient cleav-

age of the first methionine (131 Da), presumably by endogenous

methionine aminopeptidase in E. coli (Liew et al., 2005, 2007).

Similarly, TrxR273H was expressed primarily in inclusion bodies

in the insoluble fraction at the expected size of �18,200 Da (Fig-

ure S1C). However, TrxR248Q, found also in the insoluble frac-

tion, migrated at an unexpected lower molecular weight position

of 15 kDa on SDS-PAGE (Figure S1B), and mass spectrometric

analyses revealed a mass of 17,352 Da (Figure S1E). The coding

sequence of the construct was verified by DNA sequencing, and

the expressed protein could be purified by immobilized metal af-

finity chromatography (IMAC), which indicated that the His6 tag
Cell Reports 22, 299–312, January 2, 2018 301



Figure 2. Screening of Mouse Monoclonal Hybridomas for Mutant p53-Specific Detection

(A–C) Supernatants from individual hybridoma clones (indicated on the x axis) generated from spleens of mice immunized with the R175H (A), R248Q (B), or

R273H (C) mutant p53 antigens were screened by ELISA against whole proteins and peptides, which showed high specificity without any cross-reactivity to both

WT and other non-related p53 mutants.

(D–F) Alanine scanning using individually alanine substituted 13-mer peptides surrounding the mutated hotspots (His 175, Gln 248 and His 273) was performed

using ELISA to determine the critical amino acid residues required for the antibodies binding to mutant p53. Two sets of alanine-substituted 13-amino-acid

peptides from Met169 to Arg181 (MTEVVRHCPHHER) of R175H mutant p53 protein (D), Cys242 to Ile254 (CMGGMNQRPILTI) of R248Q mutant p53 protein (E),

and Arg267 to Gly 279 (RNSFEVHVCACP) of R273H mutant p53 protein (F), which were chemically synthesized, were used. Optical density readings of

absorbance of individual alanine-substituted peptides are shown on the right panel and compared with non-alanine-substituted mutant R175H, R248Q, and

R273H fragments marked with an asterisk. Critical residues recognized by the mAbs are indicated by arrows. The mAb clones used were R175H (7B9), R248Q

(3G11), and R273H (13E4). All anti-R175H and anti-R248Q mAb clones are of IgG1-k isotype, and the anti-R273H clone (13E4) is of IgG2b-k isotype.
located at the C terminus of TrxR248Q was intact, the full-length

protein was translated, and the lower molecular mass may be a

result of unexpected proteolytic cleavage by E. coli proteases,

as has been demonstrated for inclusion body proteins (Corchero

et al., 1997; Carrió et al., 1999), downstream of Ala20 at the N ter-

minus and corresponding to a 166-residue protein moiety and its

sodium form (17,324/17,347 Da). In any case, the unexpected

proteolysis by E. coli proteases highlights a distinct advantage

of nesting our peptide antigen within TrxA instead of the terminal

regions of the fusion protein.

Initial Screening to Identify mAbs against Specific p53
Mutants
Purified Trxp53 mutant peptides were used to inoculate BALB/c

mice, and bleeds from the immunized mice after four injections

were screened by ELISA against the full-length WT p53 or

R175H, R248Q, and R273H mutant p53 proteins, as well as

the respective mutant peptides. Mice with the highest serum

antibody titer were chosen for spleen donor fusion, from which

a large number of hybridoma clones were selected for further

analysis. ELISA screening of one to three mAb clones per muta-
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tion demonstrated the specificity of the hybridomas against all

three p53 mutants, without any cross-reactivity with the WT

p53 protein or the other mutants (Figures 2A–2C and S2A–S2C).

To determine the epitopes targeted by the individual hybrid-

oma clones, we performed peptide scan analysis of the mutant

peptides. To this end, six individual amino acid residues sur-

rounding the front and back of the p53 mutations (i.e., R175H,

R248Q, and R273H) were substituted with alanine residues to

confirm precisely the crucial amino acid(s) of the epitopes tar-

geted by the antibodies using ELISA with the mutant-specific

antibodies. These analyses established that the mutated resi-

dues are indeed the crucial epitopes recognized by the respec-

tive mutation-specific mAbs (Figures 2D–2F), which do not

recognize the WT peptide (Figure S2D). All other hybridoma

clones for each mutation-specific mAbs gave similar results

(data not shown).

Evaluation of Specificity of mAbs against Specific p53
Hotspot Mutants by Biochemical Approaches
The first attempt to determine the specificity of the p53 hotspot

mutant-specific antibodies were made by evaluating their



Figure 3. Evaluation of Mutant p53-Specific mAbs in Immunoblot and Immunoprecipitation Assays

(A and B) p53-null H1299 cells were transiently transfected with the indicated p53 mutant and WT plasmids, and protein lysates were used for direct immu-

noblotting (I.B.) (A) or immunoprecipitation (I.P.) (B) with the indicated monoclonal antibodies (mAbs). DO1 is a mouse mAb that detects all forms of human p53,

and CM1 is a rabbit polyclonal antibody against human p53. For I.P. assays, pull-downs were performed with both the p53-mutant-specific mAbs followed by

immunoblot with CM1 antibody and in the reverse order by pull-down with CM1 and immunoblotting with the mutant-specific mAbs.

(C and D) Similar assays were carried out with the indicated human tumor cells lines that express various mutant p53 proteins, as indicated in Table S1. A549 and

MCF-7 are WT p53 carrying cell lines that were used without or with UV irradiation to induce the endogenous p53 expression. The mAb clones used were R175H

(7B9), R248Q (3G11), and R273H (13E4) for both immunoblotting (C) and immunoprecipitation (D). All experiments were carried out at least 2–3 times inde-

pendently, and representative results from one experiment are shown.
effectiveness in immunoblot assays. p53-null H1299 cells tran-

siently transfected with the seven common hotspot p53 mutants

(R175H, G245S, R248Q, R248W, R249S, R273H, and R282W)

and WT p53 were used for the initial analysis. Data from repre-

sentative hybridoma clones are shown. All three mutant-specific

mAbs were able to detect their corresponding mutant proteins,

without cross-reacting with the other mutants or the WT p53

that were abundantly expressed, as determined using the pan-

p53 antibody DO1 (Figures 3A and S3A). Notably, the R248Q

antibody was unable to detect the closely related R248W

mutant, which had a different mutation in the same residue (Fig-

ures 3A and S3A), highlighting specificity of the antibodies.

Immunoprecipitation analyses were also performed using the
anti-pan-p53 rabbit antibody CM1, followed by detection with

the mutant-specific antibodies, which again revealed that the

latter antibodies were specific in recognizing only the respective

mutant proteins (Figure 3B, bottom). Reverse immunoprecipita-

tion broadly gave similar results, although the R248Q and R273H

mAbs had higher background, indicating that hybridoma selec-

tion is crucial in attaining specificity in various assays (Figure 3B).

We next determined the ability of these mAbs to recognize

endogenous p53 in a large number of human tumor cell lines

that express the WT protein or the various hotspot mutants

(Table S1). Direct immunoblotting with the mutant-specific

mAbswas able to detect only the respectivemutant p53 proteins

in the tumor cell lines, although all cell lines expressed large
Cell Reports 22, 299–312, January 2, 2018 303



Figure 4. Immunofluorescence Analyses Using Mutant-p53-Specific mAbs to Detect Mutant p53 Proteins at the Single-Cell Level

(A and B) Immunofluorescence analysis was performed on cells as described in Figure 3 using either H1299 cells transiently transfected with the various mutant

p53 constructs (A) or the indicated human tumor cell lines to evaluate the endogenous mutant p53 expression (B). DAPI staining was used to locate nuclei, in

which mutant p53 expression is noted. Representative images are shown. OL, overlay. Scale bar represents 200 mM (A) or 100 mM (B). (B) The mAb clones used

were R175H (7B9), R248Q (3G11), and R273H (13E4). All experiments were carried out at least 2–3 times independently, and representative results from one

experiment are shown.
amounts of the various mutant p53 proteins or WT p53, which

was induced by UV-irradiation and detected by the DO1 anti-

body (Figures 3C and S3B), further confirming the specificity of

the antibodies. Immunoprecipitation of endogenous proteins

indicated the same trend for the R175H-specific antibody (Fig-

ure 3D, left). Both the R248Q and R273H antibodies were also

able to specifically detect only their respective mutant proteins

when used for immunoblot detection after primary immunopre-

cipitation with the pan-p53 CM1 antibody (Figure 3D, middle

and right bottom panels). However, there was some cross-reac-

tivity when the mutation-specific mAb was used for immunopre-

cipitation, as noted earlier with the transfected proteins.

Nonetheless, the high level of specificity in direct immunoblotting

and upon immunoprecipitation with a pan-p53 antibody high-

lights the specificity of these antibodies for their respective

mutant p53 antigens.
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Specificity of mAbs against Specific p53 Hotspot
Mutants in Immunofluorescence Assays
To test the specificity of the mutant-specific antibodies by

immunofluorescence staining, we used cellular systems similar

to those used for the immunoblotting experiments. A distinct

nuclear pattern of staining was noted with the mutation-specific

antibodies, which again detected only their corresponding

mutant proteins when overexpressed (Figures 4A and S4A),

or in the endogenous state in tumor cell lines in most

cases (Figures 4B, S3C, and S4B), although all cells ex-

pressed the various p53 forms in abundance, as determined

by staining with either DO1 or CM1 antibodies. Similar to the

immunoblot and immunoprecipitation data, the antibody

against the R248Q mutant was extremely specific, and it was

unable to detect the related R248W mutant protein in trans-

fected conditions (Figure S4C), although it showed background



Figure 5. R175H Mutant-p53-Specific mAb Detects Its Respective Mutant p53 Expression in Paraffin Embedded Tumor Tissues

(A) Sequence analysis was performed on human colon tumor samples to determine the mutational status of p53. The underlined sequences at the indicated

positions represent the complementary sequences on the reverse strand in the various tumor samples (top). Similar sequences at the corresponding positions in a

WT p53 containing tumor sample is shown (bottom).

(B) Paraffin-embedded tumor samples were stained with the R175H mutant-p53-specific mAb, which showed specificity without any cross-reactivity with both

the WT and other p53 mutants. DO7 is a monoclonal antibody that detects all forms of human p53 regardless of mutational status in IHC. Scale bar represents

500 mM. The mAb clone used was 7B9. The positive controls used were mutant p53 expressing human colon cancer tissue and mouse colon tissue from R172H

homozygous mice for DO7 and anti-R175H antibodies, respectively.
staining in cell lines expressing endogenous mutant p53

(Figure S4B).

Analyses of Human Tumor Samples Using mAbs against
the Specific p53 Hotspot Mutants by
Immunohistochemistry
To determine the clinical utility of the p53-mutant-specific anti-

bodies, we analyzed a large number of human tumor samples

embedded in paraffin using immunohistochemical (IHC) anal-

ysis. First, a series of tumor samples with known p53 mutations

confirmed by DNA sequencing (Figure 5A) were examined using

mutant-specific antibodies. As was the case in the immunofluo-

rescence analyses, the R175H-specific mAb stained the sam-

ples with the respective mutations in p53, but not the samples

with eitherWT p53 or other mutations (Figure 5B), demonstrating

specificity in the IHC setting. DO7, a pan-p53 antibody used in

IHC staining, detected mutant p53 in all samples.
Hence, we evaluated several tumor microarrays (TMA) from

colon, breast (triple negative), lung, and renal tumors in a blinded

manner to determine whether themAbs could indeed pick up the

tumors with the respective mutations. Representative results

from staining with two pan-p53 mAbs (DO7 and 11D10) and

the R175H-specific mAb are shown in Figures 6A and S5. Three

groups of samples emerged: (1) those stained by DO7, 11D10,

and R175H mAbs (triple positive) (Figure S5); (2) those positive

only for DO7 and 11D10 (double positive); and (3) those negative

for all antibodies (triple negative). DO7 positive staining was

highest in the triple-negative breast, lung, and colon cancer

groups, confirming previous data that these cancers have a

higher rate of p53mutation (Table S2) (Olivier et al., 2004). Stain-

ing by the R175H mAb mirrored that of DO7 in the first group,

suggesting that both antibodies recognized the same antigen

in the cells in this group (Figure 6). We therefore sequenced a

few samples to determine the p53 mutational status and found
Cell Reports 22, 299–312, January 2, 2018 305



Figure 6. Analysis of Human Tumor Microarrays with Mutant p53-Specifc mAbs

Human tumor microarrays from breast cancers were used for electropherogram sequence analysis (on the forward strand), and the status of the residues is

underlined in red. Samples B41, 89, and 98, which were stained by the R175H mutant-specific mAb (clone 7B9), showed the presence of the R175H mutation.

Samples B27 and 52, whichwere not positive for R175HmAb staining, showed awild-type R175 status. DO7 and 11D10 aremonoclonal antibodies that detect all

forms of human p53 regardless of mutational status in IHC. Scale bar represents 500 mM.
that all samples that were stained by all antibodies carried a

R175H mutation (Figure 6). By contrast, samples that were

stained by DO7 and 11D10 only (but not R175H) did not carry

any mutation at the R175 residue, although they had mutations

in other residues, and the samples that were negative for all an-

tibodies had nomutations in p53. TMA analyses with anti-R248Q

and anti-R273H mAbs gave much higher background signals in

IHC analysis (data not shown), precluding further analysis, indi-

cating that hybridoma selection is a crucial factor in determining

the utility of mAbs in a variety of assays. Nonetheless, these data

collectively highlight the specificity and utility of the mutant-spe-

cific antibodies in paraffin-embedded clinical samples, and

hence, could be used for diagnostic purposes.

Comparison of Effectiveness of the Human p53 Mutant-
Specific Antibodies with Equivalent Mouse Mutants
Human DNA sequences corresponding to the three mutations

studied here are highly homologous in mouse p53, and the se-
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quences around the R175 residue are similar to the equivalent

mouse R172 residue (Figure S6A). Hence, we evaluated whether

the human p53-mutant-specific mAbs can also recognize

corresponding mutations in other species. To this end, mouse

embryonic fibroblasts (MEFs) from R172H mice that contain an

equivalent mutation to R175H in humans (Lang et al., 2004) or

MEFs with an unrelated R246S mutation that is equivalent to hu-

man R249S (Lee et al., 2012) were used. Direct immunoblotting

indicated that the anti-R175H antibody was able to specifically

recognize mutant p53 from R172H MEFs, but not from R246S

or WT MEFs, although these latter cells expressed significant

amounts of p53, as determined by the pan-mouse p53 antibody

CM5 (Figure 7A). Immunoprecipitation with R175H-specific anti-

body followed by immunoblotting with CM5 antibody also

demonstrated that the antibody was indeed specific and can

detect mouse R172H mutant protein (Figure 7B). We also tested

the performance of the anti-R175H-specific antibody by immu-

nofluorescence assays on cells (Figure 7C) and by IHC on



Figure 7. R175H-Specifc mAb Detects Its Mouse Equivalent, R172H, in a Variety of Assays

(A–C) Mouse embryonic fibroblasts (MEFs) from the indicated p53 genotypes were used for direct immunoblotting (A) or immunoprecipitation with the anti-

R175H-specific mAb, as described above. A polyclonal antibody against mouse p53, CM5, was used for immunoblotting (I.B.) in the latter case (B). The arrow

indicates position of p53, and the asterisk indicates nonspecific staining (A). Immunofluorescence was performed as described (C). R246Smutant MEFs are from

a different hotspot mutant knockin mouse strain. M, molecular weight marker. Scale bar represents 100 mM (C). The mAb clone used was 7B9.

(D) Formalin-fixed intestinal tissues from irradiated (R2 Gy, 24 hr) mice of the indicated p53 genotypes were stained with the indicated mAbs, which showed

specific staining at the base of the crypts (arrowheads) only on the R172H sample by the pan p53 IC12 and the R175H antibodies (clone 10C8). The negative

control is without any primary antibody. Background nonspecific staining is seen across all tissues and antibodies in the villi columns. Scale bar represents 50 mm.

All experiments were carried out at least 2–3 times independently, and representative results from one experiment are shown.
intestinal tissues (Figures 7D and S6B), which confirmed its

specificity, highlighting the utility of these antibodies in different

species.

DISCUSSION

The production of mutation-specific mAbs is the first step in our

attempts to generate several mutation-specific reagents, which,

if successful, will find utility in large domains of biomedical

research, aiding fundamental studies and, in the translational

setting, diagnosis and therapeutic targeting. We used p53muta-

tions as amodel system in this study as a proof of concept. While

many such previous attempts to generate p53-mutation-specific

mAbs have not been successful (D.P.L., unpublished data), we

used an approach that combines features that enhance both

antigen expression through multiple copies and antigen display

by protrusion of the antigenic domain from the protein body

into solution using TrxA as a fusion partner. This approach has

led to the consistent generation of mAb clones against several

p53 mutants, with high specificity and selectivity.
The data presented here show examples using three of the

most common hotspot mutations found in p53, namely R175,

R248Q, and R273H. The mAbs against these mutants are spe-

cific in their ability to distinguish between the intended antigens

and other mutations or the WT p53 protein using a variety of

techniques, including immunoblotting, immunoprecipitation,

immunofluorescence, and IHC. Furthermore, the antibodies are

also able to detect the corresponding mutations in another spe-

cies (mouse), as demonstrated with the R172H mutation, and

thus should be applicable to the other mouse mutants, given

the sequence conservation across species (Figure S6), thereby

offering potentially valuable tools for fundamental research. In

addition, these mAbs could be scaled up for other purposes,

including for multiplexed approaches for research and diag-

nosis, especially with the development of mutation-specific

mAbs against a large panel of disease-relevant mutations.

On a technical note, while all R175H mAb clones recognized

the intended alteration with minimal cross-reactivity in all assays

tested, and because the mAbs against R248Q and R273H were

specific in immunoblotting and immunofluorescence assays,
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some nonspecific activity was observed in IHC and immunopre-

cipitation assays for the latter antibodies. This likely highlights

several important issues in the production of mAbs. First, selec-

tion of hybridoma clones is crucial, because for yet-to-be-under-

stood reasons, some clones may be effective in some assays,

but not others. Thus, rigorous screening methodologies are

required to generate multiutility clones. Next, the method of pro-

tein fixation and experimental conditions are likely to have a sig-

nificant impact on mAb performance and hence also require sig-

nificant optimization. It is noteworthy that the R248Q and R273H

antibodies cross-react with the other mutants, particularly when

used in immunoprecipitation assays (as opposed to immunoblot

assays), probably because of the experimental conditions. On

the contrary, when immunoprecipitation is done with a pan-p53

polyclonal antibody (CM1) followed by immunoblotting with the

mutation-specific antibody, we see a clear specific signal, as

the performance of these antibodies appears to be more suited

for immunoblotting conditions, indicating that optimization of

conditions is certainly required to obtain the best results. Finally,

the strength of the contact between the antibody and the target

epitope is likely to have an impact on specificity, which is sup-

ported by the observations that anti-R175H antibody clones

were unable to recognize the target when not only the specific

residue but also three other adjacent residues, which likely form

the contact surface, were mutated (Figure 2D). By contrast, the

number of contact residues for the anti-R248Q and anti-R273H

mAbs was between 1 and 2 (Figures 2E and 2F). Co-crystal

structures of the mAb bound to the mutant peptides will provide

more details in the future. Nevertheless, the fact that it is possible

to generate specific mAbs with minimal or no cross-reactivity

between p53 variants points to the possibility of harnessing the

immune system’s potential for therapeutic benefit.

Understanding the biology of mutant p53 has been funda-

mental to uncover its role in carcinogenesis and response to

therapy. While significant progress has been made in our at-

tempts to understand how mutant p53 exerts its pro-survival

functions, limitations do exist. For instance, not all mutations

are alike functionally (Lee et al., 2012; Hanel et al., 2013; Sabapa-

thy, 2015; Sabapathy and Lane, 2017), and we need novel tools

for further evaluation of the mutations found in the transactiva-

tion and oligomerization domains of p53, which are quite

common in selected populations (Achatz et al., 2007). Current

technologies have utilized knockin mouse models or human tu-

mor cell lines that express only the mutant protein (without the

expression of WT protein) in many cases to study mutant p53

functions in silo, which may not entirely reflect the effects of

the mutant protein when it coexists with the WT protein. Thus,

mutation-specific antibodies will be useful tools to dissect out

the individual and combined roles of both WT and mutant p53

proteins in the same organism, potentially even at the single-

cell level, and during the clonal evolution of the cancer cell.

The ability to examine rapidly and cheaply large historic cohorts

of formalin-fixed material with excellent clinical data will also

allow key questions to be answered, such as whether tumors ex-

pressing the R175H mutant protein will behave differently from

those that express the G245S or R249S mutations, as has

been suggested by mouse models (Lee et al., 2012; Hanel

et al., 2013). Moreover, because the R175H mutation has been
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estimated to be present in up to �10% of some major cancers

(Bouaoun et al., 2016), and considering that �22 million people

are living with cancer (Parkin, 2001), the anti-R175H antibody

alone will be a major resource for biomedical research.

These mutation-specific mAbs will be next in class following

the successful generation of antibodies against post-transla-

tional modifications, which have fueled research across all para-

digms of biology (Mandell, 2003; Norris et al., 2009; Fuhs et al.,

2015). Compared to DNA-sequencing technologies, mutation-

specificmAbs offer useful, easily implementable, and cost-effec-

tive tools for pathological analyses in current established

settings. While single-cell sequencing technologies have accel-

erated efforts in precision medicine in a rapid manner, changes

at the RNA level may not always equate to equivalent changes

at the protein level. Moreover, elevated levels of mutant protein

have been shown to be critical in propagating the oncogenic

properties of the mutated gene. A case in point is where mutant

p53 expression is often elevated only in tumor tissues, but not

in non-transformed cells, and is causal to the oncogenic proper-

ties of the mutant protein (Lee et al., 2012; Terzian et al., 2008).

Reducing mutant p53 levels has indeed led to reduction in tumor

burden (Alexandrova et al., 2015), establishing the causal impor-

tance of the mutated protein product in oncogenesis. Hence,

tools to analyze the mutated protein, discriminating it from its

WTcounterpart, will be critical in our understanding andmanage-

ment of cancers. The possibility of being able to generate anti-

bodies against single pointmutations therefore opens up the field

to generate many more mAbs against not only other p53 muta-

tions but also the many common mutations found in tumor

suppressors andoncogenes,whichcanbeof clinical utility in pre-

dicting clinical outcome and can serve as companion diagnostic

tools for determination of therapeutic regimen in molecularly tar-

geted therapies. While mAbs against surface antigens such as

epidermal growth factor receptor (EGFR) and PD1 have been

successfully used in the clinical setting for treatment (Martinelli

et al., 2009; Philips and Atkins, 2015), mAbs against nuclear anti-

gens generally face a huge challenge in crossing the cell mem-

brane to be effective. However, recent studies have shown that

antibodies against nuclear antigens can indeed be therapeuti-

cally effective (Hong and Zeng, 2012), providing promise that

the approach may be successful in the future. In this context, it

is worth noting that such mutation-specific antibodies could be

highly safe, as they will not have any side effects in normal cells

of patients who do not carry such mutations and thus would be

far superior to the currently available general antibodies against

proteins that are often overexpressed in the disease context.

In conclusion, we have demonstrated here the generation of

first-in-class mAbs against precise mutations in p53 that can

be used in a wide array of studies. These could thus be of use

in advancing studies on the allele-specific effects of not only mu-

tations but also the wide variety of missense small-nucleotide

polymorphisms that are functionally relevant in disease states.
EXPERIMENTAL PROCEDURES

Immunogen Design, Expression, and Purification

TrxA scaffold harboring themutant p53 (R175H, R273H, and R248Q) tripeptide

sequences was cloned into the pJexpress404 vector (obtained from DNA2.0)



(Menlo Park, CA, USA). The coding sequences were designed with a C-termi-

nal His6-tag to facilitate protein purification by IMAC and custom optimized to

E. coli preferred codons. Authenticity of the synthetic coding fragments was

verified by DNA sequencing.

The E. coli host strain BL21 (DE3) trxB (Novagen, Merck Millipore, Darm-

stadt, Germany) was used for the expression of the three recombinant

Trxp53mutant constructs. Mini-scale expression studies to determine the sol-

ubility of the protein were performed as described previously (Liew et al.,

2014). For large-scale purification, recovery of soluble and insoluble peptides

was done by native and denaturing IMAC with integrated on-column refolding

into phosphate buffer, respectively, and was performed as described previ-

ously (Liew et al., 2014). Protein quantitation was performed using the bicin-

choninic acid (BCA) assay (Pierce, Rockford, IL, USA), and purity was

assessed by SDS-PAGE analysis. The purified protein in 100 mM sodium

phosphate buffer (pH 7.4) was injected into the liquid chromatography (LC)/

quadrupole time-of-flight (QTOF) mass spectrometer (Agilent’s 6550 QTOF

with 1290 high-performance LC [HPLC]) for mass analysis using water/0.1%

formic acid and acetonitrile/0.1% formic acid as mobile phases. The 3D struc-

ture of the designed protein immunogenswas predicted on the basis of homol-

ogy modeling against thioredoxin 1 (1oaz.1.A.) as template using Swiss Model

(http://swiss.model.expasy.org/) (Arnold et al., 2006; Guex et al., 2009; Kiefer

et al., 2009; Biasini et al., 2014).

Immunization of Mice

Three groups of five 8-week-old BALB/c female mice (Biological Resource

Center, Singapore) were inoculated with the individual Trxp53mutant

peptides. The first immunization was performed intraperitoneally (i.p.) and sub-

cutaneously with the Sigma Adjuvant System, followed by five i.p. and subcu-

taneous injections at 3-week interval. One week after the fourth immunization,

blood was taken from each mouse via cheek bleed using a lancet (MEDIpoint

International). Blood samples were centrifuged for 10 min at 1,600 rpm, and

serumwas aspirated and stored at 4�C for subsequent ELISA analyses against

full-length R175H, R273H, and R248Q mutant p53 proteins. The mouse with

the highest serum antibody titer was selected as the spleen donor for fusion.

The selected mice (one for each p53 mutation) received a final boost by

intravenous injection of the Trxp53mutant peptides without adjuvant. The

mouse myeloma SP2/0 cell line was used as the fusion partner and cultured

in RPMI (Gibco) and 10% fetal bovine serum (FBS) until they attained >70%

confluence in the logarithmic phase. Spleens from the immunized mice were

removed under sterile conditions. Generation, selection, and cloning of hybrid-

oma cells were performed using the ClonaCell-HY Hybridoma Cloning kit

(STEMCELL Technologies) following the manufacturer’s protocol. All mouse

experiments were approved by A*STAR Institutional Animal Care and Use

Committee (IACUC) and performed in compliance with IACUC regulations.

Screening of Hybridoma Cells by ELISA

Hybridoma clones secreting anti-mutant p53 mAbs were selected by ELISA

with the use of 96-well Maxisorp plates (Nunc) coated with recombinant full-

length p53 protein harboring R175H, R273H, and R248Q mutations. Thiore-

doxin peptide was used as negative control. Supernatant collected from

individual hybridoma wells was tested on ELISA plates. 10% FBS was used

for blocking and antibody dilution. PBS with 0.05% Tween 20 was used for

washes. After washing, immunoglobulin Gs (IgGs) were detected using

1:5,000 goat anti-mouse IgG conjugated to horseradish peroxidase (HRP)

(Bio-Rad) in phosphate-buffered saline with Tween 20 (PBST) with 10%

FBS. After washing, plates were developed with 13 TMB ELISA substrate so-

lution (Sigma). Absorbance was measured at 650 nm with EnVision Plate

Reader (PerkinElmer).

Sandwich ELISA

Rabbit anti-human p53 polyclonal antibodies were coated on Nunc Maxisorp

96-well plates at the concentration of 4 mg/mL. Plates were left overnight at

4�C. The following day, plates were washed with 0.05% PBST and blocked

with 5% FBS in PBS with 0.05% (w/v) Tween-20 (blocking buffer) for 1 hr at

37�C. After blocking, plates were washed three times. Antigens were diluted

in blocking buffer and added to thewells for overnight incubation at 4�C. Plates
were washed with PBST, and the biotinylated anti-mutant human p53 mono-
clonal antibodies were diluted to 2 mg/mL and added to wells. Plates were

incubated for 1 hr at 37�C. After three washes, plates were finally incubated

for 1 hr at 37�C with HRP-conjugated streptavidin (BioLegend), diluted

1:3,000 in blocking buffer, and assayed as described above.

Epitope Mapping of Obtained Antibodies by Alanine Scanning

To determine the crucial amino acids of the epitope recognized by the mAbs,

individual peptides with six amino acid residues surrounding the p53 mutants

(i.e., R175H, R248Q, and R273H) were substituted with alanine residues indi-

vidually and obtained from Mimotopes (Australia). WT sequence peptides

were used as controls. Anti-R175H, anti-R248Q, and anti-R273H mAbs were

used as primary antibodies, and their binding affinities to the respective immo-

bilized alanine substituted p53 peptides were measured using ELISA as previ-

ously described. Mutations within p53 peptide sequences were identified as

critical to the mAb epitope if they did not support reactivity of the test mAb.

Ascites Fluid Production and Purification

BALB/c mice were given a single 0.25-mL i.p. injection of incomplete Freund’s

adjuvant (Sigma). 14 days later, mice were injected with a single i.p. injection of

1 3 105 in a volume of 0.2 mL of the hybridoma cells described above, after

which they were examined daily for development of ascites fluid recognized

by abdominal distention.

7–10 days after the injection of hybridoma cells, mice were anesthetized,

and the collection of ascites fluid was performed on all mice in all groups.

Ascites fluid was collected aseptically from anesthetized mice by abdominal

paracentesis with an 18G–22G needle by gravity flow into sterile centrifuge

tubes. Digital pressure was gently applied to the abdomen, and the position

of the mouse was altered as needed to facilitate removal of the ascites fluid.

Ascites was pooled for each separate cage of mice.

The isotype of the antibody clones were determined from hybridoma super-

natant using a mouse mAb isotyping kit (Roche) according to the manufac-

turer’s instructions. The ascitic fluids were diluted at a ratio of 1:10 with

PBS, and IgGs were purified via Protein G column chromatography (GE

Healthcare). The distinct antibody was eluted from the column through 5 mL

elution buffer containing 0.2 M Tris-glycine (pH 2.7). The eluted fractions

were dialyzed against 0.05 mM PBS (pH 7.4). Confirmation of the purified

antibodies was done by SDS-PAGE under reducing conditions.

Cell Lines

The cell lines used in this study include H1299 lung adenocarcinoma (p53 null),

A549 lung carcinoma (p53 WT), MCF-7 breast adenocarcinoma (p53 WT),

AU565 breast carcinoma (R175Hmutant p53), SKBR3 breast adenocarcinoma

(R175H mutant p53), HEC-1A endometrial adenocarcinoma (R248Q mutant

p53), OVCAR3 ovarian adenocarcinoma (R248Q mutant p53), HCC70 mam-

mary ductal carcinoma (R248Q mutant p53), RD rhabdomyosarcoma

(R248W mutant p53), 786-0 renal carcinoma (R248W mutant p53), PLC-

PRF/5 hepatoma (R249S mutant p53), KNS-62 bronchial squamous cell carci-

noma (R249S mutant p53), A431 squamous carcinoma (R273H mutant p53),

HT29 colon adenocarcinoma (R273H mutant p53), MDA-MB468 triple-nega-

tive breast carcinoma (R273H mutant p53), and W480 colon carcinoma

(R273H mutant p53); MEFs were from p53-null or R172H or R246S mutant-

p53-expressing mice (Lee et al., 2012). All cells were maintained in DMEM,

except 786-0 cells, which were cultured in RPMI 1640 medium. All media

were supplemented with 10% FBS.

Transfections with plasmid DNA were performed using Lipofectamine and

Plus reagent (Invitrogen, CA, USA) according to manufacturer’s protocol.

H1299 cells were transfected with the following plasmids in pcDNA3.1 as

backbone: p53-WT, p53-R175H, p53-G245S, p53-R248Q, p53-R248W,

p53-R249S, p53-R273H, and p53-R282H, all in the Arg72 codon 72 SNP back-

bone (Vikhanskaya et al., 2007).

Immunoblot and Immunoprecipitation

30 mg of the transfected H1299 cell lysates and 80–100 mg lysates from other

cells was loaded into each well of a 8% (37.5:1) Bis-Tris SDS polyacrylamide

gel. The protein marker used was Prestained Protein Marker, Broad Range

(6–175 kDa) (NEB, Beverly, USA). SDS-PAGE gels were ran at constant voltage

of 80 V until the protein bands exceeded the stacking gel, after which the gel
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Table 1. Primers Used for FFPE Amplification and Sequencing of Codon 175

Exon Forward (50–30) Reverse (30–50) Size (bp)

5 (first amplification) TTCTTTGCTGCCGTGTTCCA TGCTGAGGAGGGGCCAGA 364

5 (nested PCR and sequencing primers) CCTACAGTACTCCCCTGC CAGCCCTGTCGTCTCTCC 224
was continuously run at 110 V until the dye front reached the bottom. For

immunoblotting, protein transfer was carried out in the Mini Trans-Blot Cell

(Bio-Rad) for 16 hr at 50 V onto 0.45-mm nitrocellulose membranes (Bio-

Rad). The membrane was washed once for 5 min with TBST (Tris buffered

saline [TBS] containing 0.05% Tween20; Sigma-Aldrich, St Louis, MO), and

nonspecific binding was blocked using 5% non-fat milk in TBST buffer for

1 hr with gentle agitation. Subsequently, the membrane was washed three

times (10 min each) with TBST. The primary antibody was incubated under

gentle agitation at 4�C overnight (see Table S3 for dilutions used). The mem-

brane was washed three times (10 min each) with TBST to remove unbound

primary antibodies. 1:10,000 goat anti-mouse IgG conjugated to HRP or

1:10,000 goat anti-rabbit IgG conjugated to HRP (Sigma) in TBST with 0.5%

non-fat milk was used. The secondary antibody was incubated under gentle

agitation for 1 hr at room temperature. Unbound secondary antibodies were

washed off in the above-mentioned manner before visualization using the

ECL Western Blotting Detection System (Amersham, GE Healthcare, UK).

Immunoprecipitations were performed using 300 mg protein of cell lysates.

Cells were lysed in 150 mM NaCL, 50 mM Tris-HCL (pH 7.4), and 1% IGEPAL

CA-630 (Sigma) containing proteinase inhibitor cocktail tablet (Roche, Ger-

many). The lysate was precleared with the appropriate goat anti-mouse or

anti-rabbit IgG conjugated agarose (20 mL agarose volume) (Sigma) for 1 hr

at 4�C with gentle rotation. Primary antibody was added into the precleared

lysate and incubated overnight at 4�C with gentle rotation. 20 mL secondary

antibody conjugated with agarose was added and gently rotated for 1 hr at

4�C, followed by centrifugation at 5,000 3 g for 1 min at 4�C. Beads were

washed 3 times with NP40 lysis buffer containing proteinase inhibitors, and

23 SDS sample buffer was added to the beads, heated at 95�C for 5 min,

and loaded onto 8% (37.1:1) bis-Tris SDS polyacrylamide gel.

Immunofluorescence

H1299 and other cells were cultured in 6-well plates containing coverslips.

H1299 cells were then transfected with the appropriate plasmids as described

above and fixed 16–24 hr post-transfection. A549 and MCF-7 cells were sub-

jected to 40 J UV for 16 hr (UV Stratalinker, Stratagene, CA, USA), and these

cells were then fixed together with other p53 mutant cell lines using 4% para-

formaldehyde (Sigma) for 15min at room temperature. Fixed cellswere rinsed3

times in PBS for 3 min each time and followed by ice-cold acetone and incu-

bated at �20�C for 10 min. These permeabilized cells were rinsed again in

PBS 3 times for 3 min each time and then blocked in 5% normal serum from

the same species as the secondary antibody in 1% BSA/0.2% Triton X-100/

PBS for 1 hr at room temperature. Primary antibody was diluted in 1% BSA/

0.05% Triton X-100/PBS and added onto the coverslip containing cells and

incubated in a wet chamber overnight at 4�C. The cells were rinsed three times

with PBS for 3min each time. IgGs of the primary antibodywere detected using

secondary antibody (1:1,000 goat Alexa 488 anti-mouse or anti-rabbit IgG con-

jugated; Invitrogen) diluted in 1%BSA/0.05% Triton X-100 and incubated for

1 hr at room temperature in dark. The cells were then rinsed in PBS 3 times

for 3 min each and counterstained with DAPI. The cells, which were coated

onto the coverslip, were mounted onto a slide using ProLong Gold antifade re-

agent (Life Technologies, CA,USA) and viewedwith aNikon Eclipse i90 (Tokyo,

Japan). Mouse cell lines were subjected to the same procedure as above.

Immunohistochemistry

Tissuemicroarray (TMA) slideswere obtained from the Department of Anatom-

ical Pathology, Singapore General Hospital, with approval from the Centralised

Institutional Review Board. Wax sections of 4 mm were fixed onto Bond Plus

Slides (Leica Biosystems) and heated for 20 min on a 90�C hotplate. IHC

was performed using a Bond-Max autostainer and Bond Polymer Refine

Detection Kits (Leica Biosystems; for 11D10, aR175H, aR248Q and aR273H)
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or a Ventana BenchMark Ultra autostainer and UltraView Universal DAB

Detection Kits (Roche; for DO7). Sections were deparaffinized, rehydrated,

and blocked with hydrogen peroxide using Bond or Ventana ancillary re-

agents. Tissue sections were heated for 20 min at 100�C in Bond Epitope

Retrieval Solution 1 (for aR248Q and aR273H; Leica Biosystems) or Bond

Epitope Retrieval Solution 2 (for 11D10 and aR175H; Leica Biosystems) or

60min at 100�C in Ultra Cell Conditioning Solution (for DO7; Roche) for antigen

retrieval. Sections were incubated in primary antibodies for 20 min (in Bond-

Max) or 32 min (in Ventana BenchMark Ultra) at room temperature according

to optimized dilutions. Antigen-antibody interaction was then visualized using

3,30-diaminobenzidine as a substrate, and the sections were counterstained

with hematoxylin before being dehydrated and mounted in DPX (CellPath).

Slides were then digitally scanned with IntelliSite Ultra-Fast Scanner (Philips)

for viewing.

Mouse intestines from p53-null and p53 R172H mice were stained with the

anti-R175H p53 mutant antibody similar to human tumor tissues, as described

previously (Goh et al., 2015).

Tumor Sequencing Analysis

Paraffin-embedded tissue samples from TMAs were used to extract genomic

DNA using a formalin-fixed paraffin-embedded (FFPE) kit according to manu-

facturer’s protocol (QIAGEN, Germany). PCR conditions for samples origi-

nated from cDNA and genomic DNA were the same: 94�C for 3 min followed

by 94�C for 30 s, 55�C for 30 s and 72�C for 30 s, continuing for 31 cycles.

Primers used for FFPE amplification and sequencing of codon 175 are listed

in Table 1.

The sequencing reaction was performed using the BigDye Terminator v3.1

Cycle Sequencing Kit following the manufacturer’s protocol (Applied Bio-

systems, CA, USA) to determine p53 mutational status.
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