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Abstract

Post-translational modifications (PTMs) play pivotal roles in controlling the stability and activity
of the tumor suppressor p53 in response to distinct stressors. Here we report an unexpected finding
of a short chain fatty acid modification of p53 in human cells. Crotonic acid (CA) treatment
induces p53 crotonylation, but surprisingly reduces its protein, but not mRNA level, leading to
inhibition of p53 activity in a dose dependent fashion. Surpringly this crotonylation targets serine
46, instead of any predicted lysine residues, of p53, as detected in TCEP-probe labeled
crotonylation and anti-crotonylated peptide antibody reaction assays. This is further confirmed by
substitution of serine 46 with alanine, which abolishes p53 crotonylation in vitro and in cells. CA
increases p53-dependent glycolytic activity, and augments cancer cell proliferation in response to
metabolic or DNA damage stress. Since serine 46 is only found in human p53, our studies unveil
an unconventional PTM unique for human p53, impairing its activity in response to CA. Because
CA is likely produced by the gut microbiome, our results also predict that this type of PTM might
play a role in early human colorectal neoplasia development by negating p53 activity without
mutation of this tumor suppressor gene.
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INTRODUCTION

p53 is pivotally important for maintaining genomic stability and preventing tumor formation
in response to various stressors, such as DNA damage, reactive oxygen species (ROS),
ribosomal stress, nutrient depletion, hypoxia and oncogenic overloading [1]. Yet, when
overly or abnormally activated, p53 can cause developmental defects and human diseases
[2]. Thus, its protein level and activity are tightly regulated via multiple mechanisms.
Cancers also evolve different strategies to control p53 activity in favoring their growth and
survival [3], such as modifying its protein [4] in addition to mutating its gene, as it is the
most frequently inactivated protein in all types of human cancers [5]. In fact, p53 can be
modified via various forms of PTM, which either positively (acetylation or phosphorylation)
or negatively (ubiquitination) regulate p53 stability and activity [6]. Recently, a type of
unsaturated short chain fatty acid (SCFA) called Crotonic acid (CA), has been shown to
modify histone proteins for epigenetic regulations [7]. However, this type of modifications
has not been explored for p53 regulation.

MATERIALS AND METHODS

Plasmids and antibodies

Cell Culture

The His-tagged p53 was generated into the pET30a vector, and His-p53-S46A was mutant
based on His-p53. The no-tag plasmid pcDNA3.1-p53, pcDNA3.1-p53-S33A, pcDNA3.1-
p53-S46A, pcDNA3.1-p53-T81A, pcDNA3.1-p53-4M were obtained from Giannino Del
Sal. p53-K24R was mutant based on pcDNA3.1-p53. The Flag-pcDNA-p53, Flag-pcDNA-
p53-1-300, Flag-pcDNA-p53-101-300, Flag-pcDNA-p53-101-393 were obtained from Mu-
shui Dai. pcDNA-p53-8KR was obtained from Wei Gu. The following antibodies were
commercially purchased: Anti-Flag (Sigma-Aldrich, St. Louis, MO, USA), anti-p53 (DO-1,
FL-393 Santa Cruz Biotechnology), pan anti-crotonyl (ptm-501, PTM Biolabs), anti-
GAPDH (#5174, Cell Signaling Technology), anti-p-actin (C4, Santa Cruz Biotechnology),
anti-PFKP, anti-PKM2, anti-HK2, anti-LDHA (#8337, Glycolysis Antibody Sampler Kit,
Cell signaling Technology).

HCT116P33+/* HCT116P53-/~, RKOPS3+/* 'RKOPS3~/~ H460, A549, cells were maintained
in Dulbecco’s Modified Eagle’s Medium (DMEM) (Hyclone) supplemented with 10% fetal
bovine serum (FBS) and penicillin and streptomycin, under 5% CO2. BC-1 and BCP-1 cells
were obtained from Zhigiang Qin and maintained in complete RPMI 1640 medium (ATCC)
supplemented with 20% FBS. MCF7 was obtained from Heather Machado. MCF7, MDA-
MB-468 were maintained in DMEM with 10% FBS.
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Immunoblotting

Cells were harvested and lysed in lysis buffer consisting of 50 mM Tris/HCI (pH7.5), 0.5%
Nonidet P-40 (NP-40), 1 mM EDTA, 150 mM NaCl, 1 mM dithiothreitol (DTT), 0.2 mM
phenylmethylsulfonyl fluoride (PMSF), 10 uM pepstatin A and 1mM leupeptin. Equal
amounts of clear cell lysate (20-80 pg) were used for immunoblotting (IB) analyses as
described previously [4].

In Vitro Crotonylation of Serine (Ser) Assays

Recombinant human p300 proteins were purchased from Active Motif (Carlsbad, CA,
catalog number 31124) For each reaction, 20 pg of HEK293T cell lysis complex or 200 ng
of p300 protein, 10 uM of Cro-CoA were added in the reaction buffer (50 mM Tris-Cl, pH
8.0, 10% glycerol, 100 nM TSA, 5 mM Nicotinamide, 0.1 mM EDTA, 1 mM DTT and 1x
proteinase inhibitor cocktail). The reaction mixtures were incubated at 30°C for 1 hour.
Crotonoyl-coenzyme A (Cro-CoA) was purchased from Sigma (St. Louis, MO, 28007),
Substrates included 100 ng of His-p53 and 100 ng of His-p53-S46A [8], and Crotonylation
assays were also done using unlabeled Cro-CoA (1 mM) followed by SDS-PAGE, and then
Crotonylation S46 was detected by WB using the pan anti-Cro antibody[9].

In vitro Crotonylation Assay with Antibody and TCEP

Briefly WT or P53 beads were incubated with crotonylation buffer (50 mM TRIS pH 8.0,
10% glycerol and 0.1 mM EDTA, 1 mM DTT, 100 nM Trichostatin A, 5 mM nicotinamide,
and 1x protease inhibitor cocktail) in the presence and absence of p300 and HEK293 lysate
at 37°C for 1 hr. Subsequently, beads were washed and crotonylation was detected using
SDS-PAGE and immunoblotting using the PTM501 Pan crotonyllysine antibody. In a
separate trial, the crotonylation reaction was performed as mentioned above without use of
TSA and NAD. Following the crotonylation reaction a TCEP-Biotin chemical probe was
added to the beads at a final concentration of 2 mM and incubated for 16 hrs at 37°C.
Subsequently, beads were washed and crotonylation was detected using SDS-PAGE and
immunoblotting using a a high sensitivity HRP-Streptavidin antibody. In both trials, DO1
was used to detect the p53 loading control [10].

Reverse transcription and quantitative PCR analyses

Total RNA was isolated from cells using Trizol (Invitrogen, Carlsbad, CA, USA) following
the manufacturer’s protocol. Total RNAs of 0.5 to 1pug were used as templates for reverse
transcription using poly-(T)20 primers and M-MLV reverse transcriptase (Promega,
Madison, WI, USA). Quantitative PCR (Q-PCR) was conducted using SYBR Green Mix
according to the manufacturer’s protocol (BioRad, Hercules, CA, USA). The primers for
human p53, p21, Actin were used as previously described [11].

Colony formation assay

Cells were trypsinized and seeded with the same amount on 6-well plates following sSiRNA
transfection for 12 to 18 h. The medium was changed every 3 days until the colonies were
visible. t. Cells were then fixed by methanol and stained by crystal violet solution at RT for
30 min. ImageJ was used for quantification of colonies.
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Crotonic acid negatively regulates p53 level and activity

SCFAs, including acetic acid (AA), propionic acid (PA), butyric acid (BA), and CA whose
synonym is but-2-enoic acid (Fig. 1A), are common products of the dietary fiber
fermentation by microflora in the human gut. Since these SCFAs are essential for molecule
functions and human health, we first tested whether they would affect p53 level and activity
by treating human wild type (wt) p53-containing colon cancer RKO or lung cancer H460
cells with each of the acids individually. Interestingly, PA or BA induced the protein level of
p53 and the expression of its target genes p21 and MDM2 (Figs. 1B and 1C) as expected
[12], whereas CA reduced the protein level of p53 and p21 (Fig. 1B) or MDM2 (Fig. 1C) in
a dose dependent fashion as detected by immunoblot (IB) analysis. Remarkably, the
reduction of p53 level and activity by CA was observed in a variety of wt p53-containing
cancer cells, including lymphoma BC-1 (Fig. 1D). However, the reduction of p53 level by
CA was not observed in mutant (mt) p53-harboring cancer cells, such as lymphoma BCP-1
(Fig. 1D). Also, the reduction of p53 was not observed at its RNA level (Fig. S1). These
results suggest that CA can negatively regulate p53 level and activity in human or cancer
cells potentially at a post-translational step.

Crotonylation of p53 at its N-terminus but not lysine residues.

Since CA treatment clearly led to histone crotonylation as detected in all of the above
experiments (Figs. 1B-D), we tested if CA could also result in p53 crotonylation. To do so,
we individually introduced three members of the human p53 family into HCT116P>3~/~ cells
and performed co-immunoprecipitation (IP)-1B analysis. Surprisingly, only p53, but not p73
and p63, was crotonylated (Fig. 2A) as detected by a validated pan crotonylation antibody
[13]. The endogenous p53 in HCT116 cells was also crotonylated (Fig. 2B). To identify
which amino acid(s) of p53 can be crotonylated, we first introduced different p53 fragments
into HCT116P%3~/~cells and performed a co-IP with anti-Flag followed by IB analysis with
anti-crotonylated peptide antibodies. Interestingly, crotonylation was detected only in the
full length p53 and its A-terminus (aa 1-300), but not the central- and C-terminal (aa 100-
393) fragments (Fig. 2C), suggesting that crotonylation might occur within the first 100
amino acids. Since crotonylation was reported to target lysine only [14], we replaced the
only lysine residue (K24) in this region with arginine (Fig. S2A) and conducted the same co-
IP-IB assay. To our surprise, p53-K24R was still crotonylated (Fig. 2D), suggesting that
crotonylation might target a non-lysine residue in the A-terminus of p53. A previous study
showed that aspirin can induce COX-1/2 acetylation at serine 529/516 [15, 16]. We thus
suspected that crotonylation might target one of the serine or threonine residues within this
region, and thus tested the crotonylation of p53 by comparing the wild type with its mutant
p53-4M that has quadruple mutations of Ser33Ala, Ser46Ala, Thr81Ala and Thr315Ala and
is available in our lab [4], using the same assay. To our further surprise, we did not detect
crotonylation of p53-4M (Fig. 2E). Next, we used individual mutations at these amino acids
and used them for the same co-IP-IB assay. As shown in Fig. 2F, crotonylation was detected
in p53-S33A and p53-T81A, but not in p53-S46A and p53-4M, indicating that Ser46 might
be the target residue for crotonylation.
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Crotonylation of p53 at serine 46

To confirm the result above and also to determine if p53 can be crotonylated in an in vitro
reconstituted system, we purified recombinant wt His-p53 or His-p53-S46A from E coli and
used them for an in vitro crotonylation assay with crotonyl-CoA (Cro-CoA) as a co-factor.
For this in vitro reaction, we used HEK293T cell lysates as the resources of yet unidentified
crotonyl transferases. This choice was made because we detected a strong crotonylation
reaction in this cell line, and also we found that acetyl-transferase p300 cannot catalyze p53
crotonylation in vitro (Fig. S2E). Only wt p53, but not p53-S46A, was crotonylated in a Cro-
CoA dose-dependent fashion (data not shown). This result was further validated using the
TCEP-probe label crotonylation assay (Fig. 2H). Because Ser46 is only found in human, but
not mouse, p53 (Fig. S2F), we tested if CA can affect mouse p53 level or not by treating
mouse embryonic fibroblasts (MEF) with CA. As shown in Fig. 21, CA failed to reduce
mouse p53 level, suggesting that CA-caused decrease of p53 level is Ser46-dependent.
Because previous studies showed that Ser46 is phosphorylated in response to DNA damage
[17], we tested if crotonylation at Ser46 are inversely related to each other. As shown in Fig.
2J, etoposide induced p53 level, whereas CA, but not AA, induced p53 crotonylation and
reduced Ser46 phosphorylation in HCT116 cells. A recent proteomic study suggested that
several lysine residues of p53 might be crotonylated in cells [18]. However, a mutant p53
with the substitution of 8 lysines with arginines (p53-8KR) (Fig. S2B) was still crotonylated
in HCT116P53~/~ cells (Fig. S2C), excluding the possibility of these lysine residues as the
target sites for crotonylation. Taken together, these results demonstrate that CA can reduce
p53 level in human, but not mouse, cells by inducing Ser46 crotonylation (Fig. S3B).

Crotonic acid regulates glycolysis and mitochondrial activity via suppression of p53.

Next, we wanted to determine what cellular functions of p53 are affected by CA treatment.
Among several pathways tested, we found that CA regulates the glycolysis pathway by
reducing p53 protein level. When doing so, we treated MCF7 cell with different
concentrations of CA and detected the level of proteins involved in glycolysis. As shown in
Fig. 3A, CA reduced p53 level, but increased the levels of PFKP and PKM2, two enzymes
involved in glycolysis as downstream targets of p53 in a dose-dependent manner (Fig. 3A).
Since PKM2 was identified as a key regulator of cancer metabolism and tumor growth [19],
its controversial role was observed in different cell types and mouse models [20-22]. This
effect with 2mM of CA was similar to that in response to serum starvation, as 1% serum also
caused the induction of PFKP and PKM2 while reduced the level of p53 (Fig. 3B). This
result indicates that the effect of CA on the expression of PFKP and PKM2 is p53-
dependent, as this was observed only in HCT116P33*/* cells, but not in HCT116P53~/ cells
(Fig. 3B). Consistent with these effects, CA also significantly increased glycolytic reserve
(Fig. 3C) and spare respiratory capacity (Fig. 3D) as well as mitochondrial respiratory
capacity in p53-positive, but not p53-deficient, HCT116P53~/~ cells as measured by the
Seahorse analysis (Fig. 3D). Together, in line with CA regulation of p53 in response to
nutrition depletion, the glycolysis pathway is more pronounced in a p53-dependent manner.
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Crotonic acid augments tumor cell proliferation dependently of p53in response to glucose

starvation.

Next, we tested if CA could affect cancer cell proliferation in a p53-dependent fashion when
cells are under the condition of glucose starvation. To do so, we conducted a colony
formation assay by starving HCT116P53*/* and HCT116P>3~/ cells in presence or absence
of AA or CA. As shown in Figs. 4A and 4B, glucose starvation promoted more dramatic
colony formation of HCT116P>3~/~ cells than that of HCT116P53+/* cells. By sharp contrast,
CA caused more dramatic increase in the colony formation of HCT116P53*/* cells than that
of HCT116P53~/~ cells, while AA had no significant effect on this cellular phenotype (Figs.
4A and 4B). This result suggests that CA may promote cancer cell proliferation under the
condition of glucose starvation by suppressing p53 activity, which is well in line with the
effect of CA on p53 suppression of glycolysis as shown above.

DISCUSSION

As presented above, our study unveils crotonylation as a new type of PTM for p53 regulation
in response to CA treatment. This finding is novel as it is the first time to learn that
crotonylation can occur at a serine residue, instead of lysine, of a protein (Figs. 2 and S2).
Also, by crotonylating serine 46, CA can negatively regulate p53 level and activity and
consequently render the wt p53-dependent resistance of cancer cells to chemotherapeutic
drugs or nutrient stress (Figs. 1, 3, and 4). This modification is specific to human p53, as this
residue exists neither in mouse p53 nor in human p73 or p63 (Figs. S2D and S2F).

These findings are highly significant because even without p53 mutations, p53 activity can
be inhibited by some SCFAs, such as CA. Since CA may be a byproduct or intermediate
product of dietary fiber fermentation by some microflora in the human gut [23], and
crotonyl-CoA is present in human cells and involved in different metabolic pathways [24],
our findings implicate that p53 activity could be inactivated during the early stage of
colorectal tumorigenesis even though its gene is often mutated at the late stage [25]. Thus,
our findings open a window for translational research to interrogate if inactivation of p53 by
microflora-produced CA is associated with the early onset of colorectal cancers that harbor
wt p53 and their drug resistance late on. This question is also applicable to other types of
cancers, as CA can be readily absorbed into the systemic circulation via large intestine
epithelial cells. Supporting this assumption is the fact that CA inactivates p53 in lymphoma,
breast and lung cancer cells as well (Figs. 1-4 and S1). Our findings also raise additional
questions. For instance, it remains unclear how crotonylation at serine 46 reduces p53
protein level, as we found that this is MDM2- and ubiquitination-independent (Figs. S3C
and S3D). Moreover, it is puzzling about what enzyme(s) might catalyze this crotonylation
of p53, as p300 was unable to do so as shown in our study (Figs. S2E). Addressing these
enticing questions would help uncover more molecular insights into the regulation of p53 by
crotonylation and its biological significance in cancer development and drug resistance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
p53 in human cells is crotonylated in response to crotonic acid.

This crotonylation is detected independently by a Pan anti-crotonylated peptide antibody
and a TCEP probe.

This crotonylation surprisingly occurs at the serine 46 residue of p53.

Substitution of serine 46, but not any of predicted lysines, by alanine abolishes this p53
crotonylation.

Crotonic acid increases glycolytic activity and cancer cell proliferation by impairing p53
activity in human cancer cells.
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HIGHLIGHTS

Serine 46 of p53 is crotonylated in response to crotonic acid as detected by a Pan anti-
crotonylated peptide antibody and a TCEP probe.

Mutation serine 46 abolishes this p53 crotonylation.

Crotonic acid increases glycolytic activity and human cancer cell proliferation by
impairing p53 activity.
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Fig. 1. Crotonic acids decrease p53 protein level
(A) The chemical structures of four short-chain fatty acids (SCFAS), such as acetic acid

(AA), propionic acid (PA), butyric acid (BA), and crotonic acid (CA). (B) CA reduces the
protein, but not mMRNA, level of p53 as well as p21 level and induces histone crotonylation.
RKO cells were treated with indicated SCFAs for 24h and harvested for 1B with indicated
antibodies (Ctrl: Control). Portions of cells were harvested for Q-PCR analysis of p53
MRNA levels (see Fig. S1E). (C) CA reduces p53 levels in a dose dependent fashion. H460
cells were treated with different doses of CA (2,5,10 and 20mM) for 24h and harvested for
IB analysis with indicated antibodies. (D) CA reduces wt, but not mutant (mt), p53 in
lymphoma cells. p53-containing BC-1 and mt p53-containing BCP-1 cells were treated with
two indicated doses of CA (2,5mM) for 24h and harvested for IB with indicated antibodies.
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- Fig. 2. p53iscrotonylated at Serine 46.
(A) Ectopic p53 is crotonylated. p53, p63 and p73p plasmids were introduced into
HCT116P53~/~ cells. Cells 30h after transfection (the same time for the following IP-1B
experiments) were harvested for IP-IB or straight IB analysis with indicated antibodies. (B)
Endogenous p53 is crotonylated. HCT116 cells were used for IP with the anti-p53 antibody
> followed by 1B with indicated antibodies. (C) The N-terminus of p53 is crotonylated.
c Deletion mutants of p53 were introduced into HCT116P53~/~ cells. Cells were harvested for
g IP-1B with indicated antibodies. (D) p53-K24R is crotonylated. WT p53 and p53-K24R
% plasmids were introduced into HCT116P>3~/~ cells. Cells were harvested for IP-I1B with
g indicated antibodies. (E) p53-4M is not crotonylated. WT p53 and p53—-4M plasmids were
5 introduced into HCT116P53~/~ cells, which were harvested IP-1B with indicated antibodies.
Q (F) p53-S46A is not crotonylated. The S33A, S46A, T81A or 4M mutants of p53 were
= introduced into HCT116P33~/~ cells that were harvested for IP-1B with indicated antibodies.
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(G) p53 is crotonylated in vitro. His-p5S3WT or His-p53S46A was purified from E.colifor in
vitro enzyme reactions using HEK293T cell lysate and Cro-CoA. Crotonylated proteins
were detected by IB with the anti-pan cro antibody (G). (H) Crotonylation reactions were
performed with WT and S46A(SA) His p53 beads in the presence and absence of HEK293
lysate. Crotonylation was detected using a TCEP-Biotin probe was used in the in vitro
reaction and a high sensitivity HRP-Streptavidin antibody was used for detection of
crotonylation. (I) CA does not alter murine p53 level. MEF cells were treated with different
doses of CA (1,5mM) for 24h as indicated and harvested for IB with indicated antibodies.
(J) CA induces crotonylation, but reduces Ser46 phosphorylation, of p53. HCT116 cells
were treated with etoposide and AA or CA for 24h and harvested for IP-I1B analysis with
indicated antibodies.
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Fig. 3. Crotonic acid increases glycolysis, and elevates cancer cell growth dependently of p53in
response to nutrition depletion.

(A) CA reduces p53 level, but increases the level of PKFP and PKM2. MCF7 cells were
treated with different doses of CA (2,5 and 10mM) for 4 days and harvested for 1B analysis
with indicated antibodies. (B) CA and serum starvation reduce p53 level, induction of PKFP
and PKM2 by CA is p53-dependent. T116P53*/* or HCT116P53~/~ cells were cultured in
media containing either 10% or 1% FBS in the presence or absence of 2mM of CA for 48h
and harvested for 1B with indicated antibodies. (C) p53-dependence of increase of
extracellular acidification rate (ECAR) by CA. HCT116P53*/* or HCT116P53~/~ cells were
treated with CA (Cro) or AA (Ace) for 24h and analyzed by using the Agilent Seahorse XF
Analyzers to measure ECAR after sequential treatment with glucose (Glc), oligomycin (O)
and 20DG. The quantification is shown in the graph below. (D) p53-dependence of increase
of oxygen consumption rate (OCR) by CA. The same treatment as that in panel C was done
and followed by sequential treatment with oligomycin (o), FCCP, and rotenone plus
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antimycin (R+A) for OCA analysis by the Seahorse Analyzers. The quantification is shown
in the right graph.
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Fig. 4. Crotonic acid increases tumor cell proliferation partially via suppression of p53.
(A) CA renders p53-dependent resistance of colorectal cancer cells to glucose starvation.

HCT116P53*/* or HCT116P53~/~ cells were cultured glucose free media in the presence or
absence of 5mM of AA (acetic acid) or CA (crotonic acid) for colony formation assays. (B)
The quantification of colonies formed from the experiments in panel A is shown here.
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