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Platelet activating factor-induced 
expression of p21 is correlated with 
histone acetylation
Elisabetta Damiani1,*, Nahum Puebla-Osorio2,*, Bree M. Lege2, Jingwei Liu2, 
Sattva S. Neelapu2 & Stephen E. Ullrich3,4

Ultraviolet (UV)-irradiated keratinocytes secrete the lipid mediator of inflammation, platelet-
activating factor (PAF). PAF plays an essential role in UV-induced immune suppression and skin cancer 
induction. Dermal mast cell migration from the skin to the draining lymph nodes plays a prominent 
role in activating systemic immune suppression. UV-induced PAF activates mast cell migration by 
up-regulating mast cell CXCR4 surface expression. Recent findings indicate that PAF up-regulates 
CXCR4 expression via histone acetylation. UV-induced PAF also activates cell cycle arrest and 
disrupts DNA repair, in part by increasing p21 expression. Do epigenetic alterations play a role in p21 
up-regulation? Here we show that PAF increases Acetyl-CREB-binding protein (CBP/p300) histone 
acetyltransferase expression in a time and dose-dependent fashion. Partial deletion of the HAT 
domain in the CBP gene, blocked these effects. Chromatin immunoprecipitation assays indicated that 
PAF-treatment activated the acetylation of the p21 promoter. PAF-treatment had no effect on other 
acetylating enzymes (GCN5L2, PCAF) indicating it is not a global activator of histone acetylation. This 
study provides further evidence that PAF activates epigenetic mechanisms to affect important cellular 
processes, and we suggest this bioactive lipid can serve as a link between the environment and the 
epigenome.

The ultraviolet (UV) radiation in sunlight is the principal cause of both melanoma and non-melanoma skin 
cancer. Although most of the energy contained with UV radiation is absorbed within the very top layers of the 
skin, exposure to UV induces systemic immune suppression, which has been identified as a major risk fac-
tor for skin cancer induction1. One of the early steps in the process leading to the induction of immune sup-
pression is the release of platelet activating factor (PAF; 1-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine), by 
UV-irradiated keratinocytes2,3. We and others have provided evidence indicating that PAF plays an essential 
role in both UV-induced immune suppression and skin cancer induction4–9. Dermal mast cells are targeted 
by keratinocyte-derived PAF. Mast cells are essential for the development of immune suppression, as mast 
cell-deficient mice are resistant to UV-induced immunosuppression10. Dermal mast cell prevalence is also asso-
ciated with UV-induced skin cancer induction11,12. An important step in the process leading to systemic immune 
suppression involves mast cell migration from the skin to the draining lymph nodes13, where they secrete the 
immune regulatory cytokine interleukin (IL)-10 and block T cell function and antibody formation in vivo14. Mast 
cell migration is driven by PAF-induced up-regulation of the C-X-C chemokine receptor type 4 (CXCR4) on mast 
cells15. Immune suppression and skin cancer induction is absent in UVB (290–320 nm)-irradiated mice treated 
with a CXCR4 antagonist13,16. Interestingly, PAF-induced CXCR4 expression is associated with increased histone 
acetylation on the promoter of this gene17.

The carcinogenic effect of UV radiation results from its ability to induce DNA mutations in tumor suppres-
sor genes18,19 and also to modulate essential cellular processes such as DNA repair and immune suppression. 
UV-induced PAF contributes to these effects in that blocking the binding of PAF to its receptor blocks the 
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induction and progression of UV-induced skin cancer and DNA repair7,8. We recently provided data indicating 
that PAF up-regulates the expression of the cyclin-dependent kinase (CDK) inhibitor p21CDKN1A and disrupts 
DNA repair20. p21 is a well-studied, potent inhibitor that binds to, and inhibits the activity of several cyclins and 
CDK complexes. It belongs to the CIP/KIP family of cell cycle regulators and is implicated in many important and 
diverse regulatory functions of fundamental biological processes21. First and foremost it functions as a regulator 
of cell cycle progression, especially at the G1/S checkpoint22. Consequently, it plays a pivotal role in cell quies-
cence, senescence and differentiation23. p21 also participates in other regulatory roles such as in p53-dependent 
and/or independent apoptosis and in transcriptional regulation, either positively or negatively24,25. Additionally, 
p21 activity appears to be necessary for DNA repair in the presence of low levels of genotoxic stress, while it is 
degraded in the presence of extensive DNA damage to favor apoptotic cell death26. A more recently described 
function of p21 is its involvement in cell motility. In tumor cells, high levels of p21 favor Rho kinase inhibi-
tion with consequent enhanced cell movement thus contributing to tumor metastasis and invasion27. Some 
studies have shown that p21 may favor cell survival and proliferation with a consequent oncogenic potential28. 
Furthermore, it appears that p21 is essential for cell migration induced by the inflammatory cytokine IL-2029.

Histone modification is commonly associated with transcriptional regulation of gene expression30. The pro-
found effect PAF has on histone acetylation leading to CXCR4 expression in human mast cells17 led us to question 
whether PAF modulated other genes at the epigenetic level. We were particularly interested in furthering our 
understanding of how PAF affects the regulation of p21. Given that p21 expression is usually regulated at the tran-
scriptional level31,32, and that one of the main events regulating transcriptional activation is histone acetylation, 
we decided to focus our attention on the possible effects of PAF on acetylation of p21.

Results
PAF activates p21 in mast cells via an epigenetic mechanism. We observed previously that treating 
mast cells with carbamyl PAF (cPAF), a non-hydrolyzable bioactive analogue of PAF, provokes a myriad of changes 
in cell cycle regulation in HMC-1 cells, as well as in normal mast cells17,20. These include the deregulation of the 
G2M regulatory complex through the disruption of cyclin B1 and CDK2, which lead to mitotic catastrophe. We also 
demonstrated that cPAF induced a robust activation of p21 that contributed to cell cycle arrest20. Moreover, PAF 
up-regulates mast cell surface expression of CXCR4 by activating histone acetylation17. Previously we noted that 
treating either HMC-1 cells or normal mast cells with cPAF suppressed the expression of DNA methyltransferases 
(DNMT) 1 and 3b, and we observed no difference in the methylation status of CpG islands in the promoter region 
of cPAF-treated mast cells17. Thus, our approach was to determine whether histone acetylation affected the cPAF-in-
duced activation of p21, and whether blocking histone acetylation in vitro suppressed the cPAF-induced expression 
of p21. Mast cell p21 expression progressively increases when cells are treated with increasing concentrations of 
cPAF (Fig. 1A). Similarly, we noted that cPAF treatment resulted in a dose-dependent increase in histone H3 acetyl-
ation (Fig. 1B). In addition, treating normal mast cells with cPAF had an identical effect; p21 expression increased 
in a dose dependent manner (Fig. 1C). We also assessed the effect of cPAF on the expression of total H3, and noted 
a negligible influence on this histone as compared to its effect on acetylated H3 (Fig. 1D). We also noted no effect 
of cPAF on the expression of the cell-cycle regulator PCNA (Fig. 1E); this is in contrast to the marginal decrease in 
PCNA expression we reported previously20. Because the effect of cPAF on PCNA expression appears to be minimal 
and inconsistent, we decided not to pursue this further in this study. We decided to use 10 μ M of cPAF in all sub-
sequent experiments, which is in line with our previous studies and those of others4,17,20,33. At this concentration of 
cPAF we noted significant physiological changes in vitro, without affecting cell viability20. We also assessed different 
approaches to inhibit acetylation in mast cells, and decided to use curcumin34, as a broad inhibitor for most of our 
experiments. Notably, curcumin decreased the cPAF-induced expression of p21 at 10 μ M (Suppl. Fig. 1A, lane 4). 
In a time course experiment we found that 10 μ M cPAF induced the expression of p21 as early as 4 h post exposure, 
with a steady increase up to 24 h. The addition of 10 μ M curcumin depressed the cPAF-induced expression of p21 as 
soon as 4 h post addition (Fig. 2A and B). The inhibitory effect of curcumin on the expression of p21 was diminished 
at the 24 h time point (Fig. 2A and B). To corroborate the effect of curcumin on acetylation, we analyzed its influence 
on acetylated H3 (H3K9/14/18/23/27), and observed a decrease in the cPAF-induced histone acetylation at the same 
time points. The effect on H3-acetylation was most pronounced 4 and 8 h post treatment, and diminished at the later 
time points (Fig. 2A and C).

PAF activates acetylation. Note however, that although curcumin treatment depressed PAF-induced up 
regulation of p21, Acetyl-H3 (Fig. 2) and Acetyl-CBP/p300 (Fig. 3A) expression, the effect did not always reach 
statistical significance. The problem with using curcumin, indeed the problem associated with the use of any phar-
macological inhibitor (specificity, selectivity, off target side effects) could explain these results. To directly address 
this concern and to further assess the effect of cPAF on the acetylation of p21, we used a genetically engineered lym-
phoma line cell, OCI-Ly7, which was constructed with a partial deletion in the HAT domain on CBP (See Material 
and Methods). This deletion is known to reduce acetyl transferase function35. To test our model we included another 
target of CBP, acetyl p53, and we exposed both parent (WT) and mutant (Δ HAT) OCI-Ly7 cells to 10 μ M of cPAF 
for 24 h. Unlike mast cells, cPAF-treated wild type OCI-Ly7 cells did not significantly up-regulate p300 expression, 
whereas the expression of p21 and acetyl p53 was significantly up-regulated (Fig. 3B, lanes 1 and 2). The mutant cells 
carrying a partial deletion of the HAT domain show a significant reduction of PAF-induced acetyl-p53 (Fig. 3B, lane 
3 and 4), as compared to the WT control (Fig. 3B, lanes 1 and 2). Moreover, cPAF-induced expression of p21 was 
significantly suppressed in the cells containing a partial deletion of the HAT domain (Fig. 3B, lanes 3 and 4). We saw 
at best a modest cPAF-induced expression of acetyl-H3 between the mutant and the WT lymphoma cells (Fig. 3B). 
Unlike what we found for p300 and acetyl-CBP/p300, PAF treatment did not result in increased protein expression 
of GCN5L2 and PCAF (Fig. 3C). In view of the fact that PAF-induced up-regulation of p21 was absent in cells 
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Figure 1. Platelet-activating factor increases the expression of p21 and acetylated histone-H3. Protein 
expression in HMC-1 cells was analyzed by immunoblotting. (A) p21 expression after 24 h incubation with 
different concentrations of cPAF, β -actin is the loading control. (B) Acetyl-H3 expression in cells treated with 
different concentrations of cPAF for 24 h, β -actin is the loading control. (C) p21 expression in normal mast cells 
harvested 24 h after cPAF treatment, and its corresponding quantification using NIH ImageJ software, p84 is  
the loading control. (D) Total H3 and acetyl-H3 expression in mast cells treated with 5 and 10 μ M cPAF, and  
its corresponding quantification, p84 is the loading control, *Indicates p <  0.05; One-way ANOVA N =  3.  
(E) PCNA expression after 24 h incubation with 10 μ M cPAF.
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engineered to have a reduced acetyl transferase activity, these data strongly suggest that cPAF induces the expression 
of p21 through acetylation-induced transcriptional activation.

PAF-induced acetylation of the p21 promoter. To confirm that the observed increase in acetylated-H3 
protein expression correlates with the acetylation status of the p21 promoter, we performed a ChIP assay on 
cPAF-treated and control samples using an antibody for H3 (H3K9/14/18/23/27), which detects acetylated his-
tone H3. We analyzed the resulting DNA by quantitative PCR using specific primers covering the promoter 
region of the human p21 gene. We found that cPAF induced approximately a three-fold increase in acetylated-H3 
on the promoter region of p21 (Fig. 4). These findings provide direct evidence that cPAF up-regulates histone 
acetylation of the p21 promoter region.

Discussion
Acetylation of lysine residues on histones is one of several post-translational modifications of nucleosomes and is 
usually associated with an open chromatin structure allowing accessibility of nucleosomal DNA for transcription30.  
It is a reversible process: histone acetyltransferases (HATs) catalyze the covalent transfer of the acetyl group from 
acetyl-CoA to the epsilon amine group of lysine side chains leading to loss in the positive charge, while histone 
deacetylases (HDACs) re-establish the positive charge by removing the acetyl groups, thereby facilitating a closed 
chromatin structure and hence transcriptional repression36,37.

The work presented here focused on p21 induction by cPAF and the possible correlation with epigenetic mod-
ulation via histone acetylation. This hypothesis appeared reasonable given our recent findings of cPAF-induced 
CXCR4 promoter acetylation and the literature linking transcriptional activation of p21 through histone acetyl-
ation38–42. Many studies have shown that HDAC inhibitors (HDACi) strongly activate the expression of p21 

Figure 2. Time course for increased expression of p21 and acetylated histone-H3 by platelet-activating 
factor. (A) Time course of cPAF (10 μ M)-induced p21 and acetyl-H3 expression and the effect of 10 μ M 
curcumin at each time point was analyzed by immunoblotting, p84 is the loading control. (B) Quantification 
of p21 expression and (C) Acetyl-H3 expression using NIH ImageJ software. *Indicates p <  0.05; One-way 
ANOVA, N =  3. Lane numbers correspond to the lanes of the immunoblot presented in panel A.
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Figure 3. Platelet-activating factor increases the expression of p300 and acetylated CPB/p300. Protein 
expression in HMC-1 cells was analyzed by immunoblotting. (A) p300 and Acetyl-CBP/p300 expression 
after 24 h incubation with 10 μ M cPAF with or without 10 μ M curcumin, and the corresponding protein 
quantification using NIH ImageJ software, p84 is the loading control. (B) Protein expression in wild-type (lanes 
1 and 2) or mutant (HAT deletion, lanes 3 and 4) OCI-Ly7 cells exposed to cPAF; acetyl p53 is the control target 
to asses acetylation. All proteins analyzed, p300, p21, acetyl-p53 and acetyl-H3 were quantified using NIH 
ImageJ software, *Indicates p <  0.05; One-way ANOVA N =  3. (D) No effect of cPAF on PCAF or GCN5L2 
expression, β -actin is the loading control.
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through the Sp1/Sp3 sites on the p21 promoter, and that there is enhanced histone acetylation around the p21 
promoter, suggesting that acetylation is the major mechanism for regulation of the p21 gene in several trans-
formed cell lines43,44. The de-repression of p21 by HDACi subsequently results in growth inhibition and differ-
entiation of cancer cells. By exploiting this property several drugs have been developed and have demonstrated 
therapeutic potential in a variety of malignancies, including T-cell lymphomas and solid tumors45. For example, 
the hydroxamic acids, Trichostatin A and Vorinostat have been reported to effectively induce p21 expression, cell 
cycle arrest and apoptosis in human gastric, oral and bladder cancer. This effect appears to be due mainly to the 
enhancement of acetylation of the histones H3 and H4 around the promoter region46. In this regard, our results 
suggest that cPAF appears to share similarities in its action with these HDACi, since treatment of mast cells 
with cPAF leads to increased p21 protein expression, which is concomitant with increased protein expression of 
acetylated histone H3.

Further evidence for the involvement of histone acetylation in cPAF-induced p21 expression came from stud-
ying protein expression of the HAT acetyl-CBP/p300, which was up regulated after cPAF treatment. More impor-
tantly, we demonstrated that cPAF-induced expression of p21 is absent in OCI-Ly7 cells that have impaired acetyl 
transferase activity. CBP and p300 are well-known functionally related co-activators and integrators for signal 
transduction and are involved in a variety of cellular signaling pathways ranging from calcium signaling, response 
to hypoxia, Notch signaling, and NF-κ B signaling. They contain multiple modules for protein-protein interac-
tions and can serve as adaptors for transcriptional assembly and recruitment. Importantly, they are endowed 
with intrinsic and extrinsic histone/protein acetyltransferase activity releasing repression of transcription acti-
vation47,48. The auto-acetylation of p300/CBP has been shown to stimulate its acetyltransferase activity and is the 
result of an efficient and cooperative intermolecular reaction on a regulatory loop within the acetyltransferase 
domain49. CPB/p300 is known to be a co-regulator of p21 and is linked to the expression of the p21 promoter after 
different stimuli40,43,50. It is necessary for p21-dependent differentiation of keratinocytes51 and p21-dependent 
cell cycle arrest and differentiation of muscle cells induced by MyoD52. In conjunction with Sp1, CBP/p300 also 
appears to be involved in progesterone induction of the p21 promoter in HeLa cells43. Because p300/CBP, Sp1/Sp3  
and GC-box are tightly interrelated in the promoter activity of p2140, it is possible that cPAF-induced pro-
moter activation is through this link. Furthermore, knowing that hyperacetylation of histones H3 and H4 of 
the Sp1/Sp3 binding sites on the p21 promoter induces p21 expression38,39, coupled with our data showing that 
cPAF-treatment leads to p21 promoter gene acetylation and protein expression, strongly suggests that this might 
be a mechanism worth pursuing in the future. Likewise investigating the possible transcription factors induced 
by cPAF that could co-localize on the promoter of p21 may have merit.

Previously we showed that cPAF-induced up regulation of p21 occurred through a p53-dependent mechanism20.  
The inhibition of p53 acetylation in mutant OCI-Ly7 cells that have impaired acetyl transferase activity suggests 
an alternative explanation for the inhibition of p21 expression we report here. It is conceivable that cPAF-induced 
acetylation of p53 is responsible for up-regulating p21, which is absent in a cell line with reduced acetyl trans-
ferase function. Regardless of the exact mechanism involved, the inability of cPAF to up regulate the expression 
of p21 in mutant OCI-Ly cells indicates that histone acetylation is essential.

A recent report indicates that p21 was over-expressed in epidermal Langerhans cells (LCs) following treat-
ment with ionizing radiation, and that it was a key modulator of the resistance of LCs to radiation. Moreover, 
LCs migrated to the skin draining lymph (LNs) in a CCR-7 dependent manner that leads to an increase in 
tumor infiltrating T regulatory cells and resistance to radiotherapy53. Part of this response involves an immune 
inhibitory program that is permissive for the growth of skin cancer. In fact, UV-irradiated LCs also promote 
UV radiation-induced immune suppression54,55. Dermal mast cells also migrate to the LNs upon UV exposure 
and this is a key step in UV-induced suppression that is mediated by keratinocyte-derived PAF15. In mast cells, 
this migration is driven by PAF-induced over expression of CXCR4, which is linked to hyperacetylation of its 

Figure 4. Effect of platelet-activating factor on the promoter region of the p21 gene. Acetylation of the 
promoter region of p21 in HMC-1 cells was analyzed using ChIP followed by qPCR. The fold expression of 
acetylated histone-H3 associated with the p21 gene promoter was analyzed in cells treated with 10 μ M cPAF and 
harvested 24 hours later. Total-H3 was used as positive control and data were normalized against input DNA. 
Data represent the mean ±  SEM (N =  3). *p <  0.05 vs. control (Mann-Whitney U-test).
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promoter17. However, as shown in the present study, PAF also induces over expression of p21 and hyperacetyl-
ation of its promoter. Because p21 up-regulation has been shown to promote LC migration to LNs following 
an external stimulus53, it is reasonable to ask whether migration of mast cells is also dependent, in part on p21 
up-regulation and whether chromatin modifications also underlie the migration of LCs to the draining lymph 
nodes. It would appear that both type of innate immune cells, LCs and mast cells, might share common pathways 
leading to systemic immune suppression and that an epigenetic dimension could be operative in both cases. In 
this regard is important to note that one report in the literature links PAF to LC migration56.

It is worth mentioning that our study is an in vitro study, and as mentioned earlier, the concentrations of 
cPAF used are in line with reports in the literature where cPAF was used to activate cells in vitro. The tissue con-
centrations of PAF found in vivo are in the picomolar range2 but under certain conditions such as inflammation 
and cancer serum levels of PAF, similar to those used here (10−7 molar), have been reported57,58. Also, PAF in the 
serum has a limited half-life (3–13 minutes) due to the action of PAF acetyl-hydrolase59. Moreover platelets and 
endothelial cells are known to produce PAF but do not secrete it60. This indicates that the cell-associated form 
of PAF is active, and suggests that local concentration of PAF may be very high in inflamed tissues. For these 
reasons, we suspect that it is possible that PAF in vivo may be exerting its multiple biological effects in part, by 
affecting chromatin modification.

Overall, this concise study provides further evidence for the epigenetic effects of PAF on yet another gene, 
p21, which is an important key protein for many different cell functions and regulatory pathways21. PAF has been 
shown to act as a unique biological regulator in a variety of physiological and pathological processes in many cell 
types and tissues61,62. The results described here, together with those previously reported17,20 raises far-reaching 
questions on the implications that PAF may have on cell cycle, DNA damage response, and immune function, as 
it appears at least in part to exert its effects via chromatin modifications. In this regard it is important to note that 
PAF is not a global activator of histone acetylation and cell cycle regulators. It had no effect on other acetylating 
enzymes such as GCN5L2 and PCAF and other cell cycle regulators like PCNA. In the future, it will be important 
to extend our understanding of the function of PAF and acetylation to obtain an increasingly clearer view of the 
molecular events that occur during PAF-induced transcriptional activation.

Materials and Methods
Reagents. Carbamyl PAF (cPAF), a non-hydrolyzable bioactive analogue of PAF was obtained from Enzo 
Life Sciences (Farmingdale, NY). cPAF was prepared as a 10 mM stock solution in water. Curcumin was pur-
chased from Sigma-Aldrich (St Louis, MO) and was prepared as a 35 mM stock solution in DMSO. Both were 
aliquoted and stored at − 20 °C until use. Antibodies specific for p300 (sc-585) and p21 (sc-397) were purchased 
from Santa Cruz (Dallas, TX). Anti-acetyl-H3 (ab47915) and anti-total-H3 (ab1791) were acquired from Abcam 
(Cambridge, MA). Antibodies specific for p84 (GTX70220) and GAPDH (GTX627408) were from GeneTex 
(Kennesaw, GA) and those for β -actin (A2228) were from Sigma-Aldrich Chemical Co. Anti-mouse (7076 S), 
anti-rabbit (7074 S) HPR antibodies, anti-Acetyl-CBP/p300 (4771 S), anti-GCN5L2 (3305 P), anti-PCAF (3378 S), 
and anti-Acetyl-p53 (2525 S) were from Cell Signaling Technology (Danvers, MA). Anti-PCNA antibody was 
from Dako (Carpinteria, CA). All other analytical grade chemicals were purchased from Sigma Aldrich.

Cell culture. The human transformed mast cell line HMC-1 was kindly provided by Dr. J. H. Butterfield, 
Mayo Clinic, Rochester, MN63. The cell lines used here were validated by STR DNA fingerprinting by the MD 
Anderson Cancer Center Characterized Cell Line Core using the AmpFℓSTR identifier kit according to manu-
facturer’s instructions (Applied Biosystems, Thermo Scientific, Rockford, IL). The STR profiles were compared to 
known ATCC fingerprints (ATCC.org), to the Cell Line Integrated Molecular Authentication database (CLIMA) 
version 0.1.200808 (http://bioinformatics.istge.it/clima/), and to the MD Anderson fingerprint database. The 
STR profiles matched known DNA fingerprints or were unique. Cells were cultured in complete RPMI-1640 
medium containing 10% heat inactivated fetal calf serum (Thermo Scientific, Rockford, IL), under standard cul-
ture conditions (37 °C, 5% CO2, humidified atmosphere) and passaged every 3–4 days. Prior to each experiment, 
HMC-1 cells were seeded at a density of 5 ×  105 cells/ml in 60 ×  15 mm petri dishes and treated with cPAF and/
or curcumin for various time points (6–24 h). Control samples lacked cPAF and curcumin. The cells were then 
harvested accordingly for immunoblotting, chromatin immunoprecipitation (ChIP) assay, and quantitative pol-
ymerase chain reaction (qPCR) analysis. Normal mast cells were derived from a buffy coat obtained from an 
undisclosed healthy donor from the Gulf Coast Regional Blood Center (MDACC IRB LAB-030-390) as described 
previously17,20. CD34+  cells were cultured in complete RPMI-1640 medium containing 10% heat inactivated fetal 
calf serum supplemented with human IL-6, IL-3 and Stem Cell Factor. Four to 6 weeks later all the viable cells 
stained positive for CD117 (cKit), tryptase, and toluidine blue.

Immunoblotting. For protein extraction, cell pellets were lysed in 150 μ l RIPA buffer and the lysates stored 
at − 80 °C. Upon thawing, protein concentration was determined (Pierce BCA Protein Assay Kit, Thermo 
Scientific) and samples containing equal amounts of protein were loaded in each well and separated on 8% or 
12% SDS-PAGE gels. Protein transfer was performed overnight at 4 °C on PVDF membranes and then probed for 
the targets of interest as reported previously17. Each membrane was cut along the approximate molecular weight 
of each protein of interest; this is to take advantage of each run and to be able to detect more than one target 
at once. The antibodies used include the following: anti-p21 (1:500, Santa Cruz), Acetyl-H3 (1:1500, Abcam), 
PCNA (1:1500), p300 (1:1000), Acetyl-CBP/p300 (1:1000), PCAF (1:500), GCNL52 (1:500), the loading controls p84 
(1:2500), β -actin (1:5000), GAPDH (1:1500), Acetyl p53 (K382, 1:1000), and the secondary anti-mouse (1:4000) and 
anti-rabbit (1:3000) HRP-labeled antibodies. Protein bands were detected using an enhanced chemiluminescent sub-
strate (Supersignal West Dura, Thermo Scientific) and captured on X-ray films. Quantification of protein bands was 

http://bioinformatics.istge.it/clima/
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carried out with NIH ImageJ software (http://rsb.info.nih.gov/nih-image/). The data are reported as the percentage of 
intensity of the experimental protein band compared to the intensity of the control band (i.e. β -actin or p84).

Targeted Deletion of the CBP HAT Domain. Two separate gRNAs (gRNA1 target sequence: 5-ctgtgcGgaggcaa 
cgtggccgG-3, gRNA2 target sequence: 5-aaagagcttgctacgtgcccagG-3) expression vectors R1 and R2, were con-
structed using pSpCas9(BB)-2A-Puro (PX459) V2.0. PX459 was a gift from Feng Zhang (Addgene plasmid 
#62988)64. R1 and R2 work together to delete 254 bp from the CBP genomic DNA (NG_009873, 141494-141747 
region, the exon that includes P1442-L1464, which is a part of HAT domain). R1 and R2 were electroporated 
(Neon®  Transfection System, Invitrogen, USA) into B-cell non-Hodgkin lymphoma OCI-Ly7 cells, which do 
not contain known65,66 mutations on the CBP gene. After selection with puromycin for 2 days, a single clone 
was isolated using serial dilution in a 96 well plate. Two weeks later, genomic DNA of each single clone was 
extracted and genotyping was performed using PCR (F-R1446-V: 5-ttgcagcctgaatgacagagc-3,R-R1446-V: 
5-atgttctgaaactgacttgtgata-3). R4, R10, R12, R14 and R16 are homologous deletion clones, which are about 254 bp 
shorter than wild type Ly7 cells. PCR product of R4, R10, R12, R14 and R16 was purified and sent for Sanger 
sequencing using the same primers.

ChIP and qPCR analysis. Chromatin immunoprecipitation was performed using a ChIP assay kit 
(17–295, EMD Millipore Co., Temecula, CA) according to the kit’s protocol and as outlined previously17. 
The purified DNA obtained was then subjected to quantitative polymerase chain reaction (qPCR) analy-
sis with appropriate primer pairs for human p21 promoter region, which spanned from 2750 to 2834 bp:  
5′ -TGGCTCTGATTGGCTTTCTGG-3′  (forward) and 5′ -GGCAGCCCAAGGACAAAATAG-3′  (reverse). The 
primer sequences used were blasted against the human genome database, which generated 100% alignment with 
the promoter region of p21. The samples were run and analysed by performing qPCR using the input samples 
for normalization. All samples were diluted five times and 3 μ l of these dilutions were used as template in qPCR 
reactions (total volume 15 μ l). The reactions were run on a CFX96 Real-Time PCR Detection System (Bio-Rad) 
under the following PCR conditions: 95 °C for 2 min, 40 cycles at 95 °C for 5 sec, and 60 °C for 30 sec. The results 
obtained were analysed using the CFX Manager Software (Bio-Rad). The cycle threshold (Ct) method using the 
2−ΔΔCt formula as described by Arya and colleagues67 was used to measure the fold changes in expression level in 
cPAF treated vs control samples of acetylated histone-H3 in the promoter region of p21.

Statistical Analysis. Each experiment was repeated at least three times. Statistical differences between 
the control and cPAF-treated samples were analysed using the Mann-Whitney U test or a One-way ANOVA. 
Significant differences were defined as p <  0.05.

References
1. Damiani, E. & Ullrich, S. E. Understanding the connection between platelet-activating factor, a UV-induced lipid mediator of 

inflammation, immune suppression and skin cancer. Prog Lipid Res 63, 14–27 (2016).
2. Travers, J. B., Berry, D., Yao, Y., Yi, Q. & Konger, R. L. Ultraviolet B radiation of human skin generates platelet-activating factor 

receptor agonists. Photochem Photobiol 86, 949–954 (2010).
3. Marathe, G. K. et al. Ultraviolet B Radiation Generates Platelet-activating Factor-like Phospholipids underlying Cutaneous Damage. 

J Biol Chem 280, 35448–35457 (2005).
4. Walterscheid, J. P., Ullrich, S. E. & Nghiem, D. X. Platelet-activating factor, a molecular sensor for cellular damage, activates systemic 

immune suppression. J Exp Med 195, 171–179 (2002).
5. Wolf, P. et al. Platelet-activating factor is crucial in psoralen and ultraviolet A-induced immune suppression, inflammation, and 

apoptosis. Am J Pathol 169, 795–805 (2006).
6. Zhang, Q. et al. UVB radiation-mediated inhibition of contact hypersensitivity reactions is dependent on the platelet-activating 

factor system. J Invest Dermatol 128, 1780–1787 (2008).
7. Sreevidya, C. S., Khaskhely, N. M., Fukunaga, A., Khaskina, P. & Ullrich, S. E. Inhibition of photocarcinogenesis by platelet-

activating factor or serotonin receptor antagonists. Cancer Res 68, 3978–3984 (2008).
8. Sreevidya, C. S. et al. Agents that reverse UV-Induced immune suppression and photocarcinogenesis affect DNA repair. J Invest 

Dermatol 130, 1428–1437 (2010).
9. Sahu, R. P. et al. The environmental stressor ultraviolet B radiation inhibits murine antitumor immunity through its ability to 

generate platelet-activating factor agonists. Carcinogenesis 33, 1360–1367 (2012).
10. Hart, P. H. et al. Dermal mast cells determine susceptibility to Ultraviolet B-induced systemic suppression of contact hypersensitivity 

responses in mice. J. Exp. Med. 187, 2045–2053 (1998).
11. Grimbaldeston, M. A. et al. Communications: high dermal mast cell prevalence is a predisposing factor for basal cell carcinoma in 

humans. J Invest Dermatol 115, 317–320 (2000).
12. Grimbaldeston, M. A. et al. Association between melanoma and dermal mast cell prevalence in sun-unexposed skin. Br J Dermatol 

150, 895–903 (2004).
13. Byrne, S. N., Limón-Flores, A. Y. & Ullrich, S. E. Mast cell migration from the skin to the draining lymph nodes upon ultraviolet 

irradiation represents a key step in the induction of immune suppression. J Immunol 180, 4648–4655 (2008).
14. Chacón-Salinas, R., Limón-Flores, A. Y., Chávez-Blanco, A. D., Gonzalez-Estrada, A. & Ullrich, S. E. Mast cell-derived IL-10 

suppresses germinal center formation by affecting T follicular helper cell function. J Immunol 186, 25–31 (2011).
15. Chacón-Salinas, R. et al. An essential role for platelet-activating factor in activating mast cell migration following ultraviolet 

irradiation. J Leukoc Biol 95, 139–148 (2014).
16. Sarchio, S. N. et al. Pharmacologically antagonizing the CXCR4-CXCL12 chemokine pathway with AMD3100 inhibits sunlight-

induced skin cancer. J Invest Dermatol 134, 1091–1100 (2014).
17. Damiani, E., Puebla-Osorio, N., Gorbea, E. & Ullrich, S. E. Platelet-Activating Factor Induces Epigenetic Modifications in Human 

Mast Cells. J Invest Dermatol 135, 3034–3040 (2015).
18. Brash, D. E. et al. A role for sunlight in skin cancer: UV-induced p53 mutations in squamous cell carcinoma. Proc. Natl. Acad. Sci. 

USA 88, 10124–10128 (1991).
19. Wang, Y. et al. Evidence of ultraviolet type mutations in xeroderma pigmentosum melanomas. Proc Natl Acad Sci USA 106, 

6279–6284 (2009).
20. Puebla-Osorio, N., Damiani, E., Bover, L. & Ullrich, S. E. Platelet-activating factor induces cell cycle arrest and disrupts the DNA 

damage response in mast cells. Cell Death Dis 6, e1745 (2015).

http://rsb.info.nih.gov/nih-image/


www.nature.com/scientificreports/

9SCIEnTIfIC REPORtS | 7:41959 | DOI: 10.1038/srep41959

21. Elledge, S. J., Winston, J. & Harper, J. W. A question of balance: the role of cyclin-kinase inhibitors in development and 
tumorigenesis. Trends Cell Biol 6, 388–392 (1996).

22. Brugarolas, J. et al. Radiation-induced cell cycle arrest compromised by p21 deficiency. Nature 377, 552–557 (1995).
23. Perucca, P. et al. Loss of p21 CDKN1A impairs entry to quiescence and activates a DNA damage response in normal fibroblasts 

induced to quiescence. Cell Cycle 8, 105–114 (2009).
24. Gartel, A. L. & Tyner, A. L. The role of the cyclin-dependent kinase inhibitor p21 in apoptosis. Mol Cancer Ther 1, 639–649 (2002).
25. Perkins, N. D. Not just a CDK inhibitor: regulation of transcription by p21(WAF1/CIP1/SDI1). Cell Cycle 1, 39–41 (2002).
26. Cazzalini, O., Scovassi, A. I., Savio, M., Stivala, L. A. & Prosperi, E. Multiple roles of the cell cycle inhibitor p21(CDKN1A) in the 

DNA damage response. Mutat Res 704, 12–20 (2010).
27. Starostina, N. G., Simpliciano, J. M., McGuirk, M. A. & Kipreos, E. T. CRL2(LRR-1) targets a CDK inhibitor for cell cycle control in 

C. elegans and actin-based motility regulation in human cells. Dev Cell 19, 753–764 (2010).
28. Roninson, I. B. Oncogenic functions of tumour suppressor p21(Waf1/Cip1/Sdi1): association with cell senescence and tumour-

promoting activities of stromal fibroblasts. Cancer Lett 179, 1–14 (2002).
29. Lee, S. J. et al. Interleukin-20 promotes migration of bladder cancer cells through extracellular signal-regulated kinase (ERK)-

mediated MMP-9 protein expression leading to nuclear factor (NF-kappaB) activation by inducing the up-regulation of p21(WAF1) 
protein expression. J Biol Chem 288, 5539–5552 (2013).

30. Kouzarides, T. Chromatin modifications and their function. Cell 128, 693–705 (2007).
31. Abbas, T. & Dutta, A. p21 in cancer: intricate networks and multiple activities. Nature reviews. Cancer 9, 400–414 (2009).
32. Jung, Y. S., Qian, Y. & Chen, X. Examination of the expanding pathways for the regulation of p21 expression and activity. Cell Signal 

22, 1003–1012 (2010).
33. Pei, Y. et al. Activation of the epidermal platelet-activating factor receptor results in cytokine and cyclooxygenase-2 biosynthesis. J 

Immunol 161, 1954–1961 (1998).
34. Marcu, M. G. et al. Curcumin is an inhibitor of p300 histone acetylatransferase. Med Chem 2, 169–174 (2006).
35. Pasqualucci, L. et al. Inactivating mutations of acetyltransferase genes in B-cell lymphoma. Nature 471, 189–195 (2011).
36. Roth, S. Y., Denu, J. M. & Allis, C. D. Histone acetyltransferases. Annu Rev Biochem 70, 81–120 (2001).
37. Thiagalingam, S. et al. Histone deacetylases: unique players in shaping the epigenetic histone code. Ann N Y Acad Sci 983, 84–100 

(2003).
38. Ocker, M. & Schneider-Stock, R. Histone deacetylase inhibitors: signalling towards p21cip1/waf1. Int J Biochem Cell Biol 39, 

1367–1374 (2007).
39. Richon, V. M., Sandhoff, T. W., Rifkind, R. A. & Marks, P. A. Histone deacetylase inhibitor selectively induces p21WAF1 expression 

and gene-associated histone acetylation. Proc Natl Acad Sci USA 97, 10014–10019 (2000).
40. Xiao, H., Hasegawa, T. & Isobe, K. p300 collaborates with Sp1 and Sp3 in p21(waf1/cip1) promoter activation induced by histone 

deacetylase inhibitor. J Biol Chem 275, 1371–1376 (2000).
41. Gartel, A. L. & Tyner, A. L. Transcriptional regulation of the p21((WAF1/CIP1)) gene. Exp Cell Res 246, 280–289 (1999).
42. Fang, J. Y. & Lu, Y. Y. Effects of histone acetylation and DNA methylation on p21( WAF1) regulation. World J Gastroenterol 8, 

400–405 (2002).
43. Owen, G. I., Richer, J. K., Tung, L., Takimoto, G. & Horwitz, K. B. Progesterone regulates transcription of the p21(WAF1) cyclin- 

dependent kinase inhibitor gene through Sp1 and CBP/p300. J Biol Chem 273, 10696–10701 (1998).
44. Varshochi, R. et al. ICI182,780 induces p21Waf1 gene transcription through releasing histone deacetylase 1 and estrogen receptor 

alpha from Sp1 sites to induce cell cycle arrest in MCF-7 breast cancer cell line. J Biol Chem 280, 3185–3196 (2005).
45. Stivala, L. A., Cazzalini, O. & Prosperi, E. The cyclin-dependent kinase inhibitor p21CDKN1A as a target of anti-cancer drugs. Curr 

Cancer Drug Targets 12, 85–96 (2012).
46. Gui, C. Y., Ngo, L., Xu, W. S., Richon, V. M. & Marks, P. A. Histone deacetylase (HDAC) inhibitor activation of p21WAF1 involves 

changes in promoter-associated proteins, including HDAC1. Proc Natl Acad Sci USA 101, 1241–1246 (2004).
47. Dancy, B. M. & Cole, P. A. Protein lysine acetylation by p300/CBP. Chem Rev 115, 2419–2452 (2015).
48. Vo, N. & Goodman, R. H. CREB-binding protein and p300 in transcriptional regulation. J Biol Chem 276, 13505–13508 (2001).
49. Karukurichi, K. R. et al. Analysis of p300/CBP histone acetyltransferase regulation using circular permutation and semisynthesis. J 

Am Chem Soc 132, 1222–1223 (2010).
50. Billon, N. et al. Cooperation of Sp1 and p300 in the induction of the CDK inhibitor p21WAF1/CIP1 during NGF-mediated neuronal 

differentiation. Oncogene 18, 2872–2882 (1999).
51. Datto, M. B., Hu, P. P., Kowalik, T. F., Yingling, J. & Wang, X. F. The viral oncoprotein E1A blocks transforming growth factor beta-

mediated induction of p21/WAF1/Cip1 and p15/INK4B. Mol Cell Biol 17, 2030–2037 (1997).
52. Puri, P. L. et al. p300 is required for MyoD-dependent cell cycle arrest and muscle-specific gene transcription. EMBO J 16, 369–383 

(1997).
53. Price, J. G. et al. CDKN1A regulates Langerhans cell survival and promotes Treg cell generation upon exposure to ionizing 

irradiation. Nat Immunol 16, 1060–1068 (2015).
54. Schwarz, A. et al. Prevention of UV radiation-induced immunosuppression by IL-12 is dependent on DNA repair. J Exp Med 201, 

173–179 (2005).
55. Schwarz, A. et al. Langerhans Cells Are Required for UVR-Induced Immunosuppression. J Invest Dermatol 130, 1419–1427 (2010).
56. Fukunaga, A., Khaskhely, N. M., Sreevidya, C. S., Byrne, S. N. & Ullrich, S. E. Dermal dendritic cells, and not Langerhans cells, play 

an essential role in inducing an immune response. J Immunol 180, 3057–3064 (2008).
57. Lehr, H. A. et al. Vitamin C blocks inflammatory platelet-activating factor mimetics created by cigarette smoking. J Clin Invest 99, 

2358–2364 (1997).
58. Pitton, C. et al. Presence of PAF-acether in human breast carcinoma: relation to axillary lymph node metastasis. J Natl Cancer Inst 

81, 1298–1302 (1989).
59. Stafforini, D. M., Prescott, S. M., Zimmerman, G. A. & McIntyre, T. M. Mammalian platelet-activating factor acetylhydrolases. 

Biochim Biophys Acta 1301, 161–173 (1996).
60. Lorant, D. E. et al. Coexpression of GMP-140 and PAF by endothelium stimulated by histamine or thrombin: a juxtacrine system for 

adhesion and activation of neutrophils. J Cell Biol 115, 223–234 (1991).
61. Snyder, F. Platelet-activating factor and its analogs: metabolic pathways and related intracellular processes. Biochim Biophys Acta 

1254, 231–249 (1995).
62. Stafforini, D. M., McIntyre, T. M., Zimmerman, G. A. & Prescott, S. M. Platelet-activating factor, a pleiotrophic mediator of 

physiological and pathological processes. Crit Rev Clin Lab Sci 40, 643–672 (2003).
63. Butterfield, J. H., Weiler, D. A., Hunt, L. W., Wynn, S. R. & Roche, P. C. Purification of tryptase from a human mast cell line. J Leukoc 

Biol 47, 409–419 (1990).
64. Ran, F. A. et al. Genome engineering using the CRISPR-Cas9 system. Nat Protoc 8, 2281–2308 (2013).
65. Pasqualucci, L. et al. Analysis of the coding genome of diffuse large B-cell lymphoma. Nat Genet 43, 830–837 (2011).
66. Waby, J. S. et al. Sp1 acetylation is associated with loss of DNA binding at promoters associated with cell cycle arrest and cell death 

in a colon cell line. Mol Cancer 9, 275 (2010).
67. Arya, M. et al. Basic principles of real-time quantitative PCR. Expert Rev Mol Diagn 5, 209–219 (2005).



www.nature.com/scientificreports/

1 0SCIEnTIfIC REPORtS | 7:41959 | DOI: 10.1038/srep41959

Acknowledgements
This work was supported by a grant from the National Cancer Institute (CA 131207) and funds from the Dallas/
Fort Worth “Living Legends” endowment from the UT MD Anderson Cancer Center (SEU). This study was 
also funded in part by the Flow Cytometry and Sequencing Core Facilities supported by The University of 
Texas MD Anderson Cancer Center Support Grant from National Institutes of Health (P30 CA016672) and by 
generous philanthropic contributions to the University of Texas MD Anderson Moon Shots Program (SSN). The 
Characterized Cell Line Core at the MD Anderson Cancer Center was supported in part by a core grant from the 
NCI (CA16672).

Author Contributions
E.D., N.P.-O. and S.E.U. conceived the study and jointly designed the experiments; E.D., N.P.-O., B.M.L., and 
J.L. performed the experiments and E.D., N.P.-O. and S.S.N. analyzed the data; E.D. wrote the initial draft of the 
manuscript; S.S.N. supervised N.P.O., B.M.L. and J.L.; E.D., N.P.-O. and S.E.U. made manuscript revisions.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Damiani, E. et al. Platelet activating factor-induced expression of p21 is correlated with 
histone acetylation. Sci. Rep. 7, 41959; doi: 10.1038/srep41959 (2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Platelet activating factor-induced expression of p21 is correlated with histone acetylation
	Introduction
	Results
	PAF activates p21 in mast cells via an epigenetic mechanism
	PAF activates acetylation
	PAF-induced acetylation of the p21 promoter

	Discussion
	Materials and Methods
	Reagents
	Cell culture
	Immunoblotting
	Targeted Deletion of the CBP HAT Domain

	ChIP and qPCR analysis
	Statistical Analysis

	Additional Information
	Acknowledgements
	References




