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Abstract

Shedding, loss of expression, or internalization of natural killer group 2, member D (NKG2D) 

ligands from the tumor cell surface leads to immune evasion, which is associated with poor 

prognosis in patients with cancer. In many cancers, matrix metalloproteinases cause the proteolytic 

shedding of NKG2D ligands. However, it remained unclear how to protect NKG2D ligands 

from shedding. Here, we showed that the shedding of the mouse NKG2D ligand Rae-1 can be 

prevented by two critical acetyltransferases, GCN5 and PCAF, which acetylate the lysine residues 

of Rae-1 to avoid shedding both in vitro and in vivo. In contrast, mutations at lysines 80 and 87 

of Rae-1 abrogated this acetylation and thereby desensitized tumor cells to NKG2D-dependent 

immune surveillance. Notably, the protein levels of GCN5 correlated with the expression levels 

of the human NKG2D ligand ULPB1 in a human tumor tissue microarray and, more importantly, 

with prolonged overall survival in many cancers. Our results suggest that the acetylation of 

Rae-1 protein at lysines 80 and 87 by GCN5 and PCAF protects Rae-1 from shedding so as to 

activate NKG2D-dependent immune surveillance. This discovery may shed light on new targets 

for NKG2D immunotherapy in cancer treatment.
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Introduction

One hallmark of cancer is immune evasion, in which tumor cells modulate the display 

of cell surface proteins, such as natural killer group 2, member D (NKG2D) ligands, to 

escape from immune surveillance. During tumor progression, loss of NKG2D ligands from 

tumor cell surfaces by proteolytic shedding [1, 2], degradation [3], or exosome secretion [4] 

disables NKG2D-mediated immune surveillance against tumor cells and is often associated 
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with poor prognosis [5]. The shed soluble NKG2D ligands in patients’ sera interfere with 

the antitumor immune response by downregulating the NKG2D receptor, resulting in tumor 

progression and reduced overall survival [6].

Histone acetyltransferases covalently modify histone tails to regulate gene transcription and 

non-histone proteins to regulate cellular signaling and functions [7]. A number of studies 

have revealed that inhibition of histone deacetylases (HDACs) upregulates expression 

of the NKG2D ligands MICA and MICB, thereby sensitizing tumor cells to immune 

cell attack [8]; these studies suggest that NKG2D ligands could be regulated through 

mechanisms mediated by histone acetyltransferases. The histone acetyltransferases GCN5 

(Kat2a) and PCAF (Kat2b), also known as lysine acetyltransferases (KATs) [9], bring acetyl 

groups to lysines on both histones and non-histone proteins, affecting gene transcription 

and expression. An alternative way to affect protein stability is to directly acetylate the 

target protein via a posttranslational mechanism. Acetylation, as an “unconventional” 

posttranslational modification, has gained increasing interest for its roles in regulating 

inflammation and immunity [10–13]. In particular, lysine acetylation is conserved among 

species and plays essential roles in the regulation of enzymes for cellular processes and 

protein regulation [14–18]. p53, one of the most important tumor suppressors, was found to 

be acetylated via p300/CBP upon DNA damage [19] to increase protein stability and activity 

[7, 20]. A number of other proteins, including sterol regulatory element-binding proteins 

[21], Smad7 [22, 23], HNF [24], AIRE [25], GCPII [26], P27 (Kip1) [27], Cdt1 [28], and 

beta-catenin [29] in eukaryotes, as well as RNase R [30] in bacteria, can also be acetylated 

to enhance protein stability.

We previously reported that restoration of the NKG2D ligand Rae-1 on the tumor cell 

surface was associated with the acetyltransferase function of GCN5 and PCAF [31], but 

the underlying mechanism remained unknown. The present study revealed that the KATs 

GCN5 and PCAF do not regulate the transcription of Rae-1. Instead, they directly acetylate 

Rae-1 at lysine (K) 80 and K87, which protect Rae-1 from matrix metalloproteinase (MMP)-

mediated shedding from the tumor cell surface. Furthermore, we found that overexpression 

of GCN5 and PCAF in solid tumors in vivo boosted immune surveillance and the associated 

NKG2D-dependent tumor cell death.

Materials and Methods

Animal studies

BLAB/c mice (6–8 weeks old) were purchased from Jackson Laboratory (Bar Harbor, ME). 

A total of 1 × 105 K7M3 tumor cells in 15 µL of phosphate-buffered saline (PBS) was 

inoculated into BALB/c mice via intraosseous injection. The mouse care and handling 

procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of 

The University of Texas MD Anderson Cancer Center.

Cell lines

The cancer cell lines CT26 (mouse colon adenocarcinoma) and LLC (mouse lewis lung 

carcinoma) and HEK 293T/17 (human embryonic kidney) cell lines were obtained from 
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ATCC (Rockville, MD). The K7M3 (mouse osteosarcoma) cell line was provided by Dr. 

Eugenie S. Kleinerman’s laboratory (MD Anderson Cancer Center). All cell lines were 

grown in Dulbecco’s modified Eagle medium (Mediatech, Manassas, VA) supplemented 

with glutamine and heat-inactivated 10% fetal bovine serum (Life Technologies, Grand 

Island, NY) and 10 U/mL each of penicillin and streptomycin (Life Technologies). All cell 

lines were characterized and tested for Mycoplasma contamination by the Cytogenetics and 

Cell Authentication Core Facility at MD Anderson Cancer Center.

Flow cytometry analysis

Cells were incubated with primary and secondary antibodies for 30 minutes at 4 °C. The 

stained cells were analyzed on an Attune acoustic focusing cytometer (Applied Biosystems, 

Carlsbad, CA). Data were analyzed with Attune software (Applied Biosystems) or FlowJo 

software (BD Biosciences, San Jose, CA).

Immunoblotting assays

Frozen tissue samples were smashed and then homogenized in 0.4 mL of ice-cold lysis 

buffer with 5 to 8 silicone beads using a Mini-Beadbeater (BioSpec Products, Bartlesville, 

OK). The protein extract was separated from tissue residues by centrifugation at the 

maximum speed for 20 minutes at 4 °C. Sixty micrograms of total protein was separated 

by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to 

nitrocellulose membranes by using the iBlot gel transfer device (Invitrogen, Grand Island, 

NY). The membranes were blotted with primary and secondary antibodies to detect the 

proteins of interest.

Immunohistochemistry and immunofluorescence staining

Frozen tumor sections were sequentially fixed with cold acetone, acetone plus chloroform 

(1:1), and acetone. Tissue sections were blocked with blocking buffer (5% normal horse 

serum and 1% normal goat serum in PBS) and then incubated with a primary antibody 

overnight at 4 °C. The next day, the tissues were incubated with a secondary antibody for 1 

hour at room temperature. Nuclei were counterstained with hematoxylin (Sigma-Aldrich, St. 

Louis, MO).

DNA transfection

HEK 293T/17 cells (1 × 106) were transfected with 2 μg of plasmid DNAs (Rae-1WT, 
Rae-1mut, Rae-1K80R, Rae-1K87R, GCN5 or PCAF) by using X-tremeGENE HP DNA 

transfection reagent (Roche Diagnostics, Indianapolis, IN).

Intratumoral delivery of GCN5 and PCAF DNA by electroporation

GCN5 and PCAF DNA (5 μg) was injected intratumorally into K7M3 tumor-bearing mice. 

Electroporation was then performed using the following parameters: 2 20-ms pulses of 150 

V cm−1 with a 100-ms interval between pulses.

Hu et al. Page 3

Cancer Lett. Author manuscript; available in PMC 2023 April 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CT26 cell lysates

To retrieve CT26 cell lysates, the culture medium was removed from CT26 cells, and 200 μL 

PBS per 106 cells was added. The cells were snap-frozen at −80 °C for 15 minutes and then 

thawed at room temperature. This freeze/thaw cycle was repeated 3 times. The mixture was 

collected and sonicated briefly before centrifugation at 16,300g at 4 °C to remove the cell 

debris. The cell lysates were added to cell culture medium at 1:5 dilution as needed.

RNA isolation and quantitative PCR

RNA was isolated from tumors with TRIzol reagent (Invitrogen, Carlsbad, CA). Real-time 

quantitative PCR was conducted as described previously [32]. GAPDH and TATA box-

binding protein (TBP) were used as reference genes.

Co-immunoprecipitation

Cells were washed with 1 mL of PBS and subjected to lysis in 0.5 mL of lysis buffer (20 

mM Tris, 150 mM NaCl, 1 mM EDTA, 1% NP-40 [pH 8.0]). Twenty-five microliters of 

protein A/G beads were incubated with 2 μg of the appropriate antibody for 4 hours at 4 °C 

and then added to 1 mg of cell or tissue lysates and incubated overnight at 4 °C. The beads 

were washed thrice in 1 mL of lysis buffer, spun down, and boiled in 2× sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis loading buffer. The Rae-1 antibody binds both 

Rae-1ε and Rae-1β proteins.

In vitro acetylation assay

HEK 293 cells were transiently transfected with wild-type Rae-1 (Rae-1WT) or mutated 

Rae-1 (Rae-1mut). Rae-1 was immunoprecipitated from 500 μg of cell lysates using an 

anti–Rae-1 antibody[33] plus protein G-agarose (Sigma) and washed in acetyltransferase 

assay buffer (50 mM Tris-Cl [pH 8], 10% glycerol, 10 mM butyric acid, 0.1 mM EDTA, 

1 mM DTT, 1 mM PMSF). Rae-1 precipitates from 50 μg of cell lysates in 50 μg of 

assay buffer were incubated with 10 µM acetyl coenzyme A (Sigma) and 500 ng PCAF 

(Sigma) plus GCN5 recombinant proteins (NOVUS Biologicals) for 45 minutes at 30 °C 

on a rotating platform, followed by incubation in sodium dodecyl sulfate-sample buffer and 

immunoblotting assays [34].

Cytotoxic T-lymphocyte assay

K7M3 or HEK 293 cells were labeled with 5 μM CellTracker Violet Dye (ThermoFisher) 

and incubated for 5 hours at 37 °C with murine splenocytes at effector-to-target ratios 

of 10:1, 25:1, and 50:1. After incubation, the cells were stained with propidium iodide 

(1 mg/mL; Sigma Aldrich). Live target cells were identified according to light-scatter 

parameters and propidium iodide negativity. Survival of the target cells was measured as 

the normalized percentage of target cells that remained after incubation with CD8+ T cells.

Enzyme-linked immunosorbent assay

The wells of high-binding 96-well plates were coated with anti-mouse Rae-1 polyclonal 

antibody (ThermoFisher) overnight at 4 °C, washed and blocked using an ELISA Deluxe 

Set (BioLegend). The supernatant collected from CT26Rae1 cells and positive and negative 
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controls were added to the antibody-coated wells for incubation for 2 hours at room 

temperature, followed by incubation with biotin-labeled anti–Rae-1 monoclonal antibody 

[33], avidin-horseradish peroxidase solution, and substrate solution from the ELISA Deluxe 

Set. The reaction was stopped after 20 minutes, and the absorbance was read at 450 nm.

cBioPortal for cancer genomics

KAT and NKG2D ligands gene expression data and survival data were obtained from The 

Cancer Genome Atlas (TCGA) portal (https://www.cbioportal.org/).

Statistical analysis

Continuous variables were analyzed by 2-sided Student t-test to compare 2 treatment groups 

or by 1-way analysis of variance to compare more than 2 treatment groups. Prism software 

(GraphPad Software, La Jolla, CA) was used for the analyses. We set a P value < 0.05 as the 

threshold to indicate statistical significance.

Antibody and chemical list

Antibody Source Cat#

Rae-1 ThermoFisher PA5–93166

GCN5L2 Cell Signaling Technology 3305

PCAF Cell Signaling Technology 3378

β-Actin Cell Signaling Technology 3700

Mouse NKG2D/CD314 R&D BAM1437

Acetylated-Lysine Cell Signaling Technology 9441

GAPDH Cell Signaling Technology 5174

Chemial Source Cat#

panobinostat Selleckchem LBH589

GM6001 Sigma CC10

SAHA Sigma SML0061

MS-275 Sigma EPS002

EX-527 Sigma E7034

cycloheximide Sigma C4859

anacardic acid Sigma A7236

Results

HDAC inhibitors stabilize Rae-1 protein on the tumor cell surface

NKG2D ligands are shed from tumor cells via proteolytic cleavage mediated by MMPs. 

These ligands are strikingly increased in the sera of patients with high-grade cancers [35]. 

Elevated levels of soluble NKG2D ligands could neutralize NKG2D function and in turn 

impair its antitumor cytotoxic function. We noticed that expression of the NKG2D ligand 

Rae-1 on the surface of Rae-1– overexpressing CT26 (mouse colon adenocarcinoma) cells 

was reduced during culture and that this reduction could be prevented by the MMP inhibitor 

GM6001 (Fig. 1A). Additionally, Rae-1 expression on the tumor cell surface was inversely 
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correlated with that in the cell culture supernatant determined via ELISA assay, implying 

that Rae-1 was shed from the tumor cell surface to the culture medium (Fig. 1B). The next 

question was how to restore Rae-1 expression to the tumor cells from which Rae-1 was 

shed. In a previous report, we demonstrated that induced expression of the acetyltransferases 

GCN5 and PCAF led to Rae-1 restoration on tumor cells [36]. In that vein, we treated K7M3 

(mouse osteosarcoma) and LLC (mouse Lewis lung carcinoma) tumor cells with 4 HDAC 

inhibitors (SAHA, MS-275, panobinostat, and EX-527) that abrogate different families of 

HDACs. In both cell lines, panobinostat most dramatically induced Rae-1 expression on the 

tumor cell surface (Fig. 1C).

To further establish whether panobinostat can prevent Rae-1 from shedding from tumor 

cells, we treated K7M3 and LLC tumor cells with the translation inhibitor cycloheximide, 

which dramatically reduced cell surface expression of Rae-1 as early as 30 minutes 

after treatment. In contrast, pretreatment with panobinostat not only upregulated Rae-1 

expression but also stabilized Rae-1 on the surface of tumor cell, suggesting that inhibition 

of histone or Rae-1 deacetylation protected Rae-1 from shedding (Fig. 1D, 1E). The 

panobinostat- or vehicle control-treated K7M3 cells were also exposed to stimulated 

splenocytes isolated from tumor-bearing mice, and panobinostat markedly enhanced the 

tumor cells’ susceptibility to NKG2D-dependent cytolytic activity (Fig. 1F).

KATs boost Rae-1 expression in vivo independently of transcriptional regulation

Although it is well established that HDAC inhibitors boost NKG2D ligand expression on 

tumor cells, rendering tumor cells more susceptible to NKG2D-dependent killing in vitro, 

it is difficult to duplicate this effect in vivo. We discovered the critical roles of the KATs 

GCN5 and PCAF in Rae-1 upregulation in tumors in vivo [31]. In the present study, instead 

of using HDAC inhibitors, we directly introduced GCN5 and PCAF into K7MC tumors 

in vivo via electroporation (Fig. 2). Overexpression of GCN5 and PCAF in tumors was 

confirmed via immunoblotting (Fig. 2A) and was associated with a significant increase of 

Rae-1 expression in tumors in vivo (Fig. 2B). Moreover, administration of GCN5 and PCAF 

recruited NKG2D+ immune cells to tumors, and this effect was completely abrogated by 

blocking NKG2D (Fig. 2C). These results revealed that GCN5 and PCAF could enhance 

NKG2D-mediated antitumor immunity by boosting Rae-1 expression in tumors.

As others have emphasized that HDAC inhibitors modify the histone tail to promote 

NKG2D ligand expression [8, 37], we tested the mRNA expression of Rae-1 in tumors 

after administration of DMSO or panobinostat. Surprisingly, the increase in Rae-1 mRNA 

expression was very small compared with the increase in protein expression (Fig. 2D). This 

discrepancy between Rae-1 transcription and protein upregulation led us to hypothesize that 

Rae-1 is stabilized through posttranslational acetylation.

Rae-1 protein is directly acetylated by GCN5 and PCAF

To determine whether Rae-1 undergoes acetylation by GCN5 and PCAF, K7M3 tumor cells 

were transiently transfected with GCN5 or PCAF plasmid DNA for 36 hours (Fig. 3A). 

Cell lysates from transfected cells were immunoprecipitated with an anti–Rae-1 antibody 

and immunoblotted with anti–acetyl-lysine (Fig. 3A). These results showed that levels of 
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acetylated Rae-1 were significantly increased upon GCN5 or PCAF transfection (Fig. 3A). 

To further validate whether GCN5 and PCAF acetylate Rae-1 under physical interaction 

in vitro, HEK 293 cells were transiently transfected with Rae-1, and transfection was 

confirmed via flow cytometry (Fig. 3B). Rae-1 was precipitated from cell lysates and used 

as a substrate of acetyltransferases GCN5 and PCAF in the presence of acetyl-coenzyme A, 

which provided an essential substrate for Rae-1 acetylation. Immunoblots showed that the 

yield of acetylated Rae-1 was not changed by GCN5 alone (Fig. 3B). Strikingly, however, 

the KAT domain of PCAF substantially increased levels of acetylated Rae-1, and GCN5 and 

PCAF synergistically enhanced Rae-1 acetylation (Fig. 3B).

We next reasoned that if acetylation of Rae-1 stabilizes Rae-1 on the tumor cell surface, 

acetylated Rae-1 should be resistant to proteolytic cleavage by MMPs. To test this 

hypothesis, we transfected HEK 293 cells that lacked MMPs with Rae-1 alone or with 

Rae-1, GCN5, and PCAF. The cells were then treated with vehicle control or MMPs (Fig. 

3C). As expected, tumor cells treated with MMPs shed unacetylated Rae-1 from their 

surfaces. However, co-expression of Rae-1 with GCN5 and PCAF prevented Rae-1 from 

cleaving from tumor cells (Fig. 3C). These results validated our hypothesis that acetylated 

Rae-1 is resistant to enzyme-mediated shedding.

Lysine 80 and lysine 87 are acetylation sites of Rae-1

The bioinformatics tools PAIL [38] (Table 1) and ASEB [39] (Table 2) both predicted 

K80 and K87 as highly likely acetylation sites of Rae-1. To further define the most 

critical lysine(s), lysine-to-arginine (R) mutants were generated to determine whether 

lysine mutation disables Rae-1 acetylation. In vitro acetylation assays were repeated by 

transfecting HEK 293 cells with control DNA, wild-type Rae-1 (Rae-1WT), or mutant 

Rae-1 (Rae-1mut) (Fig. 4A). In vitro Rae-1 acetylation assays showed that Rae-1K87R was 

acetylated at a lower level than was Rae-1WT. In striking contrast, Rae-1K80R almost 

completely impaired Rae-1 acetylation by GCN5 and PCAF (Fig. 4A). These results 

demonstrated that K80 and K87 are the target acetylation sites of GCN5 and PCAF. In 

theory, if K80 and K87 are the true acetylation sites, Rae-1K80RK87R should be susceptible 

to enzyme-mediated shedding. To test this hypothesis, HEK 293 cells were transfected with 

control DNA, Rae-1WT, Rae-1WT plus GCN5 and PCAF, or Rae-1mut plus GCN5 and 

PCAF. Because HEK 293 cells are MMP deficient, transfection of Rae-1WT or Rae-1mut 

for 36 hours yielded similar levels of Rae-1 expression on the cell surface (Fig. 4B). We 

next treated these HEK 293 cells with CT26 cell lysates, in which MMPs are abundant 

[40]. Without GCN5 and PCAF transfection, CT26 lysates dramatically reduced cell surface 

expression of Rae-1WT at 24 and 48 hours, but with the addition of GCN5 and PCAF, 

Rae-1WT was resistant to shedding, but Rae-1mut was susceptible to it (Fig. 4C).

Acetylation of Rae-1 at K80 and K87 stabilizes Rae-1 on the tumor cell surface

To further elucidate how Rae-1 acetylation at K80 and K87 is associated with Rae-1 

stability, we first confirmed that downregulation of cell surface Rae-1 was due to proteolytic 

cleavage by MMPs found in most tumors. HEK 293 cells were transiently transfected 

with Rae-1WT or Rae-1mut and cultured in a medium containing CT26 cell lysates for 24 

hours. Cell surface Rae-1 expression was dramatically decreased, but this downregulation 
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was rescued by treatment with the MMP inhibitor GM6001 or overexpression of GCN5 

and PCAF (Fig. 5A, 5B, 4C). These findings suggest that GCN5 and PCAF function in 

this context as an MMP inhibitor to impair proteolytic cleavage. Moreover, to demonstrate 

that the acetyltransferase activity of GCN5 and PCAF prevents Rae-1 shedding by MMPs, 

HEK 293 cells were transiently transfected with GCN5 and PCAF as well as Rae-1WT 

or Rae-1mut in CT26 lysate-containing medium and then treated with the acetyltransferase 

inhibitor anacardic acid. As acetyltransferase activity was ablated, GCN5 and PCAF lost 

their ability to prevent Rae-1 shedding (Fig. 5A, 5B), implying that they rescue Rae-1 from 

shedding via acetylation.

To analyze the acetylation status of Rae-1, Rae-1 was immunoprecipitated from the 

transfected cells shown in Fig. 5B and blotted with a lysine-acetyl antibody (Fig. 5C). Input 

blots showed the transfection of KATs. The levels of acetylated Rae-1WT were increased by 

overexpression of GCN5 and PCAF, whereas Rae-1mut showed only low basal acetylation 

levels, and anacardic acid totally abolished Rae-1 acetylation (Fig. 5C). Remarkably, levels 

of Rae-1 acetylation were correlated with cell surface expression of Rae-1 (Fig. 5B). These 

results suggested that acetylated Rae-1 is resistant to MMP-mediated proteolytic shedding 

and is stable on the cell surface.

We next aimed to determine the functional advantage of acetylated Rae-1 in terms of 

sensitizing tumor cells to immune cell attack—in other words, whether the acetylation 

of Rae-1 alters its interaction with NKG2D+ immune cells. To address this question, the 

transfected cells shown in Fig. 5A and 5B were labeled with a violet cell tracker dye. 

We showed in a previous report that stimulating CD28 signaling strongly induced NKG2D 

expression on CD8+ T cells [41]. Thus, the Rae-1 transfected cells were incubated with 

activated mouse splenocytes that highly expressed NKG2D at different ratios in CT26 cell 

lysate-containing medium for 6 hours, and the NKG2D-dependent cytolytic activity of the T 

cells was evaluated via flow cytometry (Fig. 5D). Strikingly, co-expression of Rae-1WT and 

GCN5/PCAF dramatically increased the cytolytic efficacy of T cells, whereas expression 

of Rae-1mut attenuated cell killing by cytotoxic lymphocytes, even in the presence of 

GCN5 and PCAF. In contrast, anacardic acid abolished Rae-1 acetylation, rendering tumor 

cells completely resistant to killing by NKG2D+ splenocytes. These results demonstrated 

that acetylated Rae-1 is fully functional in rendering tumor cells susceptible to NKG2D+ 

immune cell cytotoxicity.

High levels of KATs are associated with longer overall survival durations and higher 
expression of NKG2D ligands

In order to assess whether KATs might upregulate NKG2D ligands in human cancers and 

extend the survival of cancer patients, we compared the survival times of cancer patients 

with high versus low expression of KATs using data from The Cancer Genome Atlas 

database. Notably, we found that in patients with colorectal carcinoma, sarcoma, lung 

adenocarcinoma, or liver cancer, high expression of KATs in tumors was associated with 

significant extension of survival times (Fig. 6A). Nevertheless, the gene expression of KATs 

had no correlation with the mRNA transcription of human NKG2D ligands (Fig. 6B), which 

clearly showed that KATs had very little effect on the epigenetic transcriptional upregulation 
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of NKG2D ligands in tumors in vivo, even though this effect was very common in vitro. We 

further assessed the correlation between the protein levels of KATs and NKG2D ligands in 

human tumors by analyzing expression of GCN5 and the human NKG2D ligand ULBP1 by 

using immunohistochemical staining of tissue microarrays from patients with liver cancer. 

Notably, high protein levels of GCN5 were strongly correlated with expression of ULBP1 in 

liver cancers at various stages (Fig. 6C), showing that KATs play a critical role in stabilizing 

NKG2D ligands in human cancers.

Discussion

A number of studies have reported that NKG2D-dependent antitumor immune surveillance 

effectively eradicates tumor cells at an early stage of tumor development, but as tumors 

progress, tumor cells tend to evade immune surveillance by shedding NKG2D ligands 

and releasing soluble products into the serum [42, 43]. These soluble NKG2D ligands 

not only compromise NKG2D receptor functions on natural killer and effector T cells but 

also stimulate the expansion of myeloid-derived suppressor cells to augment suppressive 

immunity. As a result, elevated levels of soluble NKG2D ligands in the serum serve as an 

indicator of poor prognosis and reduced overall survival in patients with early- and late-stage 

melanoma [6] and with early-stage breast cancer [44], colorectal cancer, prostate cancer, 

hepatocellular carcinoma, and neuroblastoma [44–46]. In this study, we demonstrated that 

posttranslational acetylation of NKG2D ligands obstructs proteolytic shedding and therefore 

stabilizes the expression of NKG2D ligands on the tumor cell surface.

The expression of NKG2D ligands is regulated at transcriptional, posttranscriptional, and 

posttranslational levels. The most well-known mechanism is initiated by DNA damage, 

which stimulates ataxia-telangiectasia mutated (ATM) and ATM- and Rad3-related (ATR) 

protein kinases and a downstream kinase cascade to stabilize NKG2D ligand transcripts 

[47]. In addition, 90-kDa heat shock protein (HSP-90) promotes the transcription of NKG2D 

ligands MICA and MICB [48, 49], and the cell cycle regulator E2F regulates NKG2D ligand 

transcripts in coordination with stress responses [50]. During oncogenic transformation, 

NKG2D ligands are induced via a c-myc–dependent mechanism [51], whereas viral 

infection triggers PI3K-dependent NKG2D ligand upregulation [52]. Additionally, MICA 

and MICB can be regulated by microRNAs and the EGF receptor pathway at the 

posttranscriptional level [53–55]. The posttranslational regulation of NKG2D ligands has 

not been fully characterized, although one study showed that the murine NKG2D ligand 

Mult1 is expressed in normal cells but absent on the cell surface of cancer cells owing to 

ubiquitination-dependent degradation [56].

Our data for the first time established that acetylation of the NKG2D ligand Rae-1 protects 

the protein from proteolytic shedding and subsequently stabilizes Rae-1 expression on tumor 

cell surfaces. It is noteworthy that posttranslational acetylation functions as a double-edged 

sword: while it promotes protein activity in certain cases [57–60], it can also suppress 

proteins through degradation and deactivation [61, 62]. In our case, both the HDAC inhibitor 

panobinostat and the KATs GCN5 and PCAF sensitized tumor cells to NKG2D-dependent 

killing by cytotoxic T lymphocytes. Additionally, overexpression of GCN5 and PCAF 

elevated NKG2D ligand expression in tumors in vivo, resulting in NKG2D+ immune 
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cell accumulation in tumors. These results support our conclusion that posttranslational 

acetylation of Rae-1 not only stabilizes the protein but also, and more importantly, enhances 

the effector function of immune surveillance ligands in rendering tumor cells more “visible” 

to antitumor immunity.

The acetylation sites of Rae-1 were identified using bioinformatics tools and then validated 

by lysine-to-arginine dominant-negative mutations. Rae-1K80R and Rae-1K87R disabled 

Rae-1 acetylation in vitro and in vivo, thereby allowing MMP-mediated proteolytic shedding 

and downregulating Rae-1 expression on the tumor cell surface. It has been suggested that 

posttranslational modifications, phosphorylation and acetylation for instance, may prevent 

enzyme-induced proteolytic cleavage of proteins to modulate their biological functions. Hu 

et al. [63], for example, discovered that phosphorylation of acinus by Akt rendered cells 

resistant to apoptotic cleavage and served as the mechanism by which the Akt pathway 

regulates cell survival. Similarly, acetylation of lysine residues of APE1 in tumors reduced 

proteolysis and maintained the essential role of this protein in tumor cell proliferation [64]. 

Our data, similarly, suggested that acetylation of Rae-1 at K80 and K87 might block the 

target amino acids that induce proteolytic shedding to prevent Rae-1 shedding.

In normal cells, acetyltransferases localize in the nucleus. However, others have reported 

that GCN5 accumulates in the cytoplasm of apoptotic and cancerous cells [65], where it 

functions as the acetyltransferase of the cytoplasmic marker tubulin [66]. Intriguingly, in 

our in vivo tumor model, overexpressed GCN5 localized either in the nucleus alone or in 

both the nucleus and cytoplasm, implying that cytoplasm-localized GCN5 could play a role 

as a posttranslational acetyltransferase of target proteins. The tumor cells in which GCN5 

localized mainly in the nucleus had lower levels of Rae-1 than did the tumor cells with both 

nuclear and cytoplasmic GCN5 (data not shown).

There has been increasing interest in studying the impact of posttranslational acetylation on 

cellular and biological functions. Our study clearly showed that instead of transcriptional 

induction of NKG2D ligands, which is always difficult to achieve in vivo, therapeutics that 

enable the posttranslational acetylation of NKG2D ligand Rae-1 on K80 and K87 to avoid 

proteolytic shedding may enhance the protein’s stability on the tumor cell surface in vivo. 

By these means, tumor cells could be marked with stabilized NKG2D ligands; along with 

our previously reported strategy to enhance NKG2D receptor expression on T cells [41, 67], 

this could activate persistent NKG2D antitumor cytotoxicity to eliminate tumors in vivo.
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Figure 1. Histone deacetylase inhibitors stabilize Rae-1 expression on tumor cells.
(A) CT26Rae1 cells at passage 10 were treated with DMSO or the MMP inhibitor GM6001 

(10 μM) for 24 hours. Rae-1 expression on the surface of CT26Rae1 cells at passage 1 and 

passage 10 was determined using flow cytometry. (B) Soluble Rae-1 in the cell culture 

supernatant of CT26Rae1 cells at different passages was determined using ELISA. The 

frequency of cell surface Rae-1 on CT26Rae1 cells at different passages was determined 

using flow cytometry. Correlation of cell surface Rae-1 (%) and soluble Rae-1 (OD) was 

determined by the Pearson’s product moment test. (C) K7M3 and LLC cells were treated 

with DMSO, MS-275 (5 μM), SAHA (5 μM), EX-527 (5 μM), or panobinostat (100 nM) for 

24 hours, and Rae-1 levels were measured using flow cytometry. Bar graphs show the mean 

fluorescence intensity (MFI) of Rae-1. (D, E) K7M3 (D) and LLC (E) cells were pretreated 

with DMSO or panobinostat (100 nM) for 1 hour and then treated with cycloheximide 

(CHX; 1 μg/mL) for 30 minutes or 1, 2, or 3 hours. Rae-1 expression was determined using 
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flow cytometry. Bar graphs show the MFI of Rae-1 on the cell surface. (F) Cytolytic killing 

activity of splenocytes that were stimulated with CD3/CD28 antibodies against K7M3 cells 

treated with DMSO or panobinostat (100 nM) in the presence or absence of an anti-NKG2D 

blocking antibody at the indicated ratios for 5 hours. *P < 0.05; **P < 0.01; ***P < 0.001; 

****P < 0.0001; NS, not significant.
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Figure 2. Lysine acetyltransferases boost in vivo Rae-1 expression independently of 
transcriptional regulation.
K7M3 orthotopic tumors were established in Balb/c mice (N = 3) and treated with control 

IgG or anti-NKG2D blocking antibody (250 μg/mouse) twice weekly. Fourteen days after 

tumor inoculation, GCN5 and PCAF DNA was administered intratumorally, followed by 

electroporation. Four days later, tumors were harvested for assays. (A) Immunoblotting 

of K7M3 tumor lysates to detect Rae-1, GCN5, PCAF, and loading control. (B) Rae-1 

expression on tumor cell surfaces was determined using flow cytometry. Bar graphs 

show the percentage of Rae-1–positive cells. (C) Immunofluorescence staining of NKG2D 

receptor on tumor sections. Scale bar, 50 μm. (D) K7M3 and LLC cells were treated with 

DMSO or panobinostat (100 nM) for 24 hours. Rae-1 mRNA level was determined using 

qPCR. Bar graphs show Rae-1 transcription relative to DMSO-treated cells. ***P < 0.001.
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Figure 3. Rae-1 protein is directly acetylated by GCN5 and PCAF.
(A) K7M3 cells were transfected with control, GCN5, or PCAF DNA for 36 hours. Rae-1 

acetylation was determined using co-immunoprecipitation assays. (B) HEK 293 cells were 

transfected with Rae-1 DNA for 36 hours, and Rae-1 expression was confirmed with flow 

cytometry. Rae-1 acetylation was validated using an in vitro acetylation assay. (C) HEK 

293 cells were transfected with Rae-1 DNA alone or co-transfected with Rae-1 plus GCN5 
and PCAF DNA. After 36 hours, cells were co-cultured with MMP2, MMP3, or MMP9 

recombinant protein (10 ng/mL) for 24 hours. Rae-1 expression was determined using flow 

cytometry. Bar graphs show the MFI of Rae-1 on K7M3 cells. ****P < 0.0001.
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Figure 4. Rae-1 can be acetylated at lysine 80 and lysine 87.
(A) HEK 293 cells were transiently transfected with Rae-1WT, Rae-1K87R, or Rae-1K80R 

DNA. Rae-1 acetylation was determined by in vitro acetylation assay followed by 

immunoblotting. (B) HEK 293 cells were transiently transfected with control, Rae-1WT, 

Rae-1WT plus GCN5 and PCAF, or Rae-1K87RK80R plus GCN5 and PCAF DNAs. Flow 

cytometry was used to determine Rae-1 levels on the cell surface. Bar graph shows MFI 

of Rae-1 on HEK 293 cells. (C) HEK 293 cells from (A-B) were cultured in regular 

cell culture medium or a medium containing CT26 cell lysates for 24 or 48 hours. Rae-1 

levels were determined using flow cytometry. Bar graphs show the normalized frequency of 

Rae-1–expressing cells relative to Rae-1WT–transfected cells at 24 hours. **P < 0.01; ****P 
< 0.0001; n.s., not significant.
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Figure 5. Acetylation of Rae-1 at K80 and K87 protects the protein from shedding induced by 
MMPs.
HEK 293 cells were transiently transfected as described in Fig. 4B. (A) The transfected 

HEK 293 cells were treated with DMSO, GM6001 (10 μM), or anacardic acid (ANAC) 

(5 μM) in regular cell culture medium or medium containing CT26 cell lysates for 24 

hours. Rae-1 levels were determined using flow cytometry. Bar graphs show the normalized 

frequency of Rae-1–expressing cells relative to Rae-1WT -transfected cells in regular cell 

culture medium. (B) Transfected cells were cultured in medium containing CT26 cell lysates 

in the presence or absence of ANAC (5 μM) for 24 hours. Rae-1 levels were determined 

using flow cytometry. Bar graphs show the MFI of Rae-1 expression on the cell surface. 

(C) Co-immunoprecipitation assay to determine Rae-1WT and Rae-1K87RK80R acetylation 

in the presence or absence of ANAC. (D) Cytolytic activity of stimulated splenocytes 

against Rae-1WT- or Rae-1K87RK80R-transfected HEK 293 cells at the indicated ratios in 

the presence or absence of ANAC. *P < 0.05; ***P < 0.001; ****P < 0.0001; n.s., not 

significant.
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Figure 6. High levels of lysine acetyltransferases (KATs) are associated with longer overall 
survival durations in human cancer patients and correlated with higher protein expression of the 
human NKG2D ligands.
(A) Kaplan-Meier curves showing the overall survival durations of patients with colorectal 

carcinoma, sarcoma, lung adenocarcinoma, and liver cancer stratified by KAT gene 

expression levels (www.cbioportal.org). The 25% of patients with the highest KAT levels 

were classified into the KAT-high group, and the 25% of patients with the lowest KAT 
levels were classified into the KAT-low group. (B) Correlation of KATs and NKG2D ligand 
expression (mRNA) in human cancer patient data obtained from TCGA. (C) Correlation of 

GCN5 and ULBP1 protein levels in human liver cancer tissues. An array of human liver 

cancer tissues of different stages was subjected to immunohistochemical staining for GCN5 

and ULBP1. The dot graph represents the intensity (mean ± SEM) of GCN5 and ULBP1 

staining.
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