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PRL-3 Mediates the Protein Maturation of ULBP2 by
Regulating the Tyrosine Phosphorylation of HSP60

Wai-Hang Leung,*' Queenie P. Vong,*' Wenwei Lin,” David Bouck,” Susanne Wendt,*
Erin Sullivan,* Ying Li,* Rafijul Bari,* Taosheng Chen,” and Wing Leung*"*

Many malignant cells release the NKG2D ligand ULBP2 from their cell surface to evade immunosurveillance by NK cells and CD8
T cells. Although the shedding mechanism remains unclear, various inhibitors of matrix metalloproteinases have been shown to
efficiently block the release of soluble ULBP2. The clinical use of these inhibitors, however, is limited because of adverse side effects.
Using high-throughput screening technique, we identified a specific inhibitor of phosphatase of regenerating liver 3 (PRL-3) that
could reduce the level of soluble ULBP2 in the culture supernatant of various cancer cell lines. Inhibition or gene knockdown of
PRL-3 did not reduce ULBP2 shedding, but rather suppressed posttranslational maturation of ULBP2, resulting in intracellular
retention of immature ULBP2. We then found that ULBP2 was constitutively associated with heat shock protein HSP60. Complete
maturation of ULBP2 required tyrosine phosphorylation of HSP60 which was mediated by PRL-3. The Journal of Inmunology,

2015, 194: 2930-2941.

cells and T cells recognizes the members of two ligand

families: MHC class I chain-related molecules (MIC)A
and MICB and ULBP1-6. These NKG2D ligands (NKG2DLs) are
self-proteins having restricted expression on normal tissues. Their
expression, however, is upregulated in situations of stress and
disease, such as pathogen infection or tumor transformation
(1). The interaction between NKG2D and NKG2DLs triggers
NK cell cytokine secretion and degranulation, which induce
apoptosis of target cells. Many reports have suggested that the
expression level of NKG2DLs on tumor cells directly correlates with
tumor susceptibility to NK cytolysis (2) and with cancer patient
survival rate (3).

Members from the two NKG2DL families vary considerably in
protein structure. For example, MICA, MICB, ULBP4, and ULBP5
possess a transmembrane domain, whereas ULBP1, 2, 3, and 6 are
GPI-anchored proteins (4). Despite these variations, the topogra-
phy of different ligands with NKG2D, and also their efficacy
of triggering NK cytolysis, is similar (5, 6). The reason for the

T he activating receptor NKG2D expressed on human NK
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existence of multiple distinct NKG2DLs for a single receptor
remains unclear. It has been suggested that the expression of
multiple NKG2DLs on target cells may ensure efficient recogni-
tion by NK cells to avoid immune escape (7). This hypothesis is
supported by the observations that different forms of stress or
stimulation upregulate different NKG2DLs (1).

Gene transcription, microRNA regulation, and proteolytic
cleavage from the cell membrane are some mechanisms that can
regulate NKG2DL expression on tumor cells (1). Transcription of
MICA and MICB has been shown to be inducible by heat shock,
oxidative stress, or cell proliferation (8-10), whereas ULBP1-3
expression may be suppressed by histone deacetylase 3 in epi-
thelial tumor cells (11). Furthermore, activation of the ataxia
telangiectasia-mutated/ataxia telangiectasia-mutated and Rad3-
related kinase-mediated DNA damage response has been shown to
upregulate the expression of NKG2DLs in various tumor cell
types (12, 13). Recently, multiple microRNAs were found to be
able to downregulate the mRNA level of MICA, MICB, and
ULBP2 by targeting their 3’-untranslated regions (14-16). In ad-
dition to mRNA regulation, the protein level of NKG2DLs on cell
surface can be regulated by shedding mediated through metal-
loproteinases (17-19). For example, the membrane-bound ULBP2
can be proteolytically released from cancer cell lines such as
HCT116 (colon cancer), HL60, and Jurkat (leukemia) cells, and
the protein shedding is reducible by matrix metalloprotease
(MMP) inhibitors (19). Several studies revealed a direct correla-
tion between the patient serum level of soluble ULBP2 and the
prognosis of cancer (2, 20). Various metalloproteinase inhibitors
have been identified to block the release of NKG2DLs from
tumor cells (18, 19). However, clinical trials with these broad-
spectrum inhibitors only had limited success because of severe
side effects related to musculoskeletal pain and inflammation
(21, 22).

To investigate whether the release of soluble ULBP2 can be
blocked by other protease inhibitors that possess less toxicity, we
established a high-throughput screening system using a protease
inhibitor library. We screened simultaneously a phosphatase
inhibitor library because the activity of many proteases is de-
pendent on their phosphorylation status (23). A specific phos-
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phatase inhibitor targeting the phosphatase of regenerating liver
3 (PRL-3), PRL-3 inhibitor I (PRL3-I), was identified by the
high-throughput screening. PRL-3, also known as protein ty-
rosine phosphatase 4A3, is a metastasis-associated phosphatase
that plays essential roles in cancer progression and metastasis
(24-26). The expression of PRL-3 is restricted to normal skel-
etal muscle, pancreas, fetal heart, developing blood vessels, and
pre-erythrocytes, but is highly upregulated in malignant tissues, par-
ticularly in later stages during tumor progression. Inhibition of PRL-3
can block the migration and invasion of metastatic cancer cells both in
vitro and in vivo (27, 28). Curcumin, a natural compound that reduces
the expression of PRL-3, has been shown to be safe and exhibit
therapeutic efficacy in patients with progressive advanced cancers in
phase I and II clinical trials (28), highlighting the potential of PRL-3—
targeting therapy in cancer treatment. We, therefore, studied the bi-
ologic mechanisms of PRL-3 regulation of ULBP2 levels.

Surprisingly, the reduction of ULBP2 release upon PRL3-I
treatment was not associated with an increase, but rather a de-
crease, in surface level of ULBP2 on cancer cells. We found that the
posttranslational maturation of ULBP2 protein, which involved the
formation of GPI anchor and complete glycosylation, was the key
determinant of its surface expression. ULBP2 was found to con-
stitutively interact with HSP60. PRL-3 regulated the tyrosine
phosphorylation of HSP60, which was essential for the maturation
of ULBP2. The present study revealed a novel posttranslational
regulatory mechanism in cancer cells for controlling the protein
maturation and surface expression of ULBP2.

Materials and Methods

Cell lines, Abs, and reagents

HCT116, CAL27, 293T, HT29, SW480, Hela, and DU145 cell lines were
obtained from American Type Culture Collection. The protease and
phosphatase inhibitor library were purchased from Enzo Life Sciences.
Mouse anti-ULBP1 (AUMO?2) (as primary Ab for flow cytometry) and anti-
ULBP2 (BUMOLI) (as capture Ab for ELISA) Ab were purchased from
BAMOMARB; mouse anti-ULBP2 (IgG2a, as detection Ab for ELISA),
allophycocyanin-conjugated mouse anti-ULBP?2 (for flow cytometry), goat
anti-ULBP2, and anti-ULBP1 (for Western blot) from R&D Systems;
allophycocyanin-conjugated anti-mouse IgG Ab (as secondary Ab for flow
cytometry) and HRP-conjugate goat anti-mouse IgG2a (as secondary Ab
for ELISA) from Jackson ImmunoResearch Laboratories; mouse anti-
tubulin (DM1A + DMI1B) and rabbit anti-HSP60 from Abcam; HRP-
conjugated anti-mouse and anti-rabbit secondary Ab, rabbit anti-CD73,
and rabbit anti-Na,K-ATPase from Cell Signaling; HRP-conjugated anti-
goat secondary Ab from Santa Cruz; HRP-conjugated anti-phos-
photyrosine Ab (4G10 Platinum) and MMP inhibitor IIT from EMD Mil-
lipore; mouse anti-Flag (clone M2) Ab, DMSO, PRL-3 inhibitor I, curcumin,
nonactin, staurosporine, and phosphatidylinositol-specific phospholipase C
(PI-PLC) from Sigma-Aldrich; Src I1 and GM 6001 from TOCRIS Biosci-
ence; tetramethylbenzidine ELISA substrate solution from eBioscience; and
Cell Titer-Glo luminescent cell viability assay from Promega.

Flow cytometry

Cell lines were stained with isotype control or allophycocyanin-conjugated
anti-ULBP2 for 20 min at 4°C. For ULBPI staining, cells were first in-
cubated with anti-ULBP1 and then with allophycocyanin-conjugated anti-
mouse IgG Ab. Cells were washed and analyzed on a C6 flow cytometer
(Accuri). Data were analyzed using FlowJo software (Tree Star).

ULBP2 ELISA

ULBP2 shed from cell surface to the culture supernatant was detected by
ELISA method, as described before (19). Briefly, 100 wl (triplicate) cul-
tured supernatant was added into a 96-well plate precoated with 1 pg/ml
mouse anti-ULBP2 (BUMOI) and incubated at 4°C overnight. The plate
was washed and then incubated with mouse anti-ULBP2 (IgG2a, 100 wl/
well at 1 pg/ml) for 1 h, followed by incubation with HRP-conjugated goat
anti-mouse IgG2a for 1 h at room temperature. Tetramethylbenzidine
substrate was added, and the plate was read using Victor® plate reader
(Perkin Elmer).
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Quantitative real-time PCR assay

Total RNA was extracted from DMSO- or PRL3-I-treated (40 wM) tumor
cells by using the RNA Clean & Concentrator (Zymo Research). cDNA
was generated by using the SuperScript VILO ¢cDNA Synthesis kit (Life
Technologies) and diluted 10-fold for analysis using the 7900HT Fast Real-
Time PCR System (Applied Biosystems). The data were calculated as the
cycle threshold of target genes normalized to the cycle threshold of GAPDH
of each sample. Primer sequences of the target genes are as follows: ULBP2
forward, 5'-AAATGTCACAACGGCCTG-3'; ULBP2 reverse, 5'-TGAG-
GGGTTCCTTGGG-3'; GAPDH forward, 5'-ATGGGGAAGGTGAAGG-
TCG-3'; GAPDH reverse, 5'-GGGGTCATTGATGGCAACAATA-3'".

Cytotoxicity assay

NK cells were isolated from health donors by autoMACS Pro Seperator using
NK cell isolation kit (Miltenyi Biotec) and cultured overnight with 10 U/ml
IL-2 (eBioscience). Cell lines treated for 18 h with DMSO or PRL3-I
(40 wM) were subjected to BATDA release assays (Perkin Elmer), accord-
ing to the manufacturer’s instructions. The results were calculated as follows:

Experimental release — Spontaneous release

- X 100
Maximum release — Spontaneous release

% specific lysis =

Immunoprecipitation

Total cell lysates from ~1 X 107 cells (lysed in cell lysis buffer: 50 mM Tris
[pH 8.0], 10 mM EDTA, 125 mM NaCl, 1% Triton X-100, proteinase in-
hibitor mixture [Thermo Scientific] for 10 min at 4°C) were incubated with
1 ng Ab (anti-ULBP2, anti-HSP60, anti-phosphotyrosine, or anti-Flag) for
2 h at 4°C, followed by 1-h incubation with 20 pl protein G microbeads
(Miltenyi Biotec). Target proteins were separated by MultiMACS M sep-
arator (Miltenyi Biotec), according to the manufacturer’s instructions.

Western blot analysis

Protein samples prepared in NuPAGE lithium dodecyl sulfate sample buffer
(Life Technologies) were run onto NuPAGE 4-12% Bis-Tris gels and then
transferred onto nitrocellulose membranes using the iBlot transfer system
(Life Technologies). After incubation with 5% nonfat milk in TBST (10 mM
Tris [pH 8.0], 150 mM NacCl, 0.5% Tween 20) for 15 min, the membranes
were incubated with Abs against ULBP2 (1:1000), HSP60 (1:2000), Flag-
tag (1:2000), phosphotyrosine (1:800), or tubulin (1:5000) at 4°C for 16 h.
Membranes were washed three times for 15 min and incubated with a 1:2500
dilution of HRP-conjugated anti-mouse, anti-goat, or anti-rabbit secondary
Abs for 1 h (except for phosphotyrosine detection because the Ab, 4G10,
has already been HRP conjugated). The membranes were washed with
TBST five times and developed with the Western Lightning Plus ECL
system (Perkin Elmer), according to the manufacturer’s instructions.

Endoglycosidase H, peptide-N-glycosidase F, and PI-PLC
digestion

A total of 20 pg total proteins from the PRL3-I-treated or untreated
HCT116-ULBP2 cell lysates was digested with 1500 U endoglycosidase H
(Endo H) or peptide-N-glycosidase F (PNGase F) (NEB) at 37°C for 2 h,
according to the manufacturer’s instruction. For experiments with PI-PLC
and PNGase F double digestion, cell lysates were first incubated with 0.2 U
PI-PLC at 37°C for 1 h before the addition of PNGase F. Digested samples
were subjected to Western blot analysis.

Pulse-chase experiment

HCT116-ULBP2 cells treated with DMSO or 40 uM PRL3-I for 18 h were
washed once with PBS and then starved in DMEM without methionine,
cysteine, and glutamine for 1 h at 37°C. A final concentration of 50 pM
L-azidohomoalanine (Life Technologies), 5 mM L-cysteine (Sigma-Aldrich),
and 1X GlutaMAX (Life Technologies) was added for 1-h additional in-
cubation. Cells were washed and replaced with complete DMEM supple-
mented with 10% FBS. Cell lysates were collected at different time points
for Click-it biotinylation, according to the manufacturer’s instructions.
Biotinylated proteins were isolated using streptavidin microbeads (Milte-
nyi Biotec) for Western blot analysis to detect the protein synthesis of
ULBP2.

Subcellular fractionation

Subcellular protein fractions (plasma membrane, organelle, and cytosol)
were separated using the Minute plasma membrane isolation kit (Invent
Biotechnologies), according to the manufacturer’s instructions.
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Lentiviral transduction

Lentiviral vector was cotransfected with the ViraPower lentiviral packaging
mix (Life Technologies) into 293T cells, according to the manufacturer’s
manual. The culture supernatant, which contained the lentiviral particles,
was collected 72 h posttransfection and concentrated by ultracentrifuga-
tion. Lentiviral titers were determined (based on GFP* cell detection by
flow cytometry 48 h after transduction) by transducing 293T cells with
serial dilutions of the concentrated lentiviral culture supernatant. Stable
lentiviral transduced HCT116 cell lines were established by culturing 1 X
10° cells with the concentrated lentiviral supernatant (multiplicity of in-
fection = 10) containing 8 pg/ml polybrene. Positive transduced cells were
isolated by GFP-based cell sorting 1 wk after transduction.

Small interfering RNA knockdown experiments

Small interfering RNA (siRNA)-targeting PRL-3 (D-006859-04), HSP60
(D-010600-02), and Src (D-003175-05) were purchased from ThermoFisher
Scientific. Negative knockdown control siRNA (4390843) was from Life
Technologies. For siRNA transfection, 2 X 10° cells were transfected with
60 pmol siRNA molecules using lipofectamine RNAIMAX (Life Tech-
nologies), according to the manufacturer’s instructions.

Confocal microscopy

A total of 2 X 10> HCT116-ULBP2 cells was seeded on glass slides and
treated with DMSO or PRL3-I (40 uM) for 18 h. Cells were fixed with 4%
paraformaldehyde and permeabilized by PBS containing 0.5% Triton
X-100 and then stained with anti-ULBP2 (clone 165903 from R&D Systems),
DAPI, and either anti-calnexin (clone C5C9 from Cell Signaling) or anti-
GM130 (ab31561 from Abcam). Cellular localization of ULBP2 was
analyzed by using the Nikon C2plus confocal microscope. Fluorescence
images were taken using 60X 1.45NA Plan Apo oil objective (pinhole
radius = 40 wm, 1 Airy unit) with the depth of the scanned images ~500
nm. Images were analyzed using NIS-Elements Advanced Research soft-
ware.

Triton X-114 partitioning experiment

DMSO- or PRL3-I (40 pM)-treated HCT116-ULBP2 cells were lysed in
2% Triton X-114 in TBS (prepared from the 10% Triton X-114 stock
solution from ThermoFisher Scientific). Extraction was performed by in-
cubating the cell lysate at 4°C for 1 h with occasional mixing. Insoluble
cell debris was removed by centrifugation at 10,000 X g at 4°C for 10 min.
Supernatant was collected and incubated at 37°C for 5 min (solution be-
came cloudy after the incubation), and phases were separated by centri-
fugation at 1,000 X g at 25°C for 10 min. The upper aqueous phase and the
lower detergent phase were analyzed by Western blotting.

PRL-3 activity assay

HCT116 cells stably transduced with a control lentiviral vector (control) or
a PRL-3 overexpression construct (HCT116-PRL-3) were treated with
DMSO, 40 uM PRL3-I, or 40 uM Src I1 for 5 h. One million cells were
lysed in 80 .l cell lysis buffer (PBS—1% Triton X-100) and then diluted
20-fold with 20 mM Tris-HCI (pH 8.0). One hundred microliters of the
diluted lysate was incubated with 100 wl phosphatase substrate, DIFMUP
(16 nM; Life Technologies) for 30 min. The fluorescence intensity was
measured using the Victor2 plate reader (Perkin Elmer). PRL-3 activity in
HCT116-PRL-3 cells was calculated as follows:

HCT116-PRL3 intensity — HCT116

X 100
DMSOHCT116-PRL3 intensity — PMSOHCT116

% PRL3 activity =

Results
High-throughput screening identified a PRL-3 inhibitor that
reduced the release of soluble ULBP2 from tumor cell lines

We generated a lentiviral construct that contained a ULBP2-
knockdown short hairpin RNA expression cassette targeting the
5’ untranslated region (UTR) of human ULBP2. The vector also
contained a CMV promoter-driven recombinant ULBP2 that
lacked the natural 5'-UTR and was fused to two successive GFP at
the N terminus (ULBP2-2GFPN"“"™) (Fig. 1A). The 293T cells
transduced with this construct expressed a significantly lower level
of endogenous ULBP2 (determined by quantitative real-time PCR

PRL-3 REGULATES ULBP2 MATURATION

using primers detecting the 5'-UTR; data not shown), but a high
level of ULBP2-2GFPN"*"™ on the cell surface (determined by
flow cytometry and fluorescence microscopy; W.-H. Leung and
W. Leung, unpublished observations). With the coexpression of
two GFP molecules at the N terminus, the release of the re-
combinant ULBP2 from the cell surface could be detected by the
measurement of fluorescence intensity in the cultured supernatant.
In line with the previous studies (19), the release of ULBP2-
2GEPN*™ from 293T cells could be blocked by a MMP inhibitor,
MMP-1 111, in a dose-dependent manner (Fig. 1B). The subsequent
high-throughput screening procedure is illustrated in Fig. 1C.
Culture supernatants were collected 5 d after the treatment of
different inhibitors (14 wM) for fluorescence detection. The via-
bility of the cells was determined by analyzing the production of
ATP in the cells. Compounds that reduced =20% of ULBP2 re-
lease, but affected =5% of cell viability, were considered potential
candidates. Among 53 protease inhibitors and 33 phosphatase
inhibitors that we screened, 6 compounds fulfilled these criteria,
including the broad-spectrum MMP inhibitor GM 6001 that has
been reported to inhibit ULBP2 shedding (29) (Fig. 1D). Another
candidate was a specific phosphatase inhibitor targeting PRL-3
(PRL3-I). Confirmatory experiments showed that this PRL3-I
could reduce the release of endogenous ULBP2 from cancer cell
lines HCT116 and CAL27 (Fig. 1E).

Surface expression of ULBP2 unexpectedly decreased in
cancer cell lines upon PRL3-I treatment

Effective blockage of ULBP2 shedding by GM 6001 or MMP-I 111
in HCT116 cells resulted in an increase in ULBP2 surface ex-
pression (Fig. 2A). Surprisingly, the inhibition of ULBP2 released
from cancer cell lines upon PRL3-I treatment was not associated
with an increase, but rather a decrease in ULBP2 surface ex-
pression (Fig. 2B, Supplemental Fig. 1A, 1B), even though the
mRNA level of ULBP2 was increased in PRL3-I-treated cells
(Fig. 2C). These results suggested that the inhibition of ULBP2
release by PRL3-1 was a result of downregulation of ULBP2
surface expression rather than blockage of shedding. The surface
expression of other NKG2D ligands such as ULBP1 (Fig. 2B) or
MICA (W.-H. Leung and W. Leung, unpublished observations)
remained unchanged with PRL3-I treatment; thus, the specific
reduction of surface ULBP2 in PRL3-I-treated HCT116 and
CAL27 cells resulted in only a moderate decrease in susceptibility
to NK cell cytolysis (Fig. 2D).

PRL3-1 suppressed ULBP2 protein maturation, resulting in
retention in endoplasmic reticulum

To investigate how PRL3-I affected the surface expression of
ULBP2, we first performed Western blot analysis on cell lysate
prepared from HCT116 cells treated with various concentrations of
PRL3-I (Fig. 3A). A 37-kDa band representing the mature form of
ULBP2 was detected in the lysate from HCT116 cells without
PRL3-I treatment. An additional band ~32 kDa began to appear in
samples treated with 5 uM PRL3-1. Increasing the concentration
of PRL3-I (up to 40 wM) increased the abundance of the 32-kDa
band, alongside with a gradual reduction of the 37-kDa mature
ULBP2. Similar results were observed in CAL27 cells upon
PRL3-I treatment. To confirm the ULBP2 identity of the 32-kDa
band, we generated a stable transduced HCT116 cell line that
specifically overexpressed ULBP2 (HCT116-ULBP2). In the ab-
sence of PRL3-1, a strong 37-kDa band and a faint 32-kDa band
were detected in the HCT116-ULBP2 cell lysate. Consistent with
the results of endogenous ULBP2, PRL3-I treatment increased
the abundance of ULBP2 in the 32-kDa form in HCT116-ULBP2
cells (Fig. 3B). This particular switch in molecular size of ULBP2
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FIGURE 1. PRL3-I inhibits soluble release of ULBP2 from tumor cells. (A) Schematic representation of the lentiviral vector (named ULBP2-2GFpN-term)
containing a U6 promoter-driven ULBP2—short hairpin RNA construct and a CMV promoter-driven recombinant ULBP2 construct. The 293T cells
transfected with this vector expressed reduced level of endogenous ULBP2, but higher level of recombinant ULBP2 with two GFP molecules tagged at the
N-terminal. (B) Stably transduced 293T cells (293T-ULBP2-2GFPN"*"™) were cultured with different concentration of MMP-I III (0-100 M) for 18 h.
Culture supernatant was collected for the detection of fluorescence intensity (n = 3). (C) Schematic representation of the high-throughput library screening
procedure. (D) Relative fluorescence intensity of the cultured supernatant and cell viability of the 293T-ULBP2-2GFPN""™ cells treated with 14 M GM
6001 and PRL3-I in the high-throughput screening were compared with those treated with DMSO (solvent control; considered 100% for both fluorescence
intensity and cell viability) and staurosporine (Stauro; cytotoxic reagent control) (n = 3). (E) The release of soluble ULBP2 from HCT116 and CAL27 cells
treated with 40 uM PRL3-I for 18 h was determined by ELISA (n = 4). *p < 0.01, **p < 0.0005, ***p < 0.0001.

accompanied a decrease in surface expression of ULBP2 (Fig.
3C). In contrast, there was no difference in protein size and surface
expression of ULBP1 in PRL3-I-treated HCT116 cells over-
expressing ULBP1 (HCT116-ULBP1).

Newly synthesized ULBP2 consists of 246 aa, which has
a molecular mass of 27 kDa. The protein is then posttranslationally
modified by glycosylation to become a mature 37-kDa glycopro-
tein (30). The 32-kDa ULBP2 appeared upon PRL3-I treatment
might therefore represent either an immature form of ULBP2 or
a degradation product from the mature protein. We treated the
cell lysates from HCT116-ULBP2 cells cultured overnight with
DMSO (solvent control) or 40 uM PRL3-I with either Endo H or
PNGase F. Endo H preferentially cleaves immature high mannose-
containing N-linked oligosaccharides, whereas PNGase F removes
all N-linked glycans regardless of their level of processing as
immature or mature proteins. We found that the 32-kDa bands in
both DMSO- and PRL3-I-treated cell lysates were sensitive to
Endo H digestion, whereas PNGase F treatment converted both
32- and 37-kDa bands to the 27- to 28-kDa unglycosylated
ULBP?2 (the appearance of slightly different sizes of ULBP2 upon
DMSO and PRL3-I treatment was further investigated in the
following section) (Fig. 4A). Similar results were also observed in

PRL3-I-treated HCT116 cell lysates (Supplemental Fig. 2). In
addition, we also performed a pulse-chase experiment to track
ULBP2 synthesis in HCT116-ULBP2 cells (Fig. 4B). In the ab-
sence of PRL3-I, both 32- and 37-kDa bands appeared during early
ULBP2 synthesis. The abundance of the 37-kDa mature ULBP2
gradually increased, which eventually predominated over the 32-
kDa immature form. Upon PRL3-I treatment, the synthesis of
ULBP2 was completely halted at the immature stage. Collectively,
these results suggest that the 32-kDa band corresponded to an im-
mature form, rather than a degradation product of ULBP2, and that
the complete maturation of ULBP2 required the activity of PRL-3.
We next performed subcellular fractionation of PRL3-I-treated
or -untreated HCT116-ULBP2 cells for Western blot analysis. The
37-kDa mature ULBP2 located primarily in the plasma membrane
fraction, whereas the 32-kDa immature form largely remained in
the organelle fraction (Fig. 4C). Similarly, confocal microscopy
confirmed that the majority of ULBP2 proteins expressed on the
cell surface of DMSO-treated control cells (Fig. 4D). Upon PRL3-
I treatment, large amounts of ULBP2 were retained in the endo-
plasmic reticulum (Fig. 4E). Collectively, these results suggest
that PRL3-I suppresses the posttranslational maturation of ULBP2
proteins, which, in turn, affected their cell surface expression.
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FIGURE 2. PRL3-I reduces the surface expression of ULBP2 on tumor cells. (A) Cell surface expression of ULBP2 was analyzed by flow cytometry in HCT116
cells treated with DMSO (solvent control), 40 uM GM 6001, or MMP-1 III for 18 h. Data are representative of two independent experiments. (B) Cell surface
expression of ULBP1 and ULBP2 was analyzed by flow cytometry in different cancer cell lines treated with DMSO or PRL3-I (40 wM) for 18 h. Data are repre-
sentative of three independent experiments. (C) ULBP2 mRNA expression in HCT116 and CAL27 cells treated with DMSO or PRL3-I (40 wM) for 18 h was analyzed
by quantitative real-time PCR analysis. Data are normalized to GAPDH mRNA levels and are presented as fold-change relative to the expression in DMSO-treated cells
(n=4). (D) NK cell cytotoxicity on HCT116 and CAL27 cells treated with DMSO or PRL3-1 (40 wM) for 18 h was determined by a BATDA release assay using IL-2
(10 U/ml)—primed primary NK cells isolated from healthy donors at various E:T ratios (n = 4). *p < 0.05, *¥p < 0.01, **¥p < 0.005, ****p < 0.0001.

PRL3-I inhibited GPI anchor formation of ULBP2 AGPI cells compared with that in HCT116-ULBP?2 cells (Fig. 5B).

It has been suggested that the level of ULBP2 surface expression Importantly, we found that the overexpressed ULBP2-AGPI pro-
could be influenced by the GPI anchor formation of the proteins teins were in the 32-kDa immature form (Fig. 5C). Treatment with
(31). We generated a mutated ULBP2 construct (Fig. 5A) that had PRL3-I did not further affect the protein level (Fig. 5C) and sur-
the amino acid sequence 2'°SSG*'® substituted with 2'°Tpv?'®  face expression of ULBP2-AGPI (Fig. 5D). Furthermore, the
(ULBP2-AGPI) so that it lacked the GPI anchor binding site ULBP2-AGPI proteins demonstrated an intracellular endoplasmic
(Supplemental Fig. 3A). Consistent with previous findings, the reticulum retention pattern that was the same as the wild-type
surface expression of ULBP2 was lower in HCT116-ULBP2- ULBP2 proteins upon PRL3-I treatment (Figs. 4E, 5E).
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FIGURE 3. Treatment with PRL3-I associated with the appearance of low-molecular mass ULBP2. (A) HCT116 cells were treated with increasing
concentration (0-40 uM) of PRL3-1, whereas CAL27 cells were treated with either DMSO or 40 uM PRL3-I for 18 h. Total cell lysates were collected for
Western blot analysis to detect ULBP2 expression. Data shown are representative of two independent experiments. (B) HCT116 cells overexpressing
ULBP2 (HCT116-ULBP2) or ULBP1 (HCT116-ULBP1) were treated with DMSO or PRL3-1 (40 uM) for 18 h. Total cell lysates were collected for
Western blot analysis to detect ULBP2 or ULBP1 expression. Data shown are representative of three independent experiments. (C) HCT116-ULBP2 and
HCT116-ULBPI cells were treated with DMSO or PRL3-I (40 wM) for 18 h. Cell surface expression of ULBP2 or ULBP1 was analyzed by flow cytometry.
Results are representative of three independent experiments.
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FIGURE 4. PRL3-I suppressed ULBP2 maturation, resulting in the retention of ULBP2 proteins in endoplasmic reticulum. (A) Total cell lysates col-
lected from DMSO- or PRL3-I-treated HCT116-ULBP2 cells (18 h) were untreated or treated with Endo H or PNGase F for Western blot analysis to detect
ULBP2 expression. Results are representative of two independent experiments. (B) Pulse-chase experiments were performed to detect the synthesis of L-
azidohomoalanine-labeled ULBP2 in HCT116-ULBP2 cells upon DMSO or PRL3-I treatment. Data shown are representative of two independent
experiments. (C) Total cell lysates of HCT116-ULBP2 cells treated with DMSO or PRL3-I (18 h) were subjected to fractionation for the detection of the
subcellular localization of ULBP2 by Western blot analysis. Subcellular fractions were validated using anti-Na,K-ATPase (plasma membrane), anti-cal-
nexin (endoplasmic reticulum), and anti-tubulin (cytosol). Data shown are representative of three independent experiments. (D) HCT116-ULBP2 cells were
seeded on glass slides and treated with DMSO or PRL3-1 (40 uM) for 18 h. Cells were fixed (with or without permeabilization) and stained with anti-
ULBP2 and DAPI for confocal microscopy analysis. Results are representative of two independent experiments. Scale bars, 10 wm. (E) HCT116-ULBP2
cells were seeded on glass slides and treated with DMSO or PRL3-I (40 wM) for 18 h. Cells were fixed, permeabilized, and stained with anti-ULBP2, DAPI,
and either anti-calnexin (endoplasmic reticulum staining) or anti-GM130 (Golgi staining) for the detection of ULBP2 localization by confocal microscopy.
Scale bars, 5 wm. Results are representative of two independent experiments.

To gain more insight into the correlation between GPI anchor
formation of ULBP2 and the effect of PRL3-I on ULBP2 ex-
pression, we generated a lentiviral construct expressing a chimeric
GFP protein that possessed the ULBP2 signal sequence at the
N-terminal and the cytoplasmic tail of ULBP2 carrying the GPI
anchor sequence at the C-terminal (GFP-ULBP2?!'%-2%%) (Fig. 5F).
Because GFP is not a glycoprotein, its expression, protein folding,
and fluorescent property are not affected by the posttranslational
glycosylation. With the GPI anchor sequence of ULBP2, GFP-
ULBP22'%246 was able to express on the cell surface of HCT116
cells (detected by flow cytometry using Alexa Fluor-647—conju-
gated anti-GFP Ab; Fig. 5G). Upon PRL3-I treatment, the surface
expression of GFP-ULBP2?'%2%¢ was greatly reduced, but the
total GFP protein level was not affected (Fig. 5G). We also per-
formed Triton X-114 phase partitioning experiments to detect the
soluble immature ULBP2 proteins appeared upon PRL3-I treat-
ment. With this method, membrane proteins and GPI-anchored
proteins are partitioned into the detergent phase, whereas solu-

ble proteins remain in the aqueous phase (32). As shown in
Fig. 5H, mature ULBP2 was preferentially partitioned into the
detergent phase. However, in the presence of PRL3-I, a significant
amount of immature form of ULBP2 (but not the control GPI
protein CD73) appeared in the aqueous phase, indicating that
some of the immature ULBP2 proteins became soluble upon
PRL3-I treatment.

Because we observed a molecular mass difference of PNGase
F-digested ULBP2 proteins between DMSO (28 kDa)- and PRL3-I
(27 kDa)-treated samples (Fig. 4A), we speculated that the
slightly larger ULBP2 from DMSO control was due to the pres-
ence of GPI anchor. To verify the existence of GPI anchor in the
28-kDa deglycosylated ULBP2 proteins, we performed PNGase F
digestion with or without PI-PLC treatment. Previous studies have
shown that PI-PLC—treated GPI proteins migrate more slowly on
SDS-PAGE (33, 34). As shown in Fig. 51, the 28-kDa deglycosylated
ULBP2 only appeared in DMSO control, but not in PRL3-I-treated
sample or ULBP2-AGPI upon PNGase F digestion. With the PI-PLC
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FIGURE 5. PRL3-I suppressed cell surface expression of ULBP2 by the inhibition of GPI anchor formation. (A) Schematic representation of the over-
expression construct of wild-type (ULBP2) and mutant ULBP2 that is not able to form GPI anchor (ULBP2-AGPI). (B) Flow cytometry was performed to
compare the surface expression of ULBP2 between the untransduced and transduced HCT116 cells with either ULBP2 (HCT116-ULBP2) or ULBP2-AGPI
(HCT116-ULBP2-AGPI) expression construct. Results are representative of three independent staining. (C) Total cell lysates from HCT116-ULBP2 and HCT116-
ULBP2-AGPI cells treated with DMSO or PRL3-I for 18 h were collected for the detection of ULBP2 expression by Western blot analysis. Data shown are
representative of three independent experiments. (D) The surface expression of ULBP2 in DMSO- or PRL3-I-treated HCT116-ULBP2-AGPI cells was deter-
mined by flow cytometry. Results are representative of three independent experiments. (E) HCT116-ULBP2-AGPI cells seeded on glass slides were fixed,
permeabilized, and stained with anti-ULBP2, DAPI, and either anti-calnexin (endoplasmic reticulum staining) or anti-GM130 (Golgi staining) for the detection of
ULBP2 localization by confocal microscopy. Results are representative of two independent experiments. Scale bars, 5 wm. (F) Schematic representation of the
lentiviral construct expressing a chimeric GFP protein (GFP-ULBP2?'%2) that was fused with the signal sequence (N-terminal) and the cytoplasmic tail of
ULBP2 (C-terminal). (G) HCT116-GFP-ULBP22'%2% cells were treated with DMSO or 40 M PRL3-I for 18 h. Flow cytometry was performed to detect the
total GFP proteins, and the cell surface expressed GFP proteins that were stained with the Alexa Fluor-647—conjugated anti-GFP Ab. Results are representative of
three independent experiments. (H) Triton X-114 partitioning experiments were performed to detect the GPI anchor formation on ULBP2 with or without PRL3-I
treatment. The GPI-anchored protein CD73 was detected for the partitioning control. Results are representative of two independent experiments. (I) Total cell
lysates collected from DMSO- or PRL3-I-treated HCT116-ULBP2 cells (18 h) or from HCT116-ULBP2-AGPI cells were untreated or treated with Endo H or
PNGase F (with or without PI-PLC) for Western blot analysis to detect ULBP2 expression. Results are representative of two independent experiments.

treatment, the 28-kDa band migrated more slowly on SDS-PAGE,
which became ~29 kDa. These results suggested that ULBP2 protein
in DMSO- but not PRL3-I-treated cells contained GPI anchor.

We further examined the surface expression of other trans-
membrane (Na,K-ATPase and HLA-E) or GPI-anchored proteins
(CD73) on HCT116 cells. Unlike ULBP2, none of them was af-
fected upon PRL3-I treatment (Supplemental Fig. 3B). Collec-
tively, we conclude that GPI anchor formation is essential for the
complete maturation and surface expression of ULBP2 and that
this process is specifically inhibited by PRL3-I.

PRL-3 was directly involved in protein maturation and cell
surface expression of ULBP2

It has been reported that PRL3-I can inhibit other protein tyrosine
phosphatases in addition to PRL-3 (35). To confirm that the sup-

pression of PRL-3 by PRL3-I directly gave rise to the altered
ULBP2 expression, we treated HCT116 cells with curcumin or
siRNA-targeting PRL-3 (PRL-3-knockdown [KD]). As shown in
Fig. 6A, both curcumin and PRL-3-KD treatment reduced the
surface expression of ULBP2 on HCT116 cells. In line with the
results of PRL3-I treatment, the reduction of PRL-3 expression by
curcumin or PRL-3-KD in HCT116-ULBP2 cells was associated
with predominant expression of 32-kDa ULBP2 (Fig. 6B).
Previous reports suggested that Src mediates the tyrosine
phosphorylation of PRL-3, which is required for PRL-3 func-
tions (36). Treatment of HCT116 cells overexpressing PRL-3
(HCT116-PRL-3) with a Src kinase inhibitor, Src I1, signifi-
cantly reduced the phosphatase activity of PRL-3, which was
comparable to the effect of PRL3-I (Fig. 6C). Moreover, Src 11
treatment reduced the surface expression of ULBP2 in HCT116
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FIGURE 6. PRL-3 directly regulated the protein maturation and cell surface expression of ULBP2. (A) HCT116 cells were treated with DMSO or 40 pnM
curcumin for 18 h or transfected with either control-KD or PRL-3-KD siRNA and then cultured for 3 d. The cell surface expression of ULBP2 was
determined by flow cytometry. Results are representative of three independent experiments. (B) HCT116-ULBP2 cells were treated with DMSO or 40 uM
curcumin for 18 h or transfected with either control or PRL-3-KD siRNA and then cultured for 3 d. Total cell lysates were collected for Western blot
analysis to detect PRL-3 and ULBP2 expression. Data shown are representative of three independent experiments. (C) HCT116 cells stably transduced with
a PRL-3 expression construct (HCT116-PRL-3) were treated with DMSO, PRL3-1 (40 uM), or Src I1 (40 wM) for 18 h. The relative phosphatase activity of
PRL-3 from the cell lysates was determined by the reaction with a fluorescence substrate, DIFMUP (n = 3). (D) The surface expression of ULBP2 in
HCT116 and CAL27 cells treated with DMSO or Src I1 (40 uM) for 18 h was determined by flow cytometry. Results are representative of three inde-
pendent experiments. (E) HCT116-ULBP2 cells were transfected with either control-KD or Src-KD siRNA and then cultured for 3 d. Total cell lysates were
collected for the Western blot analysis to detect Src and ULBP2 expression. Data shown are representative of three independent experiments. (F) HCT116
cells were transfected with either control-KD or Src-KD siRNA and then cultured for 3 d. The cell surface expression of ULBP2 was determined by flow
cytometry. Results are representative of three independent experiments. *p << 0.005, **p < 0.0001.

and CAL27 cells (Fig. 6D). Likewise, siRNA-mediated knock- Western blotting using anti-phosphotyrosine Ab (4G10). In the
down of Src in HCT116 cells resulted in predominant expression absence of PRL3-I, a 60-kDa tyrosine-phosphorylated protein was
of 32-kDa ULBP2 (Fig. 6E) and decreased ULBP2 surface ex- coimmunoprecipitated with ULBP2. However, the intensity of the
pression (Fig. 6F). Collectively, these results suggest an absolute tyrosine-phosphorylated protein band gradually decreased when
requirement of Src-dependent PRL-3 activity in modulating the the concentration of PRL3-I increased (Fig. 7A). Using 4G10 for
protein maturation and cell surface expression of ULBP2. IP of cell lysates from DMSO- or PRL3-I-treated HCT116-
) o ) ULBP2 cells, we observed a bias in favor of the mature ULBP2
HSP60 interacted cons'ntutzvely with ULB P2 and PRL-3 (37 kDa) over the immature form (32 kDa) to be coimmunopre-
regulated HSP60 tyrosine phosphorylation cipitated by the Ab (Fig. 7B).
Recent studies have shown that PRL-3 regulates the tyrosine phos- The 60-kDa member of the heat shock protein family, HSP60,
phorylation of various molecules such as ERK1/2 and integrin has been known to act as a chaperone to regulate posttranslational
By (37). Because ULBP2 is not a tyrosine-phosphorylated pro- modification (38). It has also been shown that tyrosine phosphor-
tein and there is no direct protein—protein interaction between ylation is required for HSP60 to be expressed on cell membrane
ULBP2 and PRL-3 (W.-H. Leung and W. Leung, unpublished (39). To examine whether the 60-kDa tyrosine phosphoprotein was
observations), we speculated that PRL-3 controls ULBP2 matu- HSP60, we performed IP of both ULBP2 and HSP60 from the
ration through the regulation of phosphorylation in other tyro- HCT116-ULBP2 cell lysates. As shown in Fig. 7C, anti-ULBP2
sine phosphoproteins. Lysates of HCT116-ULBP2 cells treated Ab could pull down HSP60, whereas anti-HSP60 Ab coimmuno-
with different concentrations of PRL3-I were subjected to im- precipitated both HSP60 and ULBP2. In both cases, the HSP60
munoprecipitation (IP) with anti-ULBP2 Ab and were analyzed by bands were colocalized with the 60-kDa tyrosine phosphoproteins
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FIGURE 7. ULBP2 associated with HSP60, and the tyrosine phosphorylation of HSP60 was regulated by PRL-3. (A) HCT116-ULBP?2 cells were treated
with increasing concentration of PRL3-I for 18 h. Total cell lysates were collected for IP of ULBP2. Western blot analysis was performed to detect tyrosine-
phosphorylated proteins in the immunoprecipitated fractions. Data shown are representative of three independent experiments. (B) Total cell lysates from
HCT116-ULBP2 cells treated 18 h with DMSO or PRL3-1 (40 uM) were collected for IP of tyrosine-phosphorylated proteins or ULBP2. Western blot
analysis was performed to detect ULBP2 in the immunoprecipitated fractions. Results are representative of three independent experiments. (C) Reciprocal
IP of ULBP2 and HSP60 was performed from the total cell lysates of HCT116-ULBP2 cells treated with DMSO or PRL3-I for 18 h. Western blot analysis
was performed to detect tyrosine-phosphorylated proteins, HSP60 and ULBP2. Results are representative of three independent experiments. (D) Schematic
representation of the overexpression construct of the Flag-tagged wild-type (F-HSP60) or the tyrosine phosphorylation mutant HSP60 (F-HSP60-Y Y-mu).
(E) HCT116 cells stably transduced with either of these constructs were treated with DMSO or PRL3-I for 18 h. The Flag-tagged HSP60 proteins were
immunoprecipitated for the detection of their tyrosine phosphorylation status. Results are representative of two independent experiments.

on the immunoblots and that PRL3-I treatment consistently re-
duced the intensity of the 60-kDa tyrosine phosphoprotein, but did
not affect the co-IP of HSP60 and ULBP2 (both mature 37-kDa
and immature 32-kDa forms). It has been suggested that HSP60
can be tyrosine phosphorylated at positions 227 and 243 (40, 41).
Accordingly, we generated lentiviral constructs expressing Flag-
tagged HSP60 with or without the substitution of tyrosine with
phenylalanine at both positions 227 and 243 (Fig. 7D). As shown in
Fig. 7E, the level of tyrosine phosphorylation was lower in the
HSP60 mutant (F-HSP60-YY-mu) compared with that in the wild-
type protein (F-HSP60). PRL3-I treatment caused a reduction
(~2.8-fold) of phosphorylation intensity on F-HSP60, but exerted
minimal effect on F-HSP60-YY-mu. These results suggested that
the tyrosine phosphorylation of HSP60 was regulated by PRL-3.

Protein maturation and cell surface expression of ULBP2
required tyrosine-phosphorylated HSP60

We next investigated whether tyrosine phosphorylation of HSP60
is required for the maturation and surface expression of ULBP2.
We transduced HCT116-ULBP2 cells with F-HSP60 or F-HSP60-
YY-mu. Cell lysates were subjected to IP with anti—Flag-tag Ab
for Western blot analysis. A much higher amount of mature ULBP2
was coimmunoprecipitated with F-HSP60 than with F-HSP60-
YY-mu (Fig. 8A). We further validated the role of HSP60 in

ULBP2 maturation by treating HCT116 cells with nonactin or
a siRNA-specific targeting HSP60 (HSP60-KD). Nonactin is an
ionophore that blocks the mitochondrial import and consequently
inhibits the maturation of HSP60 (42). Consistent with previous
studies, nonactin treatment inhibited the surface expression of
HSP60 in HCT116 cells (Fig. 8B). Tyrosine phosphorylation of
HSP60 was also reduced upon nonactin treatment (Fig. 8C). As
expected as a consequence of reduced HSP60 phosphorylation,
the maturation (Fig. 8D), together with the surface expression (Fig.
8E), of ULBP2 was inhibited by nonactin treatment. Similar results
were observed by direct HSP60-KD (Fig. 8F, 8G). However, neither
knockdown nor overexpression of HSP60 affected the mRNA level
of ULBP2 (data not shown). Also, there was no change in the
surface expression of ULBP2 in HSP60-overexpressing HCT116
cells (Supplemental Fig. 4), suggesting that the gene expression of
ULBP2 was not affected by the expression level of HSP60. Col-
lectively, these data suggest that the association with tyrosine-
phosphorylated HSP60 is essential for the protein maturation
and surface expression of ULBP2.

Discussion

This study reveals a novel role of PRL-3 in regulating the post-
translational maturation of ULBP2. Either decreased expression
or functional inhibition of PRL-3 reduced both the soluble release
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FIGURE 8. The presence of tyrosine-phosphorylated HSP60 was required for ULBP2 maturation and cell surface expression. (A) Anti-Flag IP was
performed to pull down F-HSP60 or F-HSP60-YY-mu from the stable transduced HCT116 cells. Western blot analysis was performed to detect ULBP2 in
the immunoprecipitated fractions. Data shown are representative of two independent experiments. Total cell lysates from HCT116-ULBP2 cells treated
with DMSO or nonactin (40 uM) for 18 h were subjected to (B) subcellular fractionation for the detection of HSP60 localization, (C) anti-HSP60 IP to
detect the tyrosine phosphorylation of HSP60, and (D) Western blot analysis for the total protein expression of ULBP2 and HSP60. Results are repre-
sentative of two independent experiments. (E) Flow cytometry was performed to compare the surface expression of ULBP2 between DMSO- and nonactin
(40 pM)-treated HCT116 and CAL27 cells. Results are representative of three independent experiments. (F) HCT116-ULBP2 cells were transfected with
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or HSP60-KD siRNA and then cultured for 3 d. The cell surface expression of ULBP2 was determined by flow cytometry. Results are representative of

three independent experiments.

and the cell surface expression of ULBP2. Although there was no
significant reduction in the total protein level of ULBP2, inacti-
vation of PRL-3 significantly affected the glycosylation and GPI
anchor formation of the protein, rendering the production of an
immature form of ULBP2 that did not favor cell surface expression,
which, in turn, reduced the soluble release of ULBP2.

Although PRL-3 possesses tyrosine phosphatase activity, inhi-
bition of PRL-3 greatly decreased, rather than increased, the ty-
rosine phosphorylation of HSP60. In fact, several studies have
shown that PRL-3—expressing cells exhibit a pronounced increase
in protein tyrosine phosphorylation (43). Src kinase has been
shown to regulate PRL-3 activity (36). However, the tyrosine
phosphorylation of Src is indirectly dependent on PRL-3 through
its downregulation of Csk, a negative regulator of Src (44). Little
is known about the mechanism controlling the tyrosine phos-
phorylation of HSP60. In this study, we showed that treatment
with PRL3-I or nonactin significantly reduced the level of tyrosine
phosphorylation of HSP60 and that both of the treatments gave

rise to a very similar alteration in the expression of ULBP2.
Whereas nonactin is well known to affect the mitochondrial
transportation and maturation of HSP60 (42), it is possible that
PRL-3 may directly regulate the tyrosine phosphorylation mech-
anism of HSP60 or indirectly through the regulation of HSP60
maturation process. Further investigation is necessary to under-
stand the regulatory role of PRL-3 in the tyrosine phosphorylation
of HSP60.

Although we have demonstrated an absolute requirement of
PRL-3 to produce the 37-kDa complete mature form of ULBP2,
treatment with PRL3-I in either HCT116 or HCT116-ULBP2 cells
could never completely inhibit the surface expression of the en-
dogenous or the overexpressed ULBP2 proteins, respectively.
Moreover, overexpression of ULBP2-AGPI in HCT116 cells could
also moderately enhance the surface expression of ULBP2 (Fig.
5B), suggesting that the immature form of ULBP2 can somehow in-
efficiently express on the cell surface in the absence of a GPI anchor.
These results are consistent with a previous report in which the
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authors showed that ULBP2 could also be expressed on the sur-
face of K562 cells without the formation of GPI anchor despite in
a much lower level (31). Although structural analysis revealed no
predictable transmembrane domain presented in the ULBP2 pro-
tein, the low-level existence of immature ULBP2 on cell surface
might be the result of an interaction between ULBP2 and other
membrane-associated proteins such as HSP60. Further studies are
required to understand the mechanism of ULBP2 surface ex-
pression in the absence of GPI anchor.

The effect of PRL-3 on ULBP2 expression was specific. Treat-
ment with PRL3-I only affected the surface expression of ULBP2,
but not the other NKG2DLs, such as ULBP1 and MICA (Fig. 2B
and W.-H. Leung and W. Leung, unpublished observations) or other
GPI-anchored proteins (such as CD73) or transmembrane proteins
(such as Na,K-ATPase and HLA-E) (Supplemental Fig. 3B) on
cancer cells. The expression of other NKG2DLs on HCT116 and
CAL27 cells may, therefore, explain the fact that treatment with
PRL3-I only moderately affected the susceptibility of the cancer
cells to NK cytolysis (Fig. 2D). These results strengthen the clinical
potential of targeting PRL-3 for reducing the level of soluble ULBP2,
without causing a great impact on tumor clearance.

NKG2DLs have long been described as stress ligands because
they are rarely expressed in normal tissues, but can be highly induced
by different cellular stress pathways arisen during tumorigenesis or
viral infection (1). Heat shock stress pathways, for example, have
been shown to mediate the gene transcription of MICA and MICB
(45). However, there is no direct evidence showing that the ex-
pression of ULBPs is regulated by heat shock pathways. HSP60 was
first identified as a chaperone that resides in mitochondria to reg-
ulate mitochondrial protein folding and transportation (38). The
protein was later found in cytoplasm, on cell surface, and even in
the extracellular environment, in which tyrosine phosphorylation is
required for its surface expression (39). Because of its broad lo-
calization, HSP60 has been associated with diverse physiological
functions, such as apoptosis and T cell activation (38). There is also
increasing evidence that HSP60 plays essential roles in tumor de-
velopment and metastasis (42, 46). In this study, to our knowledge,
we demonstrate for the first time that HSP60 interacts with and
mediates the protein maturation and cell surface expression of
ULBP2, suggesting the existence of independent heat shock stress
pathways for posttranslational regulation of ULBP2.

The fact that patient serum level of soluble ULBP2 directly
correlates with the prognosis of various types of cancer suggests
that blockade of NKG2DL release might be a potential immu-
nological approach for cancer therapy. An understanding of the
mechanisms involved in the protein expression and processing of
NKG2DLs from tumor cells, therefore, is crucial for the devel-
opment of effective therapeutic strategies to reduce the release
of these proteins. In this study, we discovered a novel PRL-3—de-
pendent regulatory mechanism that controls the protein maturation
of ULBP2, which, in turn, indirectly mediates the soluble release
of ULBP2. With a restricted expression profile in normal tissues
and a thus far safety record of several clinical trials (28), PRL-3
may serve as an alternative therapeutic target for the suppression of
ULBP?2 release in addition to MMPs.
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