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ABSTRACT
Increasing evidence suggests that SET functions as an oncoprotein
and promotes cancer survival and therapeutic resistance. However,
whether SET affects radiation therapy (RT)-mediated anticancer
effects has not yet been explored. We investigated the impact of
SET on RT sensitivity in hepatocellular carcinoma (HCC). Using
colony and hepatosphere formation assays, we found that
RT-induced proliferative inhibition was critically associated with
SET expression. We next tested a novel SET antagonist, N4-(3-
ethynylphenyl)-6,7-dimethoxy-N2-(4-phenoxyphenyl) quinazoline-
2,4-diamine (EMQA), in combination with RT. We showed that
additive use of EMQA significantly enhanced the effects of RT

against HCC in vitro and in vivo. Notably, compared with mice
receiving either RT or EMQA alone, the growth of PLC5 xenografted
tumor inmice receiving RT plus EMQAwas significantly reduced
without compromising treatment tolerability. Furthermore, we
proved that antagonizing SET to restore protein phosphatase
2A-mediated phospho-Akt (p-AKT) downregulation was re-
sponsible for the synergism between EMQA and RT. Our data
demonstrate a new oncogenic property of SET and provide
preclinical evidence that combining a SET antagonist and RT
may be effective for treatment of HCC. Further investigation is
warranted to validate the clinical relevance of this approach.

Introduction
Hepatocellular carcinoma (HCC) is one of the most fatal

malignant diseases and is responsible for more than 760,000
deaths worldwide every year (El-Serag, 2011; Forner et al.,
2012; Torre et al., 2015). Such a high occurrence of HCC-
related death indicates an unmet medical need calling for
exploration and development of novel treatments to improve
clinical outcomes. Treating HCC is challenging; the number of
patients eligible for curative resection or liver transplantation
is limited (El-Serag, 2011), and long-term benefits are largely
compromised by a high local recurrence rate (Poon et al., 2002;

Facciuto et al., 2008). Thus, how to make progress in
improving local HCC control and decreasing recurrence is of
utmost clinical interest.
Radiation therapy (RT), by transmitting high-energy radi-

ation, could effectively shrink tumors within the irradiated
area, and thus serve as a good modality for local control
(Yarnold, 1997). Currently, the use of RT, either as the major
treatment modality or in combination with other treatments,
has been approved in many types of malignant diseases
(Ragaz et al., 2005; Corvò, 2007; Tepper et al., 2008; Bonner
et al., 2010). However, the use of RT for the treatment of HCC
has been far less discussed and explored. Arguments against
the use of RT in HCC include a higher risk of RT-induced liver
toxicity in patients with cirrhotic background (Hawkins and
Dawson, 2006; Klein and Dawson, 2013). Furthermore, occur-
rence of endogenous radioresistance has been reported inHCC
cells. Several different biologic events, including upregulation
of AKT- and cancer-stemness-related signaling, were reported
to be contributors to the development of radioresistance in
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HCC cells (Piao et al., 2012; Shimura et al., 2012; Huang et al.,
2013). Protein phosphatase 2A (PP2A) is a major serine/
threonine phosphatase that participates in many important
cellular functions, including DNA damage repair, cell sur-
vival, and cellular transformation (Mumby, 2007; Perrotti and
Neviani, 2013). Our group and others have previously char-
acterized the tumor suppressor roles of PP2A in HCC as a
negative regulation of many critical oncogenic signals, such as
AKT (Chen et al., 2010; Yu et al., 2014; Hung et al., 2016;
Ruvolo, 2016). More interestingly, we have shown that
aberrant expression of SET, a PP2A inhibitor, promoted the
maintenance of HCC cells, and that antagonizing SET-
mediated PP2A inactivation induced apoptosis of HCC cells
(Hung et al., 2016).
SET is a multifunctional oncoprotein involved in a number

of important cellular functions (Switzer et al., 2011; Hung and
Chen, 2017). Its ability to inhibit PP2A activity is the most
well known function of SET (Li et al., 1996), though many
recent studies have highlighted the ability of SET to modulate
chromatin dynamics, DNA damage responses, and cell cycle
progression (Seo et al., 2001; Cervoni et al., 2002; Canela et al.,
2003; Kutney et al., 2004; González-Arzola et al., 2015;
Kalousi et al., 2015). Through the formation of a complex with
TAF-1a and pp32, SET inhibits acetylation of nucleosomes by
binding to and masking histone acetyltransferase targets,
thereby altering gene transcription (Seo et al., 2001). SET also
modulates the metastatic potential of cancer cells through
interaction with nm23-H1 (Fan et al., 2003) and/or Rac1
(Switzer et al., 2011). Importantly, antagonizing aberrant
activation of SET also promotes the development of many
anti-cancer therapeutics (Cristobal et al., 2015; Rincón et al.,
2015); however, the possibility that it influences radiosensi-
tivity has not yet been discussed.
In the present study, we aimed to explore the potential roles

of SET associated with the radiosensitivity of HCC. By
molecular manipulations, we showed that the expression of
SET protein critically affected the RT-induced DNA-damage
and apoptosis of HCC. Furthermore, reversing SET-mediated
PP2A inhibition was an effective strategy to augment the
in vitro and in vivo effects of RT against HCC.

Materials and Methods
Antibodies and Reagents. Antibodies for immunoblotting of

PARP-1 and AKT were purchased from Santa Cruz Biotechnology
(Dallas, TX), and anti-p-AKT (Ser473) was from Cell Signaling
Technology Inc. (Danvers, MA). Anti-SET was purchased from Bethyl
Laboratories (Montgomery, TX) and anti-Actin was from Proteintech
(Rosemont, IL). Anti-PP2Ac was obtained from MilliporeSigma
(Darmstadt, Germany) and anti-DDK-tag was from Origene (Rockville,
MD). Anti-b-Tubulin was purchased from Epitomics (Burlingame, CA).
For immunofluorescence staining, anti-53BP1 antibody (Cell Signaling
Technology Inc.), anti-PDI antibody (abcam, Cambridge, MA), and Alexa
Fluor 488-conjugated goat anti-rabbit antibody and Alexa Flour 594-
conjugated AffiniPure Goat Anti-Mouse antibody (Jackson Immuno-
Research Laboratories, Inc., West Grove, PA) were used. For flow
cytometry detecting rH2AX phosphorylation, Alexa Fluor 488 anti-H2A.
X Phospho (Ser139) Antibody (BioLegend, San Diego, CA) was used. To
validate the clinical relevance of targeting SET to enhance the anti-HCC
effect of RT, we used a novel compound, EMQA, developed in our
laboratory (Hung et al., 2016). For this experiment, EMQAwas dissolved
in dimethyl sulfoxide and then added to cells in 5% fetal bovine serum
(FBS)-containing medium.

Cell Culture and Western Blot Analysis. The PLC5 and
Hep3B cell lines were obtained from American Type Culture Collec-
tion (Manassas, VA), the HA22T and HA59T cell lines were obtained
from the Bioresource Collection and Research Center (Hsinchu,
Taiwan), and the NeHepLXHT cell line was a kind gift from
Dr. Jui-Hsiang Hung. All the HCC cells were maintained in
Dulbecco’s modified Eagle’s medium, and the NeHepLXHT cells
were kept in F12. All the cells were supplemented with 10% FBS and
maintained in a humidified incubator at 37°C and 5% CO2 in air. For
experiments, cell lysates were collected after exposure to the indi-
cated treatments, and were prepared for immunoblotting and/or
coimmunoprecipitation.

Drug and Radiation Treatment of Cells. Irradiation was
administrated using a cobalt-60 unit (dose rate of 0.58 Gy/min) with
the source-axis-distance set at 80 cm to the bottom of the flask (CISBio
International, France). For experiments that combined drugs with
radiation, cells were treated with EMQA 1 hour before irradiation.

Cell Proliferation, Apoptosis, and Sphere-Formation Anal-
ysis. For colony formation assay, Hep3B cells with or without SET-
knockdownwere seeded in a six-well plate at a density of 1000 cells per
well, and the indicated treatments performed 1 day later. The area of
HCC colonies formed was assessed 12 days later by fixing with 4%
paraformaldehyde solution and staining with 0.5% crystal violet. The
extent of apoptotic cell death was determined by two other methods:
flow cytometry (sub-G1 assay) and Western blot for poly (ADP-ribose)
polymerase cleavage. For the generation of hepatospheres, 1 � 103 HCC
cells were plated per well of a six-well ultra-low attachment plate
(Corning, New York, NY), and grown in serum-free medium with B-27,
human epidermal growth factor, and basic fibroblast growth factor. After
2 weeks, the number and size of hepatospheres formed were determined.

Immunofluorescence. Cells (2.5 � 105) were seeded on 60-mm
dishes with coverslips, cultured for 24 hours, and then received RT
and/or EMQA treatment. After indicated treatments, cells were fixed
with 4% paraformaldehyde, followed by permeabilization with 0.3%
Triton X-100/phosphate-buffered saline (PBS) for 15 minutes, and
blocking with 5% bovine serum albumin (BSA)/PBS for at least 1 hour
at room temperature. The specimen was incubated with antibody
dilution buffer (1% BSA/0.3% Triton X-100/PBS) containing primary
antibody overnight at 4°C. Cells were washed with PBS containing
0.05% Tween-20 three times and then incubated with fluorochrome-
conjugated secondary antibody for 1 hour at room temperature. DAPI-
Fluoromount-G (SouthernBiotech, Birmingham, AL) was used to
highlight the nuclei of cancer cells. Cell images were acquired by
fluorescence microscope (Axio Imager A1; Zeiss, Oberkochen, Germany).
The average numbers of p53-binding protein 1 (53BP1) foci were
determined by MetaMorph software version 7.7.7.0 (Molecular Devices,
San Jose, CA) with Granularity Application Module.

H2A.X Phosphorylation. H2A.X phosphorylation was analyzed
by flow cytometry (Muslimovic et al., 2008). In brief, cells were
collected after treatment, suspended, and incubated with 5 ml Alexa
Fluor 488 anti-H2A.X Phospho (Ser139) antibody (BioLegend) and
incubated in the dark for 1 hour at 4°C. Afterward, cells were
resuspended and analyzed by flow cytometry.

Comet Assay. Huh7 cells with or without SET-silencing were
seeded on 100-mm dishes at a concentration of 1 � 105 cells per dish
and exposed to irradiation (10 Gy) 1 day before being examined
by comet assay (Trevigen’s Comet Assay kit; Gaithersburg, MD)
performed according to the manufacturer’s instructions. Briefly, 0.5
hours after irradiation, cells were collected, mixed with LMAgarose,
and spread on specific slides (CometSlides; Trevigen). After the
agarose solidified, the slides were placed in the lysis solution at 4°C
for 30 minutes. Slides were then subjected to electrophoresis (1 V/cm
for 45 minutes) at 4°C in the dark. After electrophoresis, cells were
immersed in DNA Precipitation Solution for 30 minutes, fixed with
70% ethanol, and stained with DAPI. Nuclei were visualized using
fluorescence microscopy. DNA damage (tail moment) was quantified
using CaspLab software (casplab.com) (Ko�nca et al., 2003). For each
experiment, more than 50 cells were quantified and analyzed.
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PP2A Phosphatase Activity. The PP2A activities in cancer cells
and tumor tissues were determined using the PP2A activity kit
obtained from Upstate Biotechnology Inc. (Lake Placed, NY) and
carried out as previously described (Hung et al., 2016).

Plasmids, Small-Interfering RNA, Cell Transfection, and
Lentiviral Transductions. The cDNA of AKT and SET were
purchased from Origene. Smart-pool small-interfering (si)RNA against
PP2Ac (L-003598-01) and control (D-001010-10) were all purchased from
Dharmacon (Chicago, IL), and the short-hairpin (sh)RNA against SET
and empty vector (pLKO.1) was obtained from the National RNAi Core
Facility platform (Taipei, Taiwan). For transient expression experiments,
plasmids were pretransfected with Lipofectamine 2000 (Invitrogen/
Thermo Fisher Scientific, Waltham, MA), and siRNAwas pretransfected
with theDharmaFECT4TransfectionReagent (Dharmacon) for 24 hours,
then underwent radiation and drug treatment for another 24 hours. On
the other hand, cells were transduced with shRNA lentivirus constructs
by polybrene and selected by puromycin.

Xenograft Tumor Growth. Male Ncr athymic nude mice
(5–7 weeks of age) were obtained from the National Laboratory
Animal Center (Taipei, Taiwan). All experimental procedures using
these mice were performed in accordance with protocols approved by
the Institutional Laboratory Animal Care and Use Committee of
National Taiwan University. Each mouse was inoculated subcutane-
ously in the dorsal flank with 1 � 106 PLC5 cells suspended in 0.1 ml
of serum-free medium containing 50% Matrigel (BD Biosciences,
Bedford, MA). When tumors reached 400–600 mm3, mice were
randomly assigned to each of the investigational treatments. For the
radiation arms, mice were immobilized in a customized harness that
exposed the right leg while the remainder of the body was shielded by
five times the half-value thickness of lead during radiation. In total,
the tumors were irradiated using a cobalt-60 unit with 20 Gy (5 Gy/d
for 4 days, at a dose rate of 0.5 Gy/min). After 4 days irradiation, mice
in the combination treatment arm and the EMQA-alone arm received
EMQAat 5mg/kg/d PO daily, whereas themock-treatedmice received
vehicle consisting of 0.5% methylcellulose and 0.1% polysorbate 80 in
sterile water. After this experiment was completed, all the xenografted
tumors were resected,measured for net weight, and analyzed byWestern
blot, p-Akt ELISA (R&D, Minneapolis, MN), and PP2A activity.

Patient Samples and Immunohistochemical Staining. This
study was approved by the ethics committee of the Institutional
Review Board of Changhua Christian Hospital. All patients who
donated their tumor in the present study signed an approved informed
consent at the time of donation in accordance with the Declaration of
Helsinki. Tumors were analyzed by immunohistochemical stain for
the expression of SET (A302-262A; Bethyl Laboratories) and repre-
sentative images are shown. The procedure of immunohistochemical
staining were conducted as previously described (Yu et al., 2014).

Statistical Analysis. Comparisons of means were analyzed using
the independent sample t test by SPSS software for Windows version
17.0 (Chicago, IL).

Results
Novel Oncoprotein SET Attenuates the Effects of

Radiation Therapy against HCC. Higher expression levels
of SET oncoprotein were observed in both clinical tumor samples
[Fig. 1A; also see Supplemental Fig. 1A for the immunohisto-
chemistry results available from the Human Protein Atlas] and
liver cancer cell lines (Supplemental Fig. 1B). To understand
whether and how the expression of SET in cancer cell affects its
sensitivity to RT, we tested the effects of RT on HCC cells with
different SET expression. Stable knockdown of SET inHCC cells
was achieved by lentivirus-mediated shRNA delivery. Two
separate shRNA target sequences against SET gene, as well as
their knockdown efficiencies at the protein level in two HCC cell
lines, Hep3B and PLC5, are shown in Fig. 1B. Tumor sphere

formation assay was then used to evaluate the anchorage-
independent growth abilities of cancer cells with/without SET-
knockdown under RT treatment. As shown in Fig. 1C, RT
reduced hepatosphere formation in Hep3B cells, and, notably,
SET-knockdown further augmented the effects of RT in these
cells. By contrast, RT-induced reduction of hepatosphere forma-
tion was abolished by SET-overexpression (Supplemental Fig.
1C). Furthermore, using a colony formation assay, we showed
that RT-induced proliferative inhibition was more prominent in
PLC5 cells with SET-knockdown (Fig. 1D). Taken together, the
results above suggest that the expression of oncoprotein SET
determines the radiosensitivity of HCC cells.
With the knowledge that the basis of RT-induced tumor

growth inhibition is its ability to cause complex DNA double-
strand breaks, we next examined whether expression of SET
was linked to the degree of RT-mediated DNA damage (Oike
et al., 2016). In this study, we analyzed the generation of foci
of p53-binding protein 1, which is a well known protein sensor
of DNA damage (Huyen et al., 2004), to highlight the impact of
SET expression on the process of DNA damage repair after
exposure to RT. Our data showed that 53BP1 foci presenting
in cells without RT were very few in number, but the number
rapidly increased after exposure to RT, which represented the
extensive DNA breaks induced by RT (Fig. 2A). Several hours
after radiation exposure, the DNA repair process began, the
number of 53BP1 foci decreased, and it took about 24 hours for
the cancer cells to reach a level similar pre-RT status, which
suggested that DNA damage repair had been completed.
Different from control Huh7 cells, the DNA damage repair
process was significantly delayed in SET-silenced cells. As
shown in the lower panel of Fig. 2A, the foci of 53BP1 remained
prominent in cancer cells even at the 24th hour after radiation
exposure. On the other hand, overexpression of SET had
minimal effects on the radiation-induced DNA damage and
repair process. The kinetics of 53BP1 foci after RT in SET-
overexpressing cells were quite similar to control cells (Fig.
2B). We used comet assay next to characterize the extent of
global DNA damage induced by RT. In line with the results
obtained by 53BP1 foci, SET-knockdown significantly in-
creased the degree of RT-induced DNA damage in HCC
(Fig. 2C). Taken together, these results suggest that SET has
a critical role in affecting the antitumor effect of RT in HCC.
Antagonizing SET Enhances the Anti-HCC Effect of

RT. On the basis of the data above, we hypothesized that
antagonizing SET could augment the effects of RT against
HCC. To test this hypothesis, we used a novel SET antagonist,
EMQA [developed and characterized in our previous work
(Chen et al., 2012; Hung et al., 2016)], and tested its effects in
combination with RT in HCC. In line with the results using
molecular knockdown of SET as shown in Figs. 1 and 2, we
found that EMQA significantly potentiated the effects of RT in
HCC (Fig. 3). Compared with cells exposed to RT alone, RT
plus EMQA significantly reduced the number of tumor
spheres (Fig. 3A) and colony-forming ability (Fig. 3B) of
HCC. Subsequently, we used sub-G1 analysis and examined
the generation of 53BP1 foci to investigate the radiosensitizing
effect of EMQA. As shown in Fig. 3C, EMQA promoted
RT-induced apoptosis in different HCC cell lines. Moreover,
compared to solvent-treated cells, the numbers of 53BP1 foci
(Fig. 3D) and the degree of rH2AX (Fig. 3E) in cells pretreated
with EMQA persisted much longer after irradiation. Taken
together, these data indicate that EMQA synergizes with RT
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to induce DNA damage and promote apoptotic death of HCC
cells.
Synergistic Effect of EMQA Plus RT Is through

Reversal of SET-Mediated PP2A Inactivation. According
to the literature, SET may be present in and interacts with
various factors in different cellular components; for instance,
SET forms a complex with NM23-H1 and pp32 in the
endoplasmic reticulum (Fan et al., 2003), it inhibits PP2A in
cytoplasm (Arif et al., 2014), and it interacts with KAP1 in the
nucleus (Kalousi et al., 2015). To understand the underlying
mechanism responsible for the sensitizing effects of EMQA on
RT, we used an immunofluorescence stain to trace the location

of SET after RT and/or EMQA treatment. As shown in
Supplemental Fig. 2, SET expression was found principally
in the nucleus and cytoplasmic region, whereas evidence for
SET in endoplasmic reticulum (as assessed by colocalized with
PDI) was not compelling. After treating cells with RT and/or
EMQA, the pattern of SET localization did not change
significantly. We analyzed HCC cells next by Western blot.
As shown in Fig. 4A, downregulation of p-AKT occurred in all
the HCC cell lines treated with EMQA plus RT. Since AKT is
a direct target of PP2A and EMQA is a SET antagonist
that reactivates PP2A by targeting the SET-PP2Ac interac-
tion, we reasoned that EMQA induces PP2A-mediated p-AKT

Fig. 1. The oncoprotein SET determines the radiosensitivity of HCC cells. (A) SET protein is highly expressed in HCC clinical samples. The expression
of SET was determined in clinical tumor tissues by immunohistochemical stain. (B) The target sequences of shRNA against SET used in this study.
Target site refers to the location of the shRNA target sequence in the coding sequence of SET isoform 1. Lower panel, Western blot analysis showing
shRNA-knockdown efficiency in Hep3B and PLC5 cells. (C and D) SET silencing augments the RT-mediated growth-inhibitory effects in HCC. The
effects of radiotherapy (2 Gy) onHCC cells with/without SET-knockdownwere determined by sphere formation (C) and colony formation assay (D).N = 3.
Representative images of tumor sphere and colony were presented in the left panel and the quantified results were presented over the right panel. Bar:
mean; error bar, S.D. *P , 0.05.
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downregulation to enhance the effects of RT in HCC cells. To
test our hypothesis, we first confirmed the mechanism of
action of EMQA in HCC cells. Via coimmunoprecipitation and

PP2A activity, we showed that EMQA interfered with the
interaction of SET and PP2Ac (Fig. 4B) and increased the
activity of PP2A in HCC cells (Fig. 4C). More importantly,

Fig. 2. The effect of SET expression on RT-induced DNA damage in HCC. (A and B) SET-silencing delays the postirradiation DNA repairing process,
whereas overexpression of SET has minimal effects on repair of radiation-induced double-strand breaks (DSB) in HCC cells. Huh7 cells with SET-
knockdown or overexpression were exposed to gamma irradiation (4 Gy) and immunostained for 53BP1 foci (green) at 1, 8, or 24 hours after irradiation.
Representative images were shown in the upper panel. Nuclei were stained with DAPI (blue). SET protein expression was confirmed by Western blot.
Curly bracket highlights the bands of endogenous SET, and the asterisk indicates the ectopic expressed band. Average numbers of 53BP1 foci for at least
30 nuclei were plotted in the lower right panel. Columns, mean; bars, S.E.M. *P, 0.05. n.s., not significant. (C) Knockdown of SET enhances the effects
of RT to induce DNA damage. Global DNA damage of Huh7 cells after irradiation was examined by single-cell gel electrophoresis (comet assay). Left,
representative results of single-cell gel electrophoresis assay in siCtrl-Huh7 and siSET-Huh7 cells. Quantification of comet tails was done using CaspLab
software and shown as a bar graph in the right panel (more than 50 cells in each treatment group were examined). Columns, mean; bars, S.E.M. *P , 0.05.
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Fig. 3. SET antagonist augments the anti-HCC effects of RT. (A) Representative images and quantitative analysis of the sphere formation of Hep3B and
Huh7 cells under indicated treatments. Cells were irradiated with 2 Gy of IR after EMQA treatment (1 mΜ).N = 3. Bar, mean; error bar, S.D. *P, 0.05.
(B) Colony formation of PLC5 cells under indicated treatments (2 Gy irradiation; EMQA 2 mΜ).N = 3. Bar, mean; error bar, S.D. *P, 0.05. (C) HCC cells
were exposed to indicated treatment (2 Gy irradiation; EMQA 2.5 mΜ) and harvested 24–48 hours after treatment followed by sub-G1 analysis. Bar,
mean; error bar, S.D. *P , 0.05. (D and E) EMQA delays the postirradiation DNA repair progress of HCC cells. The ability of DNA damage repair after
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downregulation of p-AKT and the proapoptotic effects induced
by EMQA treatment were diminished by knockdown of PP2Ac
(Fig. 4D).We performed serial knockdown and/or overexpression
experiments next to confirm the roles of the major players
mediating the therapeutic effects of RT plus EMQA. First, we
generated cancer cells with ectopic expression of myc-tagged
AKT by transient transfection, and treated them with EMQA

and RT. Compared with wild-type cells, the percentage of sub-
G1 cells induced by RT-EMQA combination treatment was
significantly reduced in the AKT-overexpressing cells (Fig. 5A).
Next, we generated PP2Ac-knockdown cells and exposed
them to EMQA and RT. Importantly, we found that the
effects of combination treatment were significantly dimin-
ished in PP2Ac-knockdown cells (Fig. 5B). Finally, we sought

Fig. 4. EMQA dissociates SET-PP2Ac and induces downregulation of p-AKT to enhance RT in HCC. (A) The effects of EMQA plus RT on inducing
downregulation of p-AKT of HCC cells. Representative images of Western blot of a panel of HCC cells under indicated treatments. (B) EMQA treatment
dissociates SET-PP2Ac binding in HCC. Coimmunoprecipitation was used to detect the association of SET and PP2Ac. (C) PP2A activities in HCC cells
were examined after exposure to EMQA (5 mM). FTY720 (10 mM), a known PP2A activator, served as a positive control.N = 3. Columns, mean; bars, S.D.
*P , 0.05. (D) Knockdown of PP2Ac abolishes the effects of EMQA on inhibition of p-AKT and promotion of apoptosis in HCC. Representative images
of Western blot are shown here. CF, cleaved fragment.

exposure to RT was determined by examining the presence of 53BP1 foci (D) and rH2AX (E). Huh7 and Hep3B cells were treated with EMQA (1 mM) just
before 4-Gy gamma irradiation. Afterward, cells were either immunostained for 53BP1 foci (D) or examined by flow cytometry for the degree of rH2AX
(E). For both subfigures, representative images were shown on left and quantitated results of triplicate tests were shown on right. Columns, mean; bars,
S.E.M. *P , 0.05.
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Fig. 5. SET/PP2Ac/p-AKT signaling determined the effects of RT-EMQA combination treatment in HCC. (A) Ectopic expression of AKT diminishes the
effects of RT plus EMQA. After transfection of HA22T cells with AKT-Myc-DDK or empty vector control for 24 hours, cells were treated with RT 2-Gy
followed by EMQA (5 mM) for another 24 hours and analyzed by flow cytometry (sub-G1, left panel) andWestern blot (right panel). Bar, mean; error bars,
S.D.N = 3. *P, 0.05. (B) Downregulating PP2Ac by siRNA reverse the proapoptotic effects of EMQA-RT combination. Hep3B cells were first transfected
with PP2Ac siRNA or nontargeting control siRNA for 48 hours and exposed to RT and EMQA. Cell apoptosis was analyzed by flow cytometry (left panel)
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to confirm the roles of SET and showed that the extent of cell
apoptosis induced by EMQA-RT combined treatment was
significantly decreased in SET-overexpressed HCC cells
(Fig. 5C) The above data confirmed that upregulation of
PP2A-mediated p-AKT inactivation through antagonizing
SET-induced PP2A inactivation is responsible for the syner-
gism between EMQA and RT in HCC (Fig. 5D).
EMQA Enhances the In Vivo Anti-HCC Effects of

RT. To understand the clinical potential of using SET as a
drug target to augment the effects of RT in HCC patients, we
established a preclinical PLC5 xenograft model to test the
effects of EMQA and/or RT in vivo. As shown in Fig. 6A, both
RT and EMQA demonstrated certain in vivo activity against
HCC. But, compared with single treatment, EMQA plus RT
led to the most significant inhibition of the average tumor
growth without affecting tolerability (Fig. 6, A and B). In
agreement, the mean tumor weight of mice receiving com-
bined treatment was significantly lower than the other
treatment arms (Fig. 6C). To further elucidate the molecular
events responsible for this synergistic effect, we examined the
expression of p-AKT and SET and PP2A activity in the tumor
extract (Fig. 6, D–F). In line with the results of in vitro work,
EMQA plus RT led to downregulation of p-AKT and PP2A
reactivation in these xenografted tumors. In conclusion, the
results of these in vivo experiments suggest that application of
a SET antagonist, like EMQA, has potential to enhance the
effects of RT for the treatment of HCC, and that reversing
SET-mediated PP2A inactivation in HCC tumor is the major
mechanism responsible for such synergism. Further investi-
gation is required to explore the clinical benefit of this novel
approach.

Discussion
In this study, we investigated the impact of a novel oncoprotein,

SET, on the radiosensitivity of HCC cells (Figs. 1 and 2) and
provided detailed preclinical evidence showing that antagonizing
SET-mediatedPP2A inactivation augments the anti-HCCeffects
ofRT in vitro and in vivo (Figs. 3–6).Our results not only increase
current understanding of the biology of radioresistance in HCC
but also demonstrate the potential of using a SET antagonist to
improve the effects of RT in HCC. To the best of our knowledge,
this is the first work discussing the potential impact of SET
protein on radiosensitivity in HCC.
SET is a novel oncoprotein that affects the behavior of

cancer cells in multiple ways (von Lindern et al., 1992;
Al-Murrani et al., 1999; Fan et al., 2003; Arnaud et al., 2011;
Switzer et al., 2011; Hung et al., 2015, 2016). Initially, set gene
was identified as a novel fusion partner of a putative oncogene,
can, in a patient with acute undifferentiated leukemia (von
Lindern et al., 1992; Adachi et al., 1994). Later, Dr. Damuni’s
group purified this oncoprotein from bovine kidney and
characterized its function as a potent inhibitor of PP2A (Li
et al., 1995). To date, aberrant expression of SET protein has
been reported in patients with various types of malignancies,

such as leukemia, sarcoma, and tumors of breast, colon, liver,
and lung (Li et al., 1996; Carlson et al., 1998; Chae et al., 2012;
Cristobal et al., 2012, 2015; Hung et al., 2015, 2016; Liu et al.,
2015). The oncogenic role of SET in HCC was first suggested
by Fukukawa et al. (2000). Using a diethylnitrosamine-
induced HCC model, they showed that the expression of SET
protein in liver tissues was significantly upregulated along
with the progression of hepatocarcinogenesis, which indicated
that SET may be involved in the development of HCC. Our
group, on the other hand, looked at the impact of SET activity
on the maintenance of cancer cells (Hung et al., 2016). Using a
full panel of HCC cell lines, we showed that the numbers of
cancer cell colonies and tumor spheres were significantly
reduced by SET knockdown; in contrast, overexpression of
SET promoted the growth of HCC. More interestingly, our
group and others have found that the activity of SET is
associated with the development of resistance to standard
anticancer drugs, namely chemotherapies or target therapies,
in various malignant diseases (Agarwal et al., 2014; Cristobal
et al., 2015; Hung et al., 2015, 2016; Zhang et al., 2015). For
example, ectopic expression of SET diminished the effects of
paclitaxel against non–small cell lung cancer (Hung et al.,
2015) and oxaliplatin against colon cancer (Cristobal et al.,
2015). The present study elaborated the impact of SET
dysregulation in relation to RT, another important anticancer
modality, thus adding to current knowledge. In line with our
impression that SET promotes resistance to therapy, we
showed that overexpression of SET impaired the radiosensi-
tivity of HCC cells (Supplemental Figure 1C), whereas
antagonizing SET by molecular knockdown augmented the
effects of RT against HCC in vitro (Fig. 1, C and D; Fig. 2).
Furthermore,we provided evidence showing the radiosensitizing
effects of a novel SET antagonist, EMQA, in vitro and in vivo
in HCC (Figs. 3–5). Interestingly, in addition to our finding
emphasizing the radiosensitizing effect mediated by SET/
PP2A/p-AKT signaling, SET is known to interact with DNA
damage response (Kalousi et al., 2015; Hung and Chen, 2017),
which may also contribute to the synergistic effects of RT and
SET antagonist. On the basis of the knowledge that SET
overexpression is a recurrent event in HCC and other
malignant diseases, targeting SET to enhance the antitumor
effects of RT may be an effective therapeutic strategy for the
disease. More studies are certainly required to validate this
assumption.
In the present work, we showed that activation of AKT

signaling may be an important factor contributing to the
generation of radioresistance in HCC cells. A similar obser-
vation has been made by Dr. Fukumoto’s group, who suggested
that activation of the AKT/cyclin D1/Cdk4 signaling pathway
explained the generation of acquired radioresistance in a small
subgroup of CD133-positive cancer cells (termed “cancer stem
cells”) (Shimura et al., 2012). Our data further demonstrates that
dysregulation of SET/PP2A/AKT signaling may affect the sus-
ceptibility to RT in all HCC cells and was not limited to CD133-
positive cells (Figs. 3–6). Inhibition of PP2A is one of the major

and the associated molecular alterations were analyzed byWestern blot (right panel). Bar, mean; error bars, S.D.N = 3. *P, 0.05. (C) Ectopic expression
of SET counteracts the effects of EMQA plus RT. After transfecting Hep3B cells with SET-Myc-DDK or empty vector control for 24 hours, cells were
treated with RT and EMQA for another 24 hours, and analyzed by flow cytometry (left panel) andWestern blot (right panel). Bar, mean; error bars, S.D.
N = 3. *P , 0.05. (D) The cartoon demonstrating how EMQA antagonizes SET-mediated PP2A inactivation and AKT phosphorylation to augment the
effects of RT.

418 Huang et al.

 at A
SPE

T
 Journals on A

pril 9, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.118.249102/-/DC1
http://jpet.aspetjournals.org/


oncogenic properties of SET (Li et al., 1996; Carlson et al., 1998;
Switzer et al., 2011; Janghorban et al., 2014). Through direct
interaction with the catalytic domain of PP2A, SET inactivates
the tumor suppressor functions of PP2A and promotes aberrant
activation of downstream oncogenic signaling, including AKT
(Switzer et al., 2011). AKT is a key player in diverse cellular
functions, such as proliferation, survival, and metabolism, and
has been an attractive target for the design and development of
novel anticancer treatments (Nitulescu et al., 2016). Several
different AKT inhibitors are currently undergoing preclinical
and early-stage clinical investigation (Lamoureux and Zoubeidi,
2013; Konopleva et al., 2014; Nitulescu et al., 2016). In this work,
we presented a new approach, i.e., targeting AKT signaling in
cancer via antagonizing SET-mediated PP2A inactivation, and
showed the anticancer efficacy of this strategy in combination
with RT. Since there are currently no active trials testing the
efficacy of an AKT inhibitor plus RT, our data may provide
rationale for future investigation.
We demonstrated that the use of RT alone exerted certain

anti-HCC activity, and SET-knockdown or the additive use
of a SET antagonist were able to further enhance the effects
of RT against HCC. Regarding the use of RT for HCC, a
fundamental challenge is the coexistence of underlying liver
injury and hepatic dysfunction, which gives rise to increased
concern about RT-induced liver complications (Hawkins and
Dawson, 2006). However, such concern can now be largely
dismissed owing to current advanced RT technology. With

more powerful tools, such as breathing motion management,
image guided radiation therapy, and stereotactic body RT,
radiation oncologists today have more opportunities to deliver
high and precise doses of radiation to target the liver tumor
effectively, and avoid unwanted toxicity (Klein and Dawson,
2013). Certainly, the roles and the best dose-response rela-
tionship for RT in HCC have not yet been established.
Additionally, biologic mechanisms that may diminish the
effects of RT against HCC, such as the SET dysregulation
we demonstrated in this work, still need to be explored fully.
With increased investigation into these issues, we may
improve the outcome in HCC patients by providing a person-
alized RT-integrated treatment to eliminate RT-related re-
sistance and toxicity.
In conclusion, this study demonstrated the impact of the

oncoprotein SET on the effects of RT therapy for HCC.
Furthermore, through reactivation of PP2A-mediated p-AKT
downregulation, a novel SET antagonist, EMQA, enhanced
the effects of RT for the treatment of HCC in vitro and in vivo.
Our data provide new insight into the oncogenic properties of
SET, and show further that targeting SET/PP2A/p-AKT may
be a feasible and effective strategy to enhance the antitumor
effects of RT in HCC.
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