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Targeted treatments for advanced gastric cancer (GC) are needed,
particularly for HER2-negative GC, which represents the majority
of cases (80 to 88%). In this study, in silico analyses of the lysine
histone demethylases (KDMs) involved in diverse biological pro-
cesses and diseases revealed that PHD finger protein 8 (PHF8,
KDM7B) was significantly associated with poor clinical outcome
in HER2-negative GC. The depletion of PHF8 significantly reduced
cancer progression in GC cells and in mouse xenografts. PHF8 reg-
ulated genes involved in cell migration/motility based on a micro-
array analysis. Of note, PHF8 interacted with c-Jun on the
promoter of PRKCA which encodes PKCα. The depletion of PHF8
or PKCα greatly up-regulated PTEN expression, which could be
rescued by ectopic expression of a PKCα expression vector or an
active Src. These suggest that PTEN destabilization occurs mainly
via the PKCα-Src axis. GC cells treated with midostaurin or bosu-
tinib significantly suppressed migration in vitro and in zebrafish
models. Immunohistochemical analyses of PHF8, PKCα, and PTEN
showed a positive correlation between PHF8 and PKCα but nega-
tive correlations between PHF8 and PTEN and between PKCα and
PTEN. Moreover, high PHF8-PKCα expression was significantly cor-
related with worse prognosis. Together, our results suggest that
the PKCα-Src-PTEN pathway regulated by PHF8/c-Jun is a potential
prognostic/therapeutic target in HER2-negative advanced GC.
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Gastric cancer (GC) is the second leading cause of death
among all malignancies worldwide (1). More than 50% of

new GC cases occur in the World Health Organization Western
Pacific region (1). Surgical resection remains the gold standard
in GC therapy, particularly for early-stage GC (2). However, GC
is usually asymptomatic at the early stage and reaches an ad-
vanced stage at diagnosis, particularly in regions lacking an
implemented screening system (3). According to a metaanalysis
by Wagner et al. (4), the prognosis of metastatic GC remains
poor, with a median survival of 4.3 mo for patients who receive
best supportive care and 11 mo for those who receive combi-
nation chemotherapy. The survival of patients with GC treated
with chemotherapy for the last two decades has remained steady
owing to a dearth of major breakthroughs in the development of
new cytotoxic agents (5). A recent trend is to combine targeted
therapy with chemotherapy. In a multicenter Trastuzumab for
Gastric Cancer (ToGA) study, the median overall survival was
13.8 mo in an anti-HER2 targeted treatment (trastuzumab)
group as compared with 11.1 mo in a chemotherapy alone
group (6), suggesting that patients with HER2-positive GC (12
to 20%) may benefit from this approach (7). However, no
effective targeted treatments are available for advanced
HER2-negative cases.
Genome-based molecular characterization provides an avenue

for patient stratification, prognosis, and the customization of

treatment (3). The Cancer Genome Atlas data for 295 primary
GC tissues without chemotherapy and radiotherapy reveal dif-
ferential patterns of DNA methylation, somatic gene alterations,
gene expression, and proteomic events (8). Key genetic alter-
nations are primarily found in oncogenes/tumor suppressor
genes, including TP53, KRAS, ARID1A, PIK3CA, ERBB3, PTEN,
and HLA-B (8). A global gene-expression profiling analysis and
targeted sequencing of 300 GC samples by the Asian Cancer
Research Group corroborated common recurrent driver muta-
tions, including mutations in TP53, ARID1A, PIK3CA, KRAS,
PTEN, and ERBB3 (9). Apart from mutational patterns revealed
from these frontier studies, epigenetic irregularities that con-
tribute to progression and even chromosome remodeling and
increased instability cannot be overlooked (10, 11). Among
epigenetic regulators (12), histone lysine demethylases (KDMs)
have drawn substantial attention, as they catalyze the removal of
key methyl groups from histones, which can greatly impact gene
expression and the chromatin spatial organization and even
rewire tumorigenic programs with increased malignant capability
(13). For instance, KDM5A (RBP2), which demethylates the
H3K4me3 sites of target genes, including CDKIs, is overex-
pressed in GC and is involved in GC progression (14). KDM4B is
also often amplified in GC; it promotes carcinogenesis in the
presence of Helicobacter pylori and up-regulates the expression of
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IL-8, MMP1, and ITGAV via its H3K9me3/2 demethylating
activity (15–17).
To identify KDM member(s) associated with poor clinical

outcomes for HER2-negative patients with GC, we conducted
in silico Oncomine and Kaplan–Meier plotter analyses. PHF8
(also known as KDM7B) was not only significantly overexpressed
in tumors but was also associated with worse overall survival and
earlier progression for HER2-negative patients. PHF8 contains a
plant homeodomain (PHD) and a catalytic jumonji C domain; it
acts as a transcriptional activator to remove epigenetic methyl
marks (H3K9me2/1, H3K27me2, and H4K20me1) (18, 19). We
demonstrate that PHF8 functions as a coactivator of c-Jun and
directly regulates cell migration-related genes including PRKCA
that encodes PKCα, which is required for SRC-mediated PTEN
degradation. These findings were further substantiated in a
zebrafish xenograft model. Together, our results suggest that the
PKCα-Src-PTEN pathway regulated by the PHF8-c-Jun complex
serves as a crucial factor for advancement to a more malignant
phase and is a prognostic/therapeutic target in HER2-negative
metastatic GC.

Results
Overexpression of PHF8 Is Associated with Worse Clinical Outcomes in
HER2-Negative Gastric Cancer.We first evaluated the expression of
21 KDM members using Oncomine GC datasets with patient
number greater than 50 (www.oncomine.org/) (SI Appendix,
Table S1) (20). SI Appendix, Figs. S1A and S2 revealed that
KDM1B, KDM2A, and PHF8/KDM7B were significantly up-
regulated in tumor specimens as compared to normal tissues
(P < 0.05) (21–24). We next evaluated the clinical relevance of
the up-regulated KDMs with respect to the endpoints of 5-y
overall survival (OS) and first progression (FP) for HER2-
negative patients with GC using data retrieved from the
Kaplan–Meier plotter (KM plotter) (SI Appendix, Table S2)
(25). Higher PHF8/KDM7B expression was significantly as-
sociated with worse OS and FP for HER2-negative cases (SI
Appendix, Fig. S1 B and C). KDM1B and KDM2A, however,
exhibited inconsistent results depending on the probe (SI
Appendix, Fig. S1 B and C). These results together indicate
that PHF8/KDM7B (hereafter termed PHF8) is a prognostic
epigenetic regulator.

Effects of PHF8 in Metastatic GC Cells In Vitro and In Vivo. PHF8 was
noted to have an even significantly higher expression at the
metastatic sites of GC in Oncomine analysis (SI Appendix, Fig.
S2A) (21). To characterize the biological role of PHF8 in
advanced GC, two HER2-negative, MKN28 and MKN45 lines
resembling the chromosomally unstable tumors (CIN) subtype
(26) were utilized. MKN45 was obtained from the liver me-
tastasis of a patient with a poorly differentiated primary GC of
diffuse histology and was characterized as microsatellite un-
stable tumors (MSI)-low and Epstein-Barr Virus (EBV)-neg-
ative. MKN28 was derived from a lymph node metastasis with
an intestinal differentiation primary GC and had moderate
copy number alterations and a moderate number of genes with
single nucleotide variants.
We first prepared control (pLKO) or PHF8-depleted

(shPHF8#1 and shPHF8#2) for MKN28 (Fig. 1A) using a len-
tiviral approach. The depletion of PHF8 significantly reduced
the levels of MKN28 cell proliferation (Fig. 1B) as compared
with those of control cells. Importantly, tumor growth of MKN28
xenografts was significantly impaired for the PHF8-KD MKN28
cells (Fig. 1 C and D). The depletion of PHF8 also significantly
suppressed cell migration (Fig. 1E) as compared with control
cells. Similar results also found for MKN45 PHF8-depleted
(shPHF8#1 and shPHF8#2) cells as compared with those of
control cells (SI Appendix, Fig. S3 A–C).

We next evaluated migration behavior using an embryonic
zebrafish xenotransplantation assay, an efficient in vivo system
that utilizes a small number of cells (100 to 200 cells) to accu-
rately monitor cell migratory activity within a couple of days (27).
Cells (pLKO vs. shPHF8) were labeled with carboxyfluorescein
succinimidyl ester (CFSE), an amine-reactive green fluorescent
dye, and injected into zebrafish embryos. Migration activity was
monitored at 1 d-postinjection (1 dpi) and 3 dpi by fluorescence
microscopy. Both control cells (MKN28, Fig. 1F and MKN45, SI
Appendix, Fig. S3D) disseminated to the distal parts at 3 dpi
(Upper panel) as compared with cells that remained in the em-
bryo. The quantification of embryos harboring distal tumor
foci revealed a significantly higher degree of metastatic activ-
ity for the pLKO group (36.1%) than for the shPFH8 group

Fig. 1. PHF8 is crucial for MKN28 cell proliferation and migration in vitro
and in vivo. (A) Analysis of PHF8 in MKN28 infected with lentivirus carrying
control pLKO or shPHF8 constructs (#1 or #2), followed by puromycin se-
lection. PHF8 expression was analyzed by Western blotting. Actin was the
internal control. (B) The depletion of PHF8 exhibited a reduced degree of cell
proliferation in MKN28. (C and D) Luciferase-expressing MKN28 cells (pLKO
[n = 5], shPHF8#1 [n = 5], and shPHF8#2 [n = 5]) were grown on nude mice.
Images of control and shPHF8 MKN28-luc xenografts were taken after 6 wk
of injection (C). Two weeks after implantation, the tumor volumes were
measured every week up to 6 wk (D). Data are presented as mean ± SD, with
the SD derived from five mice. **P < 0.01 (one-way ANOVA test). (E) The
depletion of PHF8 exhibited a reduced degree of cell migration in MKN28
using Transwell cell migration assay. (F and G) Zebrafish migration assays.
MKN28 labeled with CFSE (green fluorescence dye) were ectopically injected
into the yolk-sac parts of 2-d-old zebrafish embryos. Fluorescence micro-
scopic analysis was conducted at 1 dpi and 3 dpi. Representative fluorescence
images of a zebrafish embryo displaying cell dissemination (Upper) or no
migration (Lower) at 3 dpi (F). (Scale bar, 100 μm.) The depletion of PHF8
exhibited a significantly reduced proportion of embryos with migration
behavior in MKN28 (G). Total number of embryos (pLKO, shPHF8#1, or
shPHF8#2) is shown in the bracket. Data were obtained from three inde-
pendent studies. *P < 0.05 (two-tailed Student’s t test). In B, E, and G data
are presented as the average of three replicates ± SD *P < 0.05, **P < 0.01
(two-tailed Student’s t test).
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(shPHF8#1, 17.1%; shPHF8#2, 16.7%) (Fig. 1G). Likewise,
there was a significantly lower degree of migration in the PHF8-
knockdown MKN45 group than in the control group (pLKO,
31.3%; shPHF8#1, 8.9%; and shPHF8#2, 11.8%) (SI Appendix,
Fig. S3E). These results together suggest that PHF8 is crucial for
tumor growth and migration.

PHF8 Promotes GC Progression by Regulating PKCα and ICAM-1. To
characterize the molecular mechanisms by which PHF8 con-
tributes to GC progression, we performed a comparative
microarray analysis of pLKO and shPHF8 MKN28 cells
(GSE117980). DAVID functional annotation indicated that
genes that were down-regulated (less than or equal to twofold;
n = 150) in shPHF8 cells were primarily involved in cell migra-
tion (n = 8, P = 0.00041) and cell motility (n = 8, P = 0.00079)
(https://david.ncifcrf.gov/) (Fig. 2A). qRT-PCR confirmed that
the eight genes associated with both cell migration and motility
(UGT8, HBEGF, ROBO1, STATB2, PRKCA, AXL, ICAM1, and
TUBE1) had significantly lower expression levels in two inde-
pendent shPHF8 cell lines than in pLKO cells (Fig. 2B).
We next evaluated whether PHF8 was directly involved in

regulating the expression of the genes identified in the micro-
array analysis. In a chromatin immunoprecipitation (ChIP)
analysis, there was a significantly higher signal of PHF8 than of
IgG on the promoter regions of PRKCA and ICAM-1 in MKN28
(Fig. 2C). An additional ChIP analysis with four sets of primers
designed across the promoter region of PRKCA in MKN28
revealed positive PHF8-binding signals between −1,100-bp and
−744-bp regions, particularly at the site of −925 to −744 bp
(Fig. 3A). We further compared the ChIP signals of H3K9me2
and H4K20me1 on the PRKCA locus in cells without or with
depletion of PHF8.

As shown in Fig. 3 B–D, the H3K9me2 signal but not the
H4K20me1 one was significantly increased in two independent
shPHF8 lines, suggesting that PHF8 might regulate the expres-
sion of PRKCA by erasing the repressive H3K9me2 mark on the
PRKCA locus.
To substantiate that PRKCA acts as a downstream target of

PHF8, we ectopically expressed PKCα in each of the two
shPHF8 lines (MKN28, SI Appendix, Fig. S4A and MKN45, SI
Appendix, Fig. S5A). Interestingly, the ectopic expression of
PKCα in shPHF8 significantly restored the levels of cell prolif-
eration (MKN28, SI Appendix, Fig. S4B and MKN45, SI Ap-
pendix, Fig. S5B) and migration (MKN28, SI Appendix, Fig. S4C
and MKN45, SI Appendix, Fig. S5C) as compared to those of the
pLKO line. Collectively, these data suggest that PHF8 displayed
H3K9me2 demethylation activity to up-regulate the expression
of PRKCA involved in cell proliferation and migration.
We also evaluated whether PHF8 directly regulated the ex-

pression of ICAM-1. SI Appendix, Fig. S6A shows that the de-
pletion of PHF8 reduced the expression of ICAM-1 mRNA in
MKN45, consistent with that observed in MKN28 (Fig. 2B).
Moreover, we have detected PHF8’s signal in the promoter re-
gion of ICAM-1 using a ChIP analysis (SI Appendix, Fig. S6B).
The depletion of ICAM-1 led to a decreased degree of migratory
effect as compared to the control (SI Appendix, Fig. S6C), indi-
cating that PHF8-regulated expression of ICAM-1 might also
contribute to GC progression.

PHF8 Interacts with c-Jun and They Are Corecruited to the PRKCA
Locus. We next identified potential transcription factors that in-
teract with PHF8 using the University of California Santa Cruz
Genome Browser (28). We found that c-Jun, a component of the
AP-1 transcription factor, shows positive binding peaks in the
promoter region of PRKCA in two ChIP-Seq datasets (ChIP-Seq
from A549 (ENCLB202COI) (Ab: PHF8): GSM2700325; ChIP-
Seq from A549 (ENCLB403GIO) (Ab: c-Jun): GSM2437720).
Immunoprecipitation (IP) of lysates from MKN28 or MKN45
using either anti-PHF8 or anti-c-Jun antibodies indeed revealed
that endogenous PHF8 is associated with c-Jun (MKN28, Fig. 4A
and MKN45, SI Appendix, Fig. S5D). We further determined the

Fig. 2. PHF8 regulates the expression of genes involved in cell migration
and cell motility. (A) DAVID functional annotation analysis of the genes with
twofold or less alterations in PHF8-knockdown MKN28 in a microarray
analysis. (B) qRT-PCR analysis of down-regulated genes in the cell migration/
cell motility/cell motion category. The data were normalized by GAPDH
mRNA levels. (C) ChIP analysis of PHF8 occupancy on the promoter region of
genes involved in cell migration category in MKN28 using IgG or anti-PHF8
antibodies. (B and C) Data are presented as the average of three replicates ±
SD *P < 0.05, **P < 0.01 (two-tailed Student’s t test).

Fig. 3. Analysis of PHF8 occupancy in the promoter region of PRKCA. (A)
ChIP analysis of PHF8 enrichment in the promoter region of PRKCAwith four
sets of primers as indicated. IgG as a control. (B−D) Fold enrichment of PHF8,
H3K9me2, and H4K20me1 on the PRKCA promoter in pLKO and shPHF8 (#1
and #2) MKN28 across three regions [−1,100 to −906 (B), −932 to −797 (C),
and −925 to −744 (D)]. In A−D, data are presented as the average of three
replicates ± SD *P < 0.05, **P < 0.01 (two-tailed Student’s t test).
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crucial region of PHF8 that interacts with c-Jun. We generated
full-length PHF8 and various truncated variants fused with a
Flag tag (Flag-tagged full-length [FL], N-terminal [ΔN440], and
C-terminal [ΔC589] truncated variants). IP analysis revealed that
the C-terminal region of PHF8 (residues 441 to 1,024) is most
critical for its interaction with c-Jun (SI Appendix, Fig. S7A). We
also performed the reciprocal experiment for c-Jun by generating
full-length and truncated c-Jun variants fused to an HA-tag
(HA-tag FL, N-terminal [ΔN223], and C-terminal [ΔC108]
truncated forms). IP analysis showed that c-Jun ΔN223, but not
ΔC108, retained the association with PHF8, indicating that the
C-terminal region of c-Jun (residues 224 to 331) is critical for the
PHF8–c-Jun interaction (SI Appendix, Fig. S7B).
To support the notion that PHF8 acted as a coactivator of

c-Jun and regulated the expression of PRKCA, a ChIP analysis
was conducted for pLKO and shPHF8 cells using anti-c-Jun and
IgG for comparison. Statistically significant enrichment of c-Jun
was detected in pLKO cells at the PRKCA locus (MKN28,
Fig. 4B and MKN45, SI Appendix, Fig. S5E). Of note, a c-Jun/
AP-1 binding site was found in the promoter region of PRKCA
based on the ChIP-Seq data (Gene Expression Omnibus [GEO]
accession no. GSM2437720). Using the AP-1 reporter activity
assay, the depletion of PHF8 significantly reduced the trans-
activation of AP-1 reporter activity (MKN28, Fig. 4C and
MKN45, SI Appendix, Fig. S5F). We next examined whether
overexpressing PHF8 and/or c-Jun stimulates AP-1 transcrip-
tional activity. Fig. 4D shows that overexpressing PHF8 or c-Jun
alone significantly enhanced the level of AP-1 transactivation. Re-
markably, there was an even significantly pronounced increase

when overexpressing PHF8 with c-Jun (Fig. 4D). Interestingly,
this enhancement was not seen when overexpressing an inactive
mutant, PHF8(H247A) (Fig. 4D) (29). These results thus suggest
that PHF8 modulates the expression of PRKCA in conjunction
with c-Jun through PHF8’s demethylase activity.

The PHF8-PKCa Axis Regulates PTEN Destabilization via Src. PRKCA
encodes PKCα, a serine/threonine protein kinase that serves as a
signaling molecule activated by Ca2+ and phospholipids (30);
accordingly, we explored the signaling pathway mediated by the
PHF8-PKCα axis. We used a Western microarray analysis to
evaluate the patterns of 96 antibodies simultaneously in pLKO,
shPHF8, and shPRKCA cells. SI Appendix, Fig. S8 shows that
two pathways were altered substantially: PI3K and MAPK. In
particular, the tumor suppressor PTEN/pPTEN had the highest
signal intensities in both shPHF8 and shPRKCA cells. Western
blotting analyses of pLKO and shPHF8 lines confirmed that
PTEN was clearly up-regulated by the depletion of PHF8
(MKN28, Fig. 5A and MKN45, SI Appendix, Fig. S9A). More-
over, the level of PTEN was substantially higher in each of the
two shPRKCA lines than in pLKO, indicating that PHF8-PKCα
signaling led to PTEN destabilization (MKN28, Fig. 5A and
MKN45, SI Appendix, Fig. S9A). We thus asked whether PTEN
was regulated at the level of transcriptional silencing or trans-
lational modification (31, 32) in the context of the PHF8-PKCα
axis. We first evaluated whether treatment with MG132, a pro-
teasome inhibitor could restore the PTEN signal, since PTEN is
quite susceptible to proteasomal degradation, particularly upon
posttranslational modifications (31, 32). The protein level of
PTEN was indeed rescued in MG132-treated pLKO cells
(MKN28, Fig. 5B and MKN45, SI Appendix, Fig. S9A).
We next asked whether Src kinase serves as a downstream

effector of PKCα based on two reports: 1) Tatin et al., who
clearly define the PKCα-Src-CDC42 signaling cascade (33); and
2) Lu et al., who show that Src activation promotes the degra-
dation of PTEN (34). Analyses of the abundance of Src and
activated Src (pY419) in pLKO and two shPHF8 lines, inter-
estingly, revealed that there was indeed a reduced level of

Fig. 4. PHF8 interacts with c-JUN and regulates AP-1 reporter activity. (A)
Endogenous association between PHF8 and c-Jun. MKN28 cell lysates were
used for IP assays with IgG, anti-PHF8, or anti-c-Jun. (B) ChIP analysis of c-Jun
enrichment on the PRKCA promoter in PHF8-depleted cells. (C) The AP-1
reporter activity of cells (pLKO, shPHF8#1, or shPHF8#2) cotransfected with
an AP-1 reporter plasmid and an internal β-galactosidase control plasmid. (D)
The AP-1 reporter activity of MKN28 cotransfected with vectors [Flag, wild-
type PHF8(WT), or inactive PHF8(H247A), and HA, or HA-c-JUN, plus a
β-galactosidase internal control] as indicated. In B−D, data are presented as
the average of three replicates ± SD *P < 0.05, **P < 0.01 (two-tailed Stu-
dent’s t test).

Fig. 5. The PHF8-PKCα axis regulates PTEN destabilization by SRC activation.
(A) Immunoblotting analysis of PTEN expression in shPHF8 (#1 and #2) and
shPRKCA (#1 and #2) MKN28 with or without MG132 treatment. (B) Abun-
dance of Src and pSrc (Y419) in pLKO or shPHF8 (#1 or #2) transfected with a
control (ctl) or a PRKCA-expressing vector. (C) Detection of PTEN in shPRKCA
(#1 and #2) cells transfected with a kinase-active Src (Y419D) or a kinase-
dead Src (Y419F) vector.
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activated Src (pY419) in PHF8-depleted cells (MKN28,
Fig. 5B and MKN45, SI Appendix, Fig. S9B). Furthermore,
complementation with PKCα using a PRKα-expressing vector
in each of the two shPHF8 lines restored the level of activated
Src (MKN28, Fig. 5B and MKN45, SI Appendix, Fig. S9B),
supporting the notion that Src served as a downstream effector
of PKCα. We further generated a kinase-dead Src variant
(Y419F) and a constitutively active Src variant (Y419D). The
introduction of Y419D, but not Y419F, greatly diminished the
abundance of PTEN (MKN28, Fig. 5C and MKN45, SI Ap-
pendix, Fig. S9C). Together, these results suggested that PHF8
negatively regulates PTEN destabilization via the PKCα-Src-
induced signaling pathway.

Targeting the PKCα-Src Pathway in Metastatic GC. We next tested
whether targeting the PHF8-PKCα-Src-PTEN axis using phar-
macological inhibitors curbs GC metastasis. To do so, we utilized
midostaurin (35, 36), a PKCα inhibitor, and bosutinib (37, 38), a
Src inhibitor (FDA-approved since 2017). Treatment with mid-
ostaurin indeed led to an elevated level of PTEN in a dose-
dependent manner in MKN28 (Fig. 6A) and in MKN45 (SI
Appendix, Fig. S10A). Importantly, the degree of cell migration
was also significantly suppressed (MKN28, Fig. 6B and MKN45,
SI Appendix, Fig. S10B). Likewise, the inhibition of Src by
bosutinib resulted in an increased level of PTEN expression in
both MKN28(Fig. 6C) and MKN45 (SI Appendix, Fig. S10C). As
such, there was also a reduced degree of cell migration (MKN28,
Fig. 6D and MKN45, SI Appendix, Fig. S10D).
We next corroborated this finding using a zebrafish xeno-

transplantation model. Cells labeled with Vybrant CM-DiI
(CM-Dil) (red fluorescence dye) were injected into the em-
bryos of Tg(fli1:EGFP) (fish with green fluorescence in blood
vessels), followed by immersion in solutions containing 1 μM
midostaurin or bosutinib (a sublethal dose) at 1 dpi. Implanta-
tion of MKN28 or MKN45 cells in embryos often resulted in cell
dissemination; cells clearly metastasized to distal parts of the
body (MKN28, Fig. 6E and MKN45, SI Appendix, Fig. S10E). A
large proportion of MKN28-injected embryos treated by mid-
ostaurin or bosutinib had reduced levels of widespread dissem-
ination and invasion (39.3% in the vehicle group, 11% in the
midostaurin group, 11.95% in the bosutinib group) (Fig. 6F).
MKN45 injection also resulted in a significantly higher levels of
metastatic activity in the vehicle group (34.25%) than in the two
inhibitor groups (13.88% in the midostaurin group and 18.08%
in the bosutinib group) (SI Appendix, Fig. S10F).
We next tested whether midostaurin or bosutinib impedes

tumor growth in vivo by using a MKN28 xenograft model. SI
Appendix, Fig. S11 shows that both drugs significantly impaired
tumor growth as compared to vehicle group. Collectively, these
results suggested that the inhibition of PKCα or Src is an ef-
fective strategy to curb tumor progression in vivo.

Immunohistochemical Analyses of PHF8, PKCα, and PTEN in GC
Subjects. Given the identified PHF8-PKCα-PTEN axis that con-
tributes to GC progression using two GC cell models, we further
evaluated the clinical relevance of these markers. We conducted
an immunohistochemistry (IHC) analysis of PHF8, PKCα, and
PTEN for patients with GC. Three consecutive paraffin-
embedded human GC biopsies (n = 42) were obtained from
Chang Gung Memorial Hospital (CGMH), Taoyuan, Taiwan
(Fig. 7A). Additionally, the tissue array ST1505 (US Biomax; n =
50) was characterized (SI Appendix, Fig. S12A). IHC results were
scored based on two parameters: the intensity grade (score: 1to
3) and the proportion of positive tumor cells (score: 1 to 4). The
immunoreactive score (IRS) was obtained by multiplying the
intensity grade by the positive proportion score (Fig. 7B). Re-
markably, there were significant correlations between these
markers (Fig. 7 C–E and SI Appendix, Fig. S12 B–D), i.e., a

positive correlation between PHF8 and PKCα (CGMH, P =
0.003; tissue assay ST1505, P = 0.037) and negative correlations
between PHF8 and PTEN (CGMH, P = 0.035; tissue assay
ST1505, P = 0.019) and between PKCα and PTEN (CGMH, P =
0.038; tissue assay ST1505, P = 0.018). Of note, PHF8 abun-
dance was significantly positively correlated with tumor stage
(CGMH, P = 0.025; tissue assay ST1505, P = 0.046) (Fig. 7F and
SI Appendix, Fig. S12E). We then evaluated the clinical outcome
in CGMH patients with available follow-up clinical data (n = 42).
Interestingly, the PHF8highPKCαhigh group (n = 20) was signifi-
cantly associated with a poor 5-y OS (P = 0.017) and 5-y disease-
free survival (DFS) (P = 0.042) as compared with the
PHF8lowPKCαlow group (n = 12) (Fig. 7G).

Discussion
Although the comprehensive profiling of altered driver/passen-
ger genes across GC genomes offers a classification scheme for
the identification of potential therapeutic targets and predictive/
prognostic markers (8, 9), the dysregulated epigenetic landscape
of GC remains largely elusive. In this study, a large-scale in silico
analysis of histone lysine demethylases revealed that PHF8 is a
potential oncogenic KDM associated with poor prognosis in
HER2-negative GC. Our analysis of two metastatic GC cell lines
indeed revealed that the depletion of PHF8 significantly reduced
cell proliferation and migration in vitro and in vivo. Interestingly,
PHF8 is often overexpressed in several malignancies, including
prostate cancer (39), esophagus cancer (40), lung cancer (41),
laryngeal and hypopharyngeal squamous cell carcinoma (42),
acute lymphoblastic leukemia (43), and GC (44). These results
together suggest that PHF8 serves as a potential oncogenic
epigenetic regulator.
PHF8 has previously been identified as a causative gene of

X-linked mental retardation due to the loss-of-activity mutation
F279S (45–47). PHF8 regulates the expression of cytoskeleton-
related genes and neurite elongation (48). Consistent with these
previous results, we show that PHF8 regulates the expression of
genes related to cell migration/motility. Above all, we demon-
strate that PHF8 interacts with c-Jun and functions as a coac-
tivator to directly regulate a crucial motility-related gene
PRKCA, possibly by H3K9me2 demethylation activity. c-Jun, a
major component of the AP-1 complex involved in invasiveness,
is triggered by diverse stimuli, including growth factors, cyto-
kines, and extracellular stresses (49, 50). In GC, c-Jun directly
regulates FOXK1 expression to promote cancer progression
(51). We have also shown that c-Jun contributes to the up-
regulation of IL-8 via JNK signaling under H. pylori challenge
(16). Together, these results suggest that the PHF8-c-Jun axis
plays a crucial role in stress-induced chromatin remodeling and
that c-Jun functions as an important determinant of GC
progression.
Strikingly, we show that the abundance of PTEN, a key tumor

suppressor with frequent gene mutations or deletions in tumors
(52), is negatively regulated by the PHF8-c-Jun-PKCα pathway.
The dysfunction of PTEN, either by mutations, deletions, or
nongenomic silencing, causes hyperactivated PI3K-AKT signal-
ing, a crucial event that drives carcinogenesis in many cancers
(31). The frequency of genetic alterations in PTEN varies among
geographic regions (Asian: 2.52% vs. Caucasian: 9.05%, P =
0.008) (53). The loss or reduced expression of PTEN occurs at
the stage of dysplasia and is highly frequent in GC (54). PTEN
loss is more frequent in advanced than in early-stage GCs (55).
Here, we further show that PKCα suppresses PTEN by Src ac-
tivation. Our results provide an epigenetic silencing mechanism
by the PHF8-c-Jun-PKCα-Src axis that leads to a PTEN defi-
ciency and support the application of PHF8/PKCα as a bio-
marker for a subpopulation of PI3K-driven tumors.
The inhibition of PKCα using midostaurin (IC50: 22 nM) (35),

a multikinase inhibitor, significantly suppressed migratory activity
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in vitro and in vivo. Of note, midostaurin was approved for the
treatment of adult patients with aggressive systemic mastocy-
tosis, systemic mastocytosis with associated hematological
neoplasm, or mast cell leukemia in 2017 (36). We also show
that the pharmacological inhibition of Src using bosutinib
(IC50: 1.2 nM) (37), a Src tyrosine kinase inhibitor approved
for chronic myeloid leukemia (38, 56), effectively blocks mi-
gratory activity in vitro and in vivo. Our results provide
proof-of-concept evidence that targeting PKCα/Src is a feasi-
ble approach for PI3K-driven GC harboring a PTEN defi-
ciency via the PHF8-PKCα pathway.
Interestingly, two-thirds of those carrying high-IRS PHF8-

PKCα subjects (n = 42) exhibited low or no expression of PTEN
(n = 28). Notably, the survival and recurrence-free rates were
significantly poorer for this subgroup. We have previously par-
ticipated in the 2012 international clinical (CLASSIC) trial to
evaluate the survival benefit of adjuvant chemotherapy for GC
after curative D2 gastrectomy (57). After a careful follow-up
assessment, the survival rate was superior in the adjuvant cape-
citabine plus oxaliplatin group than in the placebo group (the 3-
and 5-y OS improved by 10%). Given the results of this study, the

patient population harboring PHF8/PKCα may benefit from
PI3K pathway inhibitors as a combined chemotherapy; this
should be a focus of further research.
In conclusion, we provide evidence for a role of the PHF8-

PKCα-Src axis in GC driven by hyperactivated PI3K signaling
via PTEN deficiency. Our results suggest that PHF8/PKCα is a
potential prognostic marker and can be used to identify pa-
tient subsets who may benefit from therapies targeting PKCα
and Src. In support of this proposal, midostaurin and bosutinib
inhibited tumor migration in vitro and in vivo. More com-
prehensive profiling analyses, including synthetic lethality ex-
periments, are needed.

Materials and Methods
MKN28 and MKN45 were cultured in RPMI medium 1640 supplied with 10%
fetal bovine serum at 37 °C in 5% CO2. PHF8 knockdown MKN28 and MKN45
were generated based on lentivirus-mediated shPHF8s. Detailed information
is provided in SI Appendix, SI Materials and Methods. ChIP assay was per-
formed with the use of the Magna ChIP assay kit (Millipore). Enrichment
of specific gene occupancy onto promoter was detected by qRT-PCR as de-
scribed in SI Appendix, SI Materials and Methods and detailed protocols
for the reagents, cell proliferation assay, migration assays, immunoblot,

Fig. 6. Pharmacological inhibition of PHF8-PKCα-Src-PTEN blocks GC progression in vitro and in vivo. (A) Analysis of PTEN protein level in MKN28 treated with
0, 1, 2, or 4 μM of midostaurin (Mido). (B) Detection of migration activity of MKN28 treated with Mido by using Transwell migration assay. (C) Analysis of PTEN
protein level in MKN28 treated with 0, 1, 2, or 4 μM of bosutinib (Bosu). (D) Detection of migration activity of MKN28 treated with Bosu by using Transwell
migration assay. In B and D, data are presented as the average of three replicates ± SD **P < 0.01 (two-tailed Student’s t test). (E and F) Zebrafish xeno-
transplantation assays using Mido or Bosu. MKN28 labeled with CM-Dil (red fluorescence dye in the membrane) were ectopically injected into the yolk-sac
parts of 2-d-old Tg(fli1:EGFP) (fish with green fluorescence in blood vessels) zebrafish embryos, followed by immersion in solutions containing 1 μM mid-
ostaurin or bosutinib (a sublethal dose) at 1 dpi. Fluorescence microscopic analysis was conducted at 1 dpi and 3 dpi. Representative fluorescence images of a
zebrafish embryo displaying cell dissemination (Upper) or no migration (Lower) at 3 dpi (E). Cyan, blood vessel. (Scale bar, 100 μm.) Quantification of embryos
with migration behavior in vehicle or drug-treated groups (F). Total number of embryos used in vehicle, Mido, and Bosu is shown in the bracket. Data were
obtained from three independent studies. **P < 0.01 (two-tailed Student’s t test). (G) A schematic diagram shows that the PHF8-c-Jun complex contributes to
GC progression through activation of PKCα-Src-dependent signaling to suppress PTEN. Targeting the PHF8-c-Jun-PKCα-Src-PTEN axis represents a prognostic/
therapeutic target in advanced GC.
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immunoprecipitation assay, luciferase activity assay, and IHC analysis are
given in detailed descriptions in SI Appendix.

Data Availability.Global gene expression analyses performed inMKN28 pLKO
vs. shPHF8#1 have been deposited in the GEO database under accession
number GSE117980.
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