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MYC Regulates PHF8, Which Promotes
the Progression of Gastric Cancer
by Suppressing miR-22-3p

Ming-Zhi Cai, MSc1,*, Shao-Yan Wen, MSc2,*, Xue-Jun Wang, MD1,
Yong Liu, MD1, and Han Liang, MSc1

Abstract
Plant homeodomain finger protein 8 (PHF8) has been reported to participate in cancer development and metastasis of various
types of tumors. However, little is known about the functional mechanism of PHF8 in gastric cancer (GC). This study aimed to
explore the PHF8 expression pattern and function, and the role of the MYC/miRNA/PHF8 axis in GC. PHF8 expression was
upregulated in GC tissues and cells as measured using quantitative reverse transcription polymerase chain reaction and western
blotting. PHF8 knockdown suppressed the proliferation, migration, and invasion of GC cells, as determined using the CCK-8 assay
and Transwell assay. MicroRNA-22-3p targeted PHF8, as verified by a dual-luciferase reporter assay. MYC upregulated the
protein expression of PHF8 but had no effect on PHF8 mRNA expression. MYC regulates PHF8 by affecting the stability of miR-
22-3p. We identified a novel MYC/miR-22-3p/PHF8 regulatory axis in GC. Therefore, PHF8 may provide a new therapeutic target
for patients with GC.
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Introduction

Gastric cancer (GC) is one of the major causes of cancer-

related deaths worldwide.1 Although the pathogenesis and

treatment strategies of GC have been extensively studied, the

mortality rate of gastric cancer patients remains high due to its

recurrence and metastasis. According to statistics, more than

63% of gastric cancer patients were diagnosed with metastatic

GC. Therefore, it is very important to elucidate the mechanisms

involved in the pathogenesis of GC and develop new treatment

strategies.

Histone methylation is a common pattern of epigenetic reg-

ulation, which is jointly controlled by methyltransferase and

demethylase, and plays a fundamental role in many cellular

processes.2 It has been reported that changes in histone mod-

ification patterns are involved in the occurrence and metastasis

of tumors.3 For example, KDM5A/RBP2, belonging to the

H3K4me3 demethylase family, promotes breast cancer metas-

tasis by regulating tenascin-c (TNC).4 KDM1A promotes pro-

liferation, migration, and invasion of non-small cell lung

cancer,5 but inhibits metastasis of breast cancer cells.6

Plant homeodomain finger protein 8 (PHF8) is one of the

members of the histone demethylase family,7 which has

attracted increasing attention in recent years because of its

expression characteristics and its role as a transcription acti-

vator. PHF8 can bind to the promoter sites of approximately

one-third of human genes8,9; therefore, the abnormal expres-

sion of PHF8 may be related to human cancer and other

genetic and environmental diseases. Studies have shown that

upregulation of PHF8 is the key factor for malignant progres-

sion and metastasis of cancer, such as prostate cancer,10 breast
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cancer,11 lung cancer,12 and esophageal squamous cell can-

cer.13 However, little is known about the expression pattern

and role of PHF8 in GC.

Studies have shown that the proto-oncogene, MYC, can

drive PHF8 expression in prostate cancer10 and breast cancer,11

and plays an important role in cancer progression; however, the

correlation between the 2 genes in GC remains unclear. There-

fore, this study will explore the function of PHF8 in GC and the

role of the MYC/miRNA/PHF8 axis as well as its influence on

GC progression.

Materials and Methods

Clinical Samples and Cell Cultures

For GC samples, 10 sections of GC tissues and adjacent non-

cancerous tissues were obtained from the Tianjin Medical

University Cancer Institute & Hospital. The samples were

stored at �80�C prior to RNA extraction. All patients pro-

vided consent prior to enrollment in the study. Four GC cell

lines (BGC-823, HGC-27, MKN45, and AGS) and human

gastric mucosa cell line GES-1, obtained from the American

Type Culture Collection (ATCC), were used in this study. The

cells were cultured in RPMI1460 medium (Gibco, USA) con-

taining 10% fetal bovine serum (FBS) (Gibco, USA) and

incubated in 5% CO2 at 37�C.

Plasmid and siRNA Transfection

The MYC-overexpressing plasmids were transfected into GC

cells using Lipofectamine 2000 (Invitrogen, USA) according to

the manufacturer’s protocol. PHF8 siRNAs, MYC siRNA, and

miR-22-3p mimics or inhibitors were used to transfect GC cells

using Lipofectamine 2000 (Invitrogen, USA) according to the

manufacturer’s protocol. The siRNA sequences were as follows:

PHF8 siRNA1: AGGAGAGAAGACAGACAAGCATAAG;

PHF8 siRNA2: CGAGCTCTATACCGCAGTAGAGGCC;

MYC siRNA: AUGACGUGAAUGUGCAGACAGGAUC.

Quantitative Reverse Transcription Polymerase
Chain Reaction (qRT-PCR)

Total RNA was extracted using TRIzol Reagent (Invitrogen,

CN) according to the manufacturer’s instructions. Next, 2 mg

RNA was used to synthesize cDNA using the Advantage RT-

for-PCR Kit (Clontech) according to the manufacturer’s proto-

col. cDNA was diluted and used for qRT-PCR with the

HiScript® II One Step qRT-PCR SYBR® Green Kit (Takara,

Japan). An All-in-One miRNA qRT-PCR Detection Kit (Gen-

eCopoeia, USA) was used to detect the expression of miRNAs

and pre-miRNAs. b-actin and U6 were used as internal controls

for mRNA and miRNA, respectively. Gene expression was

calculated using the 2-DDCt method. The primer sequences used

in qRT-PCR are shown in Table S1.

Western Blotting

The collected cells were lysed using RIPA buffer (Thermo

Scientific, USA) to extract total protein. The protein con-

centration was determined using the Bradford method. The

proteins were separated using 10% SDS-PAGE and electro-

transferred to a PVDF membrane (Millipore, USA). The mem-

brane was blocked in TBST mixed with 5% skim milk for 4 h at

room temperature. Next, we incubated the membrane with pri-

mary antibody overnight at 4�C. After washing with TBST, the

membrane was incubated with secondary antibody for 1 h at

room temperature. The protein bands were visualized using the

E-Gel Imager (Invitrogen, USA). The specific antibodies to

PHF8 (ab36068), E-cadherin (ab15148), N-cadherin

(ab18203), vimentin (ab137321), and b-actin (ab227387) were

purchased from Abcam (UK).

Dual-Luciferase Reporter Gene Assay

Based on the miRNA target prediction analysis of bioinfor-

matics databases (TargetScan, PITA, DIANA-microT, and

miRanda), we found 5 miRNAs (miR-22-3p, miR-494-3p,

miR-31-5p, miR-182-5p, and miR-495-3p) having highly con-

served binding sites in the 30-UTR of PHF8. Next, according to

the manufacturer’s protocol, we performed a dual-luciferase

reporter assay (GeneCopoeia) to confirm whether PHF8 was

the target gene of miR-22-3p. The full-length sequence of

PHF8 30-UTR containing miR-22-3p binding sites at the posi-

tion 663–670 of PHF8 30-UTR (WT) or with a mutation site

(MUT) were cloned into the KpnI and SacI sites of the pGL4.10

vector. Recombinant vectors (100 ng) were used to transfect

the GC cells with 100 nM miR-22-3p mimic or NC mimic for

24 h. The luminescence intensity values of cells in each group

were analyzed using a double luciferase reporting kit

(Promega, USA).

The promoter sequence of PHF8 was used to replace the

promoter of pGL3-basic, and the GC cells were transfected

with a recombinant vector containing the PHF8 promoter and

MYC-overexpressing vector. A dual-luciferase reporter assay

(Promega, USA) was used to detect luciferase activity after

transfection for 48 h. The assay was performed in triplicates.

The effects of MYC on PHF8 promoter activity were deter-

mined using a dual luciferase reporter gene assay.

MicroRNA Stability Assay

The cells were inoculated in 12-well plates and cultured at

37�C and 5% CO2 for 24 h. The cells were treated with acti-

nomycin D (10 mg/L), and total RNA was isolated from the

cells at 0, 4, 8, 12, and 24 h, respectively. Quantitative reverse

transcription PCR was used to detect the relative abundance of

miRNAs.

CCK-8 Assay

The function of PHF8 in GC cell proliferation was detected

using the CCK-8 assay (GlpBio, USA). The cells (1 � 104
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cells/well) were seeded in 96-well plates and the cells were

transfected with PHF8 siRNA. CCK-8 solution was added to

each well and the absorbance of each group was measured at

450 nm using a fluorescence microplate reader (Berthold Tech-

nologies, Germany).

Transwell Assay

To evaluate the ability of GC cell migration and invasion, a

transwell assay was performed in accordance with the manu-

facturer’s instructions. First, the transwell chamber (BD Bios-

ciences, USA) was placed in a 24-well plate (Corning, USA).

The cells (2 � 105 cells/well) were seeded into the upper

chamber containing serum-free DMEM culture mixed with

100 mL of diluted Matrigel. Medium (500 mL) containing

20% FBS was added to the lower chamber. After 12 h of

incubation at 37�C and 5% CO2, the chamber was removed,

fixed in pre-cooled methanol for 30 min, and stained with

DAPI for 15 min. The cell images were captured and the num-

ber of fields was counted under an inverted microscope (Olym-

pus, Japan).

Bioinformatics and Statistics

The expression data from the StarBase database was used to

analyze the correlation. Statistical analysis was performed

using GraphPad Prism. Data are expressed as the mean +
SD. The differences between 2 groups were analyzed using the

Student’s t-tests. The differences for more than 3 groups were

compared by one-way analysis of variance. P < 0.05 indicated a

statistically significant difference.

Results

MYC Upregulated the Protein Expression of PHF8

To investigate the relationship between MYC and PHF8, we

performed MYC overexpression and knockdown. As shown in

Figure 1A, PHF8 protein expression was increased or

decreased based on MYC overexpression or knockdown,

respectively. However, the mRNA expression of PHF8 was

unaffected by MYC overexpression or MYC knockdown.

Expression correlation analysis revealed no correlation

between MYC and PHF8 expressions (Figure 1B and C). Thus,

we speculated that PHF8 was not regulated by MYC at the

Figure 1. MYC upregulated the protein expression of PHF8. A, The PHF8 protein expression was increased or decreased by MYC over-

expression or knockdown, respectively. B, PHF8 mRNA expression was not affected by MYC. C, Correlation analysis demonstrated an

extremely weak association between mRNA expression of MYC and PHF8, R2 ¼ 0.008. D, Luciferase reporter gene assay revealed no

interaction between MYC and the PHF8 promoter fragment.
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transcriptional level. Further, we explored whether MYC acted

on the promoter of PHF8 using the dual luciferase reporter gene

assay. The results showed that there were no significant differ-

ences between the relative luciferase activities of the MYC-

PHF8 promoter group and the NC-PHF8 group (Figure 1D),

thereby indicating that MYC exerted no transcriptional regula-

tion on PHF8. Therefore, regulation of PHF8 by MYC might be

controlled by other mechanisms.

MYC Regulated PHF8 by Decreasing the Stability
of miR-22-3p

In order to further explore how MYC regulates PHF8, we

speculated the probable role of miRNAs. It has been reported

that MYC is involved in tumorigenesis through miRNA med-

iation.14 MicroRNA target predicted by TargetScan, PITA,

DIANA-microT, and miRanda showed that five miRNAs,

including miR-22-3p, miR-494-3p, miR-31-5p, miR-182-5p,

and miR-495-3p had highly conserved binding sites in the 30-
UTR of PHF8 (Table S2). We overexpressed MYC to further

detect whether the expression of miRNAs targeting PHF8

were affected by MYC. We found that the expression of

miR-22-3p was significantly affected by MYC expression

(Figure 2A) and that MYC decreased the expression miR-

22-3p, which was consistent with a previous study.14 Expres-

sion correlation analysis revealed that the expression of MYC

negatively correlated with the expression of miR-22-3p

(Figure 2B). Although, there were no potential binding sites

for miR-22-3p on the MYC 30-UTR,15 miR-22-3p showed

perfect complementarity with the 50-UTR of MYC mRNA

(Figure 2C). To further explore whether there was a direct

interaction between MYC and miR-22-3p, we performed

MYC overexpression to detect the stability of miR-22-3p. The

results showed that the relative expression of miR-22-3p

Figure 2. MYC affected the stability of miR-22-3p. A, MYC overexpression downregulated miR-22-3p expression, one of the miRNAs

targeting PHF8. B, Correlation analysis demonstrated a negative association between MYC and miR-22-3p expressions, R2¼ 0.841, N¼ 10. C,

Schematic representation of miR-22-3p binding to 50-UTR of MYC mRNA. D, The relative level of miR-22-3p after overexpression of MYC

was detected using qRT-PCR. E, The stability of miR-22-3p was examined at different time points with actinomycin D. *P < 0.05, **P < 0.01.
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decreased significantly after MYC overexpression and

thereby enhanced the degradation of miR-22-3p (Figure 2D

and E). The stability of miR-22-3p decreased significantly in

the MYC-overexpressing group compared to that in the vector

control. Overall, MYC regulated the expression of PHF8 by

decreasing the stability of miR-22-3p.

MiR-22-3p Mediated the Regulation of PHF8 by MYC

To further confirm the relationship between miR-22-3p and

PHF8, miR-22-3p was predicted to bind the 30-UTR of PHF8

through bioinformatics analysis (Targetscan; http://www.tar

getscan.org/vert_72/) (Figure 3A). A dual-luciferase reporter

Figure 3. MicroRNA-22-3p mediated the regulation of PHF8 by MYC. A, The target site between miR-22-3p and PHF8 predicted by

TargetScan (http://www.targetscan.org/vert_72/). B and C, The target relationship between miR-22-3p and PHF8 in BGC-823 and HGC-27

verified using dual-luciferase reporter gene assay. D and E, The mRNA expression of PHF8 in BGC-823 and HGC-27 was measured using qRT-

PCR. F, Protein expression of PHF8 was determined using western blotting. G and I, The proliferation ability of GC cells BGC-823 and HGC-27

was analyzed using CCK-8 assay. H and J, The migration and invasion ability of GC cells BGC-823 and HGC-27 were analyzed using Transwell

assay. *P < 0.05, **P < 0.01. Bar ¼ 200 mm.
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gene assay was performed to ascertain whether miR-22-3p

regulated PHF8 by binding to the predicted target site in the

30-UTR. The results revealed that miR-22-3p mimics signifi-

cantly decreased the luciferase activity in the WT group com-

pared to that in the MUT group. (Figure 3B and C). These

results indicated that PHF8 was a target gene of miR-22-3p.

At both the mRNA and protein levels, miR-22-3p inhibited the

expression of PHF8 in the GC cells BGC-823 and HGC-27, but

this effect was restored by the overexpression of MYC

(Figure 3D-F). Moreover, exogenous miR-22-3p mimics sig-

nificantly inhibited the proliferation, migration, and invasion

abilities of GC cells, but MYC overexpression restored this

effect by decreasing the stability of miR-22-3p (Figure 3G-J).

Therefore, PHF8 is the target gene of miR-22-3p, and MYC

regulates PHF8 by suppressing miR-22-3p.

PHF8 Promoted Tumorigenesis and Metastasis
of GC Cells In Vitro

To explore the expression pattern and function of PHF8 in GC,

we investigated the expression of PHF8 in four GC tissue sec-

tions and cell lines (BGC-823, HGC-27, MKN45, and AGS).

The results demonstrated that PHF8 was highly expressed in

GC tissues and cells, regardless of the mRNA or protein

expression levels (Figure 4). Next, we transfected BGC-823

and HGC-27 GC cells with PHF8 siRNAs to determine the

function of PHF8 in the tumorigenesis of GC. As shown in

Figure 5A and B, PHF8 mRNA and protein expression was

efficiently inhibited by PHF8 siRNA, as verified using qRT-

PCR and western blotting. The proliferation ability of BGC-

823 and HGC-27 GC cells decreased significantly after

transfection with PHF8 siRNAs (Figure 5C and D). Further-

more, PHF8 knockdown suppressed the migration and invasion

ability of GC cells (Figure 5E and F). These results suggested

that PHF8-knockdown inhibited the proliferation, migration,

and invasion of GC cells. Hence, PHF8 promoted tumorigen-

esis and metastasis of GC cells.

Discussion

In recent years, an increasing number of studies on epigenetics

and tumor formation have been conducted, providing a new

theoretical basis for the occurrence and development of tumors,

along with novel approaches for the diagnosis and treatment of

tumors.16 Current epigenetic research mainly includes DNA

methylation, covalent histone modification, and non-coding

RNAs. Histone methylation is an important aspect of epige-

netics, including methylation and demethylation.17 Several

studies have confirmed the occurrence and development of

various tumors related to histone methylation.4,5,18-21

PHF8 is a histone demethylase involved in the formation

and metastasis of various tumors. Studies have shown that

PHF8 is highly expressed in non-small cell lung cancer12 and

prostate cancer,22 and promotes the proliferation, migration,

and invasion of cancer cells. PHF8 is an oncogene in liver

cancer,23 which can promote autophagy degradation,

epithelial-mesenchymal transformation, and metastasis of

hepatocellular carcinoma,24 and promote the occurrence and

development of breast cancer and epithelial-mesenchymal tran-

sition.11 In our study, PHF8 was highly expressed in GC tissues

and cells, and PHF8 knockout suppressed the proliferation,

migration, and invasion of GC cells, which was consistent with

Figure 4. High expression of PHF8 in GC tissues and cells. A and B, The mRNA expression of PHF8 in 4 sections of GC tissues and cells

detected using qRT-PCR. C and D, The protein expression of PHF8 in 4 sections of GC tissues and cells measured using western blotting.

*P < 0.05.
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Figure 5. PHF8 promoted the proliferation, migration, and invasion of GC cells. A and B, The mRNA and protein expression of PHF8 decreased

after transfection with siRNA. C and D, CCK-8 assay was used to detect the effects of PHF8 on the proliferation of GC cells BGC-823 and HGC-

27. E and F, Transwell assay measured the effects of PHF8 on the migration and invasion of GC cells BGC-823 and HGC-27.

*P < 0.05, **P < 0.01. Bar ¼ 200 mm.
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existing studies.10,11 The data revealed that PHF8 was capable

of promoting GC migration and invasion.

The results of this study showed that MYC regulates PHF8

expression by inhibiting miR-22-3p via a post-transcriptional

regulatory mechanism. The oncogenic function of MYC in GC

has been reported in many studies, and the high expression of

MYC in GC is closely related to poor prognosis.25,26 Our study

demonstrated that MYC knockdown or overexpression,

decreased or increased the protein expression of PHF8 in

GC, respectively, but showed no effect on the mRNA expres-

sion of PHF8. Next, we investigated how MYC regulates PHF8

expression based on the assumption that MYC mediates the

miRNA regulation of PHF8. First, we determined the miRNAs

that can bind to the 30-UTR of PHF8 using four target predic-

tion databases (TargetScan, PITA, DIANA-microT, and

miRanda). We obtained miR-22-3p, miR-494-3p, miR-31-5p,

miR-182-5p, and miR-495-3p, wherein miR-22-3p was signif-

icantly suppressed by MYC overexpression, and the expression

of MYC was negatively correlated with miR-22-3p expression.

The dual luciferase reporter assay and the use of miR-22-3p

mimics were further used to verify that miR-22-3p targeted and

regulated PHF8 in GC. Therefore, we propose that MYC upre-

gulates PHF8 expression by repressing miR-22-3p.

It has been reported that MYC plays an important role in

cancer progression by promoting PHF8 expression in prostate

cancer (10) and breast cancer (11); however, the existence of a

direct relation between these two genes in gastric cancer

remains unknown. In our study, we found that the 50-UTR of

MYC mRNA contains the binding sites for miR-22-3p, and that

MYC decreased the expression of miR-22-3p by affecting its

stability. In addition, MYC overexpression restored the inhibi-

tory effects of miR-22-3p mimics on PHF8. Thus, MYC can

regulate the expression of PHF8 by suppressing the stability of

miR-22-3p. In addition to the clinical applications of nanoma-

terials for cancer treatment,27 we anticipate the implementation

of our molecular mechanism for the clinical treatment of gas-

tric cancer using this technology.

Conclusion

We identified a novel MYC/miR-22-3p/PHF8 regulatory axis

in GC. PHF8 is highly expressed and plays an important role in

proliferation, migration, and invasion of GC cells. Moreover,

MYC regulated PHF8 by suppressing the stability of miR-22-

3p (Figure 6). Thus, the oncogenic role of PHF8 in GC provides

a new therapeutic target for GC treatment.
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