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ABSTRACT

Histone demethylase PHF8 is upregulated and plays
oncogenic roles in various cancers; however, the
mechanisms underlying its dysregulation and func-
tions in carcinogenesis remain obscure. Here, we re-
port the novel functions of PHF8 in EMT (epithelial
to mesenchymal transition) and breast cancer de-
velopment. Genome-wide gene expression analysis
revealed that PHF8 overexpression induces an EMT-
like process, including the upregulation of SNAI1 and
ZEB1. PHF8 demethylates H3K9me1, H3K9me2 and
sustains H3K4me3 to prime the transcriptional acti-
vation of SNAI1 by TGF-B signaling. We show that
PHF8 is upregulated and positively correlated with
MYC at protein levels in breast cancer. MYC post-
transcriptionally regulates the expression of PHF8
via the repression of microRNAs. Specifically, miR-
22 directly targets and inhibits PHF8 expression, and
mediates the regulation of PHF8 by MYC and TGF-
signaling. This novel MYC/microRNAs/PHF8 regula-
tory axis thus places PHF8 as an important down-
stream effector of MYC. Indeed, PHF8 contributes to
MYC-induced cell proliferation and the expression of
EMT-related genes. We also report that PHF8 plays
important roles in breast cancer cell migration and
tumor growth. These oncogenic functions of PHF8
in breast cancer confer its candidacy as a promising
therapeutic target for this disease.

INTRODUCTION

Breast cancer is the most common cancer among Amer-
ican women. According to the American Cancer Society,
in 2016 about 246 660 new cases of invasive breast can-
cer will be diagnosed and about 40 450 women will die

from this disease (1). Although substantial efforts have been
made to understand the mechanisms underlying both the
metastasis of breast cancer and the emergence of drug resis-
tance, these issues remain challenges to successful therapy.
Thus new strategies are needed, and these will depend on
the identification of more effective drug targets. Epigenetic
mechanisms have proven to be important in cancer develop-
ment (2). Therefore chromatin regulators and non-coding
RNASs have been increasingly targeted in developing cancer
therapies. For example, targeting of the bromodomain and
extraterminal domain (BET) protein by the inhibitor JQ1
has been shown to antagonize the proliferation of multiple
myeloma cells, and to do so by repressing c-Myc (hereafter
termed MYC) and its downstream effectors (3). Similarly,
targeting the KDM4 family member, NCDM-32B has been
effective in reducing cell proliferation and transformation
in breast cancer (4).

Histone methylation, a common form of epigenetic
regulation, is controlled by both methyltransferases and
demethylases and plays fundamental roles in many cellular
processes (2). Recently, several histone demethylases were
found to play roles in breast cancer development. For exam-
ple, the H3K27me3 (trimethylated histone 3 lysine 27) his-
tone demethylase KDM6B/JMJD3 is upregulated in inva-
sive breast carcinoma and promotes TGF-B-induced EMT
and tumor cell invasion by regulating the expression of
SNAI1 (5). Similarly, the H3K4me3 demethylase family
member KDMSA /RBP2 promotes breast cancer metasta-
sis by regulating the pro-metastasis gene 7N C (6).

Histone demethylase PHF8 (PHD finger protein
8) acts on monomethylated histone H4 lysine 20
(H4K20mel), monomethylated and dimethylated H3
lysine 9 (H3K9mel/2), and dimethylated H3 lysine 27
(H3K27me2), serving as a transcription coactivator (7—
9). Truncations and a point mutation (F279S) affecting
the JmjC domain, as well as total deletion of PHF8
are associated with intellectual disability (ID), autism
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and cleft lip/palate (CLP) (7). PHF8 can bind over one
third of human genes (7,9,10); however, physiologically
PHF8 regulates only 2-5% of these direct target genes,
and such regulation seems to depend on cell type and
cellular context (7,10). Notably, the mechanisms underly-
ing such transcriptional selectivity are largely unknown.
Bioinformatics analysis has shown that PHF8 binding
sites overlap significantly with the consensus sequences of
several transcription factors: E2F1, ETS-1 SP1, FOXOI,
TCF and MYC-MAX (11). Moreover, PHFS interacts with
E2F1 to regulate the GO/G1-to-S transition (9), and with
MYC to regulate cytoskeletal dynamics in HeLa cells (11).
Collectively, these findings suggest that PHFS8 functions
as a transcriptional co-activator and engages in diverse
cellular processes.

Emerging evidence has suggested that overexpression of
PHFS8 was associated with several types of cancers, includ-
ing prostate cancer (12), esophageal squamous cell carci-
noma (13), lung cancer (14) and breast cancer (15). Al-
though high expression of PHF8 contributes to cell prolif-
eration by regulating cell-cycle related genes, it is not clear
how PHFS regulates cell migration. A recent study showed
that the deubiquitinase USP7 stabilizing PHFS is linked to
the upregulation of cyclin A2 in breast cancer, how PHF8
sustains its high expression level remains to be delineated
(15). Moreover, PHFS interacts with RAR« to sensitize
cells to ATRA (all-trans retinoic acid), an agent used in
treating acute promyelocytic leukemia (APL) (16). In T-
ALL (T cell Acute Lymphoblastic Leukemia), PHFS is re-
cruited to activated NOTCHI1 to regulate its target genes
(17). These data indicate that PHFS exerts distinct functions
in different types of cancer. However, the mechanisms un-
derlying its specific functions in each case remain obscure.

In this study, we report a novel function of PHF8 in
promoting EMT, the mechanism whereby PHFS regulates
SNAII expression in the context of TGF-B, and the onco-
genic functions of PHF§ in breast cancer development
in vitro and in vivo. We elucidate a novel regulatory axis
of MYC/microRNAs/PHFS involved in the regulation of
PHFS8 by TGF-f signaling and MYC with PHFS in turn
contributing to the oncogenic functions of MYC. These
findings pave the way for further studies of the therapeutic
significance by targeting PHFS in breast cancer.

MATERIALS AND METHODS
Cell culture and treatment

MCF-7, SKBR3, BT474, MDA-MB-231, HaCaT,
HEK293T, Phoenix A, and MCF10A cells were ob-
tained from ATCC. MCF-7, MDA-MB-231, HaCaT,
HEK293T and Phoenix A cells were grown in Dulbecco’s
Modified Eagle Medium (DMEM) containing 10% FBS
(Gibco). A549, SKBR3 and BT474 cells were cultured
in RPMI1640 medium containing 10% FBS. MCF10A
cells were cultured in DMEM-F12 supplemented with
20 ng/ml Epidermal Growth Factor (EGF) (Sigma), 100
ng/ml cholera toxin (Sigma), 10 pg/ml insulin (Sigma),
500 ng/ml hydrocortisone (Sigma), and 5% horse serum.
All of the cell lines used in this study were maintained in
the specified medium supplemented with 1x Penicillin—
Streptomycin (Gibco) and incubated in 5% CO, at 37°C.

TGF-B1 (Calbiochem) was added into the medium directly
at 5 ng/ml. For induction of shRNA expression, doxycy-
cline (Sigma) was added to the culture medium at 1 pg/ml
for at least 3 days.

Chromatin immunoprecipitation assays

MCF10A cells stably expressing a construct of interest
(control or PHF8 shRNA; mock or PHF8 overexpressing)
grown in 10-cm plates were cross-linked with 1% formalde-
hyde and quenched with 0.125M glycine. Cells were washed
with cold PBS and then lysed and washed using the truChlP
Chromatin Shearing Kit (Covaris). DNA was fragmented
using the Covaris S2 Focused-ultrasonicator. Protein-DNA
complexes were immunoprecipitated (IP) with the following
antibodies: control IgG (A01008, GenScript), anti-PHFS§
(ab36068, abcam), anti-H3K4me3 (07-473, EMD Milli-
pore), anti-H3K9mel (ab8896, Abcam), anti-H3K9me2
(ab1220, Abcam) and anti-H4K20mel (ab9051, Abcam).
The IP material was washed and de-crosslinked at 65°C
overnight. The ChIP DNA was purified and gPCR was per-
formed using primers designed to flank the consensus PHFS8
binding sites at the promoters of target genes.

Xenograft mouse experiments

6-week-old FVB/N female mice, Athymic nude female mice
and NOD SCID mice were obtained from the Jackson Lab-
oratory and Charles River Laboratories, respectively. The
protocols for the animal studies reported herein were re-
viewed and approved by the Institutional Review Board
(IRB) and the Institutional Animal Care and Use Commit-
tee (IACUC) at The University of Iowa. For the xenograft
model, MT2 murine breast cancer cells (1 x 10°) overex-
pressing empty vector or human wide type PHF8 were re-
suspended in 100 wl Matrigel and PBS (1:1) and ortho-
topically injected into the fat pad the mammary gland of
6-week-old FVB/N mice. The MDA-MB-231 cells stably
expressing luciferase with control or PHF8 (shPHFS-2)
shRNAs were established. The clones (2 x 10°) with best
knockdown efficiency obtained by clonal selection were in-
jected in 12-week-old athymic nude mice and 18-week-old
NOD SCID mice, respectively. After the mice were sacri-
ficed, tumor weight was measured and tumor volume was
calculated according to the formula: 0.5 x length x width?.
Tumors from MT?2 cells were fixed, embedded in paraffin,
and serially sectioned at a thickness of 4 pwm, and hema-
toxylin and eosin (H&E) staining was performed. Tumor
growth in NOD SCID mice implanted with MDA-MB-231
cells was monitored for 3 weeks by bioluminescent imaging.

Statistical analysis

We employed the GraphPad Prism software (v6.02) to con-
duct statistical analysis. Results are expressed as the mean +
SD. Unless otherwise indicated, differences between experi-
mental groups were compared using an unpaired two-tailed
Student’s ¢-test (for two conditions) or one way of ANOVA
(for more than three conditions). A P value <0.05 was con-
sidered statistically significant.



RESULTS

PHFS8 gain-of-function induces an EMT-like process and fa-
cilitates EMT induction by TGF-f3

The oncogenic functions of PHFS in several types of can-
cer prompted us to investigate the mechanism whereby
PHFS contributes to cancer development. We first exam-
ined whether PHF8 possesses malignant transformation
ability using 3D acinar formation assay, which was vali-
dated for this purpose (18). Overexpression of wild-type
PHF8 in MCF10A cells (MCF10A-wtPHFS) significantly
increased the acini sizes without inducing invasive pheno-
type; whereas knockdown of PHF8 by shRNAs decreased
the acini sizes (Supplementary Figure S1A and S1B). In-
terestingly, MCF10A-wtPHF8 cells displayed a spindle-
like morphology with a scattered distribution indicative
of an EMT phenomenon; whereas control cells express-
ing empty vector (MCF10A-Mock) or the X-linked men-
tal retardation-associated and demethylase activity-dead
PHF8 F279S mutant (mutPHFS) retained a cobblestone-
like appearance with tight cell-cell contact (Figure 1A). This
morphological change induced by wild type PHF8 indicates
that the demethylation activity of PHFS plays a major role
in the induction of the EMT-like process. As transforming
growth factor beta (TGF-B) is one of the most potent EMT
inducers (19), we treated these stable cell lines with TGF-g1
for 48 h and found that the rearrangement of cytoplasmic
F-actin stress fibers was enhanced by overexpressing wild
type but not mutant PHF8 (Figure 1B). Since EMT has
been recognized as a mechanism promoting cell migration
and cancer metastasis, we performed transwell migration
assays to address whether PHFS promotes cell migration.
In this context, MCF10A-wtPHFS cells have an approxi-
mately 1.5-fold enhancement of migration compared with
MCF10A-Mock cells (Figure 1C). In contrast, knockdown
of PHFS resulted in 60% decrease in cell migration (Figure
1D). Examination of EMT markers by immunoblotting in
the context of wild type PHF8 overexpression in MCF10A
cells revealed upregulation of the mesenchymal markers N-
Cadherin (CDH2) and VIMENTIN (VIM), as well as key
transcription factors SNAIl and ZEB1 in the EMT (Fig-
ure 1E). To confirm whether this EMT-promoting function
is conserved in cancer cells, we used the human lung ade-
nocarcinoma A549 cells, as they undergo TGF-B induced
EMT (20). We observed the similar upregulation of CDH2,
VIM and SNALII, and the downregulation of the epithelial
marker E-Cadherin (CDHI) in A549 cells overexpressing
wild type PHFS8 (Supplementary Figure S2A). Knockdown
of PHFS§ in A549 cells by shRNAs antagonized the induc-
tion of spindle-like morphology changes by TGF-31 for 24,
48 and 72 h (Supplementary Figures S2B and S2C). Overex-
pression of PHF8 downregulated CDHI in A549 cells, but
not in MCF10A cells, implicating the fine-tuning roles of
PHFS can be cell type specific. We also found that the over-
expression of mutPHF8 elevated VIM in both cell lines, in-
dicative of the demethylase-independent function of PHFS§
in regulating the expression of specific genes. However, the
demethylase dependent function is still dominant as only
the wild type PHFS8 causes morphological changes in both
MCF10A and A549 cells.
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To gain a global view on whether overexpression of PHFS§
regulates the TGF-B induced EMT, we treated MCF10A-
Mock and MCF10A-wtPHFS cells with TGF-B1 for 0, 24,
48 and 72 h and performed RNA-seq in biological du-
plicates. The raw reads of each RNA-seq data are shown
in Supplementary Table S1. In MCF10A-Mock cells, we
observed an upregulation of CDH2, FNI, VIM, SNAII,
ZEBI, ZEB2 and a downregulation of CDHI, confirm-
ing that the TGF-B1 treatment was effective (Figure 1F).
At basal level (in the absence of TGF-B1), overexpres-
sion of wtPHF8 enhanced the expression of CDH2, VIM,
TWISTI, ZEBI and ZEB2. The real-time qPCR results
further supported that ectopic expression of PHFS8 did not
change the expression of RPLPO (as control, Supplemen-
tary Figure S2D), but significantly enhanced ZEB?2 expres-
sion and reduced CDHI expression both at steady state
and upon TGF-B1 treatment, and that it slightly enhanced
TGF-B1 induced upregulation of CDH2 and TWIST]I (Fig-
ure 1G). A potential reason for the discrepancy in regula-
tion of the CDHI protein and mRNA is that PHF8 may
indirectly regulate other factors that affect its processing
and/or post-translational regulation (21).

The EMT gene signatures have been demonstrated in
different cell lines and cancer samples (22-24). We ana-
lyzed our gene expression data using the EMT gene sig-
nature from the human mammary epithelial (HMLE) cell
line (22) as reference and found that more than 75% of
TGF-B1 regulated genes in our MCF10A-Mock cells ex-
hibit a pattern similar to those in HMLE cells (Supple-
mentary Figure S2E). These results not only validated that
TGF-B induces EMT in our approach, but also supported
the notion that TGF-B induced gene regulation is depen-
dent on cell type. We next performed gene set enrichment
analysis (GSEA) (25,26) for those genes whose expression
differed between the MCF10-Mock and MCF10A-PHF8§
cells. This analysis indicated that the three EMT signa-
ture genes (22-24) were significantly enriched in MCF10A-
PHEFS cells, strongly indicating that PHF8 overexpression
induces a sustained EMT signaling program (Figure 1H).
To determine whether PHFS8 has positive effects on TGF-3
regulated genes, we also carried out GSEA at different times
following TGF-B treatment. PHFS8 overexpression signifi-
cantly enhanced the regulations of EMT genes at all time
points. The lower enrichment scores at 24, 48 and 72 h of
TGF-B treatment than at 0 h were due to the basal induction
of an EMT-like process by PHF8 overexpression (Supple-
mentary Figure S2F). We next examined the protein levels
of selected EMT-related genes and found that PHF8 over-
expression enhanced the downregulation of CDH1 and gen-
eral elevation of CDH2, ZEB1 and SNAII (Figure 11), sup-
porting the gene set enrichment analysis (GSEA) of RNA-
seq data. Taken together, these data indicate that overex-
pression of PHFS induces an EMT-like process, and it fine-
tunes the regulation of select EMT genes.

PHEFS facilitates the transactivation of SNAII by TGF-$3
through regulations of H3K4me3 and H3K9me2/1

To further investigate the mechanisms by which PHF8 regu-
lates TGF-f signaling and TGF-B induced EMT, we treated
MCF10A cells expressing control or PHF8 shRNAs with
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Figure 1. PHF8 overexpression promotes an EMT-like process. (A) Morphological change of MCF10A cells overexpressing vector (Mock), wild type
PHF8 (WT) and the catalytically lethal PHF8 F279S mutant (Mut). The cells were stained with 0.1% of crystal violet. (B) The same MCF10A cells as in
(A) were treated with TGF-B1 for 48 hours followed by immunofluorescence staining of F-actin. White scale bar in the upper left micrograph represents 50
pm. The white arrows indicate F-actin staining. (C and D) Transwell assays in MCF10A cells with PHFS§-overexpression (C) and PHF8-knockdown (D).
The number of migrated cells was quantified and shown at the right panels. (E) Western blotting for proteins encoded by select EMT genes in MCF10A cells
overexpressing empty vector (Mock), wtPHF8 (WT) and mutPHF8 (Mut). The relative signal intensities for proteins of interest are normalized to B-actin
and shown below each lane. (F) A heat map of expression of select EMT-related genes, extracted from the normalized RNA-seq data from MCF10A-Mock
and MCF10A-wtPHF8 cells treated with TGF-B1. (G) qPCR analysis of expression of the selected EMT-related genes in MCF10-Mock and MCF10-
wtPHFS cells with TGF-B1 treatment for 0 and 72 h. (H) GSEA of the genes from MCF10A-Mock and MCF10A-wtPHEFS cells at steady state, using
the EMT gene signatures of Taube ez al. (22), Huang et al. (24), Groger et al. (23) as references, respectively. (I) Western blotting of selected proteins in
MCF10A-Mock and MCF10A-wtPHFS cells at different time points after TGF-B1 treatment. SD was obtained from three independent experiments.* P
< 0.05, **P < 0.01; (C) unpaired two-tailed Student’s z-test; (D and G) one-way ANOVA.



TGF-B1 for 1.5 and 72 h to evaluate early and late TGF-g1
responsive genes. TGF-B1 induced a biphasic regulation of
PHFS, e.g. a slight upregulation at 1.5 h and downregula-
tion at 72 h (Figure 2A). The early upregulation of PHFS
suggests that PHF8 may have a function in regulating TGF-
B1 responsive genes. Indeed, knockdown of PHF8 signifi-
cantly decreased the phosphorylation of SMAD2, and an-
tagonized the elevations of CDH2, VIM, SNAIland ZEBI1
proteins (Figure 2A) and SNAII mRNA induced by TGF-8
(Figure 2B). In contrast, knockdown of PHF8 and TGF-B1
treatment did not significantly change the expression lev-
els of GAPDH and CHGA (Supplementary Figure S2G).
Knockdown of PHFS did not significantly affect the TGF-
induced downregulation of CDHI1 protein, consistent with
our western blotting results indicating that the overexpres-
sion had no obvious effect on the CDHI1 protein. Simi-
lar gene regulation affected by PHF8 knockdown was ob-
served in A549 cells with TGF-B1 treatment at different
time points (Supplementary Figure S2H). To further ver-
ify if PHF8 demethylase activity is important for the EMT
induction, we generated double stable MCF10A cells ex-
pressing control or PHF8 shRNAs combined with empty
vector (Mock), PHF8 shRNA resistant wtPHF8 or mut-
PHFS. wtPHF8 strongly induced a spindle-like morpholog-
ical change (Supplementary Figure S21) and EMT-related
gene expression (Supplementary Figure S2J). Notably, the
mutPHFS slightly upregulated the expression of ZEB1 and
CDH2, supporting the demethylase independent function
of PHFS.

We next performed PHF8 ChIP (chromatin immunopre-
cipitation) in the control cells. The ChIP-qPCR showed
that PHF8 binds to the TSSs (transcription starting site) of
SNAII (amplicon 1) at steady state (Figure 2C and D), and
this occupancy was increased by 70% by TGF-B1 treatment
for 1.5 h. The facts that knockdown of PHF8 abolished the
binding and low occupancy of PHF8 at the gene body re-
gions (Amplicon 2) support the specificity of PHFS binding
to the TSS of SNAII. Knockdown of PHFS also abolished
its occupancy at the TSS of GAPDH and ZEBI, but not for
CHGA which is not targeted by PHF8 (as control, Supple-
mentary Figure S3).

We next performed ChIP assay of the active chromatin
marker H3K4me3 and the demethylation substrates of
PHFS8: H3K9mel, H3K9me2 and H4K20mel (Figure 2E).
Without TGF-B treatment, PHF8 knockdown upregulated
the levels of H3K9mel and H3K9me2 at the TSS and
gene body region of SNA/I, but it did not change the lev-
els of H3K4me3 and H3K20mel at the TSS of SNAII.
Upon TGF- B treatment, only H3K4me3 was significantly
increased at the TSS of SNAII, supporting the recruit-
ment of PHFS as it binds to this methylated histone via
its PhD domain (7). We also found that PHF8 knockdown
decreased the H3K4me3 level but increased the levels of
H3K9me2 and H4K20mel at the TSS of SNAII. Notably,
the H3K9me?2 level was also significantly increased at the
gene body of SNAII in PHF8 depleted cells at steady state
and upon TGF-B treatment, which is consistent with the
notion that H3K9me2 is associated with transcriptional
repression. However, it is very likely that the increase of
H3K9me?2 at the gene body region is a secondary event as
PHFS does not bind there. Taken together, our results show
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that TGF-B1 treatment recruits PHFS to the TSS of SNAII,
and PHFS is critical to maintain the level of H3K4me3 at
the TSS of SNAII and to suppress the levels of H3K9mel
and H3K9me?2 at the TSS and gene body regions of SNAII,
and thus facilitating its trans-activation by TGF-§ signal-
ing.

TGF- signaling regulates PHF8 partially through MYC

TGF-B exerts growth inhibitory function in normal and
early cancer cells, however, such function is often lost along
cancer development (27). We next sought to determine
whether PHFS is regulated by TGF-B signaling. Again,
TGF-B1 induced biphasic regulation of PHFS protein in
MCFI10A cells, starting with a 1.4-fold upregulation at 1.5
h and ending with a gradual downregulation from 24 h
(Figure 3A); whereas PHFS mRNA remained relatively sta-
ble (Figure 3B). Such regulation was also observed in an-
other non-malignant, TGF-3 responsive HaCaT cells (Fig-
ure 3C). Notably, TGF-B1 failed to significantly downreg-
ulate PHFS in several cancer cell lines (Figure 3D). A hall-
mark mechanism in the growth inhibitory function of TGF-
B signaling is the repression of MYC in non-transformed
cells, but not in cancer cells (28). We found that the down-
regulation of MYC by TGF-B1 is similar to that of PHF8
in MCF10A and HaCaT cells at later time points. In can-
cer cells, MYC and PHF8 share co-regulation pattern in
MCF7 and SKBR3 cells. Similar regulation pattern was
observed, except that MYC was downregulated at 72 h
in MDA-MB-231, and at 1.5 h in A549 cells. In BT474
cells, TGF-B treatment did not change PHFS, but upreg-
ulated MYC at 24 h and gradually downregulated it at
72 h (Figure 3D). Notably, PHF8 expression is low in
MCFI10A, but high in breast cancer cell lines including
MCF7, SKBR3, BT474, MDA-MB-468, MDA-MB-231,
SUM149 and SUM159 cells (Supplementary Figure S4).
This phenomenon prompted us to investigate whether there
is an essential link between MYC and PHFS8. Indeed, consti-
tutive overexpression of MYC in MCF10A cells partially re-
stored the expression of PHF8 (increased from 50% to 70%)
upon TGF-B1 treatment (Figure 3E), suggesting that the
repression of MYC contributes to TGF-1 induced down-
regulation of PHF8. Moreover, addition of the proteasome
inhibitor MG132 partially restored PHFS8 protein levels in
the context of TGF-B1 treatment in both MCF10A and
HaCaT cells (Figure 3F), demonstrating that PHF8 may
also be regulated through protein degradation. Further-
more, constitutive overexpression of MYC resulted in in-
creased PHF8 expression in MCF10A and MDA-MB-231
cells (Figure 3G); whereas levels of the PHFS8 mRNA re-
mained unchanged (Figure 3H). In BT474 and MCF-7 cells,
which express higher levels of PHFS8, knockdown of MYC
by small interfering RNAs (siRNAs) moderately downregu-
lated PHF8 (Figure 31). These data demonstrate that MYC
is a positive regulator of PHFS.

We next asked whether the downregulation of PHFS§
contributes to cell cycle regulation by TGF-B, as the
downregulation of MYC is critical in this context. In
MCF10A-Mock cells, TGF-B treatment dramatically in-
creased G0/G1 phase and shortened S phase at 48 and 72
h, and PHFS overexpression significantly blocked these ef-
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Figure 2. PHFS is required for the regulation of TGF-B responsive genes and regulates H3K4me3 and H3K9me2/1 on SNAII. (A) Western blotting of
TGF-B regulated genes in MCF10A cells stably expressing a doxycycline-inducible shRNAs (control or PHFS). (B) qPCR analysis of SNA/I and PHFS8
expression. (C) The SNAII amplicons for ChIP-qPCR were illustrated. (D) ChIP assays with PHF8 antibody were performed in the same cells as in (A).
qPCR assay on TSS (amplicon 1) and gene body (amplicon 2) for SNAII was shown. (E) Similar ChIP-qPCR assays as (D) with indicated antibodies
against different histone modifications were performed for SNAII gene. The cells were incubated without (Ctrl) or with TGF-B1 for 1.5 h. Numbers on
the x-axes represent the two amplicons. Error bars, & SD obtained from at least three independent experiments. *P < 0.05, **P < 0.01; one-way ANOVA.

fects with extended G2/M phase (Supplementary Figure
S5). These findings support the hypothesis that the dereg-
ulation of PHFS, as a potential MYC downstream effector,
may contribute to the functional switch of TGF-f signaling
from growth inhibition to cancer promotion.

MYC upregulates PHFS8 by repressing microRNAs

The fact that MYC overexpression did not change PHFS8
mRNA levels suggests that MYC regulates PHFS8 via post-
transcriptional and/or post-translational regulatory mech-
anisms. MYC has been reported to repress microRNAs
(miRNAs), which mediate MYC functions in tumorigen-
esis (29). We sought to identify MYC-regulated miRNAs
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that target PHFS. MiRNA target prediction using Tar-
getScan (30), PITA (31) and CLIP-seq data using starBase
(32) showed that several miRNAs, such as miR-22, miR-
31, miR-182 and the let-7 family members, have highly con-
served binding sites in the PHF8 3'UTR (Supplementary
Figure S6). Notably, miR-22 is one of the MYC-repressed
miRNAs (29), and our qPCR results showed that it was
repressed more than the other miRNAs when MYC was
constitutively overexpressed in MCF10A and MDA-MB-
231 cells (Figure 4A). Among these miRNAs, our bioinfor-
matics analysis of the data from The Cancer Genome Atlas
(TCGA) showed that miR-22 is more inversely correlated
with PHFS8 expression in breast cancer samples than let-
7c¢ or miR-31 (Figure 4B). Interestingly, miR-182 showed
a positive correlation with PHFS. It is possible that miR-
182 is more subject to activation by other factors than that
to repression by MYC. Taken together, miR-22 appears to
be a promising candidate miRNA to repress PHFS in the
context of regulation by MYC. We then focused on miR-
22 and carried out a dual luciferase reporter assay for miR-
22. This approach revealed that miR-22 mimics significantly
decreased luciferase activies of wild type PHFS 3 UTR by
about 50%, but not that of the mutant 3 UTR (Figure 4C
and D). Thus, miR-22 appears to directly downregulate
PHFS by targeting its 3’'UTR. To verify that miR-22 reg-
ulates PHFS in vivo, we transiently transfected MCF10A,
SKBR3 and MDA-MB-231 cells with miR-22 mimics or
inhibitors, using the known miR-22 target PTEN (33) as a
positive control. The mimics substantially decreased PHF§
expression in all three cell lines (Figure 4E). Moreover, the
inhibitor increased PHFS levels in MCF10A and MDA-
MB-231 cells (Figure 4F). These results supported the hy-
pothesis that PHFS is a miR-22 target.

We next examined the regulation of miR-22 by TGF-
B1.In MCF10A cells, miR-22 was upregulated by TGF-1
(Figure 4G), and a gradual increase in miR-22 levels was
inversely correlated with downregulation of PHF8. When
MCF10A cells were transiently transfected with miR-22 in-
hibitors, PHF8 protein was partially restored under 48-h
exposure to TGF-B1 (Figure 4H). To determine whether
miR-22 mediates the regulation of PHF8 by MYC, we
transfected miR-22 mimics in MCF10A cells overexpress-
ing MYC. As expected, miR-22 mimics attenuated MYC-
mediated upregulation of PHF8 (Figure 4I). Interestingly,
miR-22 mimics also downregulated endogenous MYC in
MCF10A cells. As the 3’'UTR of M YC doesn’t have the po-
tential binding sites for miR-22 (34), the downregulation of
MYC seems as an indirect effect of miR-22 mimics. Never-
theless, the total level of MYC (lane 4) was slightly higher
than the endogenous MYC (lane 1). PHF8 was upregulated
by 50% by MYC overexpression (lane 3) and was reduced
by 38% in the presence of miR-22 mimics (lane 4) than that
in lane 1. However, the PHF8 level (lane 4) was still nearly
2-fold higher than that treated with miR-22 mimics along
(lane 2), indicating that miR-22 mimics partially rescued the
upregulation of PHFS8 by the overexpressed MYC. Collec-
tively, these results support that PHFS is a direct target of
miR-22 and that MYC regulates PHF§ by repressing miR-
22, thereby partially contributing to TGF-$ induced regu-
lation of PHFS.

PHEF8 contributes to MYC-induced cell proliferation and
EMT

Having demonstrated that MYC regulates PHF8 post-
transcriptionally by repressing miR-22, we next investi-
gated whether PHFS8 contributes to the cellular functions of
MYC. As both PHF8 and MYC play important roles in cell-
cycle regulation (9,35), we first asked whether PHFS facili-
tates MYC-driven cell proliferation. In MCF10A cells sta-
bly expressing both MYC and an inducible PHF8 shRNA,
PHF8 knockdown reduced MYC-driven cell proliferation
by 70%. In the absence of MYC overexpression, PHFS
knockdown reduced cell proliferation by 50% (Figure SA).
These results indicated that PHFS contributes for MYC-
driven cell proliferation.

To dissect the underlying mechanisms, we focused on se-
lect cell cycle genes CDKI, CDK4, CCNA2, CDC25A and
NCL. Analysis of PHF8 and MYC ChIP-seq data from
H1 and K562 cells using ENCODE data (36) showed the
co-occupancy of PHF8 and MYC at the TSSs of these
genes (Figure 5B). Such co-occupancy on cytoskeleton
genes was also observed in HeLa cells (11). We next es-
tablished the double-stable MCF10A cell lines overexpress-
ing tamoxifen-inducible MYC and doxycycline-inducible
shRNA against PHFS to evaluate the effect of PHF8 on
these genes. The gPCR results showed that MYC activa-
tion by 12-h treatment with 4-hydroxytamoxifen (4-OHT)
significantly upregulated the expression of CDKI, CDK4,
CCNA2, CDC25A4 and NCL (Figure 5C). However, such
upregulation was abolished in the cells with PHFS knock-
down. Moreover, PHF8 knockdown selectively downreg-
ulated the basal expression of CDKI, CDK4 and CCNA2
in MCF10A cells (Figure 5C). These results indicate that
PHFS has a fundamental function in cell proliferation and
such function also applies to pro-proliferative role of MYC.

As both PHFS (our data) and MYC promote the EMT
(37,38), we next asked whether PHFS8 is required for the
MYC-induced EMT. Constitutive overexpression of MYC
in MCF10A cells led to a decrease in basal level of the
CDHI protein and increases in those of CDH2, SNAI1 and
ZEBI (Figure 5D). Importantly, PHF8 knockdown antag-
onized MYC-induced upregulation of the ZEB1, SNAI1
and CDH2 proteins in MCF10A-MYC cells (Figure 5D).
At transcriptional level, we confirmed that levels of both
SNAII and CDH2 mRNAs were significantly reduced by
the loss of PHFS with and without MYC overexpression.
Taken together, our results suggest that PHF8 and MYC
synergistically contribute to cell proliferation and the EMT.
The discovery of the MYC/microRNAs/PHFS regulatory
axis and its connection to TGF-f signaling in cancer devel-
opment are illustrated in Figure SE.

PHEFS8 promotes cancer cell proliferation, migration and tu-
mor growth

The roles of PHFS in TGF-B induced EMT and in the
oncogenic functions of MYC prompted us to investigate
the functional impact of PHF8 on breast carcinogene-
sis. Doxycycline inducible scramble (control) and different
PHF8 shRNAs were stably expressed in MDA-MB-231 and
BT474 cells (Supplementary Figure S7A). The soft-agar as-
say showed that knockdown of PHFS8 significantly reduced
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Figure 5. PHF8 plays important roles in MYC-induced cell proliferation and EMT. (A) MTT assay of the relative cell proliferation in MCF10A-Mock
and MCF10A-MYC cell lines with doxycycline-induced PHF8 knockdown. (B) Analysis of ChIP-seq data of PHF8 and MYC in H1 and K562 cells
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respectively. (D) Western blotting and qPCR analysis of expression of select EMT genes in the cell lines described as in (A). (E) Schematic illustration of the
regulations and functions of PHF8 in the context of TGF- and MYC signaling. Error bars, + SD obtained from at least three independent experiments.

*P < 0.05, **P < 0.01; one-way ANOVA.

the formation of colonies (Figure 6A and Supplementary
Figure S7B), suggesting that PHF8§ is critical for the anchor-
age independent growth of MDA-MB-231 and BT474 cells.
A colony formation assay in MDA-MB-231 cells showed
that knockdown of PHFS led to a slight decrease in average
colony size by 15% but a drastic decrease in colony num-
ber by 70% (Figure 6B); whereas overexpression of PHFS§
(Supplementary Figure S7C) showed a significant increase

in the average size of colonies by 60% but not in the number
of colonies of MDA-MB-231 cells (Figure 6C). It should
be noted that the phenotype induced by PHF8 overexpres-
sion was not caused by modulating the MYC levels, because
overexpression of PHF8 didn’t change the MYC levels in
MDA-MB-231, MCF10A and HaCaT cells (Supplemen-
tary Figure S7C). To confirm that PHF8 can promote the
cancer cell migration, we performed Transwell migration as-
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Figure 6. PHF8 positively regulates proliferation, migration and tumor growth of breast cancer cells in vitro and in vivo. (A) Soft agar colony assays in
MDA-MB-231 cells with doxycycline inducible PHF8 knockdown. Quantifications are shown at the right panel. (B and C) Colony formation assays in
MDA-MB-231 cells with PHF8-knockdown (B) or with PHFS§-overexpression (C). The number and size of colonies were quantified and shown at the right
panel. (D and E) Transwell migration assays in MDA-MB-231 cells with PHF8-knockdown (D) or with PHF8-overexpression (E). Quantifications are
shown at the right panels (A to E). (F) Knockdown of PHF8 by two siRNAs downregulated the expression of cell proliferation and migration related genes
in MDA-MB-231, as detected by qPCR. Error bars denote SD obtained from three independent experiments (A to F). (G) Representative image of tumors
from MDA-MB-231 cells stably expressing control and PHF8 shRNA implanted in NOD SCID mice. Tumors collected at week 6 after injection were
weighed and assessed for volume (right panels). (H) Representative images of tumor growth in NOD SCID mice measured by bioluminescent imaging.
The graph (right panel) showed the normalized photon flux at the indicated times. *P < 0.05, **P < 0.01; (A, D and F) one-way ANOVA; (B, C, E, G and
H) unpaired two-tailed Student’s 7-test.
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says using MDA-MB-231 cells. PHF8 inhibition resulted in
50% decrease in cell migration (Figure 6D); whereas over-
expression of wild type PHFS led to an ~2-fold increase
of migration compared with the cells expressing empty
vector (Mock) (Figure 6E). Quantitative PCR (qPCR) as-
say showed that knockdown of PHF8 by shRNAs or two
siRNAs downregulated the expression of cell cycle genes
such as CDK4, E2F2 and NCL, and migration-related gene
CDH?2 in MDA-MB-231 cells (Supplementary Figure S7TD
and Figure 6F). The regulatory role of PHFS8 on these gene
expressions supports its cellular functions.

To further establish whether PHFS facilitates tumori-
genesis in vivo, we generated the MDA-MB-231 cells sta-
bly expressing luciferase with control or PHF8 (shPHF§-2)
shRNAs and injected these cells in NOD SCID mice and
athymic nude mice, respectively. Knockdown of PHFS sig-
nificantly reduced the tumor size and weight after injection
at week 7 and week 6 in NOD SCID mice (Figure 6G) and
nude mice (Supplementary Figure S7E), respectively. Mean-
while, the quantitative imaging of tumor growth in NOD
SCID mice showed that knockdown of PHFS§ effectively
suppressed the tumor growth (Figure 6H).

We also used the MM T V-Erbb2 breast cancer derived cell
line MT2 (39) to further address whether overexpression of
PHF8 promotes tumor growth in vivo. The specificity of an-
tibody to mouse PHFS8 was confirmed with shRNA medi-
ated knockdown and IHC staining (Supplementary Figure
S7F and S7G). Notably, MT?2 cells express relatively lower
level of PHFS8 protein than that in SKBR3 cells (Supple-
mentary Figure S7F), so they are appropriate for PHFS§
gain-of-function studies in mice. We then established MT2
stable cell lines expressing empty vector (Mock) or HA-
tagged PHFS (Supplementary Figure S7TH) and implanted
the two cell lines into the fat pad of mammary gland of
FVB/N mice. The growth of the tumors overexpressing
PHFS was significantly increased at day 60 compared with
that of control (Mock); this was reflected by an ~4-fold in-
crease in mean tumor weight and an ~6-fold increase in
mean tumor size (Supplementary Figure S7I). Therefore,
PHEFS overexpression enhanced tumor growth in vivo in this
MT?2 model system.

Collectively, these in vitro and in vivo data from differ-
ent mice models indicated the oncogenic functions of PHFS§
in breast cancer by regulating proliferation- and migration-
associated genes.

PHFS8 is upregulated in breast cancer and associated with
metastasis

To determine whether our findings are clinically relevant,
we first analyzed RNA-seq data from The Cancer Genome
Atlas (TCGA) and found that breast cancer is among the
malignancies in which PHFS expression is generally up-
regulated (Supplementary Figure S8A). Further analysis
of 998 breast cancer samples in TCGA using starBase
(32) revealed that levels of PHFS expression are moder-
ately but significantly higher (log, fold change 1.19) in
breast cancers than normal tissues (Supplementary Fig-
ure S8B). Mata-analysis in the ONCOMINE (40) revealed
that PHFS§ is more frequently upregulated in breast can-
cers than other cancer types, and the upregulation of PHFS

in breast cancers predominates over that of its subfam-
ily members (JHDMI1D and PHF2) (Supplementary Fig-
ure S8C). Among breast cancer, the significant upregula-
tion of PHFS was observed in invasive ductal and lobu-
lar breast carcinoma, invasive breast carcinoma stroma and
rare types of breast cancer such as cribriform breast ade-
nocarcinoma, male breast carcinoma and mucinous breast
carcinoma (Supplementary Figure S8D). Further analy-
sis showed that PHF8 expression is moderately elevated in
breast cancers positive for human epidermal growth factor
receptor 2 (ERBB2, also called HER2), estrogen receptor
(ER), or progesterone receptor (PR) (Supplementary Fig-
ure S8E).

Since PHFS8 expression is regulated at post-
transcriptional and post-translational levels, we inves-
tigated whether the level of PHF8 protein is associated with
any subtypes of breast cancer and the other pathological
factors. We carried out immunohistochemical (IHC)
staining of four breast cancer tissue arrays (Figure 7A),
which comprised 190 samples representing in situ breast
carcinomas, metastatic lymph nodes and cancer-adjacent
tissues. As shown in Figure 7B, 95 samples showed strong
and exclusively nuclear staining, 74 showed moderate
nuclear staining accompanied by certain cytoplasmic
staining, and 21 showed no staining. In all strong nuclear
staining cases, PHF8 protein expression is significantly
upregulated in the breast carcinoma samples (P < 0.001).
High expression of PHF§ was detected in 48%, 57%, 57%
and 47% of HER2-, ER-, PR-positive and triple negative
breast cancers (TNBC), respectively; however, it was not
significantly associated with all these subtypes of breast
cancer. In contrast, staining was weak and non-specific in
all three benign and five cancer-adjacent breast tissues. No-
tably, the elevated expression of PHFS8 correlates positively
with lymph-node metastasis (P < 0.001). Furthermore, we
examined MYC protein expression in 46 cases of breast
cancer samples and found positive correlation between
MYC and PHFS8 (Figure 7C), supporting our in vitro
finding that MYC drives PHFS§ expression.

We also examined PHFS8 expression in spontaneous
breast cancer and metastatic lung cancer specimens from
MMTV-Erbb2 mouse breast cancer model. PHF8 was de-
tectable at low levels in normal breast tissues; however, it
was greatly elevated in small breast tumors of both early
and late stages (Supplementary Figure S9). PHFS expres-
sion was elevated in large tumors of early stage, and it main-
tained high levels in the peripheral region of large tumors
of late stages. In metastasized tumors in lung, PHF§ was
also detected at higher levels in small tumors and in the
peripheral regions of large tumors. These findings showed
that the elevated levels of PHFS is associated with prolifer-
ating tumors as the tumor cells inside of large tumor mass
may suffer from insufficient nutrition and oxygen supplies.
Moreover, these data also suggested that PHFS§ may exert
its functions in early tumor development both in situ and de
novo metastasized tumors in lung.

Collectively, these data on PHF8 expression show an as-
sociation between elevations at both mRNA and protein
levels and breast-cancer progression, supporting that PHFS
may play a role in breast carcinogenesis.
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Figure 7. PHFS is upregulated in breast cancers. (A) IHC analysis of PHF8 expression in human breast cancer samples. Status of markers associated with
locations and stages are listed for each tumor. Scale bar: 10 pm. (B) Summary of PHF8 immunohistochemical staining of 190 breast cancer, metastatic
lymph nodes and adjacent normal tissues. (C) IHC analysis of the expression levels of PHF8 and MYC in 46 breast cancer samples. Representative images
(original magnification, x400) from breast carcinoma samples at different stages are shown. The immunoreactive score (IRS) was determined by staining
intensity and distribution. The correlation coefficient (r) and P values were analyzed as indicated (right panel).
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DISCUSSION

PHF8 has been implicated to play oncogenic roles in var-
ious types of malignancies. Although deregulated expres-
sion of PHF8 is usually linked to cell proliferation and
migration, the detailed mechanism by which PHF8 con-
tributes to migration and tumorigenesis is not well under-
stood. In this study, we showed that PHF8 promotes an
EMT-like process in non-malignant and cancer cell lines,
and the role of PHFS§ plays in promoting the expression
of EMT genes such as CDH?2 and key EMT transcription
factors including SNAII and ZEBI may contribute to cell
migration and thus is associated with its oncogenic activity
during cancer metastasis. PHF8 has demethylation activi-
ties on H3K9me2, H3K9mel, H3K27me2 and H4K20mel,
depending on cell or gene context. Such activities have been
demonstrated in transcription regulations: PHFS regulates
the gene transcription by demethylating H3K9mel and
H4K20mel in HeLa cells (7,9); depletion of PHFS increases
the levels of H3K9mel and H3K9me2 at rDNA (41) and
PHF8 removes H3K9me?2 in neurons (42). In MCF10 cells,
we found that PHF8 knockdown did not significantly reg-
ulate H4K20mel, but consistently upregulated H3K9mel
and H3K9me2 around the TSS and at the 3’ gene body re-
gion of SNAII. We and others showed that PHF8 predom-
inantly locates around the TSSs (7,9). Thus, the increases
of H3K9mel and H3K9me2 around the TSS of SNAII in
PHF8 knockdown cells might result from PHF8 demethy-
lase activity. However, how PHFS8 knockdown upregulates
H3K9mel and H3K9me2 at the 3’ gene body region of
SNAII remains to be investigated. One of possible explana-
tions is that PHF8 deficiency recruits other histone methyl-
transferases, for example EHMT?2 (also known as G9a), to
the promoters, facilitating the association with the other
factors such as the Cockayne syndrome group B protein
(CSB) and results in the increase of the H3K9mel /2 levels
at the promoter and the coding region (43).

A recent study reported that PHFS8 target genes are up-
regulated in more than 60% of breast cancers (44). Our
results demonstrated that PHF8 expression is upregulated
along breast cancer progression and other types of cancer.
One of the major goals in this study is to understand how
PHFS expression is dysregulated in cancer. Recently, Wang
et al. (15) showed that USP7 promotes deubiquitination
and stabilization of PHFS in breast cancer MCF7 cells, ac-
counting for a mechanism underlying PHF§ deregulation.
MYC plays a key regulatory role in cell proliferation and
mediates key signaling events in many types of cancer (35).
We demonstrated that MYC upregulates PHFS protein level
at least partially by repressing miR-22, and PHF8 con-
tributes to MYC-driven cell proliferation and EMT. Thus,
we identify a novel MYC/microRNAs/PHF8 regulatory
axis, which represents an alternative explanation for the
dysregulation of PHF8 in breast cancer and potentially in
the other types of cancer. Moreover, PHF8 is subjected to
proteasome-mediated protein degradation (15) (Figure 3F).
Whether USP7 regulates PHF8 in the context of TGF-f3 sig-
naling remains to be studied. Given that PHF8 protein level
is regulated at post-transcriptional and post-translational
levels, PHF8 THC in large cohort of breast cancer samples
with clinical follow-up data are still required to reveal the

correlation of PHFS expression with subtypes and progno-
sis of breast cancers.

It should be noted that Wang et al (15) identified the
USP7/PHF8/CCNAZ2 regulatory axis in proliferation and
carcinogenesis of breast cancer, their xenograft experiments
using MCF7 cells demonstrated the proliferative role of
PHEF8. In this study, we found that PHF8 regulates CCNA2
and the other cell cycle genes co-regulated by MYC. We
performed the xenograft experiments to validate the onco-
genic functions of PHFS using human TNBC MDA-MB-
231 cells and mouse breast cancer MT2 cells in different
mouse models. Thus, our studies well complemented the
work by Wang et al. Furthermore, our IHC results not only
confirmed that PHF8 is upregulated in breast cancer, which
is consistent with the conclusion from Wang et al. (15), but
also provided evidence to support the positive correlation
between PHF8 and MYC in breast cancer samples.

The MYC/microRNAs/PHF8 regulatory axis is sup-
ported by the similar expression patterns of MYC and
PHF8 following TGF-B treatment in multiple cancer cell
lines. In fact, PHF8 synergizing with MYC to regulate cell
adhesion and cytoskeleton organization genes was reported
in HeLa cells (11). Although whether such mechanisms play
a role in breast cancer cells remains to be studied, identifi-
cation of other factors including miRNAs involved in the
regulation of PHFS8 will improve our understanding of the
MYC/miRNAs/PHFS regulatory axis in TGF- signaling
and the other pathological pathways.

MYC and TGF-B have antagonistic actions in the con-
trol of cytostatic program, and the ability of TGF-B to re-
press MYC is often lost in cancers (45). In non-malignant
cells, the regulation of PHF8 by MYC through miRNAs
suggests the downregulation of PHFS8 in late TGF-( treat-
ment facilitates the cell growth inhibition by TGF-B. In-
deed, our data demonstrated that PHF8 overexpression at-
tenuated the TGF-B induced cell cycle arrest, supporting
our hypothesis that the deregulation of PHFS in cancer cells
contributes to the switch from cytostatic function to can-
cer promoting of TGF-B signaling. However, the early up-
regulation of PHF8 by TGF- accounts for the functional
requirement of the induction of SNAII1 expression. Such
functional involvement of MYC in early TGF-B regulated
genes was also reported (37). Therefore, our studies provide
an explanation for the TGF-B induced biphasic regulation
of the PHFS8 protein in non-malignant cells.

The oncogenic functions of PHFS in different types of
cancer suggests this enzyme could potentially be used as
therapeutic agents for cancers in which PHFS is overex-
pressed. Indeed, Compound 9 was developed and has a
stronger inhibitory effect on PHF8 than KDM2A and
JHDMID, and it inhibits the proliferation of both HeLa
and KYSE150 cells (46). Moreover, this inhibitor downreg-
ulates expression of the cell cycle-promoting transcription
factor E2F1 and lengthens GO/G1 phase in both cell lines,
consistent with a role for PHFS in cell-cycle regulation (46).
Although the effects of compound 9 on other cellular pro-
cesses or other types of cancer and its cytotoxicity were not
investigated, such initiative is already a major step towards
developing more efficient and selective inhibitors of epige-
netic factors that are relevant to cancer. Our discovery of



the oncogenic functions of PHFS in breast cancer paves the
way to develop novel therapeutics for breast cancer patients.
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