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The G,/M Regulator Histone Demethylase PHF8 Is Targeted for
Degradation by the Anaphase-Promoting Complex Containing CDC20
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Monomethylated histone H4 lysine 20 (H4K20me1l) is tightly regulated during the cell cycle. The H4K20mel demethylase PHF8
transcriptionally regulates many cell cycle genes and is therefore predicted to play key roles in the cell cycle. Here, we show that
PHEFS protein levels are the highest during G, phase and mitosis, and we found PHF8 protein stability to be regulated by the
ubiquitin-proteasome system. Purification of the PHF8 complex led to the identification of many subunits of the anaphase-pro-
moting complex (APC) associated with PHF8. We showed that PHFS interacts with the CDC20-containing APC (APC*“*°) pri-
marily during mitosis. In addition, we defined a novel, KEN- and D-box-independent, LXPKXLF motif on PHF8 that is required
for binding to CDC20. Through various in vivo and in vitro assays, we demonstrate that mutations of the LXPKXLF motif abro-
gate polyubiquitylation of PHF8 by the APC. APC substrates are typically cell cycle regulators, and consistent with this, the loss
of PHF8 leads to prolonged G, phase and defective mitosis. Furthermore, we provide evidence that PHFS8 plays an important role
in transcriptional activation of key G,/M genes during G, phase. Taken together, these findings suggest that PHF8 is regulated by

APC®%?° and plays an important role in the G,/M transition.

Proper cell division involves a highly coordinated sequence of
events that is essential for genomic integrity. Failure of the cell
to efficiently regulate various phases of the cell cycle leads to DNA
damage, genomic instability, and, ultimately, cancer (1). Histone
modifications are important players in this process, as they can
directly modify chromatin and serve as a signaling platform to
potentiate DNA template-based cellular events such as DNA rep-
lication, transcription, and DNA damage sensing and repair (2).
Histones, through which DNA is packaged and organized, are
subjected to a plethora of posttranslational modifications, such
as methylation. Monomethylation of histone 4 lysine 20
(H4K20me1) is tightly regulated during the mammalian cell cycle
(3). Various studies have shown the importance of this mark and
the corresponding methyltransferase, PR-Set7/Set8/KMT5A, in
the regulation of the cell cycle (3—6). PR-Set7 and H4K20mel
abundances are dynamically regulated during the cell cycle: they
are highest during G, phase and mitosis and lowest during G, and
S phases. H4K20mel accumulation during late G, phase
and mitosis recruits LAMBTL1 and the condensin subunits N-
CAPD3 and N-CAPG2 to chromosomes, triggering chromatin
compaction and shutdown of transcription in preparation for
mitosis (7, 8).

Two related histone demethylases, PHF8 and KIAA1718, have
been reported to demethylate a variety of substrates, including
H4K20mel (7, 9). Both proteins bind H3K4me3 via their PHD
finger, which is typically enriched at the transcription start sites
(TSSs) and may therefore play a role in their recruitment to target
promoters (10). PHF8 activates gene transcription primarily by
demethylating H3K9mel and H4K20mel (7, 9). At ribosomal
DNA (rDNA) loci, however, PHF8 preferentially demethylates
H3K9me2 (11, 12). The importance of enzymatic demethylation
mediated by PHF8 is underscored by the discovery of the link
between PHF8 mutations that disrupt its enzymatic activity and
X-linked intellectual disability (XLID) and craniofacial deformi-
ties (13-15).

PHEF8 binds to the TSSs of 7,000 to 8,000 genes, or about one-
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third of the annotated genome, but affects the expression of only a
small number of genes (7, 9, 16). Therefore, PHFS is likely to be
important for the regulation of gene expression in a context-de-
pendent manner. Consistent with this hypothesis, PHF8 acts as a
transcriptional coactivator for retinoic acid receptor alpha
(RARa) and is recruited to target genes upon retinoic acid induc-
tion (such as in the case of all trans-retinoic acid (ATRA) treat-
ment in acute promyelocytic leukemia) (17, 18). Notch activation
also leads to the assembly of PHF8 and complex components on
Notch target genes, which is important for the activation of key
Notch genes, such as those for interleukin-7 receptor and DTX1
(19). Notch signaling plays an important role in human T cell
acute lymphoblastic leukemia (T-ALL); consequently, a loss of
PHF8 compromises Notch-mediated gene activation, leading to
an inhibition of tumor formation in a mouse xenograft model (19).
In HeLa cells, PHFS interacts with E2F1, HCF-1, and SET1A to reg-
ulate E2F1-regulated promoters during G,/S phase (7). Interestingly,
chromatin immunoprecipitation-sequencing (ChIP-seq) and mi-
croarray data also show that PHF8 binds to and regulates many other
important cell cycle genes, including genes that are enriched at G,/M
phase and are important for the G,/M transition and whose tran-
scription is known to persist beyond G,/S phase.

In this study, we show that PHF8 plays an important role in the
regulation of the G,/M transition and is regulated by the ana-
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phase-promoting complex (APC). We show that PHF8 protein
levels are highest during G, phase and mitosis, and through vari-
ous assays, we demonstrate that PHF8 protein levels are regulated
by ubiquitin-mediated proteolysis mediated by the APC. The APC
is an E3 ubiquitin ligase complex that is a key regulator of the cell
cycle (20, 21). CDC20 and CDH]1 are the primary substrate rec-
ognition subunits of the APC, with the APC containing CDC20
(APC4?) and APC*™! exhibiting distinct temporal activities and
roles during the cell cycle. During mitosis, the APC**° is inhib-
ited by the spindle assembly checkpoint (SAC) and most notably
targets securin for degradation, allowing sister chromatid separa-
tion during anaphase. On the other hand, the APC*" is active
later during mitosis and in G, phase and is important for sup-
pressing mitotic cyclin levels and regulating the G,/S transition.
CDC20 binds proteins via conserved sequence motifs such as the
KEN box or D box (22, 23). We find that PHF8 binds primarily to
the APC?° in a KEN- and D-box-independent manner, and we
identify a novel motif, LXPKXLF, that mediates the interaction
between PHF8 and CDC20. Mutation of this motif renders PHF8
resistant to polyubiquitylation and targeting for proteasomal deg-
radation by the APC!“*°. Additionally, we show that high PHF8
protein levels at G, phase and mitosis correlate with accumulation
of PHF8 on its G,/M target genes and is important for the main-
tenance of low H3K9mel and H4K20mel levels over TSSs of these
genes during G, phase, allowing active transcription. Loss of PHF8
leads to pleiotropic cell cycle defects, most prominently an ex-
tended G, phase and highly defective mitosis. Collectively, our
results indicate that PHFS plays a key role in the regulation of the
G,/M transition and is targeted for degradation by the important
cell cycle regulator APC4%°,

MATERIALS AND METHODS

Cell culture, drug treatments, cell synchronization, and flow cytometry.
HeLa, HEK293T, and MCF?7 cells were maintained in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal bovine serum at 37°C
in a 5% CO, incubator. MG132 (Calbiochem) and cycloheximide
(Sigma) were resuspended in dimethyl sulfoxide (DMSO; Sigma) and
used at final concentrations of 10 wM and 100 pg/ml, respectively. Thy-
midine (Sigma) and nocodazole (Sigma) were resuspended in double-
distilled water (ddH,0) and used at final concentrations of 2 mM and 100
ng/ml, respectively. Puromycin dichloride (Sigma) was resuspended in
ddH,O and used at a final concentration of 1 to 2 pg/ml. Cells were
synchronized in S phase by double-thymidine treatment including incu-
bation in thymidine for 18 h, washing with phosphate-buffered saline
(PBS) twice, and supplementation with fresh medium to release the cells
for 9 h, followed by an additional thymidine treatment for 18 h. Cells were
synchronized in M phase by thymidine-nocodazole treatment including
incubation in thymidine for 18 h, washing with PBS twice, and supple-
mentation with fresh medium with nocodazole for 12 h. For flow cytom-
etry analysis, cells were fixed in cold 80% ethanol and stored at —20°C
until they were ready for staining. Cells were washed twice with cold PBS
and pelleted by centrifugation. The cell pellet was resuspended in PBS
containing 50 pg/ml propidium iodide and 250 pg/ml RNase A and in-
cubated at 37°C for 20 min. Cells were filtered by passage through a cell
strainer cap attached to a round-bottom tube (BD Falcon). Cells were
analyzed on a BD LSR Fortessa instrument using BD FACS Diva software
and further analyzed with FlowJo software.

Plasmids, mutagenesis, transfection, siRNA, and shRNA knock-
down. Sequence-verified open reading frame clones were cloned into the
pOZ-Flag-HA construct at the Xhol/NotI site or into pENTR-D-TOPO
(Invitrogen) and recombined into the following Gateway destination vec-
tors: MSCV-Flag-HA-IRES-PURO, CMV-Flag-HA, and CMV-MYC.
The following CDC20 plasmids were obtained from Addgene: pCS2-HA-
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CDC20 (Addgene plasmid 11594) and pCS2-MYC-CDC20 (Addgene
plasmid 11593). Point mutations were generated by using a QuikChange
site-directed mutagenesis kit (Agilent). Cells were transfected with the
indicated plasmids by using Lipofectamine 2000 (Invitrogen) for HeLa
cells and TransIT-293 (Mirus) for HEK293T cells, according to the man-
ufacturers’ specifications. Transfected cells were typically harvested at 48
h posttransfection for analysis. Small interfering RNA (siRNA) transfec-
tion was carried out by using Lipofectamine RNAIMAX according to the
manufacturer’s specifications. siRNA (20 nM) was reverse transfected
into cells. Twenty-four hours later, 20 nM the same siRNA was transfected
into the same cells. Seventy-two hours after the first transfection, cells
were harvested for analysis. Two CDC20 siRNAs targeting different re-
gions of CDC20 were used: CDC20 siRNA 1 (catalog number D-003225-
12-0005; Thermo Scientific) (5'-GCACAGUUCGCGUUCGAGA-3")
and CDC20 siRNA 2 (catalog number D-003225-10-0005; Thermo Sci-
entific) (5'-GGGCCGAACUCCUGGCAAA-3'). Nontargeting control
siRNA (catalog number D-001210-01-05) was purchased from Thermo
Scientific. For short hairpin RNA (shRNA) knockdown experiments, len-
tiviral constructs containing shRNAs were transfected with helper plas-
mids into HEK293T cells to be packaged into lentiviruses, which were
harvested at 48 to 72 h posttransfection. Cells were infected with lentivirus
with the aid of hexadimethrine bromide (Polybrene) at a 4-pg/ml final
concentration. Five PHF8 shRNAs in the pLKO.1 vector targeting differ-
ent regions of PHF8 were used: PHF8 shRNA 1 (5'-CCGGGCAGG
TAAATGGGAGAGGTTTCTCGAGAAACCTCTCCCATTTACCTGCTTT
TTG-3"), PHF8 shRNA 2, (5'-CCGGCGACCCTGATAATAAGACCAAC
TCGAGTTGGTCTTATTATCAGGGTCGTTTTTG-3'), PHF8 shRNA 3
(5"-CCGGCGAACCGTACAGCTCATTAAACTCGAGTTTAATGAGCT
GTACGGTTCGTTTTTG-3'), PHF8 shRNA 4 (5'-CCGGGCGAAC
CGTACAGCTCATTAACTCGAGTTAATGAGCTGTACGGTTCGCTTT
TTG-3'), and PHF8 shRNA 5 (5'-CCGGCCCAACTGTGAAGTCTTGC
ATCTCGAGATGCAAGACTTCACAGTTGGGTTTTTG-3"). The con-
trol shRNA was a pLKO.1 vector containing an shRNA sequence targeting
green fluorescent protein (GFP) from Thermo Scientific.

RNA extraction, reverse transcription, and qPCR. Total RNA was
extracted from cells by using TRIzol (Invitrogen), followed by chloroform
extraction and isopropanol precipitation. RNA was then treated with
RNase-free DNase I (Ambion), and the DNase was inactivated. Reverse tran-
scription was carried out on 1 to 5 pg total RNA by using Superscript I1I
(Invitrogen) and oligo(dT). cDNAs obtained were diluted accordingly
and used for quantitative PCR (qPCR). Gene-specific primers were used
together with SYBR green (Roche) for detection on a LightCycler 480
system (Roche). Primers used in this study include GAPDH_F (ATGC
CTCCTGCACCACCAAC), GAPDH_R (GGGGCCATCCACAGTCTT
CT), PHF8_F (AGGACAAGGAAAGCGTCCCAA), PHF8_R (ACACAG
GAGGGCTCACAGAA), CDC20_F (CTGAACTCAAAGGTCACACAT),
CDC20_R (GGTCCAACTCAAAACAGCG), CDHI1_F (AACGAGCTGG
TGAGCACG), CDHI_R (GGACATTGCCAGGTACAGCA), CCNBI_F
(ACAAAGCACATGACTGTCAAGA), CCNBI_R (CAAGTTACAC
CTTTGCCACAG), NCAPG_F (GACTCTGAAAGTGATCATGAAG),
NCAPG_R (CATTGAGAAATTGGGCAAGG), CENPA_F (ACAAGAGG
CAGCAGAAGCAT), CENPA_R (TCCGGGCCAGTTGCACAT), E2F1_F
(TGGAGCAAGAACCGCTGTTGT), E2F1_R (AAGTCCTCCCGCACA
TGCT), CDC25A_F (ATGAAATGCCAGTCTTACTGTGA), CDC25A_R (C
TTCTTCAGACGACTGTACATC), RBL1_F (GATAGATTGTGACTTA
GAAGATGC), and RBL1_R (CAGTGCAAATGACTTCACTCTTC).

Immunoprecipitation, tandem affinity purification, mass spec-
trometry, and silver staining. Regular immunoprecipitation (IP) was
carried out by lysing cells with lysis buffer (50 mM Tris-HCI [pH 7.5], 150
mM NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol, protease, and phospha-
tase inhibitors) on ice for 30 min, centrifuging the cells at maximum speed
for 10 min, and retrieving the supernatant (lysate). Specific antibodies or
the corresponding IgG controls were added to the lysate and incubated
overnight at 4°C. Protein A or G beads were then added to the tube and
incubated for 1 h at 4°C. Beads were washed three times with lysis buffer,
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and the immunocomplexes were eluted from beads by the addition of SDS
loading buffer and boiled for 5 min. The immunocomplexes could then be
analyzed by immunoblotting. Tandem affinity purification (TAP) was
carried out by using 20 500-cm? dishes of cells (24). Briefly, cells under-
went hypotonic treatment and Dounce homogenization, followed by cen-
trifugation. The pellet was retained as the nuclear fraction and subjected
to high-salt extraction to extract nuclear protein complexes. The nuclear
extract was dialyzed (20 mM Tris-HCI [pH 7.9], 100 mM KCl, 1 mM
MgCl,, 0.2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride [PMSF],
and 20% glycerol) and was subjected to a first round of immunoprecipi-
tation using Flag M2 beads (Sigma). Immunocomplexes were eluted by
using Flag peptide, subjected to a second round of immunoprecipitation
by using hemagglutinin (HA) beads (Santa Cruz), and eluted by using HA
peptides. A portion of the elution mixture was run on a 4 to 12% Bis-Tris
gel and silver stained (SilverQuest silver staining kit; Invitrogen). The rest
of the elution mixture was trichloroacetic acid (TCA) precipitated, trypsin
digested, loaded onto stage tips, and analyzed on a LTQ-Velos linear ion
trap mass spectrometer (ThermoFinnigan).

Live-cell imaging and analysis and immunofluorescence staining.
HeLa-RFP-H2B and HeLa-RFP-ligase cells were plated onto 24-well
black/clear imaging plates. Twenty-four hours later, lentiviruses with
shRNAs targeting GFP or PHF8 were added to the cells. At 24 h postin-
fection, the imaging plate was mounted onto a motorized stage (Prior
ProScan II) on a Nikon TE2000E PFS inverted microscope fitted with an
incubation chamber maintained at 37°C and supplied with 5% CO,. Dif-
ferential interference contrast (DIC) or red fluorescent protein (RFP)
fluorescent images were taken every 12 min for 48 h by using a 20X Plan
Apo 0.75-numerical-aperture (NA) objective lens with a Hamamatsu
Oreca cooled charge-coupled-device (CCD) camera and Nikon Elements
software. TIFF files of each image were exported and analyzed manually in
stacks with ImageJ (NIH). For HeLa-RFP-ligase cells, the duration of G,
phase was determined by taking the first frame after the end of mitosis
(concentration of the RFP signal posttelophase) to the frame in which foci
first appeared. The duration of S phase was determined by taking the first
frame from the appearance of foci to the frame in which the last foci
disappeared. The duration of G, phase was determined from the first
disappearance of the last foci to the frame in which the signal became
diffused. The duration of M phase was determined from the first frame in
which the signal was diffused throughout the cell to the frame where the
signal was concentrated to the chromosomes again. An uninfected control
was also tracked to document any effect of virus infection itself on the cell
cycle. A separate set of cells was plated and transduced in parallel on the
same day, and cells were harvested at 48 h postinfection to determine the
efficiency of PHF8 knockdown by immunoblotting. Knockdown of PHF8
by the 4 independent PHF8 shRNAs was determined to be >90% each
time. Immunofluorescence staining was carried out by plating cells onto
coverslips, fixing cells with 3% paraformaldehyde (PFA), permeabilizing
cells with PBS with 0.2% Triton X, and blocking with 1% bovine serum
albumin (BSA) in PBS-Tween (PBST) before staining with antibodies at
the appropriate dilutions.

Chromatin immunoprecipitation. Chromatin immunoprecipitation
(ChIP) was carried out as described previously (25). ChIP-qPCR primers
used in this study are as follows: CCNB1_TSS_F (GTGAGAAAGAGAAC
TGGACG), CCNBI_TSS_R (GTTACAGAGTTGCTGGCGG), CCNB1_
3’end_F (GTCTTCCAGACTGTCAAGAACA), CCNB1_3'end_R (CAA
GTTTACAAGTTACACCTTTGCC), NCAPG_TSS_F (TAGACGCATG
CGCCCAAAG), NCAPG_TSS_R (AGTATTTACCGCTCGAACGTTCA),
NCAPG_3'end_F (GCTAGTAGCTTGCATTTGAGAAG), NCAPG_3'
end_R (GCCAGTTTGTGGTACTTCCTTC), CENPA_TSS_F (CACCGC
CAACCAGGCATT), CENPA_TSS_R (ACCAAGTTGTGTGACTCTG
CT), E2F1_TSS_F (TTAAAGCCAATAGGAACCGCC), E2F1_TSS_R (G
CAAAGTCCCGGCCACTTTTA), E2F1_3'end_F (ACCCTCCAATCTG
CACTTTGAT), E2F1_3'end_R (CGAAATGTTCCCAACAGAGTCQ),
CDC25A_TSS_F (AGCCGATGACCTGGCAGAGT), CDC25A_TSS_R
(TAGTTGGCGCCAAACGGAATC), CDC25A_3'end_F (GAGGACTTC
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TTCCTACACGC), CDC25A_3"end_R (GGTATAATCTGAAGGCCAT
CC), RBL1_TSS_F (GGACAGGTCTTTCAGAATCTGA), RBL1_TSS_R
(ACGTGTTGTCATCCACCGTCT), CKS1B_TSS_F (GTTGGGAGTTG
CTTGGAGGTT), and CKSIB_TSS_R (ACTAACCGATACTCAAAC
TCCTCQ).

Protein purification from Sf9 cells and histone demethylation assay.
Wild-type (WT) and mutant PHF8 proteins were cloned into a baculovi-
rus expression vector, pFastBacHT A (Invitrogen), and transfected into
Sf9 cells by using the Bac-to-Bac HT Vector kit (Invitrogen). His-tagged
PHF8 was produced according to the manufacturer’s specifications, pu-
rified on Ni-nitrilotriacetic acid (NTA)-agarose beads (Qiagen), and
eluted by imidazole (Sigma). A histone demethylation assay was carried
out on calf histones at 37°C for 4 to 6 h with the following buffer: 50 mM
HEPES-KOH (pH 7.9), 50 mM KCl, 1 mM MgCl,, 1 mM a-ketoglutarate,
2 mM ascorbic acid, and 100 wM ammonium iron(II) sulfate.

In vivo ubiquitylation and PHF8 degradation in mitotic Xenopus
extracts. Cells were harvested in PBS containing 10 mM the deubiquity-
lating enzyme inhibitor N-ethylmaleimide (NEM). Pelleted cells were
lysed in a solution containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl,
1% SDS, 1 mM dithiothreitol (DTT), and 10 mM NEM and vortexed
vigorously before boiling for 20 min. Denatured lysates were cooled, and
about 20 volumes of a solution containing 20 mM Tris-HCl (pH 7.5), 150
mM NaCl, and 10 mM NEM was added to dilute out the SDS in the lysate.
Diluted lysates were centrifuged at maximum speed for 15 min, the su-
pernatant was retrieved, and the amount of protein was quantitated by a
bicinchoninic (BCA) protein assay (Thermo scientific). Similar amounts
of lysate were used for IP, which was carried out at room temperature for
4 h. Mitotic Xenopus laevis extracts and PHF8 degradation assays were
prepared as described previously (26).

Antibodies. Antibodies used in this work include anti-PHFS8 (catalog
numbers ab36068 [Abcam] and A201-772A [Bethyl Laboratories]), anti-
RNA polymerase II (Pol II) (CTD4HS) (catalog number 05-623; Milli-
pore), anti-H3 (catalog number 39163; Active Motif), anti-H3K4me3
(MC315) (catalog number 04-745; Millipore), anti-H3K4me2 (CMA303)
(catalog number 05-1338; Millipore), anti-H3K9me2 (catalog number
ab1220; Abcam), anti-H3K9mel (catalog number ab8896; Abcam), anti-
H3K36me3 (catalog number ab9050; Abcam), anti-H4 (catalog number
39269; Active Motif), anti-H4K20mel (catalog number ab9051; Abcam),
anti-CDC27 (catalog number sc-13154; Santa Cruz), anti-CDC20 (cata-
log number sc-13162; Santa Cruz), anti-CDHI (catalog number sc-
56381; Santa Cruz), anti-cyclin Bl (catalog number sc-53236; Santa
Cruz), anti-cyclin E (catalog number sc-198; Santa Cruz), antiactin (cat-
alog number A2228, Sigma), anti-Flag (M2) (catalog number F1804;
Sigma), anti-HA (catalog number MMS-101P; Covance), anti-MYC (cat-
alog number sc-40; Santa Cruz), and anti-HIS (catalog number sc-8036;
Santa Cruz).

RESULTS
PHEFS protein levels are regulated by the ubiquitin-proteasome
pathway. Given that previous studies suggested that PHF8 is an
important regulator of the cell cycle, we wished to determine
whether its expression is modulated during the cell cycle (7). HeLa
cells were synchronized in mitosis (M phase) and harvested at 2-h
intervals upon release over 24 h. As shown in Fig. 1A and B, PHF8
protein levels were highest in M phase, declined 3- to 4-fold in G,
phase, and reaccumulated during G, phase. However, PHF8
mRNA levels were more or less constant throughout the cell cycle
(data not shown), suggesting that PHFS8 protein fluctuations dur-
ing the cell cycle occur via posttranscriptional mechanisms.
Given that many important cell cycle-regulated proteins, such
as cyclins, are regulated by cell cycle-specific E3 ligases, we inves-
tigated whether the ubiquitin-proteasome system plays a role in
regulating PHF8 protein levels. Flag-HA-PHF8 and HIS-tagged
ubiquitin (HIS-Ub) were cotransfected into HEK293T cells
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FIG 1 PHFS protein levels are regulated by the ubiquitin-proteasome system, with the highest levels being found at G, and M phases. (A and B) HeLa cells were
synchronized at M phase and harvested at 2-h intervals upon release for 24 h. (A) Total cell lysates were probed for PHE8, the G,/M marker cyclin B1, and the
G,/S marker cyclin E1. (B) ImageJ quantification of data in panel A was carried out with normalization against actin, and the highest protein level was set to 1.
thy-noc, thymidine-nocodazole. (C) Flag-HA-PHF8 was transfected with the empty vector or HIS-Ub and treated with DMSO or MG132. Denatured lysates
underwent HA IP and were probed for HIS-Ub. The extent of ubiquitylation in each lane was quantified by ImageJ and normalized against the input, and the
quantification is presented below the HIS-Ub blot. WB, Western blotting. (D) Endogenous PHF8 half-life was assessed by cycloheximide (CHX) chase. A total
0f 100 pg/ml of cycloheximide and 10 wM MG132 or an equal volume of DMSO were added, and cells were harvested at 0, 2, 4, or 8 h. Image]J was used to quantify

the amount of PHF8 (normalized against actin), which is presented below the PHF8 blot.

treated with DMSO or the proteasome inhibitor MG132. Cells
were lysed under denaturing conditions, and anti-HA immuno-
complexes were probed for HIS-Ub. As shown in Fig. 1C, PHF8
was polyubiquitylated, and the level of PHF8 polyubiquitylation
increased in the presence of MG132. The half-life of PHFS is ap-
proximately 2 to 3 h, as determined by a cycloheximide chase (Fig.
1D). Importantly, degradation of PHF8 was rescued by MG132
(Fig. 1D), indicating that PHFS8 is ubiquitylated and degraded by
the ubiquitin-proteasome system.

PHFS interacts with the APC®“*°, primarily during G,/M
phase. To better understand the function of PHFS8, we used tan-
dem affinity purification (TAP) to purify PHF8 from the breast
cancer cell line MCF7, as breast cancer cells have been reported to
overexpress PHF8 (Oncomine). Flag-HA-tagged PHF8 and its as-
sociated proteins were purified and identified by mass spectrom-
etry (Fig. 2A and B). Consistent with its role in chromatin and
transcription, many transcriptional factors, chromatin remodel-
ers, and DNA damage proteins were found to be associated with
the TAP-purified PHFS8. Interestingly, we also identified multiple
components of the anaphase-promoting complex (APC) (9 out of
approximately 11 to 13 core APC subunit components) (Fig. 2B).
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Because the APC functions primarily by targeting key cell cycle
proteins for proteasomal degradation during the cell cycle, we
hypothesized that the APC’s interaction with PHF8 may be im-
portant for the regulation of PHF8’s protein abundance and func-
tion during the cell cycle.

To confirm the mass spectrometry data, we overexpressed
Flag-HA-PHF8 in HEK293T cells and performed semiendog-
enous immunoprecipitation (IP) using either anti-HA antibody
or mouse IgG as a negative control. We observed that approxi-
mately 3% of CDC27, a core subunit of the APC, was pulled down
by HA but not by IgG antibodies (see Fig. S1 in the supplemental
material). The binding specificity of the APC is generally con-
ferred by the coactivator subunits CDC20 and CDH1, which ac-
tivate the APC at distinct times of the cell cycle. Interestingly,
Flag-HA-PHF8 appeared to interact primarily with CDC20 but
not CDHI (see Fig. S1 in the supplemental material). Further-
more, overexpression of Flag-HA-tagged PHEFS or its closely re-
lated demethylase KIAA1718, followed by HA semiendogenous
IP, showed that the interaction with CDC20 is specific to PHF8
and does not occur with KIAA1718 (Fig. 2C).

Next, we performed reciprocal IPs, where we observed that
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CDC20 interacts with an approximately stoichiometric amount of
CDC27, as expected, and has a weaker (<1%) but specific (com-
pared to the control) interaction with PHF8 (Fig. 2D). We wished
to determine whether this interaction could be recapitulated be-
tween endogenous PHF8 and CDC20 and whether the interaction
occurs in a cell cycle-specific manner. To this end, we used asyn-
chronous and S-phase- and M-phase-synchronized cell lysates for
IP. As binding of APC with its substrates is often weak and tran-
sient, cells were treated with MG132 for 4 h before harvesting.
Interestingly, we observed that PHF8 interacted most strongly
with CDC20 in M phase, which is when the APC*?° is typically
active (Fig. 2E). The reciprocal anti-CDC20 IP also clearly showed
that CDC20 immunocomplexes from M-phase lysates pulled
down PHF8 most strongly (Fig. 2F). The strength and cell cycle
specificity of the CDC20-PHF8 interaction were similar to those
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of the interaction between CDC20 and cyclin B1, a substrate of the
APC*° (Fig. 2F).

A novel motif mediates PHF8’s binding to CDC20. Several
amino acid motifs are known to be important for binding to
CDC20 and recruitment to the APC, the most common being the
KEN box and the destruction or D box (RXXLXXXN) (22, 23).
We found that PHF8 contained a putative D-box sequence be-
tween amino acids (aa) 481 and 488. However, mutation of each
key amino acid residue to alanine (R481A, L484A, and N488A)
and an R481A L484A N488A triple mutant (RLN-Triple) did not
affect CDC20 binding (Fig. 3A). We therefore systematically
mapped the region responsible for PHF8 binding to CDC20 (Fig.
3B). We transfected various truncation mutants of Flag-HA-
PHF8 (aa 1 to 1024, aa 1 to 700, aa 1 to 400, aa 60 to 1024, and aa
350 to 1024) into HEK293T cells and performed anti-HA IPs. As
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FIG 3 A novel motif on PHFS8 governs its binding to CDC20. (A) The D-box motif on PHF8 was mutated in Flag-HA-PHFS to generate mutants with an R481A,
L484A, or N488A mutation or the RLN-Triple mutant (R481A L484A N488A triple mutant). The empty vector, wild-type (WT) Flag-HA-PHFS, or the various
mutants were transfected in HEK293T cells, and lysates were used for HA IP and immunoblotted for CDC20. (B) Deletion mutants of Flag-HA-PHF8 were
generated to map the CDC20 binding region. In the left column, constructs are shown with respect to the PHD domain and JmjC domain. Constructs were first
cut at the N or C terminus (first three panels) to narrow down the region needed for binding. Next, small deletions (indicated with a “V”) were generated in the
full-length protein, followed by single- or multiple-point mutations (indicated with an *). These constructs were transfected into HEK293T cells, subjected to HA
IP, and immunoblotted for CDC20. An LXPKXLF motif from aa 495 to 501 was determined to be essential for CDC20 binding to PHF8. (C) PHFS8 orthologues
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shown in Fig. 3B (top), loss of aa 400 to 700 abolished CDC20
binding, and this region that is critical for interactions was nar-
rowed down further to be between aa 400 and 510 by analyzing the
progressive C-terminal deletion mutants (Fig. 3B, second and
third panels).

To map the interaction domain further, using full-length
PHEFS8 as the template, we generated in-frame deletion mutations
surrounding aa 400 to 510 and demonstrated that aa 495 to 505 are
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important for CDC20 binding (Fig. 3B, fourth panel). We subse-
quently generated single-point mutations by mutating each
amino acid from aa 494 to 505 to alanine, except for A504, which
was mutated to glycine (G). Point mutations of amino acids 495 to
501 (L495A, P497A, K498A, L500A, and F501A) abolished the
PHF8-CDC20 interaction. Mutations of all five key amino acids
(aa 495 to 501) (LPKLF-MT) or an in-frame deletion of aa 495 to
501 (A495-501) also led to a similar abolishment of CDC20 bind-
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ing (Fig. 3B, bottom). These analyses identified the LXPKXLF
motif (aa 495 to 501) as a specific CDC20 recognition motif within
PHEF8. Importantly, this newly identified motif appears to be con-
served in PHF8 from human to Caenorhabditis elegans (Fig. 3C).
PHF8 protein levels can be modulated by changing CDC20
levels. As the substrate recognition subunit of the APC, CDC20 is
typically the limiting component of the APC in targeting sub-
strates for proteasomal degradation. We therefore investigated
whether altering CDC20 levels through overexpression or RNA
interference (RNAi) had any effect on PHFS8 protein levels. We
first noted that PHF8 protein but not mRNA levels were inversely
correlated with increasing amounts of transfected HA-CDC20
(Fig. 4A; see also Fig. S2A in the supplemental material), which is
consistent with PHF8 being a substrate of APC**°, We next an-
alyzed the potential impact of the loss of CDC20 on PHFS levels.
Two independent CDC20 siRNAs led to a >90% knockdown of
CDC20 mRNA and protein levels but had no effect on the closely
related CDH1 (Fig. 4B; see also Fig. S2BI and II in the supplemen-
tal material). RNAi of CDC20 led to an approximately 2-fold in-
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crease in PHF8 protein levels, similar to that of cyclin B1, a sub-
strate of APC4“?° (Fig. 4B). RNAi of CDC20 also led to a ~40%
decrease in the PHF8 mRNA level for unknown reasons (see Fig.
S2BIII in the supplemental material).

Consistently, overexpression of HA-CDC20 had the opposite
effect on PHFS; i.e., HA-CDC20 overexpression led to a modest
acceleration of endogenous PHF8 degradation, similar to that of
the APC*?° substrate cyclin B1 (Fig. 4CI to III; quantitation of
data from triple experiments is shown in Fig. 4CII and III), while
CDC20 siRNA led to a decreased turnover rate of PHF8 protein,
which was also similar to that of cyclin B1 (Fig. 4DI to II[; quan-
titated by Image] and presented in graphical form in Fig. 4DII and
III). Overall, these results suggest that perturbing CDC20 leads to
changes in overall PHF8 protein levels and degradation rates.

The LXPKLF mutation renders PHF8 refractory to poly-
ubiquitylation by APC***® and proteasomal degradation in
vitro. Given that mutations within the LXPKXLF motif disrupt
the PHFS interaction with CDC20, we next asked whether inter-
action-defective mutants of PHFS are also resistant to APC*4<2°-
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mediated ubiquitylation and degradation. Full-length WT, A495—
501, or LPKLF-MT Flag-HA-PHFS8 was transfected into HEK293T
cells together with the empty vector, CDC20, or CDHI, respec-
tively, and the transfected cells were subjected to MG132 treat-
ment. Harvested cells were lysed in the presence of an inhibitor of
deubiquitylating enzymes and under denaturing conditions to
disrupt any protein complexes. Anti-HA IP was then carried out
in order to pull down Flag-HA-PHF8. As shown in Fig. 5A, over-
expression of CDC20 but not CDH1 led to an increase in PHF8
polyubiquitylation. Moreover, polyubiquitylation occurred only
on the WT but not on the LPKLE-MT PHEFS protein, indicating
that PHFS is polyubiquitylated by the APC through CDC20 tar-
geting PHF8 via the LXPKXLF motif. Consistent with this, WT
PHF8 (PHF8,,;) was degraded more readily than LPKLE-MT
when recombinant PHF8 proteins purified from Sf9 cells were
incubated with mitotic Xenopus extracts (Fig. 5B).

To further understand the effect of the LPKLF mutation in
vivo, we generated stable HeLa cell lines expressing either Flag-
HA-PHF8,y 1 or Flag-HA-PHF8, ,; r_nir (see Fig. S3A in the sup-
plemental material). Immunofluorescence staining showed that
the mutant localized in the nucleus and nucleoli similarly to wild-
type PHES (see Fig. S3B in the supplemental material) and bound
to a similar extent on target gene TSSs (see Fig. S3C in the supple-
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mental material). Moreover, mutant PHES purified from Sf9 cells
also retained the ability to demethylate histone H3K9me2/1 to a
similar extent as wild-type PHF8 (see Fig. S3D in the supplemental
material), indicating that the LPKLF mutations did not disrupt
the catalytic activity of the protein. Importantly, while the Flag-
HA-tagged wild-type PHF8 protein appears to be regulated simi-
larly to endogenous PHF8 during the cell cycle (Fig. 1A and 5CI),
with the highest protein levels at M phase, the LPKLF-MT PHF8
protein appeared to have lost the ability to be regulated during the
cell cycle (Fig. 5CII and III), supporting the idea that the PHF8
protein level is regulated by the APC“““* during the cell cycle.
Loss of PHF8 leads to pleiotropic cell cycle effects, including
a slight increase in the duration of S phase, a significantly pro-
longed G, phase, and defective mitosis. A key role of the APC in
cell cycle regulation is targeting important cell cycle regulators
such as cyclin A and cyclin B1, whose levels are carefully modu-
lated during the cell cycle, and this occurs primarily through its E3
ligase function. As an APC substrate, PHF8 likely plays important
roles in the cell cycle. In support of such a role, PHF8 has been
shown to transcriptionally regulate a plethora of cell cycle genes
(7). Moreover, loss of PHES is known to lead to an approximately
2-fold reduction in HeLa cell proliferation (see Fig. S4B in the
supplemental material) (7, 9). It is not known, however, whether
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this decrease in proliferation is a result of a defect or delay in a
specific cell cycle phase or programmed cell death such as apop-
tosis. In fact, flow cytometry data from previous studies reported
only a modest 5 to 10% difference between cell cycle phases when
PHEFS was knocked down (7). To better understand the effect of
PHF8 knockdown on the cell cycle, we utilized HeLa-RFP-ligase
cells to perform live-cell imaging (see Fig. S4CI to V in the sup-
plemental material) (27). This cell line expresses DNA ligase I
(LIG1) fused with red fluorescent protein (RFP-ligase) and is fre-
quently used to measure the length of each cell cycle phase based
on the properties of LIG1 during the cell cycle (see Fig. S4CI to V
in the supplemental material). During interphase, LIG1 is present
on chromatin but falls off chromatin during mitosis (appearing as
a diffused signal) (see Fig. S4CIV in the supplemental material).
During S phase, LIG1 forms distinct foci in the nucleus (see Fig.
S4CII in the supplemental material), as it is involved in DNA
replication and base excision repair. These characteristics of LIG1
allow us to monitor a single cell as it transits through different cell
cycle phases and to quantitate the length of each cell cycle phase in
the presence and absence of PHFS8.

We infected HeLa-RFP-ligase cells with lentiviruses of similar
titers containing a control or 4 different PHF8 shRNAs (shRNAs
1, 3, 4, and 5) (see Fig. S4A in the supplemental material). Cells
were imaged starting from 24 h postinfection for 48 h, at 12-min
intervals. Atleast 50 cells under each condition of each experiment
were manually tracked as they progressed through the cell cycle,
and a representative experimental set is reported here. Although
the length of the G, phase was slightly prolonged upon lentiviral
infection (compare uninfected with infected cells), PHF8 RNAi
(all four shRNAs) did not appear to lead to any significant differ-
ences (P > 107*) in G,-phase length, with an average G,-phase
length of about 500 to 600 min (Fig. 6A). However, S-phase length
was slightly but significantly (P < 10™*) prolonged upon knock-
down of PHF8 (Fig. 6B). The average S-phase length for control
RNAI cells was 519 min, and loss of PHFS8 consistently led to an
increase of S-phase length to between 610 and 650 min. The most
dramatic effect of PHF8 RNAi on the cell cycle was observed dur-
ing G, phase, when loss of PHFS8 led to a very significant (P <
107'%) 3- to 5-fold increase in the average G,-phase length, from
110 min in control RNAI cells to 309 to 515 min in PHF8 RNAi
cells (Fig. 6C and E). Out of the >50 cells analyzed, a large pro-
portion (65 to 80%, as opposed to <3% in the control) of PHF8
RNAI cells exhibited a prolonged G,-phase phenotype (defined as
>2X the average duration of G, phase in control RNAI cells) (Fig.
6E). Finally, loss of PHF8 did not appear to have any significant
impact on M-phase length (Fig. 6D). In sum, loss of PHF8 length-
ens G, phase most drastically but also increases S phase slightly.
However, loss of PHF8 had no effect on the length of G, and M
phases of the cell cycle.

We next turned to HeLa-RFP-H2B cells, which express histone
H2B fused with RFP. This fusion protein makes chromosomes
fluorescent and therefore visually tractable in cells. Although the
loss of PHF8 did not significantly affect M-phase length (Fig. 6D),
we found mitotic events to be highly defective (Fig. 6F). Specifi-
cally, ~50% of mitotic events showed one or more aberrant struc-
tures such as micronuclei, a chromatin bridge, multiple spindles, a
lagging chromosome(s), and binucleate cells after telophase (Fig.
6G). These phenotypes were progressively severe with time, some-
times leading to cell death postmitosis.

To ensure that the cell cycle phenotypes that we observed were
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due to PHF8 RNAi and not due to off-target effects, we restored
PHEF8 expression through rescue experiments and performed live-
cell imaging experiments, as detailed above. HeLa-RFP-ligase and
HeLa-RFP-H2B cells were infected with a lentivirus containing
shRNA targeting GFP (shGFP) or shPHF8-1, which targets the 3’
untranslated region (UTR) of PHFS, as well as a retrovirus con-
taining either the empty vector pOZ-Flag-HA or pOZ-Flag-HA-
PHEF8,, (see Fig. S4D in the supplemental material). Expressing
ectopic wild-type PHFS8 to levels similar to endogenous PHES lev-
els was sufficient to restore any defective cell cycle phenotypes.
The prolonged G,-phase length (290 min) was restored to an av-
erage of 127 min in the rescue sample (shrescueWT), which is
highly similar to the length of 129 min observed for the control
shGFP cells (Fig. 6H). Moreover, the proportion of cells that un-
derwent a prolonged G, phase was restored to <5% in the PHF8
rescue sample, as opposed to the ~50% of cells with a prolonged
G, phase observed with shPHF8-1 infection (Fig. 61). The propor-
tion of cells undergoing defective mitosis was also restored from
~35% to ~5% in the rescue sample (Fig. 6]).

PHF8 is important for keeping a subset of key G,/M target
genes transcriptionally active throughout G, phase. PHF8 has
been shown to be a transcriptional activator of many cell cycle
genes (7), and we were therefore interested in determining
whether high PHF8 protein levels would be especially important
for the regulation of G,/M-enriched genes during this period of
the cell cycle. Specifically, we wished to determine whether there
were differences in PHF8 binding and histone modifications over
selected PHF8 target genes that are preferentially expressed in
G,/M versus G,/S phases of the cell cycle. Our selection of G,/S
and G,/M genes was based on previously reported microarray data
(28, 29) and was also separately verified by qPCR (CCNB1 and
E2F1 mRNA levels are shown in Fig. 7BI and CI, respectively).
Using ChIP-qPCR, we confirmed PHF8 binding to transcrip-
tional start sites (TSSs) of selected G,/S-enriched genes, including
the genes for E2F1, CDC25A, and RBL1, and the G,/M-enriched
genes for CCNB1, NCAPG, and CENPA (7, 9) (see Fig. S5A in the
supplemental material) in HeLa cells. The CKS1B gene, which is
not a PHF8 target gene but is preferentially expressed in G,/M
phase, was included as a negative control. Furthermore, knock-
down with two independent PHF8 shRNAs (shRNAs 1 and 4) led
to reduced transcription of these genes (see Fig. S5B in the sup-
plemental material), suggesting that PHFS is a positive regulator
of their expression.

Next, we wished to identify any changes in PHF8 binding, Pol
II recruitment, and PHF8-targeted methylation marks on the
G,/S- versus G,/M-enriched genes during the cell cycle. We syn-
chronized HeLa cells by double-thymidine treatment and col-
lected cells at 3-h intervals after release from the thymidine block
(dT) (dT =0, 3, 6,9, and 12 h) (Fig. 7AI to V). A portion of the
cells was harvested for flow cytometry analysis, which indicated
that a dT of 0 h corresponds to G,/S phase (Fig. 7AI),a dT of 3h
corresponds to S phase (Fig. 7AII), a dT of 6 h corresponds to early
G,/M phase (Fig. 7AIII), a dT of 9 h corresponds primarily to late
G,/M phase and a smaller proportion of early-G,-phase cells (Fig.
7AIV), and a dT of 12 h corresponds to G, phase (Fig. 7AV).

As reported previously, E2F1 and CCNB1 mRNA levels are
highly regulated transcriptionally and fluctuate during the cell cy-
cle (28,29). E2F1 mRNA levels were highest at G, and S phases and
lowest at G, and M phases (Fig. 7BI), while CCNB1 mRNA levels
were highest at G, and M phases and lowest at G, and S phases
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as they progressed through the cell cycle. The length of each phase, G, (A), S (B), G, (C), and M (D), was determined based on fluorescent DNA ligase I
appearance in different phases of the cell cycle, and data were plotted on a dot plot by using JMP10 software. The green lines mark the means and the blue lines
mark the standard deviations of the values. Each set of PHF8 RNAi data was compared with GFP RNAIi data by using Student’s ¢ test, and only S phase and G,
phase were determined to be significantly different (#, P < 10~ % #, P < 10" '°), while G, and M phases were not significantly different (P > 10~ *). (E) Data from
panel C were replotted on a histogram to show the proportion of cells under each condition that underwent a normal or prolonged G, phase. (F and G)
HeLa-RFP-H2B cells were used to observe the integrity of mitosis. (F) Data were plotted on a histogram to show the proportion of cells under each condition that
underwent normal or defective mitosis. (G) Images showing examples of defective mitosis in PHF8 RNAI cells, with the range of percentages of these defects being
observed across all the PHF8 shRNAs. (H and I) HeLa-RFP-ligase cells were transduced with combinations of virus, shGFP plus pOZ-Flag-HA (shGFP),
shPHF8-1 plus pOZ-Flag-HA (shPHF8-1), or shPHF8-1 plus pOZ-Flag-HA-PHF8, (shrescueWT); imaged; and quantified as described above to determine
G,-phase length. Student’s ¢ test was carried out to determine the significance between each data set, and the significance is indicated (N.S., not significant; *, P <
107 '°). (J) HeLa-RFP-H2B cells were transduced as described above for panels H and I, imaged, and quantified to determine the proportion of cells undergoing
defective mitosis.

(Fig. 7CI). Thus, it appears that these two genes exhibit inverse
expression patterns during the cell cycle. Importantly, the level of
PHEF8 binding to the E2F1 TSS was highest between G, and early S
phases and was significantly lower (about 3-fold) from late S
through G, and M phases, similar to the E2F1 mRNA profile dur-
ing the cell cycle and consistent with the observation that loss of
PHFS8 results in a significant reduction of the E2F1 mRNA level in
G,/S phase (Fig. 7BI and II). PHF8 binding at the CCNB1 TSS, on
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the other hand, showed little difference between various cell cycle
phases and was 2- to 3-fold enriched between late S and G,/M
phases (dT = 3, 6,and 9 h) compared to PHF8 binding at the E2F1
TSS (Fig. 7CII). These findings suggest that PHF8 regulates E2F1
and CCNB1 at G,/S and G,/M phases of the cell cycle, respectively.

We next investigated whether PHF8-regulated histone meth-
ylation events as well as Pol II occupancy exhibit corresponding
changes concomitant with PHF8 binding to E2F1 and CCNB1
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FIG 7 PHFS transcriptionally activates a subset of key G,/M target genes throughout G, phase. (A to C) HeLa cells were synchronized at S phase and collected
at 3-h time intervals upon release for flow cytometry analysis (A) or mRNA analysis and ChIP assays (B and C). (A) Cells from the various time points, dT of 0
h (I),dT of 3h (II), dT of 6 h (III), dT of 9 h (IV), and dT of 12 h (V), were analyzed by flow cytometry. (B and C) Two PHF8 target genes, one enriched at G,/S
phase (the E2F1 gene) and one enriched at G,/M phase (the CCNB1 gene), were used for the following analysis. All data are means and standard deviations of
duplicate experiments. mRNA levels were normalized against glyceraldehyde-3-phosphate dehydrogenase (I). PHF8, rabbit IgG, and Pol II ChIPs were normal-
ized against input DNA (II, VI, and VIII). Histone mark ChIPs are presented as a ratio over total histone ChIP (i.e., H3K9mel/H3 or H4K20mel/H4) (III to V
and VII). qPCR was carried out by using gene-specific primers for E2F1 (B) or CCNBI (C) targeting the genomic region corresponding to the TSS or 3’ end. (D)
HeLa cells transduced with shGFP or shPHF8 were synchronized as described above for panels A to C. H3K9mel/H3 and H4K20mel/H4 ChIP-qPCRs were
carried out over the CCNB1 TSS (I and II), NCAPG TSS (III and IV), CKS1B TSS (V and VI), and E2F1 TSS (VII and VIII).
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promoters during different stages of the cell cycle. We observed
that H3K9mel and H4K20mel accumulated on the TSS of the
G,/S-specific E2F1 gene during G, and M phases (dT = 6 and 9 h)
(Fig. 7BIII and IV), with H4K20mel accumulation being espe-
cially dramatic (a few hundredfold higher) ata dT of 9 h compared
to other time points. This correlates well with the level of PHF8
binding to the E2F1 TSS being highest at G,/S phase and lowest in
G, phase, as discussed above. H4K20mel accumulation has been
shown to be essential during G, and M phases, facilitating the
recruitment of the transcriptional repressor L3MBTL1 and the
condensin subunits NCAPD3 and NCAPG2, inducing chromatin
compaction and shutdown of transcription in preparation for mi-
tosis (7, 8, 30). On the contrary, H3K9mel and H4K20mel marks
over the TSS of CCNB1 remained relatively constant or low dur-
ing G, and M phases (Fig. 7CIII and IV), correlating well with
PHFS8 occupancy over the TSS and when its protein levels are
highest.

Indeed, keeping the transcriptionally repressive H3K9mel and
H4K20mel marks low over CCNB1 TSS appears to be important
for active transcription of this gene during G, phase. Enhanced
Pol IT occupancy over the TSS and the 3 end of the gene indicates
that CCNBI is actively transcribed during G, phase (Fig. 7CVI
and VIII). In addition, H3K36me3, a mark of transcriptional elon-
gation at the 3" end of actively transcribed genes, is enriched over
CCNBI1 during this time (Fig. 7CVII). In comparison, the G,/S-
enriched E2F1 gene exhibits active transcription during G,/S
phase (dT = 0 h), as evidenced by enriched Pol IT over the TSS and
3’ end and enriched H3K36me3 over the 3’ end (Fig. 7BVI to
VIII). H3K4me3 accumulation over the E2F1 TSS appears to oc-
cur at G, phase (dT = 12 h) (Fig. 7BV) and precedes active tran-
scription elongation.

To determine whether the lower H3K9mel and H4K20mel
levels during G, phase over the G,/M gene for CCNB1 (compared
to the G,/S gene E2F1) is attributable to PHFS8, we used HeLa cells
transduced with a lentivirus containing either control shGFP or
shPHF8-4 (Fig. 7DI to VIII). We examined H3K9mel/H3 and
H4K20mel/H4 levels over the PHF8 G,/M target genes for
CCNBI1 and NCAPG (Fig. 7DI to IV). As controls, we also inves-
tigated the non-PHEF8 target G,/M-enriched gene for CKS1B (Fig.
7DV and VI) and the G,/S-enriched PHF8 target gene for E2F1
(Fig. 7DVII and VIII). We observed that knockdown of PHFS8 led
to increased H3K9mel and H4K20mel levels over the G,/M genes
for CCNB1 and NCAPG at the highest levels between late S and
G,/M phases (Fig. 7DI to IV). However, knockdown of PHF8 did
notlead to a significant increase in H3K9me1l or H4K20mel levels
over the non-PHF8-target G,/M gene for CKS1B or the PHF8
G,/S target gene for E2F1 during this time (Fig. 7DV to VIII).
Opverall, these results support an important role of PHF8 in the
regulation of G,/M genes during G, phase. PHF8 accumulation
during G, phase correlates with when PHF8 is functionally essen-
tial for the targeting of specific key G,/M genes such as the CCNB1
gene, demethylating H3K9mel and H4K20mel over their TSSs to
keep these genes transcriptionally active throughout G, phase.

DISCUSSION

As a histone demethylase, PHF8 activates its target genes
through demethylation of the transcriptionally repressive marks
H3K9me2/1 and H4K20mel. This study identifies PHF8 as an
important regulator of the G,/M transition, and this conclusion is
supported by multiple lines of evidence. First, PHF8 levels are
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highest at G, and M phases, which may play a role in its access to
its transcriptional targets important for G,/M transition (such as
CCNBL1). Second, PHFS8 protein levels start to decrease as cells
transition out of mitosis, possibly due to the action of the APC,
which interacts with and targets PHFS8 for proteasomal degrada-
tion. Third, loss of PHF8 leads to a lengthened G, phase, indicat-
ing the importance of maintaining proper PHFS8 levels in G,
phase. Lastly, our study also identifies a novel APC binding motif,
which may be conserved in a number of mammalian proteins.

A novel motif on PHF8 governs its binding to CDC20,
polyubiquitylation by the APC, and proteasomal degradation
during mitosis. We uncovered a previously unreported KEN-
box- and D-box-independent motif (LXPKXLF) on PHFS8 that is
essential for interactions with CDC20 (Fig. 3A and B), polyubiq-
uitylation by the APC***°, and proteasomal degradation (Fig. 5A
and B). The presence of the mutation did not appear to impair
PHEF8’s overall structure or function (see Fig. S3B to D in the
supplemental material), suggesting that the main role of this motif
is for PHF8’s targeting by the APC for degradation. Interestingly,
while the loss of this motif led to the inability of PHF8 to be
regulated during the cell cycle (Fig. 5C), PHFS8 still appeared to be
able to be proteasomally regulated (see Fig. S3E in the supplemen-
tal material), suggesting that PHF8 is likely regulated by additional
E3 ligases. Interestingly, we found that this new motif seems to be
conserved among a few dozen proteins, including claspin, a
known substrate of the APC. Claspin possesses a PXPKXLF motif
(aa 847 to 853) that is very similar to the LXPKXLF consensus.
Previously, two groups mapped different motifs and regions that
are essential for claspin binding to CDH1 and degradation by the
APC (31, 32). One of two key regions on claspin that is polyubiq-
uitylated by the APC (aa 681 to 924) coincides with where the
PXPKXLF motif lies (31). In addition, we also found that sperio-
lin, a reported interactor of CDC20 and CDC27, possesses a sim-
ilar PXPKXAF motif (aa 293 to 299), which falls within the region
shown to be necessary for its interaction with CDC20 (aa 283 to
480) (33). The identification of this novel APC binding motif can
therefore be used to predict new, potential APC interactors and
substrates.

Regulation of PHF8 protein levels could be one way in which
PHFS functionally exerts itself. Our study suggests that PHF8
protein levels can be regulated during the cell cycle posttransla-
tionally by E3 ligases such as the APC. Regulation of PHF8 abun-
dance appears to be an important mechanism through which
PHEF8 exerts its regulation over its target genes, especially G,/M
genes in G, phase. PHFS8 protein levels fluctuate during the cell
cycle, with the highest protein levels being found during G, and M
phases (Fig. 1A); this coincides with the cell cycle phase in which
PHF8 appears to be the most functionally essential, as RNAi of
PHEFS8 led to a prolonged G, phase and defective mitosis (Fig. 6C
and E to G). Moreover, PHF8’s abundance in G, phase was cor-
related with increased PHF8 binding and, importantly, decreased
accumulation of the transcriptionally repressive marks H3K9mel
and H4K20mel over the TSS of the G,/M gene for CCNBI com-
pared to the G,/S gene for E2F1 (Fig. 7B and C). This suggests that
regulation of PHF8 protein levels, in particular accumulation of
PHF8 during G, phase, is important for transcriptional regulation
of key genes, including the CCNBI gene, that regulate the G,/M
transition. Additionally, once PHF8 has fulfilled its transcrip-
tional role in G, phase, it is targeted for degradation by the APC,
explaining the decrease in its protein levels as cells exit mitosis
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(Fig. 1A). The timing of degradation of PHFS8 follows a trend
similar to that of many important G,/M regulators, such as cyclin
A and cyclin B, which are APC substrates.

In fact, ubiquitylation and proteasomal degradation have
emerged as key mechanisms through which histone methylation
and demethylation enzymes are regulated. The histone methyl-
transferases MLL and PR-Set7 and the histone demethylase
KDM4A/JMJD2A are ubiquitylated and targeted for degradation
by multiple E3 ligases (25, 34—42). Protein degradation of these
epigenetic enzymes via the ubiquitin-proteasome system is im-
portant in the functional regulation of these enzymes and allows
cells to respond rapidly to environmental signals or developmen-
tal cues. Therefore, misregulation of protein levels of these en-
zymes results in dramatic effects on the cell cycle, DNA damage,
and transcription.

Consistent with the role of PHF8 in regulating key G,/M genes,
RNAi of PHF8 leads to a lengthening of G, phase and defects in M
phase (Fig. 6C and E to G). Interestingly, while RNAi of PHF8 was
reported previously to result in an approximately 2-fold-de-
creased proliferation rate, it did not appear to lead to major
changes (only 5 to 10% changes) in the proportion of cells in each
cell cycle phase (7, 9). This is probably because G, phase takes up
only about 10 to 20% of the total cell population, of which about
60 to 70% of these cells exhibit a prolonged G, phase; thus,
changes occurring in the G,/M phase would not be readily detect-
able by flow cytometry, as PHF8 RNAi led to only a 5% increase in
the abundance of G,/M cells (7). In addition, while RNAi of PHF8
did not lead to an increase in the length of mitosis, it resulted in
highly defective mitosis (Fig. 6D, F, and G). For example, the
presence of binucleate cells as a result of failed cytokinesis was one
of the major mitotic defects and can possibly be attributed to
PHEF8’s regulation of cytoskeletal proteins such as RhoA, which is
needed for specifying the cleavage plane for the initiation of cyto-
kinesis (43, 44). The pleiotropic mitotic defects observed with
PHFS8 knockdown are consistent with a role of PHF8 in the regu-
lation of a transcriptional cluster of G,/M genes, similar to that of
FoxM1 (45). Loss of FoxM1, a transcriptional regulator of multi-
ple G,/M genes, including those for CCNB1 and CENP-F (both
are PHF8 target genes), has been shown to lead to cell defects that
are similar to those with the loss of PHF8, including a prolonged
G, phase, chromosome missegregation, and cytokinesis failure
(45). Despite their similar cell cycle phenotypes, we did not ob-
serve FoxMI1 interacting with PHF8 based on our TAP data.
Therefore, it is possible that they regulate similar G,/M genes in
complementary but separate pathways.

While the loss of PHF8 has dramatic effects on the cell cycle,
effects of its overexpression on the cell cycle as well as H4K20mel
levels are not overtly apparent (data not shown; see also Fig. S3A in
the supplemental material). Moreover, rescue with degradation-
resistant LPKLF-MT restores normal cell cycle timings similar to
those of WT rescue (Fig. 6H to J and data not shown). It is possible
that overexpression of PHF8 or inhibition of its degradation
causes more subtle effects, such as changes in how PHF8 is tar-
geted to specific gene loci, which would be an interesting area for
experimentation in the future.

PHF8/PR-Set7 balance is important for H4K20mel regula-
tion during the cell cycle. Intriguingly, the H4K20mel methyl-
transferase PR-Set7, which appears to be similarly enriched in
G,/M phase, is also regulated by the APC (although via a CDH1
coactivator) (46). The loss of PR-Set7 results in similar, but more
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severe, phenotypes compared those resulting from the loss of
PHEFS, including G, arrest and defective mitosis. The disparity in
the phenotype severities could be attributed to PR-Set7 being the
sole H4K20mel methyltransferase, whereas there are at least two
histone demethylases that target H4K20me1 that may functionally
compensate for one another. Given that PHF8 and PR-Set7 work
in an opposing manner on H4K20mel, it is interesting that they
demonstrate remarkable similarities in how their protein levels
are regulated. PR-Set7 has been shown to be important for global
accumulation of H4K20mel. Our data suggest that PHF8 is re-
sponsible for localized demethylation of H4K20mel over specific
gene loci, as changing of PHFS8 levels by knockdown or overex-
pression does not lead to global changes in H4K20mel (data not
shown; see also Fig. S3A in the supplemental material) (9). There-
fore, it appears that, at least in the context of G,/M regulation, a
delicate balance of PR-Set7 and PHF8 abundance and localization
is essential.

APC“*°_mediated degradation of PHF8 may be important
in development and tumorigenesis. PHF8 is a potential onco-
gene in prostate cancer, acute promyelocytic leukemia, and T cell
acute lymphoblastic leukemia (17, 19, 47). Different PHFS8 target
genes have been proposed to be essential in the initiation or pro-
gression of different cancer types. As an important transcriptional
regulator of cell cycle genes, misregulation of PHF8 may increase
cells’ susceptibility to malignancy through genomic instability due
to defective mitosis. In addition, PHFS is likely to play a key role in
brain development, as mutations in PHF8 are found in patients
with XLID and craniofacial and autism spectrum disorders (13—
15, 48, 49). In zebrafish, loss of PHF8 leads to apoptosis in the
developing brain and jaw (9), although it is not clear if this is
triggered by misregulation of the cell cycle and accumulation of
DNA damage. Furthermore, although the APC is known primar-
ily for its role in regulation of the cell cycle, recent studies have
shown that APC proteins continue to be highly expressed in post-
mitotic neurons that have exited the cell cycle, and loss of these
proteins leads to defects in neuronal growth and survival (50). It
will be interesting to determine whether the APC-PHFS8 interac-
tion is conserved in postmitotic neurons and whether PHF8 pro-
tein levels are regulated by the APC in the brain and in what
context.
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