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ABSTRACT
Krüppel-associated box-containing zinc finger proteins (KRAB-ZFPs) regulate a wide range of cellular processes. KRAB-ZFPs have a KRAB
domain, which binds to transcriptional corepressors, and a zinc finger domain, which binds to DNA to activate or repress gene transcription.
Here, we characterize ZNF777, a member of KRAB-ZFPs. We show that ZNF777 localizes to the nucleus and inducible overexpression of
ZNF777 inhibits cell proliferation in a manner dependent on its zinc finger domain but independent of its KRAB domain. Intriguingly, ZNF777
overexpression drastically inhibits cell proliferation at low cell density but slightly inhibits cell proliferation at high cell density. Furthermore,
ZNF777 overexpression decreases the mRNA level of FAM129A irrespective of cell density. Importantly, the protein level of FAM129A
strongly decreases at low cell density, but at high cell density the protein level of FAM129A does not decrease to that observed at low cell
density. ZNF777-mediated inhibition of cell proliferation is attenuated by overexpression of FAM129A at low cell density. Furthermore,
ZNF777-mediated down-regulation of FAM129A induces moderate levels of the cyclin-dependent kinase inhibitor p21. These results suggest
that ZNF777 overexpression inhibits cell proliferation at low cell density and that p21 induction by ZNF777-mediated down-regulation of
FAM129A plays a role in inhibition of cell proliferation. J. Cell. Biochem. 116: 954–968, 2015. © 2015 Wiley Periodicals, Inc.
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Krüppel-associated box-containing zinc finger proteins (KRAB-
ZFPs) consist of approximately one-third of 800 zinc finger

proteins and are present only in higher organisms [Bellefroid et al.,
1991, 1993; Lupo et al., 2013]. KRAB-ZFPs have been described as
potent transcriptional repressors [Margolin et al., 1994;Witzgall et al.,
1994; Gebelein and Urrutia, 2001; Lupo et al., 2011]. KRAB-ZFPs
consist of a KRAB domain at theN-terminus and a zincfinger domain
at the C-terminus, which contains 4 to over 30 zinc fingers [Urrutia,
2003]. The KRAB domain of KRAB-ZFPs binds to transcriptional
corepressors, whereas the zinc finger domain of KRAB-ZFPs binds to
DNA to activate or repress gene transcription [Friedman et al., 1996;
Gebelein et al., 1998; Agata et al., 1999; Looman et al., 2002].

KRAB-ZFPs play important roles in various cellular events, such
as cell proliferation, apoptosis, and differentiation. For example,
ZNF689 promotes cell proliferation and may play a role in
carcinogenesis [Silva et al., 2006]. On the other hand, ZNF23, which
is down-regulated in some types of human cancers, inhibits cell
proliferation in a manner independent of its KRAB domain [Huang
et al., 2007]. However, most of the KRAB-ZFPs are not characterized
and their functions are largely unknown.

In this study, we characterized ZNF777, a member of KRAB-ZFPs.
We showed that inducible overexpression of ZNF777 inhibits cell
proliferation in a manner dependent on its zinc finger domain but
independent of its KRABdomain. ZNF777 overexpression drastically
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inhibits cell proliferation at low cell density but slightly inhibits cell
proliferation at high cell density. We further showed that ZNF777
overexpression decreased the levels of FAM129A and ZNF777-
mediated down-regulation of FAM129A induces moderate levels of
the cyclin-dependent kinase inhibitor p21 at low cell density,
resulting in a delay in the G2/M phase.

MATERIALS AND METHODS

PLASMIDS
ZNF777(1st ATG) and ZNF777(2nd ATG) were constructed from
cDNA corresponding to the nucleotide sequence 65–2659 and 181–
2659 of human ZNF777 (ZNF777) (NM_015694.2), respectively.
These constructs were subcloned into the pcDNA4/TO vector, as
described previously [Kasahara et al., 2007]. To construct ZNF777-
wt, the FLAG epitope was linked to ZNF777(1st ATG) at the N-
terminus. The sequence A-A-I-D was inserted between the FLAG
epitope and ZNF777(1st ATG), and this construct was subcloned into
the pcDNA4/TOneo vector (pcDNA4/TOneo/ZNF777-wt), which was
generated as described [Nakayama et al., 2009]. ZNF777-Dzinc was
constructed from pcDNA4/TOneo/ZNF777-wt by SacII and BsrGI
digestion, blunting, and ligation, resulting in the insertion sequence
T-K-L-A-L before the stop codon. ZNF777-DKRAB was generated as
follows. The DNA fragment corresponding to the amino acid
sequence 1–247 of ZNF777(1st ATG) was amplified by PCR using the
sense primer 50-TCCACGCTGTTTTTGACCTCC-30 and the antisense
primer 50-ATGACTCCGCGGTTCAGATGGTTCGCGAACTCC-30. The
EcoRI-SacII fragment of the PCR product was subcloned into
pcDNA4/TOneo/ZNF777-wt. To construct NLS-ZNF777-Dzinc,
ZNF777-Dzinc was linked to the FLAG epitope, the HA epitope,
and a nuclear localization signal (NLS) at the N-terminus, as
described previously [Aoyama et al., 2011]. The sequence L-D-G-G-
Y-P was inserted between the FLAG epitope and the HA epitope. The
sequence G-G-L was inserted between the HA epitope and the NLS.
The sequence V-L-D-P-A-Q-W-R-P-R-I-D was inserted between the
NLS and ZNF777-Dzinc. For expression in mammalian cells, this
construct was subcloned into the pcDNA4/TOneo vector. cDNA
encoding human FAM129A (Niban; Open Biosystems) was subcl-
oned into the pEBMulti-Puro vector (pEBMulti-Puro/FAM129A)
(Wako Pure Chemical Industries, Osaka).

RNA INTERFERENCE
Knockdown of ZNF777 and FAM129A was performed with short
hairpin RNA (shRNA) for silencing ZNF777 (#1, GGCTCA-
GAAAGTTTGGAGA; #2, GCTCTACAAGAACGTGATG) and
FAM129A (#1, AGAGATTTAACGTCACAGTTT; #2, GTGGAAG-
GAGAGATACGTT), respectively. The nucleotides for shRNA were
annealed and subcloned into the BglII-XbaI site of the EGFP-
pENTR4/H1 or the pENTR4/H1 vector (provided by H. Miyoshi)
[Obata et al., 2010]. To establish a ZNF777-stable knockdown cell
line, HeLa S3 cells were co-transfected with pENTR4/H1/
ZNF777-shRNA#1 and a plasmid containing the hygromycin
resistant gene, and selected in 250mg/ml hygromycin. pEBMulti-
Neo/ZNF777-shRNA and pEBMulti-Neo/FAM129A-shRNA were
generated as follows. The DNA fragment corresponding to the H1

promoter and ZNF777-shRNA or FAM129A-shRNA was ampli-
fied by PCR using the sense primer 50-GTTGTCGACGGTACCAC-
TAGTCATCAACCCGCTCCAAGGAATCGC-30 and the antisense
primer 50-TATACTAGTCGACGGTACCTGTTCGTTGCAACAAATT-
GATAAGCAATGCT-30. The SpeI-SpeI fragment of the PCR product
was subcloned into the pEBMulti-Neo vector (Wako Pure Chemical
Industries, Osaka). To establish ZNF777 or FAM129A knockdown
cells, HeLa S3 cells were transfected with pEBMulti-Neo/
ZNF777-shRNA or pEBMulti-Neo/FAM129A-shRNA, and selected
in 520mg/ml G418 for 5 days.

ANTIBODIES
The following antibodies were used: ZNF777 (ZNF777, NBP1–
03344; Novus Biologicals), FLAG (M2 and polyclonal antibody;
Sigma), FAM129A (Niban; Signalway Antibody), actin (clone C4;
CHEMICON International), hsc70 (B-6; Santa Cruz Biotechnology),
normal rabbit IgG (Santa Cruz Biotechnology), lamin A/C (N-18;
Santa Cruz Biotechnology), cPLA2 (Santa Cruz Biotechnology), Ku70
(C-19; Santa Cruz Biotechnology), p21 (12D1; Cell Signaling
Technology), Phospho-p44/42 MAP kinase Thr202/Tyr204 (pERK1/
2, E10; New England BioLabs), ERK2 (C-14; Santa Cruz Biotechnol-
ogy), and a-tubulin (Serotec). Horseradish peroxidase (HRP)-F(ab0)2
secondary antibodies were purchased from Amersham Biosciences.
FITC-IgG, and Alexa Fluor 488- and Alexa Fluor 647-labeled IgG
secondary antibodies were purchased from BioSource International
and Invitrogen.

CELLS AND TRANSFECTION
HeLa S3, HeLa (Japanese Collection of Research Bioresources,
Osaka), and HCT116 cells were cultured in Iscove’s modified
DME supplemented with 1% fetal bovine serum (FBS) and 4%
bovine serum (BS). Cells seeded in a 35mm culture dish were
transiently transfected with 1mg of plasmid DNA using 5mg of
linear polyethylenimine (25 kDa) (Polyscience, Inc.) [Fukumoto
et al., 2010]. HeLa S3 cell clones expressing ZNF777-wt,
ZNF777-Dzinc, NLS-ZNF777-Dzinc, or ZNF777-DKRAB were
generated in an inducible manner [Kasahara et al., 2007]. HeLa
S3/TR (clone A3f5) cells, which stably express the tetracycline
repressor (TR) [Kuga et al., 2008; Aoyama et al., 2011], were
transfected with pcDNA4/TOneo/ZNF777-wt, pcDNA4/TOneo/
ZNF777-Dzinc, pcDNA4/TOneo/ZNF777-DKRAB, or pcDNA4/
TOneo/NLS-ZNF777-Dzinc, and cell clones expressing indu-
cible ZNF777-wt (HeLa S3/ZNF777-wt), ZNF777-Dzinc (HeLa
S3/ZNF777-Dzinc), ZNF777-DKRAB (HeLa S3/ZNF777-
DKRAB), or NLS-ZNF777-Dzinc (HeLa S3/NLS-ZNF777-Dzinc)
were selected in 600mg/ml G418. A HCT116 cell clone
expressing inducible ZNF777-wt (HCT116/TR/ZNF777-wt) was
generated from HCT116/TR (clone 0.8G5) cells [Soeda et al.,
2013] transfected with pcDNA4/TOneo/ZNF777-wt. To induce
ZNF777-wt, ZNF777-Dzinc, NLS-ZNF777-Dzinc or ZNF777-
DKRAB, doxycycline (Dox), an analog of tetracycline, was used
at 1000 ng/ml, unless otherwise stated. To stably overexpress
FAM129A in cells expressing inducible ZNF777-wt, cell clones
expressing inducible ZNF777-wt were transfected with pEB-
Multi-Puro/FAM129A, and selected in 350 ng/ml puromycin for
5 days.
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CELL PROLIFERATION AND VIABILITY ASSAY
Cells seeded at 0.5�20� 104 cells in a 35mm culture dish
(500�20,000 cells/cm2) were treated with (þ) or without (�) Dox
after 1 day of culture and subsequently cultured for 4 or 8 days with
medium change every other day. Cells were trypsinized on 1, 3, 4, 6,
and 8 days of culture, and viable and dead cell numbers were counted
using trypan blue.

WESTERN BLOTTING
Cells were seeded at 500�20,000 cells/cm2 in a 35mm (or 60mm)
culture dish. Cell lysates were prepared in SDS-PAGE sample buffer
and subjected to SDS-PAGE and electrotransferred onto polyviny-
lidene difluoride membranes (Millipore). Immunodetection was
performed by enhanced chemiluminescence (Millipore), as described
[Ishibashi et al., 2013; Kubota et al., 2013, 2014]. Results were
analyzed using a ChemiDoc XRS-Plus image analyzer (Bio-Rad).
Intensity of chemiluminescence was measured using Quantity One
software (Bio-Rad). Composite figures were prepared using GNU
Image Manipulation Program version 2.6.11 software (GIMP) and
Illustrator 16.0.4 software (Adobe).

IMMUNOFLUORESCENCE
Confocal and differential-interference-contrast (DIC) images were
obtained using a Fluoview FV500 confocal laser scanning micro-
scope with a 40� 1.00 NA objective (Olympus, Tokyo) and an LSM
510 confocal laser scanning microscope with a 63� 1.40 NA oil
immersion objective (Zeiss), as described recently [Aoyama et al.,
2013; Soeda et al., 2013]. One planar (xy) section slice (1.0- or 2.0mm
thickness) was shown in all experiments. In brief, cells were fixed in
4% paraformaldehyde for 20min at room temperature or 100%
methanol for 1min at �20°C, and permeabilized in phosphate-
buffered saline (PBS) containing 0.1% saponin and 3% bovine serum
albumin at room temperature [Aoyama et al., 2011]. Cells were
subsequently reacted with appropriate primary antibodies for 1 h,
washed with PBS containing 0.1% saponin, and stained with FITC-,
Alexa Fluor 488- or Alexa Fluor 647-conjugated secondary
antibodies for 1 h. For DNA staining, cells were treated with
200mg/ml RNase A and 20mg/ml propidium iodide (PI) for 30min,
and mounted in p-phenylenediamine-PBS-glycerol. For staining of
endogenous ZNF777, HCT116 cells were prefixed with 0.4%
paraformaldehyde for 5min at room temperature, extracted with
0.1% Triton X-100 for 3min on ice, and fixed with 4%
paraformaldehyde for 20min at room temperature. Composite
figures were prepared using GIMP 2.6.11 and Illustrator 16.0.4.

FLOW CYTOMETRY
For cell-cycle analysis, cells detached by trypsinization werefixed in
4% paraformaldehyde for 1 h, and permeabilized with 70% ethanol
for at least 1 h at �30°C [Kubota et al., 2014]. Fixed cells were
permeabilized and blocked in PBS containing 0.1% saponin and 3%
bovine serum albumin (BSA) for 30min at room temperature. After
washingwith PBS containing 0.1% Tween 20, cells were reactedwith
anti-FLAG antibody for 1 h at room temperature, then stained with
AF647-conjugated anti-rabbit IgG antibody for 1 h. Subsequently,
cells were treated with 200mg/ml RNase A and 50mg/ml PI at 37 °C
for 30min to stain DNA. A minimum of 6,000 cells per sample was

analyzed by flow cytometry using a Guava easyCyte (Millipore)
equipped with a 488 nm blue laser and a 640 nm red laser using liner
amplification. Data were analyzed using Flowing Software version
2.5.1 (Perttu Terho, Centre for Biotechnology, Turku, Finland). Cell
debris was excluded by gating on forward scatter and pulse-width
profiles.

SUBCELLULAR FRACTIONATION
Subcellular fractionation was performed as described recently
[Kubota et al., 2013]. In brief, cell pellets were washed with PBS
and resuspended in Low-salt buffer (10mM HEPES, pH 7.4, 10mM
KCl, 0.1% Triton X-100, 0.34M sucrose, 10% glycerol, 1.7mM
MgCl2, 10mM NaF, 4mM b-glycerophosphate, 2mM Na3VO4,
50mg/ml aprotinin, 100mM leupeptin, 25mMpepstatin A, and 2mM
PMSF), and the cells were kept on ice for 10min. Cytosolic proteins
were separated from nuclei by centrifugation at 2,000 g for 5min.
Isolated nuclei were lysed in High-salt buffer (50mMHEPES, pH 7.4,
300mM KCl, 1.0% Triton X-100, 20% glycerol, 50mM NaF, 10mM
b-glycerophosphate, 10mM Na3VO4, 1mM EDTA, 50mg/ml apro-
tinin, 100mM leupeptin, 25mM pepstatin A, and 2mM PMSF). After
20min incubation on ice, soluble nuclear proteins were separated
from chromatin by centrifugation at 17,900 g for 10min. The
resulting chromatin fraction was once washed with High-salt buffer,
solubilized in SDS sample buffer and sheared by sonication.

SENESCENCE-ASSOCIATED (SA) b-GALACTOSIDASE ACTIVITY
SA-b-gal activity was detected as described previously [Kikuchi
et al., 2010]. In brief, cells were fixed in 0.2% glutaraldehyde plus
1.85% formaldehyde in PBS at room temperature for 5min. Fixed
cells were washed with PBS and then incubated with 1mg/ml X-gal
(5-bromo-4-chloro-3-indolyl-b- D-galactopyranoside) at 37 °C for
14 h in staining solution (40mM sodium citrate-phosphate, pH 6.0,
4mM potassium ferrocyanide, 4mM potassium ferricyanide,
150mM NaCl, and 2mM MgCl2).

SEMIQUANTITATIVE RT-PCR
Cells were seeded at 500�20,000 cells/cm2 in a 35mm (or 60mm)
culture dish. Total RNAs were isolated from cells with the ISOGEN
reagent (Nippon Gene, Tokyo) or the TRIzol reagent (Invitrogen), and
cDNAs were synthesized from 0.5 or 1mg of each RNA preparation
using the PrimeScript RT reagent Kit (TakaraBio, Shiga), as described
[Ishibashi et al., 2013]. Genes of which expression levels were
changed by ZNF777-wt expression were identified as described
[Chernov et al., 2010]. To avoid saturation of PCR products,
conditions of PCR were optimized before semiquantitative RT-PCR
was carried out. The primers used for PCR are as follows: FAM129A,
50-AATCACACTTCCCACTGTGC-30 (sense) and 50-GTTTCTTCAAGA-
TAGCAGCTTCC-30 (antisense); ZNF777, 50-CGGGATATCGACATG-
GAGAACAACGCTC-30 (sense) and 50-ATGACTCCGCGGTTCAGATG
GTTCGCGAACTCC-30 (antisense); glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH), 50-ACCACAGTCCATGCCATCAC-30 (sense)
and 50-TCCACCACCCTGTTGCTGTA-30 (antisense) [Aoyama et al.,
2011; Ishibashi et al., 2013]. The sizes of PCR products are 192 bp for
FAM129A, 728 bp for ZNF777-wt and ZNF777-Dzinc, and 452 bp
for GAPDH. Amplification was carried out using a T100 Thermal
Cycler (BioRad) or an MJ mini thermal cycler (BioRad) with Ex Taq
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DNA polymerase (TakaraBio) under the following conditions: For
FAM129A, initial heating at 94 °C for 2min, followed by 27 cycles of
denaturation at 94 °C for 30 s, annealing at 53 °C for 30 s and
extension at 72 °C for 1min. For ZNF777-wt and ZNF777-Dzinc,
initial heating at 95 °C for 2min, followed by 20 cycles of
denaturation at 95 °C for 30 s, annealing at 54 °C for 30 s and
extension at 72 °C for 90 s. For GAPDH, initial heating at 94 °C for
2min, followed by 25 cycles of denaturation at 94 °C for 30 sec,
annealing at 56 °C for 30 s and extension at 72 °C for 1min. The
products of RT-PCR were electrophoresed on a 2% agarose gel
containing ethidium bromide. The density of each amplified
fragment was quantitated using a ChemiDoc XRSPlus image
analyzer and Quantity One software.

RESULTS

DETERMINATION OF THE TRANSLATION INITIATION SITE OF ZNF777
First, we noticed two ATG codons in the 50 mRNA region of ZNF777
in accordance with the Kozak consensus sequence (Fig. 1A, lower
panels). To determine the actual translation initiation site of ZNF777,
we constructed two expression vectors encoding ZNF777 cDNAs
initiating from the 1st ATG [ZNF777(1st ATG)] and the 2nd ATG
[ZNF777(2nd ATG)] (Fig. 1A, upper panels). ZNF777(1st ATG) and
ZNF777(2nd ATG) had apparent molecular masses of 130 and
124 kDa (Fig. 1B), respectively, and these were approximately 35 kDa
higher than the predicted molecular masses. This retardation of
electrophoretic mobility might be explained by some post-transla-
tional modification. Then, to detect endogenous ZNF777, sufficient
amounts of lysates from cells transfected with vector were loaded on
an SDS-PAGE gel. A band corresponding to ZNF777(1st ATG) at
130 kDawas detected (Fig. 1C) and shRNA against ZNF777 [ZNF777-
shRNA#1] specifically decreased the intensity of the 130 kDa band
(Fig. 1D). These results suggest that endogenous ZNF777 is translated
from the 1st ATG.

NUCLEAR LOCALIZATION OF ENDOGENOUS ZNF777
To examine the subcellular localization of endogenous ZNF777,
HCT116 cells were stained with control or anti-ZNF777 antibody.
When cells were prefixed with 0.4% paraformaldehyde and
extracted with 0.1% Triton X-100 before fixation with 4%
paraformaldehyde, endogenous ZNF777 was clearly detected in
the nucleus (Fig. 2A). Triton X-100 extraction before fixation could
permit anti-ZNF777 antibody to access the epitope on nuclear
ZNF777 possibly by extracting adjacent proteins. Treatment with
ZNF777 shRNA [ZNF777-shRNA#1] decreased the anti-ZNF777
immunofluorescence intensity in the nucleus (Fig. 2B). To
substantiate the nuclear localization of endogenous ZNF777, cells
were subfractionated into the Low-salt soluble, the High-salt soluble,
and the High-salt insoluble fractions (see MATERIALS AND
METHODS). As described recently [Kubota et al., 2013], the Low-
salt soluble fraction contained the cytosolic protein cPLA2, and the
High-salt soluble fraction contained the chromatin-binding protein
Ku70. The High-salt insoluble fraction contained the nuclear matrix
protein lamin A/C. We found that endogenous ZNF777 was
predominantly present in the High-salt soluble fraction but not in

the Low-salt soluble and the High-salt insoluble fractions (Fig. 2C).
These results support that endogenous ZNF777 is mainly localized to
the nucleus as a chromatin-binding protein.

INHIBITION OF CELL PROLIFERATION BY ZNF777 EXPRESSION
We constructed FLAG-tagged ZNF777(1st ATG) (ZNF777-wt) and
established stable HeLa S3 cell lines expressing inducible ZNF777-
wt. Western blot analysis showed that treatment with 1000 ng/ml
doxycycline (Dox) induced the overexpression of ZNF777-wt
(Fig. 3A). When cells were extracted with Triton X-100 before
fixation, overexpressed ZNF777-wt was detected in the nucleus
similar to endogenous ZNF777 (Fig. 3B; see also Fig. 2A). To examine
the effect of ZNF777 overexpression on cell proliferation, parental
HeLa S3/TR cells andHeLa S3/TR cells expressing inducible ZNF777-
wt were seeded at a cell density of 500 cells/cm2, treated with or
without 1000 ng/ml Dox after 1 day of culture, and subsequently
cultured for a further 7 days. Dox treatment decreased viable cell
numbers in cells expressing inducible ZNF777-wt but not in parental
cells (Fig. 3C). The number of dead cells was increased in cells
expressing inducible ZNF777-wt upon Dox treatment. Without Dox
treatment [Dox(�)], viable cell numbers of cells expressing inducible
ZNF777-wt were decreased compared with those of parental cells
(Fig. 3C, compare inducible expression:ZNF777-wt with inducible
expression:none), because the expression of ZNF777-wt [Dox(�)]
was unexpectedly observed and the leaking expression level was
approximately two- to four-fold higher than that of endogenous
ZNF777 (Fig. 3A). We examined whether cell proliferation could be
affected by mild expression of ZNF777. Western blot analysis
showed that ZNF777-wt expression was induced in a Dox
concentration-dependent manner (Fig. 3D). The leaking expression
of ZNF777 was visible at 0 ng/ml Dox (Fig. 3D, longer exposure; see
also Fig. 3A). Inhibition of cell proliferation was evident upon
treatment with 0.01�0.06 ng/ml Dox, and treatment with 0.1, 1, and
1000 ng/ml Dox strongly inhibited cell proliferation (Fig. 3E).
Moreover, knockdown of endogenous ZNF777 by two different
shRNAs did not affect cell proliferation in HeLa S3 cells (Fig. 3F, 3G),
suggesting the possibility that the expression levels of endogenous
ZNF777 are insufficient to affect HeLa cell proliferation. Taken
together, these results suggest that overexpression of ZNF777 is
involved in inhibition of HeLa cell proliferation.

Next, we examined whether a cyclin-dependent kinase inhibitor
was involved in ZNF777 expression-mediated cell proliferation
inhibition. We found that p21 expression was induced upon
ZNF777-wt expression in a Dox concentration-dependent manner
(Fig. 3H, 3I). The expression level of p21 in cells expressing ZNF777-
wt treated with 1000 ng/ml Dox was approximately three times as
high as that in parental cells without Dox treatment, although the
ZNF777-induced expression levels of p21weremuch lower than that
seen in cell-cycle arrested cells treated with Adriamycin (ADR)
(Fig. 3I). To examine the effect of ZNF777 overexpression on the cell
cycle, we synchronized cells expressing inducible ZNF777-wt using
a double-thymidine block and analyzed DNA contents by flow
cytometry. Cells that were synchronized in the G1/S phase appeared
to progress normally into the G2/M phase 12 h after release from
double-thymidine block. However, 18 h after release from double-
thymidine block, the number of G2/M-phase cells was increased and
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Fig. 1. Determination of the translation initiation site of ZNF777. (A) (Upper) Schematic representations of ZNF777. KRAB, Krüppel-associated box. (Lower) The nucleotide and
deduced amino acid sequence of the 50end of ZNF777mRNA. The Kozak sequences and the translation initiationmethionines are shown underlined and italicized. The numbers on
the right indicate the amino acid number from the 1st translation initiation methionine. (B, C) HCT116 cells transfected with vector alone, ZNF777(1st ATG), or ZNF777(2nd
ATG) were cultured for 24 h. Whole cell lysates were subjected to Western blotting, using anti-ZNF777 and anti-hsc70 antibodies. Full-length blots are presented in
Supplementary Fig. S1A and S1B. (D) Whole cell lysates from HeLa S3/Mock-shRNA or HeLa S3/ZNF777-shRNA#1 cells were subjected to Western blotting, using anti-ZNF777
and anti-actin antibodies. Asterisks show nonspecific bands. Full-length blots are presented in Supplementary Fig. S1C.
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Fig. 2. Nuclear localization of endogenous ZNF777. (A) HCT116 cells pretreated with 0.4% paraformaldehyde plus Triton X-100 or not were fixed with 4% paraformaldehyde
and doubly stained with control or anti-ZNF777 antibody and propidium iodide (PI). Scale bars, 20mm. (B) HCT116 cells transfected with shRNA against luciferase (Luc) or
ZNF777 [ZNF777-shRNA#1] were cultured for 48 h. Cells were extracted andfixedwith paraformaldehyde with or without Triton X-100, and doubly stainedwith control or anti-
ZNF777 antibody and PI. Broken lines indicate the outlines of GFP-positive cells that are transfected with shRNA against luc or ZNF777. Scale bars, 20mm. (C) HeLa S3 cells were
subjected to chromatin fractionation as described under ‘MATERIALS ANDMETHODS’. Immunoblotting was performed for ZNF777, cPLA2, Ku70, lamin A/C, and actin. Asterisks
show nonspecific bands. Full-length blots are presented in Supplementary Fig. S2.
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the number of G1-phase cells was decreased upon ZNF777-wt
expression (Fig. 3J), suggesting that a delay in the G2/M phase is
caused possibly through moderate levels of p21 induction. More-
over, ZNF777-wt expression did not induce SA-b-gal activity-
positive senescent cells (Fig. 3K). Taken together, these results
suggest that a delay in the G2/M phase is involved in ZNF777
expression-mediated inhibition of cell proliferation.

ZNF777-MEDIATED INHIBITION OF CELL PROLIFERATION
DEPENDENT ON CELL DENSITY
To examine the role of cell density in ZNF777-mediated inhibition of
cell proliferation, cells expressing inducible ZNF777-wt seeded at
cell densities of 500, 2,000, or 20,000 cells/cm2 were treated with or
without Dox after 1 day of culture and subsequently cultured for

Fig. 3. Continued.

3———————————————————
Fig. 3. Inhibition of cell proliferation by ZNF777. (A) Parental HeLa S3/TR
cells and HeLa S3 cells expressing inducible ZNF777-wt were treated with (þ)
or without (�) doxycycline (Dox) for 1 day.Whole cell lysates were subjected to
Western blotting, using anti-FLAG, anti-ZNF777, and anti-actin antibodies.
Full-length blots are presented in Supplementary Fig. S3A. (B) Cells expressing
inducible ZNF777-wt were cultured with Dox for 1 day. Cells were treated with
or without Triton X-100,fixed with paraformaldehyde, and doubly stained with
anti-FLAG antibody and PI. DIC, differential interference-contrast. Scale bars,
20mm. (C) Parental cells and cells expressing inducible ZNF777-wt were
seeded at 500 cells/cm2, treated with (þ) or without (�) Dox after 1 day of
culture, and subsequently cultured for 7 days. Cell numbers were counted.
Viable and dead cell numbers were plotted. Bars represent means� S.D. from
three independent experiments. An asterisk indicates the significant difference
(*P< 0.05; NS, not significant) calculated by Student’s t-test. (D) Parental cells
and cells expressing inducible ZNF777-wt were seeded and treated with Dox at
the indicated concentrations for 2 days. Whole cell lysates were subjected to
Western blotting, using anti-ZNF777 and anti-actin antibodies. Full-length
blots are presented in Supplementary Fig. S3B. (E) Cells expressing inducible
ZNF777-wt were seeded at 500 cells/cm2, treated with Dox at the indicated
concentrations after 1 day of culture, and subsequently cultured for 7 days. Cell
numbers were counted, and viable cell numbers were plotted. (F) Whole cell
lysates from HeLa S3/Mock-shRNA, HeLa S3/ZNF777-shRNA#1, or HeLa S3/
ZNF777-shRNA#2 cells were subjected to Western blotting, using anti-
ZNF777 and anti-actin or anti-a-tubulin antibodies. Full-length blots are
presented in Supplementary Fig. S4A. (G) HeLa S3/Mock-shRNA, HeLa S3/
ZNF777-shRNA#1, or HeLa S3/ZNF777-shRNA#2 cells seeded at 500 cells/
cm2 were cultured for 7 days. Cell numbers were counted, and viable cell
numbers were plotted. (H) Cells expressing inducible ZNF777-wt were treated
Dox for 0�5 days. Whole cell lysates were subjected to Western blotting, using
anti-p21, anti-pERK1/2, anti-ERK2, and anti-actin antibodies. Full-length
blots are presented in Supplementary Fig. S4B. (I) Parental cells and cells
expressing inducible ZNF777-wt were seeded and treated with Dox or 30 ng/ml
Adriamycin (ADR) at the indicated concentrations for 3 days. Whole cell lysates
were subjected to Western blotting, using anti-ZNF777, anti-p21, and anti-
actin antibodies. Full-length blots are presented in Supplementary Fig. S5. (J)
Schematic depiction of our synchronization method. Cells expressing inducible
ZNF777-wt were seeded at 500 cells/cm2, synchronized using a double
thymidine block, and subsequently released into thymidine-free medium for
12�18 h. Cells were stained with anti-FLAG antibody and PI for analyzing cell
cycle progression by flow cytometry. Histograms of ZNF777-wt-expressing
cells with Dox treatment [ZNF777(þ)] and non-expressing cells without Dox
treatment [ZNF777(�)] in cells expressing inducible ZNF777-wt were shown.
(K) Cells expressing inducible ZNF777-wt were seeded at 500 cells/cm2, and
treated with (þ) or without (�) Dox for 1�5 days. Cells were fixed and
examined for SA-b-galactosidase activity. Cells cultured for 5 days without
Dox were shown by phase-contrast microscopy (left). Arrows indicate SA-b-
gal-positive cells. The number of SA-b-gal-positive cell was plotted (right).
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7 days. 92% and 72% reductions in cell proliferation were observed
upon ZNF777-wt induction at 500 cells/cm2 (low cell density) and
2,000 cells/cm2 (intermediate cell density) (Fig. 4A), respectively.
However, at 20,000 cells/cm2 (high cell density), overexpression of
ZNF777-wt showed a 29% reduction in cell proliferation (Fig. 4A).
The ratios of the number of dead cells to the number of viable cells
were decreased at high cell density upon ZNF777-wt induction
(Fig. 4B, Dox(þ)). Upon ZNF777-wt induction at low cell density, the
number of viable cells increased in a manner dependent on
increasing concentrations of conditioned medium derived from
cells at high cell density (Fig. 4C), which may be explained by the
possibility that conditioned medium derived from high-density cells
is rich in a secreted putative growth factor(s). Furthermore, we
examined whether ZNF777 inhibited cell proliferation in HCT
116 cells in a cell density-dependent manner. We established stable
HCT116 cell lines expressing inducible ZNF777-wt, andWestern blot
analysis showed that Dox treatment induced overexpression of
ZNF777-wt (Fig. 4D). Similar to HeLa S3 cells, HCT116 cells
exhibited inhibition of cell proliferation at low cell density upon
ZNF777-wt expression (Fig. 4E). These results suggest that over-
expression of ZNF777-wt inhibits cell proliferation in particular at
low cell density.

ROLE OF THE ZINC FINGER DOMAIN IN INHIBITION OF CELL
PROLIFERATION
We constructed two ZNF777-wt mutants lacking the zinc finger
domain (ZNF777-Dzinc) and the KRAB domain (ZNF777-DKRAB)
(Fig. 5A) and established stable cell lines expressing inducible
ZNF777-Dzinc or ZNF777-DKRAB. Western blot analysis showed
that Dox treatment induced the expression of ZNF777-Dzinc or
ZNF777-DKRAB as well as that of ZNF777-wt (Fig. 5B). ZNF777-
Dzinc had the apparent molecular mass of 95 kDa, which was
approximately 35 kDa higher than the predicted molecular mass. On
the other hand, ZNF777-DKRAB had the apparent molecular mass of
67 kDa close to the predicted molecular mass. These results suggest
that the KRAB domain of ZNF777 is responsible for electrophoretic
mobility retardation of ZNF777.

To examine the role of the zinc finger domain and the KRAB
domain in nuclear localization of ZNF777, cells expressing inducible
ZNF777-wt, ZNF777-Dzinc, or ZNF777-DKRABwere treated with or
without Dox and fixed with methanol. Intriguingly, ZNF777-Dzinc
was seen in the cytoplasm, whereas ZNF777-DKRAB was seen in the
nucleus (Fig. 5C). These results suggest that the zinc finger domain
but not the KRAB domain is involved in the nuclear localization of
ZNF777.

Next, to examine the role of the zinc finger domain and the KRAB
domain in ZNF777-mediated inhibition of cell proliferation, cells
expressing inducible ZNF777-wt, ZNF777-Dzinc, or ZNF777-
DKRAB at a cell density of 500 cells/cm2 were treated with or
without Dox after 1 day of culture and subsequently cultured for
7 days. The expression of ZNF777-Dzinc was incapable of inhibiting
cell proliferation, whereas ZNF777-DKRAB expression obviously
inhibited cell proliferation as well as ZNF777-wt (Fig. 5D). Moreover,
to substantiate the nuclear role of the zinc finger domain in ZNF777-
mediated inhibition of cell proliferation, we constructed NLS-
ZNF777-Dzinc by linking a nuclear localization signal (NLS) to

ZNF777-Dzinc. To compare the localization of NLS-ZNF777-Dzinc
with that of ZNF777-wt and ZNF777-Dzinc, cells transfected with
NLS-ZNF777-Dzinc, ZNF777-Dzinc or ZNF777-wt were triply
stained with anti-FLAG and anti-ZNF777 antibodies and PI for
DNA. Unlike ZNF777-Dzinc, NLS-ZNF777-Dzinc was observed in
the nucleus as well as ZNF777-wt (Fig. 5E).We established stable cell
lines expressing inducible NLS-ZNF777-Dzinc. Western blot
analysis showed that Dox treatment induced the expression of
NLS-ZNF777-Dzinc (Fig. 5F). Despite its nuclear localization, the
expression of NLS-ZNF777-Dzinc hardly inhibited cell proliferation
(Fig. 5G). Taken together, these results suggest that the zinc finger
domain of ZNF777 plays a critical role in inhibition of cell
proliferation.

INVOLVEMENT OF DOWN-REGULATION OF FAM129A IN ZNF777-
MEDIATED INHIBITION OF CELL PROLIFERATION
We searched for genes of which expression levels were changed
upon ZNF777-wt induction and found that the expression of
ZNF777-wt decreased mRNA levels of FAM129A (Fig. 6A), whose
activity is involved in protein translation [Sun et al., 2007]. Western
blot analysis confirmed that ZNF777-wt overexpression decreased
protein levels of FAM129A (Fig. 6B). The protein levels of FAM129A
were decreased in a Dox concentration-dependent manner, and the
protein level of ZNF777 inversely correlated with that of FAM129A
(Fig. 6C). The protein levels of FAM129A were decreased in cells
expressing inducible-wt without Dox treatment compared with
parental cells (Fig. 6C), because the leaking expression of ZNF777-wt
was again seen in cells expressing ZNF777-wt. In addition, ZNF777-
wt expression decreased mRNA levels of FAM129A both at 500 and
20,000 cells/cm2 (Fig. 6D). However, the expression of ZNF777-
Dzinc did not affect the mRNA and protein levels of FAM129A
(Fig. 6E, 6F). Furthermore, a ZNF777-mediated decrease in the
protein level of FAM129A was also observed in HCT116 cells
expressing inducible ZNF777-wt (Fig. 6G).

To examine whether a decrease in mRNA levels of FAM129A was
involved in ZNF777-mediated inhibition of cell proliferation, we
overexpressed FAM129A in cells expressing inducible ZNF777-wt.
Overexpression of FAM129A was detected upon the induction of
ZNF777-wt (Fig. 6H). Although 55% reduction in cell proliferation
was observed upon ZNF777-wt induction, ZNF777-wt induction
together with FAM129A overexpression exhibited only 33%
reduction in cell proliferation (Fig. 6I). Because FAM129A over-
expression did not completely rescue ZNF777-mediated inhibition
of cell proliferation, we hypothesized that ZNF777-regulated genes
other than FAM129A may be also involved in inhibition of cell
proliferation. Taken together, these results suggest that a decrease in
the level of FAM129A partly contributes to ZNF777-mediated
inhibition of cell proliferation.

A LINK BETWEEN A DECREASED LEVEL OF FAM129A AND AN
INHIBITION RATE OF CELL PROLIFERATION
Methanol fixation, which is suitable for immunostaining of both
cytosolic and nuclear proteins, showed that the nuclear localization
of ZNF777-wt was not affected by cell density (Fig. 7A). High cell
density rather increased the induction levels of ZNF777-wt than low
cell density (Fig. 7B). To examine the effect of cell density on the
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Fig. 4. Cell density-dependent, ZNF777-mediated inhibition of cell proliferation. (A, B) HeLa S3 cells expressing inducible ZNF777-wt were seeded at 500, 2,000, or
20,000 cells/cm2, treated with (þ) or without (�) Dox after 1 day of culture, and subsequently cultured for 7 days. Cells cultured for 1, 4, 6, and 8 days were shown by phase-
contrast microscopy (A, upper). Cell numbers were counted, and cell proliferation rates were assessed by measuring the percent ratio of the viable cell number on each day to that
on day 8 in the absence of Dox (A, lower). Viable and dead cell numbers were plotted (B). Bars represent means� S.D. from three independent experiments. Numbers in
parentheses indicate mean values. (C) HeLa S3 cells expressing inducible ZNF777-wt were seeded at 500 cells/cm2, treated with Dox plus 0–20% conditioned medium after 1 day
of culture, and subsequently cultured for 7 days. Cell numbers were counted, and viable cell numbers were plotted. Conditioned medium: a 2 day-culture supernatant from cells
expressing inducible ZNF777-wt seeded at 90,000 cells/cm2 in the presence of Dox. (D) HCT116 cells expressing inducible ZNF777-wt were treated with (þ) or without (�) Dox
for 1 day. Whole cell lysates were subjected to Western blotting, using anti-ZNF777 and anti-actin antibodies. Full-length blots are presented in Supplementary Fig. S6. (E)
HCT116 cells expressing inducible ZNF777-wt were seeded at 500 or 20,000 cells/cm2, treated with (þ) or without (�) Dox after 1 day of culture, and subsequently cultured for
7 days. Viable cell numbers were plotted.
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Fig. 5. Roleof the zincfingerdomain in inhibitionof cell proliferation. (A)Schematic representationsofZNF777-wt,ZNF777-Dzinc, andZNF777-DKRAB. (B, C)HeLaS3cellsexpressing
inducible ZNF777-wt, ZNF777-Dzinc, or ZNF777-DKRABwere treatedwith (þ) or without (�) Dox for 1 day. (B)Whole cell lysateswere subjected toWestern blotting, using anti-FLAG,
anti-ZNF777 and anti-actin antibodies. Full-length blots are presented in Supplementary Fig. S7A. (C) Cells werefixedwithmethanol and doubly stainedwith anti-FLAG antibody and PI.
Scalebars, 20mm. (D)HeLa S3 cells expressing inducible ZNF777-wt, ZNF777-Dzinc, or ZNF777-DKRABwere seeded at 500 cells/cm2, treatedwith (þ) orwithout (�) Dox after 1 day of
culture, and subsequently cultured for 7 days. Cell numbers were counted, and cell proliferation rates were assessed bymeasuring the percent ratio of the viable cell number on each day to
that on day 8 in the absence of Dox. Bars representmeans� S.D. from three independent experiments. Numbers in parentheses indicatemean values. (E) HeLa cells transfectedwith vector
alone, NLS-ZNF777-Dzinc, ZNF777-Dzinc, or ZNF777-wt were cultured for 24h. Cells were fixed with methanol and triply stained with anti-FLAG and anti-ZNF777 antibodies and PI.
Scale bars, 20mm. (F) HeLa S3 cells expressing inducible NLS-ZNF777-Dzinc were treated with (þ) or without (�) Dox for 1 day. Whole cell lysates were subjected toWestern blotting,
using anti-ZNF777 and anti-actin antibodies. Full-length blots are presented in Supplementary Fig. S7B. (G) HeLa S3 cells expressing inducible NLS-ZNF777-Dzinc were seeded at
500 cells/cm2, treated with (þ) or without (�) Dox after 1 day of culture, and subsequently cultured for 7 days. Viable cell numbers were plotted.
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Fig. 6. Involvement of down-regulation of FAM129A in ZNF777-mediated inhibition of cell proliferation. (A, B) Parental HeLa S3/TR cells and HeLa S3 cells expressing
inducible ZNF777-wt were treated with (þ) or without (�) Dox for 1 day. The levels of FAM129A expression were assessed by semiquantitative RT-PCR (A), and whole cell lysates
were subjected to Western blotting, using anti-FAM129A and anti-actin antibodies. Full-length blots are presented in Supplementary Fig. S8A. (C) Parental cells and HeLa S3
cells expressing inducible ZNF777-wt were seeded and treated with Dox at the indicated concentrations for 2 days. Whole cell lysates were subjected to Western blotting, using
anti-ZNF777, anti-FAM129A, and anti-actin antibodies. Full-length blots are presented in Supplementary Fig. S8B. (D) HeLa S3 cells expressing inducible ZNF777-wt were
seeded at 500 or 20,000 cells/cm2 and treated with (þ) or without (�) Dox for 1 day. The levels of FAM129A expression were assessed by semiquantitative RT-PCR, and the
amounts of FAM129A product were quantitated by measuring band intensities and normalizing to the levels of GAPDH. Bars represent means� S.D. from three independent
experiments. Numbers in parentheses indicate mean values, and asterisks indicate the significant difference (*P< 0.05; **P< 0.01; NS, not significant) calculated by Student’s t-
test. (E, F) HeLa S3 cells expressing inducible ZNF777-wt or ZNF777-Dzinc were treated with (þ) or without (�) Dox for 1 day. The levels of FAM129A expression were assessed
by semiquantitative RT-PCR (E), and whole cell lysates were subjected to Western blotting, using anti-FAM129A and anti-actin antibodies (F). Full-length blots are presented in
Supplementary Fig. S8C. (G) HCT116 cells expressing inducible ZNF777-wt were seeded and treated with Dox for 2 days. Whole cell lysates were subjected to Western blotting,
using anti-FAM129A and anti-actin antibodies. Full-length blots are presented in Supplementary Fig. S9A. (H) Following stable expression of FAM129A or vector alone, HeLa S3
cells expressing inducible ZNF777-wt were treated with (þ) or without (�) Dox for 1 day. Whole cell lysates were subjected to Western blotting, using anti-FLAG, anti-
FAM129A, and anti-actin antibodies. Full-length blots are presented in Supplementary Fig. S9B. (I) Following stably expressing FAM129A or vector alone, HeLa S3 cells
expressing inducible ZNF777-wtwere seeded at 500 cells/cm2, treatedwith (þ) or without (�) Dox after 1 day of culture, and subsequently cultured for 3 days. Cell numbers were
counted, and viable cell numbers were plotted (left). ZNF777-mediated inhibition of cell proliferation was shown as percent reduction (right), and bars represent means� S.D.
from six independent experiments. Numbers in parentheses indicate mean values, and an asterisk indicates the significant difference (*P< 0.05) calculated by Student’s t-test.
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Fig. 7. Cell density-dependent down-regulation of FAM129A. (A, B) HeLa S3 cells expressing inducible ZNF777-wt were seeded at 500 or 20,000 cells/cm2 and treated with
Dox for 1 day. (A) Cells werefixedwithmethanol and doubly stainedwith anti-FLAG antibody and PI. Scale bars, 20mm. (B)Whole cell lysates were subjected toWestern blotting,
using anti-ZNF777 and anti-actin antibodies. Full-length blots are presented in Supplementary Fig. S10A. (C) HeLa S3 cells expressing inducible ZNF777-wt were seeded at 500
or 20,000 cells/cm2 and treated with (þ) or without (�) Dox for 1 day. Whole cell lysates were subjected to Western blotting, using anti-FAM129A and anti-actin antibodies.
Full-length blots are presented in Supplementary Fig. S10B. The amounts of FAM129Awere quantitated bymeasuring band intensities and normalizing to the levels of actin. Bars
represent means� S.D. from three independent experiments. Numbers in parentheses indicate mean values, and an asterisk indicates the significant difference (*P< 0.05)
calculated by Student’s t-test. (D)Whole cell lysates from HeLa S3/Mock-shRNA or HeLa S3/FAM129A-shRNA#1 cells were subjected toWestern blotting, using anti-FAM129A
and anti-actin antibodies. Full-length blots are presented in Supplementary Fig. S10C. (E) HeLa S3/Mock-shRNA or HeLa S3/FAM129A-shRNA#1 cells seeded at 500 or 20,000
cells/cm2 were treated with (þ) or without (�) Dox after 1 day of culture and subsequently cultured for 3 days. Cell numbers were counted, and viable cell numbers were plotted.
Results of cell proliferation initiating at 500 and 20,000 cells/cm2 were obtained from three and two independent experiments, respectively. Bars represent means� S.D., and
numbers in parentheses indicate mean values. (F) Whole cell lysates from HeLa S3/Mock-shRNA or HeLa S3/FAM129A-shRNA#2 cells were subjected to Western blotting, using
anti-FAM129A and anti-actin antibodies. Full-length blots are presented in Supplementary Fig. S11A. (G) HeLa S3/Mock-shRNA or HeLa S3/FAM129A-shRNA#2 cells seeded at
500 or 20,000 cells/cm2 were treated with (þ) or without (�) Dox after 1 day of culture and subsequently cultured for 3 days. Cell numbers were counted, and viable cell numbers
were plotted. (H) Whole cell lysates from HeLa S3/Mock-shRNA, HeLa S3/FAM129A-shRNA#1, or HeLa S3/FAM129A-shRNA#2 cells were subjected to Western blotting, using
anti-FAM129A, anti-p21, and anti-actin antibodies. Full-length blots are presented in Supplementary Fig. S11B.
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protein level of FAM129A, cells expressing inducible ZNF777-wt
were seeded at 500 or 20,000 cells/cm2 and treated with or without
Dox for 1 day. ZNF777-wt induction decreased the protein levels of
FAM129A both at 500 and 20,000 cells/cm2 (Fig. 7C). However, at
20,000 cells/cm2, the decrease in the protein level of FAM129A upon
ZNF777-wt induction was insufficient to drastically reduce the rate
of cell proliferation (Figs. 4A, 7C). Next, we examined the effect of
FAM129 knockdown on cell proliferation. Consistent with the result
showing that shRNA against FAM129A strongly decreased the
protein level of FAM129A (Fig. 7D, 7F), a strong decrease in the
protein level of FAM129A inhibited cell proliferation both at 500 and
20,000 cells/cm2 (Fig. 7E, 7G). Intriguingly, FAM129A knockdown
increased the protein levels of p21 (Fig. 7H), assuming that, unless
ZNF777 is overexpressed, FAM129A suppresses the induction of
p21. Taken together, these results suggest that a ZNF777-mediated
decrease in the protein level of FAM129A at low cell density induces
moderate induction of p21, leading to inhibition of cell proliferation.

DISCUSSION

In the present study, we show for the first time that ZNF777 is
involved in inhibition of cell proliferation at low cell density.
Because overexpression of ZNF777 decreases the expression level of
FAM129A, ZNF777-mediated inhibition of cell proliferation is
attributable to a decrease in the level of FAM129A. The protein level
of FAM129A is strongly decreased at low cell density and
moderately decreased at high cell density. A ZNF777-mediated
decrease in the level of FAM129A induces moderate levels of p21,
leading to a delay in the G2/M phase at low cell density.

ZNF777 is a member of KRAB-ZFPs and is conserved in higher
organisms. ZNF777 is ubiquitously expressed, especially in the
thymus and liver (see the public RefExA database at http://
157.82.78.238/refexa/main_search.jsp). The Oncomine database
(http://www.oncomine.com) shows that the expression level of
ZNF777 is decreased in some type of cancers, such as follicular
lymphoma [Rosenwald et al., 2001]. A decrease in the level of
ZNF777 may cause carcinogenesis in such tissues.

The apparent molecular mass of ZNF777 is approximately 35 kDa
higher than the predicted molecular mass (Fig. 1B). The retardation
of electrophoretic mobility is attributed to the region including the
KRAB domain, which corresponds to the amino acids 590–883 of
ZNF777 (Fig. 5B). Because the region including the KRAB domain
has a large number of negative-charged amino acid residues, it is
possible that a reduction in SDS binding to ZNF777 causes the
retardation of electrophoretic mobility. Alternatively, it may be also
possible that a carbohydrate chain with a molecular mass of
approximately 35 kDa is attached to the region including the KRAB
domain of ZNF777, becausemany transcription factors are known to
be modified by glycosylation [Vosseller et al., 2002].

It is known that KRAB-ZFPs have a KRAB domain and a zinc
finger domain [Gebelein and Urrutia, 2001]. With regard to ZNF777,
the zinc-finger domain is responsible for inhibition of cell
proliferation, whereas the KRAB domain is not essential for the
inhibition of cell proliferation (Fig. 5D, 5G). We further show that
ZNF777 localizes to the nucleus in a manner dependent on its zinc-

finger domain (Fig. 5C). Since nuclear pore complexes restrain free
passage of proteins larger than approximately 40 kDa [Weis, 2003],
the translocation of ZNF777 into the nucleus must be an active
process involving specific NLSs. In general, a zinc-finger domain has
both NLSs and DNA binding motifs [LaCasse and Lefebvre, 1995;
Miyamoto et al., 2012]. However, ZNF777may be accumulated in the
nucleus through a putative non-classical NLS in its zinc-finger
domain, because ZNF777 has no classical NLS sequence in its
primary structure.

A two- to four-fold increase in expression of ZNF777 over
endogenous levels was unintentionally leaked in cells expressing
inducible ZNF777 without Dox treatment [Fig. 3A, 3D, compare
control Dox(�) with ZNF777 Dox(�)]. Considering that the slight
increase in expression of ZNF777 by leakiness decreases the number
of viable cells on day 8 (Fig. 3C, none Dox(�): 141.5� 30.9� 104

cells, ZNF777 Dox(�): 50.1� 4.9� 104 cells), only a two- to four-
fold increase in expression of ZNF777 is sufficient to inhibit cell
proliferation. Moreover, a decrease in the protein level of FAM129A
and an increase in the p21 level were observed in cells expressing
inducible ZNF777 in a Dox-concentration dependent manner
(Fig. 6C, 3I). Overexpression of ZNF777 inhibits cell proliferation
possibly owing to a delay in the G2/M phase through moderate
expression of p21 (Fig. 3I, 3J). These results suggest that an
expression level of ZNF777 positively correlates with an induction
level of p21, leading to inhibition of cell proliferation.

FAM129A, also called as Niban, is highly expressed in various
types of cancers and is considered to be a candidate marker for some
cancer types [Majima et al., 2000; Adachi et al., 2004; Matsumoto
et al., 2006; Ito et al., 2010]. The expression level of FAM129A is
increased in follicular lymphoma [Rosenwald et al., 2001],
suggesting the possibility that a negative correlation between
ZNF777 and FAM129A levels is involved in carcinogenesis in some
type of tissues. FAM129A is also found to promote cell survival,
because FAM129A activates the protein translation machinery
undergoing dephosphorylation of eukaryotic translational initiation
factor 2a (eIF2a) [Sun et al., 2007]. Conversely, phosphorylation of
eIF2a is involved in inhibition of protein translation and induction
of p21 [Ye et al., 2010]. In fact, considering that ZNF777 decreases
mRNA and protein levels of FAM129A (Fig. 6A, 6B), inhibition of
protein translation and induction of p21 may be involved in
ZNF777-mediated inhibition of cell proliferation. Upon ZNF777
induction, the number of dead cells is increased from day 6 (Fig. 3C,
right panels). Given that FAM129A knockdown increases the
number of dead cells by inhibition of protein translation [Sun
et al., 2007], it is possible that ZNF777-induced cell death from day 6
is attributed to an inhibition of protein translation. Intriguingly, a
strong decrease in the level of FAM129A by shRNA against
FAM129A drastically inhibits cell proliferation (Fig. 7D-7G).
Because the level of FAM129A is partially decreased upon
ZNF777 overexpression (Fig. 6B, 6G, 6H), ZNF777-mediated
inhibition of cell proliferation is not completely rescued by
FAM129A overexpression (Fig. 6I). We therefore hypothesize that
FAM129A and another gene product(s) are involved in ZNF777-
mediated inhibition of cell proliferation.

We show that ZNF777 inhibits cell proliferation at low cell density
(Fig. 4A, lower panels), suggesting that ZNF777 plays a regulatory role in
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cell proliferation depending on cell density. Considering that ZNF777
induces a strong decrease in themRNA levels of FAM129at lowandhigh
celldensities throughthezinc-fingerdomain (Fig.6D-6F),weassumethat
ZNF777 functionsasa transcription repressorofFAM129A.Furthermore,
ZNF777 induces a strong decrease in the protein level of FAM129 at low
cell density, but decreased protein levels of FAM129Aat high cell density
do not reach those at low cell density (Fig. 7C). A strong decrease in the
protein level of FAM129A by knockdown of FAM129A drastically
inhibits cell proliferation at both low and high cell densities (Fig. 7D-7G).
Taken together, these results suggest that a protein level of FAM129A
correlates with a degree of cell proliferation.

Previous studies have been shown that a high cell density
condition promotes cell proliferation and survival, which is
mediated by soluble growth factors secreted from cells into the
culture medium [Sandstrom and Buttke, 1993; Ishizaki et al., 1995;
Hearn et al., 1998; Pilling et al., 2000; Ma et al., 2010]. For instance,
fibroblast growth factor two increases cell proliferation rates at both
low cell density and high cell density [Bianchi et al., 2003].
Interleukin-6 promotes proliferation of a single hybridoma cell and
is found in commercially available cloning media [Astaldi et al.,
1980; Bazin and Lemieux, 1987; van Oers et al., 1988]. Sphingosine-
1-phosphate, a lipidmediator, is shown to inhibit cell proliferation at
low cell density and promote cell proliferation at high cell density
[Gennero et al., 2002]. In this study, ZNF777 strongly inhibits cell
proliferation at low cell density and slightly inhibits cell prolifer-
ation at high cell density (Fig. 4A, lower panels). Upon ZNF777
induction at low cell density, cell proliferation can be promoted by
addition of conditioned medium in a manner dependent on
concentrations of conditioned medium from high-density cultured
cells (Fig. 4C). Because cells in general secrete growth factors into the
culture medium, a secreted putative growth factor(s) may be
involved in ZNF777-mediated inhibition of cell proliferation at
high cell density. Considering that, upon ZNF777 induction, protein
levels of FAM129A at high cell density are not decreased to those at
low cell density (Fig. 7A), we can speculate that a high cell density
condition may stabilize FAM129A or inhibit protein degradation of
FAM129A. A ZNF777-induced decrease in the protein level of
FAM129A at high cell density may be repressed by a secreted
putative growth factor(s). Alternatively, it might be also possible that
a ZNF777-induced decrease in the protein level of FAM129A at high
cell density is repressed by a high degree of cell-cell contact, because
a cell density correlate with a degree of cell-cell contact.

In conclusion, we show that ZNF777 inhibits cell proliferation
through p21 induction by down-regulation of FAM129A at low cell
density, which depends on its zinc finger domain but independent of
its KRAB domain. Further studies will help us to better understand
the relationship between cell density and cell proliferation.
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