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Abstract
The eukaryotic cell cycle involves a highly orchestrated series of events in which the cellular genome is replicated
during a synthesis (S) phase and each of the two resulting copies are segregated properly during mitosis (M). Host cell
factor-1 (HCF-1) is a transcriptional co-regulator that is essential for and has been implicated in basic cellular processes,
such as transcriptional regulation and cell cycle progression. Although a series of HCF-1 transcriptional targets have
been identified, few functional clues have been provided, especially for chromosome segregation. Our results showed
that HCF-1 activated CDC42 expression by binding to the −881 to −575 region upstream of the CDC42 transcription
start site, and the regulation of CDC42 expression by HCF-1 was correlated with cell cycle progression. The
overexpression of a spontaneously cycling and constitutively active CDC42 mutant (CDC42F28L) rescued G1 phase
delay and multinucleate defects in mitosis upon the loss of HCF-1. Therefore, these results establish that HCF-1 ensures
proper cell cycle progression by regulating the expression of CDC42, which indicates a possible mechanism of cell
cycle coordination and the regulation mode of typical Rho GTPases.

Introduction
Successful DNA replication and the accurate segrega-

tion of chromosomes are two crucial events during the
cell division cycle, which are essential to ensure the
extreme fidelity of genome duplication and cell propaga-
tion. The progression of these sequential processes is
highly regulated, and dysregulation of both aspects con-
tributes to developmental defects or the progression of
cancer. Hence, over the past decades, a series of studies in
different cell types and genetic models have attempted to
reveal the regulatory system that governs the proper

transition of defined sequential phases and orchestrates
the main events of the cycle.
HCF-1, a highly conserved and abundant chromatin-

associated transcriptional cofactor, is known to play a
critical role in cell growth and division based on studies of
the temperature-sensitive baby hamster kidney (BHK) cell
line tsBN671–3. It has been recently established that HCF-
1 promotes G1 phase progression and regulates chro-
mosome alignment and segregation. The absence of HCF-
1 also results in abnormal M phase4. Mutations in HCF-1
as well as the depletion of HCF-1 lead to a multinucleated,
primarily binucleated phenotype2,5. The regulatory
mechanisms of the cell cycle by HCF-1 and its down-
stream targets remain elusive.
HCF-1 was initially found to be a partner of the tran-

scriptional activator VP16, which is involved in initiating
the expression of the herpes simplex virus (HSV) genome6

and exists as a family of polypeptides produced by clea-
vage of the active site of a ~300 kDa precursor protein by
O-GlcNAc transferase (OGT)5,7–9. Recent studies have
demonstrated the DNA binding ability of HCF-1 as a
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component of different complexes. HCF-1/THAP11/
ZNF143 form a complex that binds to ACTACA and
TCCCA sub-motifs at target promoters and up- or
downregulates gene expression10,11. In addition, HCF-1 is
a component of the H3K4 methyltransferase SET1/
COMPASS complex, which can also bind to the Sin3
histone deacetylase (HDAC) complex that is vital for
regulating the cell cycle12–14. Several lines of evidence
have demonstrated that HCF-1 is recruited to the E2F1
response promoter by MLL family proteins to activate the
trimethylation and transcriptional activation of H3K4 and
promote the progression of cell cycle G1 to S phase4,15,16.
Joanna Wysocka and her colleagues reported that HCF-1
can broadly regulate transcription, both positively and
negatively, through associations with the Sin3 HDAC and
trithorax-related Set1/Ash2l histone methyltransferase
(HMT) complexes17, eventually leading to the selective
modulation of chromatin structure. Genome binding
screening of HCF-1 has shown its ability to bind a series
of genes involved in different metabolic processes, inter-
genic sequences and several genes involved in cell cycle
regulation under the direction of HCF-111. However, the
molecular mechanisms that occur upon the loss of HCF-
1, such as multinucleation and chromosome misalign-
ment in particular, have not been fully clarified.
CDC42, a member of the Rho GTPase family, is

essential for cell cycle progression through G1 phase and
can regulate chromosome alignment and segregation in
mammalian cells18,19; however, the regulation of CDC42
expression in the cell cycle needs to be further revealed.
Here, we find that CDC42 acts downstream of HCF-1.
HCF-1 activates CDC42 expression by binding to the
−881 to −575 region upstream of the CDC42 transcrip-
tion start site to promote G1 progression and mitosis. The
overexpression of CDC42 can rescue the decreased
expression of Cyclin A after HCF-1 silenced. Together,
our findings demonstrate that the expression of CDC42 is
regulated by HCF-1 and that it is correlated with cell cycle
progression.

Results
The expression of CDC42 is reduced in the absence of HCF-
1
Various studies have shown that HCF-1 and CDC42

have similar functions in the cell cycle and share almost
the same phenotype, for instance, depleting HCF-1 or
CDC42 in HeLa cells prevents progression through S
phase and causes a cell cycle arrest4,5,18,19. HCF-1, a
transcription assist activation factor, influences the cell
cycle by regulating the transcription of downstream target
genes. Therefore, we hypothesized that HCF-1 regulates
the expression of CDC42. To determine whether this
regulation exists, we analysed the mRNA and protein
expression of HCF-1 and CDC42 in HeLa cells and

293ET cells when HCF-1 or CDC42 was depleted by using
target plasmids.
First, we transfected HeLa cells and 293ET cells with

HCF-1/CDC42-targeting shRNA or a nontargeting con-
trol. Cells were collected after 48 h transfection. As shown
in Fig. 1a, the treatment of cells with HCF-1-targeting
shRNA significantly suppressed the expression of endo-
genous HCF-1 and obviously depleted CDC42 expression,
whereas little effect was observed in HeLa cells subjected
to CDC42-targeting plasmids or control vector. We
reached the same conclusion in 293ET cells (Fig. 1b).
These effects were also found at mRNA expression level
(Fig. 1c–f). Rac1 and RhoA were not altered significantly
upon HCF-1 knockdown in Fig. S1a. These results indi-
cate that HCF-1 is involved in the regulation of CDC42
expression. Here, we found that HCF-1 levels remained
unchanged upon CDC42 knockdown, which implies that
HCF-1 is more likely to be an upstream gene. Based on
the knockdown efficiencies of the HCF-1/CDC42-target-
ing plasmids, shHCF-1-#2 (referred to as shHCF-1) and
shCDC42-#3 (referred to as shCDC42) were selected for
the experiment below.

HCF-1 binds to the CDC42 promoter in vivo
To evaluate whether HCF-1 binds to the CDC42 pro-

moter in vivo, we performed ChIP and DNA pull-down
assays using an anti-HCF-1 antibody in HeLa cells. We
gota sequence of ~1.5 kb upstream of the CDC42 gene
transcription start site provided in the GenBank database
and randomly designed three pairs of primers for ampli-
fication of the −1362 to −862, −881 to −575, −594 to
−111 segments. As shown in Fig. 1g, a DNA pull-down
assay was carried out using HeLa cell extracts. DNA pull-
down and immunoblotting assays detected HCF-1 bind-
ing to the −1362 to −862, −881 to −575 and −594 to
−111 regions of the CDC42 promoter, while only the
−881 to −575 probe obviously recruited HCF-1 for
binding. We also used the above primers to identify
chromatin fragments obtained by ChIP analysis. The PCR
products represented the −881 to −575 region of the
CDC42 promoter but not the −1362 to −862 region or
the −594 to −111 region. No band was visible using IgG
as a control in the same region (−881 to −575), which
was consistent with the DNA pull-down assay (Fig. 1h).
These results show that HCF-1 binds to the CDC42
promoter via the −881 to −575 region.

Cell cycle-dependent regulation of CDC42 expression by
HCF-1
Since both HCF-1 and CDC42 are involved in cell cycle

regulation and since CDC42 can be regulated by HCF-1,
we wondered whether their expression patterns are syn-
chronized. Cell culture and synchronization were per-
formed by the classic double-thymidine block method20.
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Fig. 1 HCF-1 transcriptionally regulates CDC42 expression, and HCF-1 occupies the CDC42 promoter in vivo. Total protein lysis from HeLa cells
and 293ET cells treated with HCF-1/CDC42-targeting plasmids or nontargeting plasmids (abbreviated NC or shNC) were extracted after 48 h of transfection
and then analysed by immunoblotting for HCF-1 and CDC42 expression. β-actin was used as a control. a Depletion of HCF-1 or CDC42 led to decreased
CDC42 expression in HeLa cells (n= 4). b Depletion of HCF-1 or CDC42 led to decreased CDC42 expression in 293ET cells. The band intensity values relative
to the control were measured with ImageJ software, and the results are shown below the blot (n= 4). c–f The mRNA expression of HCF-1 and CDC42.
Depletion of HCF-1 or CDC42 led to decreased CDC42 expression in HeLa cells and 293ET cells (n= 3). Results are expressed as mean ± SD. (*p< 0.05, **p<
0.01, ***p< 0.001. Student’s t-test). g (Top) A schematic of CDC42 upstream of the transcription start site is shown. (Bottom) DNA pull-down and
immunoblotting assays were used to detect HCF-1 binding in the−1362 to−862, −881 to−575 and −594 to−111 regions of the CDC42 promoter (n=
4). h ChIP-PCR analysis of HCF-1 protein on the −1362 to −862, −881 to −575 and −594 to −111 regions of the CDC42 promoter (n= 3).
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As previously reported, cells were enriched in G0/G1
phase upon their release, gradually transitioned to S phase
until the peak of S phase almost 4 h after release and then
transitioned to G2/M phase at 8 h. Enriched M phase cells
were in need of nocodazole treatment. We performed
flow cytometry analysis to determine whether our treat-
ment worked. E2F1 is a marker of G1/S phase that was
used to demonstrate that the model is correct. As shown
in Fig. 2a, HeLa cells were synchronized and collected at
different time points after release from G1 arrest and then
subjected to flow cytometry analysis (Figs. 2b and S4) and
detected by a semi-quantitative RT-PCR assay (Fig. 2c),
immunoblotting (Fig. 2d) and quantitative RT-PCR (qRT-
PCR) assay (Fig. 2e). The mRNA and protein levels of
HCF-1 gradually increased when cells entered S phase
(4 h after release from double-thymidine block treatment),
peaked during the S phase and declined during mitosis
(8 h after release from double-thymidine block treatment
and nocodazole treatment). CDC42 mRNA and protein
levels gradually accumulated to some extent as cells
entered S phase and then underwent G2/M phase
accompanied by a reduction. The increase in HCF-1
expression coincided with the upregulation of CDC42
(Fig. 2d), suggesting that HCF-1 is involved in the acti-
vation of the CDC42 promoter during the cell cycle, RT-
PCR assay assists this result (Fig. 2c, e). We also examined
the amount of the total RhoA, Rac1 during the cell cycle.
The protein expression of RhoA and Rac1 has a little
variation, both RhoA and Rac1 have a little higher
expression in G1 to S phase.
To identify binding differences in different cell phases,

we performed ChIP assays of cells in different phases and
quantified the amount of DNA by setting up a standard
curve of the relative threshold cycle (Ct) of DNA con-
centration, as shown in Fig. S2. ChIP DNA was then
quantified by qRT-PCR according to a standard curve. As
shown in Fig. 2f, the amount of HCF-1 on the CDC42
promoter increased as cells advanced through S phase,
and HCF-1 gradually dissociated from the promoter
during G2/M phase (8 h after release from double-
thymidine block treatment and nocodazole treatment).
These results were consistent with the expression pattern
of HCF-1 and CDC42.

CDC42 overexpression suppresses G1 phase arrest upon
the loss of HCF-1
To evaluate whether the regulatory relationship

between HCF-1 and CDC42 takes part in G1-S progres-
sion, an EdU incorporation assay was performed. During
the double-thymidine block procedure, HeLa cells were
transfected with a CDC42-targeting plasmid, shCDC42,
and then incubated with EdU for 1 h to ensure that all
cells in which DNA replication occurred were labelled as
they passed through S phase. Immunoblotting analysis of

CDC42 to evaluate knockdown in HeLa cell extracts
revealed effective suppression of endogenous protein
levels compared to those in the control cells (Fig. 1a). Cell
treatment was shown in Fig. 3a, which was similar to a
previous report using Swiss 3T3 fibroblasts expressing the
dominant negative form of CDC4218, and the protein level
of CDC42 was shown in Fig. S1b; ~41.12% of cells treated
with shCDC42 were labelled with EdU reagent, whereas
70.05% of control cells showed EdU incorporation (Fig.
3b, c). These results indicate that CDC42 is essential for
DNA synthesis in HeLa cells.
HCF-1 is a broad and key promoter of cell growth and

proliferation in mammalian cells. HCF-1 depleted HeLa
cells were arrested in the G1 phase (Fig. 3b, c)5. Since
CDC42 is the transcriptional target of HCF-1, whether
CDC42 overcomes the cell proliferation defect induced by
the loss of HCF-1 is verified. It was supposed that a
CDC42 molecular switch might spontaneously provide
more reliable information on regulation at the molecular
level compared to that in the wild-types for detecting the
effect of CDC42 in the cell cycle, as the expression of
HCF-1 does not change. The overexpression of mCherry
fusion protein in HeLa cells was confirmed by immuno-
blotting (Fig. S3). To examine this hypothesis, HeLa cells
were cotransfected with vectors producing HCF-1-
targeting shRNA and a spontaneously cycling CDC42
mutant, F28L; this mutant binds GTP in the absence of a
guanine nucleotide exchange factor but still hydrolyses
GTP with a turnover number identical to that of wild-type
CDC42 and is used to maintain full GTPase activity21.
One-hour EdU incorporation was measured after 48 h of
cotransfection as well as double-thymidine block. There
was no difference in the number of cells in the control
group, HCF-1 shRNA-treated or CDC42 shRNA-treated
samples, even though a substantial number of cells failed
to incorporate EdU. Figure 3b, c shows that cells treated
with shHCF-1 failed to be labelled by EdU as a control
group, with the incorporation percentage decreasing to
34.58%. In contrast, the co-expression of CDC42F28L in
HCF-1-depleted cells rescued the proliferation arrest by
more than half (Fig. 3d, e). These results suggest that
CDC42 is efficient in rescuing G1 arrest in the absence of
HCF-1.

CDC42 overexpression rescues multinucleation and
chromosome misalignment caused by HCF-1 knockdown
The loss of HCF-1 function leads to the multinucleated

phenotype of tsBN67 at nonpermissive temperatures in
and predominant binucleation defects2. Eric Julien and
Winship Herr have shown that the HCF-1C subunit is
important for mitotic chromosome alignment and segre-
gation4. CDC42 is the primary GTPase that functions
during mitosis and meiosis22–24, and chromosome mis-
alignment and a multinucleated phenotype are induced
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Fig. 2 (See legend on next page.)
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significantly in HeLa cells by CDC42 depletion23. We
wondered whether the overexpression of CDC42, as a
transcriptional target of HCF-1, rescues the multi-
nucleated defect in the absence of HCF-1. We performed
cell transfection along with double-thymidine block, as
shown in Fig. 4a. Consistent with a previous report, the
treatment of HeLa cells with shHCF-1 or shCDC42 led to
chromosome misalignment (Fig. 4b, c) and multi-
nucleation defects (Fig. 4d, e). However, upon co-
expression with CDC42F28L, HeLa cells displayed less
chromosome misalignment and multinucleation (Fig. 4f,
i), indicating that overexpressing activated CDC42 can
effectively rescue the mitotic defects induced by HCF-1
knockdown.

CDC42 restores the expression of Cyclin A-responsive
genes downregulated by the loss of HCF-1
Cyclin A is widely accepted as a molecule that is

involved in the cell cycle. Its expression changes as the cell
transitions to different cell phases, from G0/G1 to S and
then to G2/M25. We therefore examined whether the
expression of Cyclin A is downregulated in HeLa cells
treated with either shHCF-1 or shCDC42. Immunoblot-
ting analysis revealed that the expression of Cyclin A was
decreased after shHCF-1 or shCDC42 treatment (Figs. 5a
and S1c). Since CDC42F28L overexpression led to sup-
pression of cell proliferation in HeLa cells in the absence
of HCF-1, we tested whether functional reversion was
accompanied by upregulated expression of Cyclin A. As
shown in Fig. 5b, HeLa cells that were cotransfected with
shHCF-1 and CDC42F28L rescued the protein expression
of Cyclin A, which were compared with control.
We confirmed all of these phenotypes in HeLa cells by

transfecting shHCF-1-#1 or shCDC42-#2 as well as
pCAG-mCherry-CDC42F28L for rescue, and we gained
similar conclusions (Figs. S5 and S6). These results

indicate that the regulation of CDC42 expression by HCF-
1 is correlated with cell cycle progression.

Discussion
CDC42 is the transcriptional target of HCF-1
In this study, we found that HCF-1 regulates CDC42 by

targeting the promoter directly. HCF-1 was originally
identified to play a key role in lytic infection by herpes
simplex virus through the formation of a multi-protein
enhancer complex with the viral regulatory protein VP16
and the POU homeodomain transcription factor Oct-1 to
direct the transcription of viral immediate early genes6,26.
Evidence has demonstrated that HCF-1 functions as a
mammalian transcriptional cofactor for many transcrip-
tion regulators, such as Krox20, E2Fs, BAP1 and
THAP116,27–29. We need to point out that, although
ChIP-seq revealed a series of potential HCF-1 target
genes, CDC42 was not functionally validated.
HCF-1 knockdown decreases the expression of CDC42

in HeLa cells and 293ET cells. Furthermore, the expres-
sion of CDC42 is altered by HCF-1 during different
phases of the cell cycle. These results provide evidence
that CDC42 is the downstream target of HCF-1 for
transcriptional regulation. It is reasonable that HCF-1, as
a transcription cofactor, functionally interacts with other
transcription factors to form a complex, binding to the
promoter to activate CDC42 transcription. The compo-
nents need to be identified in further studies. Our findings
that CDC42 expression is regulated by HCF-1 in the cell
cycle will shed light on the study of Rho GTPase
expression regulation.

HCF-1 coordinates phase progression and chromosome
segregation by regulating the expression of CDC42
Accumulating evidence has demonstrated the function

of HCF-1 as a cell cycle regulator in addition to its

(see figure on previous page)
Fig. 2 HCF-1 regulates CDC42 expression during different stages of the cell cycle. Flow cytometry analysis of synchronized cell pools. a A
schematic graph of the synchronization and flow cytometry analysis procedures. The first 15 h thymidine block was performed following 9 h of
thymidine release, and cells were harvested at different time points (0, 2, 4, 8 h) after the second 15 h double-thymidine block. One group of
synchronized cells was treated with nocodazole 6 h after the second release and harvested after another 6 h for analysis. b Synchronized cell pools
from different time points were analysed to evaluate their cell cycle distributions (n= 3). c Cell-cycle-associated changes in the mRNA expression of
HCF-1 and CDC42 (n= 3). The expression levels of HCF-1 and CDC42 in synchronized cell pools were detected by semi-quantitative RT-PCR. The band
intensity values relative to the control were measured with ImageJ software, and the number represents the ratio. d Cell-cycle-associated changes in
the protein levels of HCF-1, CDC42, RhoA and Rac1. The expression levels of HCF-1 and CDC42 in the synchronized cell pool were detected by
immunoblotting (n= 3). β-actin was used as a loading control, and E2F1 was used as a marker of G1/S phase. The band intensity values relative to
the control were measured with ImageJ software, and the results are shown below the blot. e qRT-PCR analysis of the mRNA expression of HCF-1 and
CDC42 at different time points. The comparisons performed were to the respective 0 h controls. Results are expressed as mean ± SD. (*p < 0.05, **p <
0.01, ***p < 0.001. Student’s t-test). f ChIP analysis of HCF-1 protein on the −881 to −575 bp region of the CDC42 promoter throughout the cell cycle
(n= 3). Absolute quantitative analysis of the content of templates immunoprecipitated with an HCF-1 antibody in different synchronized cell pools
(0 h for G1, 4 h for S, and 6 h for the nocodazole-treated cell pool for M phase). Genomic DNA from HeLa cells was serially diluted to generate
standard products to establish a standard curve of the relative threshold cycle (Ct). Then, the amount of DNA amount in the ChIP assay was
quantified by qRT-PCR according to the standard curve and calculated based on input DNA. Results are expressed as mean ± SD of % input.
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Fig. 3 HCF-1 promotes G1 progression by regulating CDC42 expression. HCF-1 and CDC42 depletion induced G1 arrest in HeLa cells. a A
schematic graph of synchronization and EdU incorporation. The first 15 h thymidine block was performed 9 h after cell transfection, followed by 9 h
thymidine release and the second 15 h thymidine block. EdU was added to the culture medium 1 h before the second release and cell fixation. b
Cells were transfected with shRNA-producing plasmids and Green fluorescent protein (GFP) was expressed in successfully transfected cells. Scale bar:
50 µm. c Quantification of EdU incorporation after HCF-1 and CDC42 knockdown. The ratio of EdU incorporation was 70.05, 34.58 and 41.12% in
transfected groups, respectively (n= 6). d Cells were transfected with the shHCF-1 and CDC42F28L vectors. Both GFP and mCherry were expressed in
successfully transfected cells. Scale bar: 50 µm. e Quantification of EdU incorporation in the co-expression cells. The ratio of EdU incorporation was
81.72, 34.79, 78.37 and 71.45% in transfected groups, respectively (n= 8). Results are expressed as mean ± SD. (***p < 0.001; NS no significant
difference. Student’s t-test). Replicates and supplemental data showed similar phenotypes and variation trends.
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Fig. 4 (See legend on next page.)
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function as a transcriptional cofactor. The role of HCF-1
in cell proliferation and mitosis was originally identified in
studies of the temperature-sensitive hamster tsBN67 cell
line in which a proline-to-serine missense mutation at
position 134 (P134S) in the HCF-1N kelch domain
induces temperature-sensitive G1/G0 phase cell pro-
liferation arrest and multinucleation defects1,2. To gain
further insight into the function of HCF-1, investigators
have taken advantage of HCF-1 siRNA and have used
siRNA-resistant HCF-1 molecules4. Through this
approach, HCF-1 has been shown to promote G1 phase

progression and ensure proper chromosome alignment
and segregation4,5. The loss of HCF-1 induces a PR-Set7-
dependent switch from mitotic H4-K20 monomethylation
to dimethylation that contributes to mitotic defects.
However, the overexpression of PR-Set7 in the presence
of endogenous HCF-1 in HeLa cells is not sufficient to
induce improper mitotic defects, suggesting that HCF-1
performs roles in addition to regulating PR-Set7 levels to
promote proper cell division4.
CDC42 has been shown to be a potential stimulator of

E2F30, while the Rb-related p107 protein, which is

(see figure on previous page)
Fig. 4 HCF-1 promotes mitosis by regulating CDC42 expression. HCF-1 and CDC42 depletion induced chromosome misalignment and
multinucleation in HeLa cells. a A schematic graph of synchronization and cell phenotype detection. Cell transfection and the first 15 h thymidine
block were performed the same time, followed by 9 h of thymidine release and the second 15 h thymidine block. Cells were collected 12 h after
thymidine release for chromosome misalignment detection and 16 h after thymidine release for multinucleate phenotype detection. b, d, f, h The
quantification is acquired via counting the ratio of the number of mutated cells to the number of normal cells in a confocal resolvable plane in a
random field of view. b, d Cells were transfected with shRNA-producing plasmids. GFP was expressed in successfully transfected cells. Cells were
counter-stained with β-tubulin antibody. Scale bar: 10 µm. c Quantification of chromosome misalignment after HCF-1 and CDC42 knockdown. The
ratio of chromosome misalignment was 6.2, 50 and 58.3% in transfected groups, respectively (n= 15). e Quantification of multinucleation after HCF-1
and CDC42 knockdown. The ratio of chromosome misalignment was 2.5, 17.2 and 14.3% in transfected groups, respectively (n= 10). f, h) Cells were
transfected with shHCF-1 and CDC42F28L vectors. Both GFP and mCherry were expressed in successfully transfected cells. Cells were counter-stained
with β-tubulin antibody. Scale bar: 10 µm. g Quantification of chromosome misalignment in the co-expression cells. The ratio of chromosome
misalignment was 3.4, 59.5, 4.3 and 4.2% in transfected groups, respectively (n= 15). i Quantification of multinucleation in the co-expression cells. The
ratio of chromosome misalignment was 2.5, 21.6, 4.5 and 5.4% in transfected groups, respectively (n= 10). Results are expressed as mean ± SD. (***p
< 0.001. Student’s t-test). Replicates and supplemental data showed similar phenotypes and variation trends.

Fig. 5 CDC42 overexpression rescued the decreased expression of Cyclin A after HCF-1 knockdown. Immunoblotting analysis of cell lysates
after 48 h of transfection. The relative band intensity values were measured with ImageJ software, and the results are shown below the blot. β-actin
was used as a loading control. a Depletion of HCF-1 and CDC42 induced the downregulation of Cyclin A (n= 3). The band intensity values relative to
the control values were measured with ImageJ software. b Rescue of Cyclin A expression by CDC42F28L overexpression (n= 4). c HCF-1 coordinates
proper cell cycle progression by regulating the expression of CDC42.
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involved in the recruitment of HDAC1 complexes to
promoters by HCF-1, inhibits E2F function through the
Cyclin A/cdk2 complex31. These findings have established
an indirect relationship between HCF-1 and CDC42. Our
current findings indicate that HCF-1 regulates the
expression of CDC42 to promote proper G1 phase pro-
gression and cell division, as the overexpression of CDC42
partially rescues G1 delay and multinucleation defects
upon the loss of HCF-1. The partial reversal of cell cycle
defects by the overexpression of CDC42 in the absence of
HCF-1 suggests the possibility that HCF-1 regulates other
downstream targets. The overexpression of CDC42 also
rescues G1 arrest and the expression of Cyclin A in HCF-
1-depleted cells. These findings provide a clue that the
function of HCF-1 and CDC42 could have some corre-
lation with HDAC1 complex.
Taken together, we provided evidence that HCF-1

coordinates proper cell cycle progression by regulating
the expression of CDC42. Our studies found that HCF-1
and CDC42 depletion induces chromosome misalignment
and that multinucleation may be the potential mechan-
ism. These findings deepen our understanding of the cell
cycle and may provide a reference to promote the clinical
transformation of HCF-1 and improve the clinical diag-
nosis and treatment of tumours.

Materials and methods
Cell culture and synchronization
HeLa cells and 293ET cells were harvested in Dulbec-

co’s modified Eagle’s medium (DMEM) with 10% foetal
bovine serum (FBS). Cells were seeded at a density of 1 ×
106 in 10-cm dishes. Synchronization of the cell cycle was
achieved by double-thymidine block as follows. HeLa cells
in the exponential growth phase were exposed to 2mM
thymidine in DMEM containing 10% FBS for 15 h and
then incubated in fresh medium for 9 h. Cells were once
again exposed to 2 mM thymidine for 15 h and were
cultured in fresh DMEM containing 10% FBS. 2, 4 and 8 h
after release, cells were harvested and subjected to ana-
lysis. After 6 h, nocodazole was added at a final con-
centration of 40 ng/ml, and cells were cultured for
another 6 h to obtain cells in the M phase. Round mitotic
cells were further purified by the shake-off procedure. The
collected cells were suspended in fresh DMEM containing
10% FBS to stop the nocodazole-induced arrest.

Flow cytometry analysis
HeLa cells were harvested after synchronization by

double-thymidine block, washed cells twice with cold
phosphate buffer saline (PBS), then resuspended in PBS at
a concentration of ~1 × 106 cells/ml. A total of 200 µl of
the solution was transferred to 4ml cold 70% ethanol and
incubated at −20 °C overnight for cell fixation. Cells were
resuspended in PBS, propidium iodide (PI,

Sigma–Aldrich) was added to a final concentration of
50 µg/ml, RNase was added to a final concentration of
50 µg/ml, and then cells were incubated for 30min at
37 °C in the dark. Cells were analysed by flow cytometry
(BD Accuri C6, BD Biosciences, USA), and the data were
analysed by ModFit LT.

Plasmid transfection
Human HCF-1/CDC42 shRNA plasmids were con-

structed based on pLentilox 3.7. The sequences are as
follows: shHCF-1-1, 5’-GGG ACA UUC CCA UCA CUU
ACG-3'21; shHCF-1-2, 5’-GCU UGU CUC AAC CUG
GAU ACC-3'15; shHCF-1-3, 5’-GCA GUG CUC UGA
UUU CCA AUC-315; shCDC42-1, 5’-GGG CAA GAG
GAU UAU GAC A-3'32; shCDC42-2, 5’-UGA GAU AAC
UCA CCA CUG U-3'33 and shCDC42-3, 5’-CAG UUA
UGA UUG GUG GAG A-3'33. A nontargeting shRNA
plasmid (5’-UUC UCC GAA CGU GUC ACG U-3’) was
used as a nonspecific control. DNA (1.6 µg) was used for
transfection in 12-well cell culture plates, while 0.8 µg was
used for transfection in 24-well cell culture plates. The
transfections were performed 48 h before each cell har-
vest. pCAG-mCherry and pCAG-mCherry-CDC42F28L
plasmids were constructed for overexpression experi-
ments. All plasmids were extracted by a TIANprep Mini
Plasmid Kit (TIANGEN, DP103). Endotoxin removal
reagent was provided by Solarbio (E1040). All transfec-
tions were carried out by Lipofectamine 2000 according to
the manufacturer’s instructions (Invitrogen, 11668).

Quantitative real-time RT-PCR
Quantitative RT-PCR was carried out using SYBR Pre-

mix Ex Taq Master Mix and a 2-Step kit (TaKaRa, Dalian,
China). Total cellular RNA was isolated using TRIzol
reagent according to the manufacturer’s instructions (Life
Technologies). Total RNA (2.0 μg) was used for cDNA
synthesis using oligo dT primers (Transgene, Beijing,
China), and 1/10 of the cDNA volume was used for
quantitative PCR. PCR amplification was carried out using
a CFX96 Touch System (BioRad, Hercules, CA, USA).
The PCR conditions were carried out according to the
manufacturer’s instructions. The Ct values were normal-
ized to that of the human glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) gene. The ΔΔCt method was
used to determine the relative expression level of the
target genes. All samples were run in triplicate in each
experiment. Each assay was repeated three times. All
primers were synthesized by TSINGKE (Beijing, China).
The primers were as follows: for HCF-1, 5’ - GGC AGT
GCT CTG ATT TCC A -3’ and 5’ - TTC AGG ATT GTT
CCC GCT-3’; for CDC42, 5’ - GGA TTA TGA CAG ATT
ACG ACC G-3' and 5’ - GTT ATC TCA GGC ACC CAC
TTT-3’; and for GAPDH, 5’ - AAA TTG AGC CCG CAG
CCT-3' and 5’ - CCC AAT ACG ACC AAA TCC GT-3’.
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Semi-quantitative RT-PCR
Total cellular RNA was extracted with TRIzol reagent

and reverse-transcribed with MMLV and oligo dT primer
(New England Biolabs). HCF-1 cDNA was amplified with
the following primers: 5’-AGC TGA AGA AGC AGG
AGC TG-3’ and 5’-GGC TTG GTG GTG TAG TCG AT-
3’. CDC42 cDNA was amplified with the following pri-
mers: 5’-ACG ACC GCT GAG TTA TCC AC-3’ and 5’-
GCC AGC TTT TCA GCA GTC TC-3’. GAPDH cDNA
was amplified with the following primers: 5’-ACC ACA
GTC CAT GCC ATC AC-3’ and 5’-TCC ACC ACC CTG
TTG CTG TA-3’. Real-time PCR reagents were provided
by TAKARA (TaKaRa, RR420A). Reactions and analyses
were performed using a Bio-Rad CFX Connect Real-Time
PCR System.

Immunoblotting analysis
Whole cells were lysed in TNTE buffer (50mM Tris-

HCl, pH 7.4, 150mM NaCl, 1 mM EDTA, pH 8.0, 1%
Triton X-100, 25 mM NaF, 1 mM Na2VO3, and 100 μg/
mL DTT) containing protease and phosphate inhibitors.
Cells lysates were subjected to electrophoresis on SDS
polyacrylamide gels, and the proteins were transferred to
nitrocellulose membranes (Pall Corp). The blots were
blocked with 5% skim milk, followed by incubation with
an anti-HCF-1 antibody (Bethyl Laboratories, A301-399A,
diluted 1:2000), an anti-CDC42 antibody (Santa Cruz, sc-
87, discontinued antibody or sc-8401, diluted 1:200), an
anti-RhoA antibody (Abcam, ab187027, diluted 1:1000),
an anti-Rac1 antibody (Abcam, ab33186, diluted 1:1000),
an anti-E2F-1 antibody (Santa Cruz, sc-251, diluted
1:300), an anti-Cyclin A antibody (Santa Cruz, sc-239,
diluted 1:300), an anti-Cyclin D antibody (Abcam,
ab16663, diluted 1:1000), an anti-Cyclin E antibody (Santa
Cruz, sc-377100, diluted 1:300), an anti-p27KIP antibody
(Santa Cruz, sc-1641, diluted 1:300) or an anti-β-actin
antibody (Sigma, A5441, diluted 1:5000). The blots were
then incubated with secondary antibody conjugated to
horseradish peroxidase (Amersham Biosciences) and
visualized by a chemiluminescent detection system
(Amersham Biosciences).

Chromatin immunoprecipitation (ChIP) assay
Approximately 2 × 107 subconfluent HeLa cells grown

in DMEM medium were collected, and native protein-
DNA complexes were cross-linked by treatment with 1%
formaldehyde for 10min. Chromatin sonication was
performed by an ultrasonic cell disruptor (JY92-II,
NingBo Scientz Biotechnology Co., Ltd.). The ChIP assay
was generally carried out with the MAGnify Chromatin
Immunoprecipitation System (Applied Biosystems™,
492024). Briefly, equal aliquots of isolated chromatin were
subjected to immunoprecipitation with 5 µg anti-HCF-1
antibody or normal IgG from the same species as the

control. The DNA fragments associated with specific
immunoprecipitates or with negative control IgG were
isolated and used as templates for subsequent PCRs to
amplify the CDC42 promoter sequences. The primers
were as follows: for the upstream region (−1362 to −862),
5’ -ATC TCC TGA CCT CGT GAT CCG-3’ and 5’ -TCA
CTG CAA TCT CGA CGT CC-3’; for the -881 to -575
region, 5’ -GGA CGT CGA GAT TGC AGT GA-3’ and 5’
-TCT GAA AGG GCT GGT GAC TT-3’; and for the -594
to -111 region, 5’ -AGT CAC CAG CCC TTT CAG A-3'
and 5’ -GGG CTA TGC TCT GCA TGT TT-3’.

DNA pull-down assay
DNA pull-down assays were carried out following a

previous description34. HeLa cells were lysed by sonica-
tion in HKMG buffer (10 mM HEPES, pH 7.9, 100mM
KCl, 5 mM MgCl2, 10% glycerol, 1 mM DTT and 0.5%
NP-40) containing protease and phosphate inhibitors.
Cellular debris was removed by centrifugation. Two mil-
ligrams of cell extract was precleared with 40 μl of
streptavidin-agarose beads (Thermo Scientific, 20347) for
1 h at 4 °C and then incubated with 2 μg of biotinylated
double-stranded oligonucleotides and 40 μg of LightShift
Poly(dI-dC) (Thermo Scientific, 20148E) for 16 h at 4 °C.
DNA-bound proteins were collected with 60 μL of
streptavidin-Sepharose beads for 1 h at 4 °C, washed twice
with HKMG buffer, separated by SDS-PAGE, and iden-
tified by western blot. The biotinylated double-stranded
oligonucleotides were amplified using 5’ terminal bioti-
nylated primers with the same sequences used for ChIP
detection.

Immunofluorescence assay
HeLa cells on coverslips were transfected with shRNA-

producing plasmids, pCAG-mCherry-CDC42F28L or
their controls for 48 h. After fixation with 4% paraf-
ormaldehyde for 30min, cells were permeabilized with
0.3% Triton X-100 in PBS for 15 min and then blocked for
30min with 3% bovine serum albumin (BSA) at room
temperature. Incubation with antibodies against β-tubulin
(Sigma–Aldrich, T4026) was performed, followed by
incubation with an Alexa Fluor® 647-conjugated sec-
ondary antibody (Invitrogen™). Nuclei were counter-
stained with DAPI (Sigma–Aldrich). Confocal fluores-
cence images were obtained with a Olympus FV-1000
system.

EdU incorporation assay
Transfected cells grown on coverslips were incubated

with 10 nM EdU (5-ethynyl-2’-deoxyuridine) 1 h before
fixation with 4% paraformaldehyde at 4 °C. EdU incor-
poration was determined by staining using a Click-iT™
Plus EdU Alexa Fluor™ 647 Imaging Kit (Invitrogen™,
C10640). Cells were also counter-stained with DAPI.
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Confocal fluorescence images were obtained with an
Olympus FV-1000 system.

Acknowledgements
We thank the members of the laboratory for discussions. This work was
supported by grants from the National Key Research and Development
Program of China (2016YFA0100702 and 2016YFC0902502), the National
Natural Science Foundation of China (31970772 and 31670789), as well as by
the CAMS Innovation Fund for Medical Sciences (CIFMS, 2016-I2M-2-001, 2016-
I2M-1-001, 2016-I2M-1-004, 2017-I2M-2-004, 2017-I2M-3-010 and 2017-I2M-1-
004).

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41419-020-03094-5).

Received: 2 February 2020 Revised: 9 August 2020 Accepted: 9 September
2020

References
1. Goto, H. et al. A single-point mutation in HCF causes temperature-sensitive

cell-cycle arrest and disrupts VP16 function. Genes Dev. 11, 726–737 (1997).
2. Reilly, P. T. & Herr, W. Spontaneous reversion of tsBN67 cell proliferation and

cytokinesis defects in the absence of HCF-1 function. Exp. Cell Res. 277,
119–130 (2002).

3. Reilly, P. T., Wysocka, J. & Herr, W. Inactivation of the retinoblastoma protein
family can bypass the HCF-1 defect in tsBN67 cell proliferation and cytokinesis.
Mol. Cell Biol. 22, 6767–6778 (2002).

4. Julien, E. & Herr, W. A switch in mitotic histone H4 lysine 20 methylation status
is linked to M phase defects upon loss of HCF-1. Mol. Cell 14, 713–725 (2004).

5. Julien, E. & Herr, W. Proteolytic processing is necessary to separate and ensure
proper cell growth and cytokinesis functions of HCF-1. EMBO J. 22, 2360–2369
(2003).

6. Herr, W. The herpes simplex virus VP16-induced complex: mechanisms of
combinatorial transcriptional regulation. Cold Spring Harb. Symp. Quant. Biol.
63, 599–607 (1998).

7. Kristie, T. M., Pomerantz, J. L., Twomey, T. C., Parent, S. A. & Sharp, P. A. The
cellular C1 factor of the herpes simplex virus enhancer complex is a family of
polypeptides. J. Biol. Chem. 270, 4387–4394 (1995).

8. Wilson, A. C., Peterson, M. G. & Herr, W. The HCF repeat is an unusual pro-
teolytic cleavage signal. Genes Dev. 9, 2445–2458 (1995).

9. Lazarus, M. B. et al. HCF-1 is cleaved in the active site of O-GlcNAc transferase.
Science 342, 1235–1239 (2013).

10. Vinckevicius, A., Parker, J. B. & Chakravarti, D. Genomic determinants of
THAP11/ZNF143/HCFC1 complex recruitment to chromatin. Mol. Cell Biol. 35,
4135–4146 (2015).

11. Michaud, J. et al. HCFC1 is a common component of active human CpG-
island promoters and coincides with ZNF143, THAP11, YY1, and GABP tran-
scription factor occupancy. Genome Res. 23, 907–916 (2013).

12. Shilatifard, A. The COMPASS family of histone H3K4 methylases: mechanisms
of regulation in development and disease pathogenesis. Annu. Rev. Biochem.
81, 65–95 (2012).

13. Zargar, Z. & Tyagi, S. Role of host cell factor-1 in cell cycle regulation. Tran-
scription 3, 187–192 (2012).

14. Deplus, R. et al. TET2 and TET3 regulate GlcNAcylation and H3K4 methylation
through OGT and SET1/COMPASS. EMBO J. 32, 645–655 (2013).

15. Zhou, P. et al. Mixed lineage leukemia 5 (MLL5) protein regulates cell cycle
progression and E2F1-responsive gene expression via association with host
cell factor-1 (HCF-1). J. Biol. Chem. 288, 17532–17543 (2013).

16. Tyagi, S., Chabes, A. L., Wysocka, J. & Herr, W. E2F activation of S phase
promoters via association with HCF-1 and the MLL family of histone H3K4
methyltransferases. Mol. Cell 27, 107–119 (2007).

17. Wysocka, J., Myers, M. P., Laherty, C. D., Eisenman, R. N. & Herr, W. Human Sin3
deacetylase and trithorax-related Set1/Ash2 histone H3-K4 methyltransferase
are tethered together selectively by the cell-proliferation factor HCF-1. Gene
Dev. 17, 896–911 (2003).

18. Olson, M. F., Ashworth, A. & Hall, A. An essential role for Rho, Rac, and Cdc42
Gtpases in cell-cycle progression through G(1). Science 269, 1270–1272 (1995).

19. Chou, M. M., Masuda-Robens, J. M. & Gupta, M. L. Cdc42 promotes G1 pro-
gression through p70 S6 kinase-mediated induction of cyclin E expression. J.
Biol. Chem. 278, 35241–35247 (2003).

20. Grosse, S., Thevenot, G., Monsigny, M. & Fajac, I. Which mechanism for nuclear
import of plasmid DNA complexed with polyethylenimine derivatives? J. Gene
Med. 8, 845–851 (2006).

21. Lin, R., Bagrodia, S., Cerione, R. & Manor, D. A novel Cdc42Hs mutant induces
cellular transformation. Curr. Biol. 7, 794–797 (1997).

22. Akera, T. et al. Spindle asymmetry drives non-Mendelian chromosome seg-
regation. Science 358, 668–672 (2017).

23. Oceguera-Yanez, F. et al. Ect2 and MgcRacGAP regulate the activation and
function of Cdc42 in mitosis. J. Cell Biol. 168, 221–232 (2005).

24. Vodicska, B., Cerikan, B., Schiebel, E. & Hoffmann, I. MISP regulates the IQGAP1/
Cdc42 complex to collectively orchestrate spindle orientation and mitotic
progression. Sci. Rep. 8, 6330 (2018).

25. Dong, M. L., Zhu, Y. C. & Hopkins, J. V. Oil A induces apoptosis of pancreatic
cancer cells via caspase activation, redistribution of cell cycle and GADD
expression. World J. Gastroenterol. 9, 2745–2750 (2003).

26. Wysocka, J. & Herr, W. The herpes simplex virus VP16-induced complex: the
makings of a regulatory switch. Trends Biochem. Sci. 28, 294–304 (2003).

27. Hollstein, R. et al. Dystonia-causing mutations in the transcription factor THAP1
disrupt HCFC1 cofactor recruitment and alter gene expression. Hum. Mol.
Genet. 26, 2975–2983 (2017).

28. Luciano, R. L. & Wilson, A. C. HCF-1 functions as a coactivator for the zinc finger
protein Krox20. J. Biol. Chem. 278, 51116–51124 (2003).

29. Yu, H. et al. The ubiquitin carboxyl hydrolase BAP1 forms a ternary complex
with YY1 and HCF-1 and is a critical regulator of gene expression.Mol. Cell Biol.
30, 5071–5085 (2010).

30. Gjoerup, O., Lukas, J., Bartek, J. & Willumsen, B. M. Rac and Cdc42 are potent
stimulators of E2F-dependent transcription capable of promoting retino-
blastoma susceptibility gene product hyperphosphorylation. J. Biol. Chem. 273,
18812–18818 (1998).

31. Smith, E. J. & Nevins, J. R. The Rb-related p107 protein can suppress E2F
function independently of binding to cyclin A/cdk2. Mol. Cell Biol. 15, 338–344
(1995).

32. Wysocka, J., Reilly, P. T. & Herr, W. Loss of HCF-1-chromatin association pre-
cedes temperature-induced growth arrest of tsBN67 cells. Mol. Cell Biol. 21,
3820–3829 (2001).

33. Ito, T. K. et al. A crucial role for CDC42 in senescence-associated inflammation
and atherosclerosis. PLoS ONE 9, e102186 (2014).

34. Hata, A. et al. OAZ uses distinct DNA- and protein-binding zinc fingers in
separate BMP-Smad and Olf signaling pathways. Cell 100, 229–240 (2000).

Xiang et al. Cell Death and Disease          (2020) 11:907 Page 12 of 12

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-020-03094-5
https://doi.org/10.1038/s41419-020-03094-5

	HCF-1 promotes cell cycle progression by regulating the expression of CDC42
	Introduction
	Results
	The expression of CDC42 is reduced in the absence of HCF-1
	HCF-1 binds to the CDC42 promoter in�vivo
	Cell cycle-dependent regulation of CDC42 expression by HCF-1
	CDC42 overexpression suppresses G1 phase arrest upon the loss of HCF-1
	CDC42 overexpression rescues multinucleation and chromosome misalignment caused by HCF-1 knockdown
	CDC42 restores the expression of Cyclin A-responsive genes downregulated by the loss of HCF-1

	Discussion
	CDC42 is the transcriptional target of HCF-1
	HCF-1 coordinates phase progression and chromosome segregation by regulating the expression of CDC42

	Materials and methods
	Cell culture and synchronization
	Flow cytometry analysis
	Plasmid transfection
	Quantitative real-time RT-PCR
	Semi-quantitative RT-PCR
	Immunoblotting analysis
	Chromatin immunoprecipitation (ChIP) assay
	DNA pull-down assay
	Immunofluorescence assay
	EdU incorporation assay

	Acknowledgements




