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Introduction

Mitosis is the culminating step of the mammalian cell cycle. After 
duplicating its DNA content and satisfying growth conditions 
and checkpoints, one cell divides into two. Convergence of an 
intricate network of signaling pathways orchestrates the mitotic 
physical and biochemical processes. Accurate coordination of all 
these pathways is vital for the execution of mitosis and proper 
distribution of the genetic material into two new daughter cells.

Cessation of active transcription is a main hallmark of cell divi-
sion and has long been known.1,2 Although compaction of DNA 
into condensed chromosomes results in a restrictive barrier, it is 
not solely responsible for the inhibition of transcription.3,4 Entry 
into mitosis is accompanied by waves of phosphorylation events 
regulating the large morphological changes like DNA condensa-
tion and nuclear envelope disassembly.5 Phosphorylation has also 
been shown to be a key player in turning off transcriptional activ-
ity, both through general and specific mechanisms.3 The general 
mechanisms usually involve the inactivation of various compo-
nents of the basic transcriptional machinery, like phosphoryla-
tion of RNA Polymerase II and TFIIH.6-8 In addition, various 
context-specific phosphorylation events have been shown to dif-
ferentially inactivate sequence-specific transcription factors, like 
Myc and Myb.9 The simultaneous inactivation of a whole class of 
sequence-specific transcription factors by a common mechanism 
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has never been shown. However, two such mechanisms have been 
proposed in the literature. The first is for the POU homeodomain 
containing transcription factors, like Oct-1 and GHF-1;10,11 the 
second is for C

2
H

2
 zinc finger proteins (ZFPs).12

C
2
H

2
 ZFPs represent the largest class of DNA binding tran-

scription factors comprising hundreds of members in the human 
genome.13 C

2
H

2
 ZFPs are involved in a very wide spectrum of 

functional diversity, regulating biological processes like cellular 
growth, proliferation and differentiation.14,15 Each ZFP usually 
comprises several zinc finger modules which dictate its sequence-
specific DNA binding activity. However, optimal binding activ-
ity of a ZFP is achieved through cooperative binding of adjacent 
zinc fingers wrapping around the DNA in locking position.14,16 
Small five amino acid linker peptides join adjacent zinc fingers 
and are critical for this locking position regardless of the sequence 
specificity of the bound DNA. These linkers are highly conserved 
among the different ZFPs with TGEKP being the consensus, and 
most prevalent, sequence.14,16-18

The DNA binding efficiency and specificity of the clusters of 
zinc finger domains has led to a significant amount of research 
aimed at designing artificial ZFPs. These have been used to per-
form a variety of engineered functions at specific targets in the 
genome, such as controlled gene expression and nuclease activ-
ity.19-22 The naturally occurring and very common, TGEKP 
sequence has also been used as the linker peptide in most of these 
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large number of bands were detected only in the lane containing 
proteins extracted from nocodazole-arrested cells. This shows 
that the phospho-epitope HpTGEKP is found on many proteins 
in mitotic cells. High exposure of the blot revealed fainter bands 
in the asynchronous lane but not the thymidine lane. This is rea-
sonable since an asynchronous population typically contains a 
small percentage of mitotic cells. Equal loading of proteins in the 
three lanes was controlled for by probing with the GAPDH anti-
body, and synchrony of the cells confirmed by propidium iodide 
staining and flow cytometry analyses (Fig. 1B).

To test the specificity of the detected bands, WCEs from 
nocodazole-arrested HeLa cells were probed with α-HpTGEKP 
pre-incubated with or without the synthetic peptides HTGEKP 
or HpTGEKP. As shown in Figure 1C, pre-incubation of the anti-
body with the non-phosphorylated linker peptide (HTGEKP) 
did not affect the signal. However, pre-incubation with the 
phosphorylated peptide (HpTGEKP) completely abolished the 
signal. Furthermore, pre-treatment of the protein extracts from 
nocodazole-arrested cells with phosphatase caused the complete 
disappearance of all bands, even at high exposure, showing the 
high phospho-specifcity of the α-HpTGEKP antibody (Fig. 1D).

Next, we wanted to ensure that the observed bands are not 
an artifact of the nocodazole arrest and to determine the tim-
ing of this phosphorylation in the cell cycle. For this, HeLa cells 
were synchronized by double-thymdine block, released and cells 
were collected for WCE preparation at 5–10 h after release. The 
progression from S phase, through G

2
, and through mitosis was 

monitored by cyclin B1 levels.33 Probing with α-HpTGEKP anti-
body generated bands peaking at 9 h, when the majority of the 
cells are in mitosis. The bands rapidly disappeared as cells started 
exiting mitosis at the 10 h time point (Fig. 1E). In addition, prob-
ing WCE from HeLa cells that were released from a nocodazole 
block, showed that the HpTGEKP bands disappeared as cells 
progressed toward the end of mitosis (Fig. S1).

To exclude the possibility that this massive mitotic phosphor-
ylation event is specific to HeLa cells, WCEs from asynchron-
nous or nocodazole arrested U2OS, BJ and HCT116 cells were 
probed with the α-HpTGEKP antibody. The results were similar 
to those obtained using HeLa cells (Fig. 1F).

Specificity of α-HpTGEKP to individual C
2
H

2
 ZFPs. 

Next, we wanted to test the specificity of the new antibody to 
mitotic phosphorylation of individual ZFPs. The high num-
ber of bands detected in WCEs makes it particularly difficult 
to evaluate individual proteins based on their size distribution. 
Therefore, conclusive results cannot be obtained by stripping and 
reprobing the blot with individual ZFP antibodies. Instead, our 
approach was to immunoprecipitate individual ZFPs using pro-
tein-specific antibodies from the WCE and probe for HpTGEKP 
phosphorylation.

YY1 is a multifunctional C
2
H

2
 ZFP involved in the regu-

lation of a wide array of genes controlling cellular growth, 
proliferation, differentiation, apoptosis,34,35 and tumori-
genesis.36,37 YY1 contains four zinc fingers, all of which are 
needed for its optimal DNA binding activity.38,39 We have 
previously shown that YY1 gets phosphorylated at two of its 
linker peptides during mitosis, linker 2 (TGEKP) and linker 3 

designed ZFP.20 Although several of the amino acid residues in 
linker peptides can affect the efficient binding to DNA,17,23,24 the 
conserved threonine (or serine) residue has a particularly impor-
tant role, especially through its hydroxyl group.25 This same 
hydroxyl group can be modified by phosphorylation, resulting in 
significant reduction of binding affinity.26

In 2002, Dovat et al. showed that two C
2
H

2
 ZFPs, Ikaros 

and Sp1, were phosphorylated at their linker peptides, causing 
them to lose DNA binding activity in mitotic cells.12 Because of 
the remarkably high conservation of these sequences, the authors 
proposed that this could be a common pathway for the inactiva-
tion of all C

2
H

2
 ZFPs during cell division. In our study of the 

ZFP YY1, we found that its loss of DNA binding activity and 
exclusion from chromatin during mitosis were also due to phos-
phorylation of its linker peptides.27

Here, we provide evidence of the global phosphorylation of 
C

2
H

2
 ZFPs linker peptide in mitosis. We characterize and visu-

alize the temporal and spatial distribution of this massive phos-
phorylation event during cell division.

Results

Abundance of C
2
H

2
 linker phosphorylation in mitotic cells. 

The C
2
H

2
 ZFP family consists of hundreds of members each con-

taining several linker peptides, in some cases even dozens.13,14 If a 
common mechanism for the inactivation of C

2
H

2
 ZFPs through 

phosphorylation of their linker peptides does exist, these con-
served phosphosites are expected to be found in high abundance. 
To investigate this, we searched high-throughput databases from 
published large-scale mass spectrometry analyses.28-32 Indeed, 
we found that hundreds of phospho-linker peptides have been 
mapped. However, these reported phosphosites were not particu-
larly categorized under ZFPs or associated with any specific func-
tional relevance. To illustrate the results of this search, we chose 
50 ZFPs containing the consensus linker sequence TGEKP. 
Table S1 lists these 50 proteins, their size (in amino acid num-
bers), accession numbers, the amino acid position of the TGEKP 
linker and reported phosphorylation sites.

To enable the experimental investigation of this global mitotic 
event, we wanted to develop an antibody against the phosphory-
lated form of the consensus linker sequence (pTGEKP). However, 
to increase the immunogenicity and specificity of the epitope, we 
included a histidine residue N-terminally to this sequence. The 
histidine is part of the preceding zinc finger and is conserved in 
all C

2
H

2
 ZFPs, forming the phospho-epitope HpTGEKP.

First, to test the phospho-specificity of the new antibody 
(hereafter referred to as α-HpTGEKP), we spotted synthetic non-
phosphorylated or phosphorylated HTGEKP peptides onto a 
nitrocellulose membrane. As shown in Figure 1A, α-HpTGEKP 
efficiently recognized only the phosphorylated form of the linker 
peptide.

Next, we prepared whole cell extracts (WCE) from HeLa cells 
growing asynchronously, arrested with thymidine (S phase), or 
with nocodazole (pro-metaphase of mitosis). Proteins were sep-
arated on SDS-PAGE gel, transferred to a nitrocellulose mem-
brane. When the blot was probed with α-HpTGEKP antibody, a 
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blocked with nocodazole. Flag-YY1 (WT) and (T348A) were 
then immunoprecipitated and probed with α-YY1 antibody, 
showing equal Flag-YY1 protein levels in all of the IPs. While 
α-HpTGEKP recognized mitotic Flag-YY1 (WT), it did not 
detect Flag-YY1 (T348A) (Fig. 2C). Since both linker 2 (TGEKP) 
and linker 3 (TGDRP) are phosphorylated on mitotic YY1,27 this 
result clearly demonstrates the specificity of α-HpTGEKP for its 
target phospho-epitope.

CTCF is another multifunctional ZFP involved in gene reg-
ulation and multiple levels of chromatin organization.40,41 The 
CTCF protein contains several linker peptides, but only one 
contains the exact TGEKP sequence (threonine 518). Probing 
immunoprecipitated CTCF from asynchronous or nocodazole 
arrested HeLa cells with α-HpTGEKP shows that it is phos-
phorylated at this site in mitosis (Fig. 2D). To our knowledge, 
this particular CTCF site has not been previously reported to be 
phosphorylated.

Dynamic distribution of C
2
H

2
 linker phosphorylation dur-

ing mitosis. The results presented in the two previous figures, 

(TGDRP). We have also shown that mitotic phosphorylation of 
YY1 at these linkers results in loss of DNA binding activity and 
exclusion from the condensed DNA.27

To test if α-HpTGEKP could detect mitotic YY1, Flag-YY1 
was immunoprecipitated from HeLa-Flag-YY1 stable trans-
fectant cells, either growing asynchronously or nocodazole-
arrested. The resulting protein gel blot with α-YY1 antibody 
showed equal Flag-YY1 protein levels in the immunoprecipitates 
from asynchronous or nocodazole protein extracts. However, 
α-HpTGEKP antibody only detected Flag-YY1 in the α-Flag 
IP from nocodazole extracts (Fig. 2A). In addition, we show 
that this signal is phospho-specific, since phosphatase treatment 
of the immunoprecipitated Flag-YY1 from nocodazole extracts 
abolished the signal (Fig. 2B). YY1 contains only one HTGEKP 
sequence (threonine 348 of YY1). To examine the specificity of 
the antibody to its target sequence within YY1, Flag-YY1 wild 
type (WT) or a threonine to alanine mutant (T348A) were tran-
siently overexpressed in HeLa cells. Each transfection was then 
divided into two, one growing asynchronously and the other was 

Figure 1. Mitotic specificity of the hptGeKp phosphorylation. (a) Dot-blot assay of non-phosphorylated (htGeKp) and phosphorylated (hptGeKp) 
synthetic peptides probed with α-hptGeKp. (B) protein gel blot of WCes from heLa cells, growing asynchronously (asy), arrested with thymidine (thy) 
or with nocodazole (Noc). the blot was probed with α-hptGeKp, then stripped and reprobed with α-GapDh as a loading control. Fractions of the col-
lected cells were fixed, stained with propidium iodide and analyzed using FaCs to show cell cycle distribution based on DNa content (pI-a).  
(C) protein gel blot of WCes from nocodazole-arrested heLa cells probed with α-hptGeKp pre-incubated with htGeKp or hptGeKp synthetic peptides, 
as indicated. (D) protein gel blot of WCes from nocodazole-arrested heLa cells incubated with or without Lambda phosphatase. the blot was probed 
with α-hptGeKp, and then stained with ponceau s to show equal loading and the total distribution of protein bands in both lanes. (e) protein gel blot 
of WCes from heLa cells synchronized at early s phase by double-thymidine block and released for the indicated time points. the blot was probed 
with α-hptGeKp, then stripped and reprobed with α-GapDh as a loading control and α-cyclin B1 to monitor cell cycle progression. (F) protein gel blots 
of WCes from U2Os, BJ and hCt116 asynchronously (asy) growing or arrested with nocodazole (Noc). the blot was probed with α-hptGeKp, and then 
stripped with α-GapDh as a loading control.
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shows that HpTGEKP phosphorylation occurs in prophase prior 
to the nuclear envelope disassembly. HpTGEKP phosphorylation 
persists through metaphase, anaphase, and is dephosphorylated 
by the end of telophase. Throughout these stages, the HpTGEKP 
signal is excluded from the condensed DNA, as is clearly shown 
in the metaphase and anaphase parts of Figure 3C and in the pro-
phase part in Figure S2. These observations support the hypoth-
esis that mitotic phosphorylation of linker peptides abolishes the 
DNA binding activity of ZFPs and contributes to their disper-
sal away from condensed chromosomes during mitosis. Similar 
immunostaining patterns were observed for BJ and HCT116 
cells (Fig. S3).

To further dissect the initial timing of the HpTGEKP phos-
phorylation, we investigated HeLa cells at several stages of 
prophase by monitoring the chromosome condensation morphol-
ogies. We found that HpTGEKP phosphorylation occurs in mid-
prophase (Fig. S4). Interestingly, the signal is initially nuclear 
and distributes to the cytoplasm only at late-prophase, a stage 
that is associated with the breakdown of the nuclear envelope. 
Therefore, the presence of this phosphorylation does not appear 
to be sufficient to translocate the modified ZFPs to the cyto-
plasm. We have previously shown that phospho-mimetic muta-
tions in the linker peptides of the ZFP YY1 inactivate its DNA 
binding activity but do not affect its nuclear localization.27 We 
have also shown that YY1 distribution to the cytoplasm occurs at 

showing protein gel blot analyses, clearly demonstrate the high 
abundance of linker phosphorylation in mitotic cells. However, 
the best approach to delineate the exact timing of linker pep-
tide phosphorylation during mitosis is to observe its occur-
rence in individual cells. Therefore, to study the temporal and 
spatial distribution of linker peptide phosphorylation during 
mitosis we immunostained HeLa cells with α-HpTGEKP and 
examined them using confocal microscopy. Cell nuclei (DNA) 
were visualized with DAPI stain. First, we looked at cells at low 
magnification. Figure 3A shows that few cells were positive for 
HpTGEKP phosphorylation in an asynchronous HeLa popula-
tion. However, all of the positive cells had condensed chromatin 
(not shown), suggesting the exclusivity of the phosphorylation to 
mitotic cells. These positive cells were highly enriched when cells 
were synchronized with double-thymidine block and released for 
9 h (TT9 hrs). This conforms to the protein gel blot results in 
Figure 1E. The immunostaining was confirmed to be phospho-
specific, since treatment of HeLa (TT9 hrs) cells with Lambda 
phosphatase abolished the signal (Fig. 3B).

To investigate the sub-mitotic dynamics of HpTGEKP 
phosphorylation, we examined individual mitotic HeLa cells 
at high magnification. Cells were double-immunostained with 
α-HpTGEKP and with α-Lamin A/C to visualize the nuclear 
envelope. DNA was stained with DAPI and the chromatin mor-
phology was used to determine the mitotic stages. Figure 3C 

Figure 2. Detecting hptGeKp phosphorylation on specific ZFps. (a) protein gel blot of WCes of heLa-Flag-YY1 cells growing asynchronously (asy) 
or arrested with nocodazole (Noc), probed with α-hptGeKp, and then α-YY1 (upper part). protein gel blot of α-Flag Ip from heLa-Flag-YY1 extracts 
(asy or Noc), probed with α-YY1, then with α-hptGeKp (lower part). (B) protein gel blot of α-Flag Ip from heLa-Flag-YY1 extracts (Noc) pre-treated 
with or without Lambda phosphatase. the blot was probed with α-YY1, then with α-hptGeKp. (C) protein gel blot of WCes of heLa cells transiently 
overexpressing Flag-YY1 (Wt) or (t348a) (asy or Noc). the blot was probed with α-YY1 (upper part). protein gel blot of α-Flag Ip, probed with α-YY1, 
then with α-hptGeKp (lower part). (D) protein gel blot of WCes of heLa cells (asy or Noc), probed with α-hptGeKp, and then stripped and reprobed 
with α-CtCF (left part). protein gel blot of α-CtCF Ip, probed with α-CtCF, then with α-hptGeKp (right part). anti-GFp was used as the negative control 
antibody.
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envelope.27 Therefore, the spatial distribution of HpTGEKP sig-
nal from the nuclear to the cytoplasmic space in late prophase 
can be used to mark the exact breaking point of the nuclear enve-
lope barrier (Fig. S4).

The efficiency of the HpTGEKP immunostaining makes it 
a good candidate for the quantitative calculation of the mitotic 
index and enrichment of mitotic cells using flow cytometry 
analyses. To assess this, asynchronously growing or thymidine-
arrested HeLa cells were trypsinized and fixed, and then each 
population was aliquoted into two fractions. One fraction was 
immunostained with α-HpTGEKP and the other stained with 
propidium iodide as a control for cell cycle distribution. As shown 
in Figure 5A (two right parts), the signal generated from fluo-
rescent immunostaining was very strong (about 100-fold higher 
than the auto and background fluorescence), allowing gating and 
calculation of positive cells. According to this result, 4.8% of 
the asynchronously growing HeLa cells were mitotic compared 
with only 0.8% in the thymidine arrested cells. This indicates 

late prophase.27 This indicates that linker 
phosphorylation excludes ZFPs from the 
condensing DNA, but their cytoplasmic 
distribution is probably due to a different 
mechanism associated with the disrup-
tion of the nuclear envelope barrier. On 
the other hand, dephosphorylation of 
HpTGEKP occurs gradually during telo-
phase and cytokinesis, and is complete at 
the end of mitosis (Fig. S5).

Histone H3 serine 10 phosphoryla-
tion (pH3S10) is a widely used mitotic 
marker. This phosphorylation can occur 
in specific contexts in association with 
gene expression. However, its promi-
nent and global distribution is specific 
to mitosis and is correlated with DNA 
condensation.42-44 To further character-
ize the timing of α-HpTGEKP phos-
phorylation, double-immunostaining of 
mitotic HeLa cells was performed using 
α-HpTGEKP and α-pH3S10 antibodies. 
Figures 4 and S6 show a large overlap 
in the timing of both phosphorylation 
events. However, HpTGEKP appears 
slightly later than pH3S10 and persists 
longer in telophase. In addition, overlay 
images show a clear exclusion of the two 
signals.

The HpTGEKP phospho-epitope is 
an efficient mitotic marker. Whether 
in the context of understanding natu-
ral human growth and development 
or related pathologies, like cancer, the 
study of the cell cycle and proliferation 
is largely dependent on efficient and pre-
cise biomarkers. Our results clearly dem-
onstrate that the α-HpTGEKP antibody 
has great potential as a useful proliferation and mitotic marker. 
Due to the high abundance of the HpTGEKP phospho-epitope 
in mitotic cells, it is easily detectable in protein gel blot analy-
ses (Figs. 1 and 2). In immunostaining and low magnification 
fluorescent microscopy, the signal generated from probing with 
α-HpTGEKP epitope is an indication of the proliferative state of 
the cellular population (Fig. 3A). At high magnification, linker 
phosphorylation marks mid-prophase, immediately subsequent 
to the condensation of DNA (Figs. 3C and S4). The spatial 
distribution of HpTGEKP phosphorylation offers a clearly vis-
ible indicator of progression through prophase. The breakdown 
of the nuclear envelope is a major morphological event of late 
prophase.5 However, the exact timing of the breakdown of the 
nuclear envelope barrier is difficult to assess based on the visible 
morphological changes of the envelope itself. As mentioned ear-
lier, the linker phosphorylation excludes the ZFPs from mitotic 
chromatin but is not sufficient for cytoplasmic export; which 
happens at later mitotic stages in the absence of the nuclear 

Figure 3. timing and distribution of linker phosphorylation during mitosis. heLa cells were grown 
on coverslips, fixed, permeabilized and stained. Images were captured on a fluorescent confocal 
microscope. specific mitotic stage labeling was based on chromatin morphology. (a) heLa cells, 
asynchronously growing (asy) or synchronized with double-thymidine block and released for 9 h 
(tt9 hrs). Cells were stained with DapI (blue) and α-hptGeKp (red). (Bar, 100 μM). (B) heLa cells (tt9 
hrs) treated with or without Lambda phosphatase prior to immunostaining. Cells were stained with 
DapI (blue) and α-hptGeKp (red). (Bar, 100 μM). (C) heLa cells synchronized with double-thymidine 
block and collected 8–10 h after release. Cells were stained with DapI (blue), α-hptGeKp (red), and 
α-lamin a/C (green, to visualize the nuclear envelope). (Bar, 20 μM).
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an HpTGEKP phospho-epitope would have enough immunoge-
nicity and specificity to allow the accurate and global detection of 
this modification on ZFPs. Therefore, we generated a polyclonal 
antibody against this epitope (α-HpTGEKP).

The specificity of the new antibody to its phosphorylated target 
sequence was proven using different approaches, with synthetic 
peptides or individual ZFPs (YY1 and CTCF), as shown in the 
results section. We used this antibody in protein gel blots to show 
the massive and global nature of this phosphorylation event on a 
large number of proteins. Using immunostaining techniques and 
fluorescent microscopy, we showed the tight synchrony of this 
massive event and its mitotic exclusivity. Taken together, these 
temporal and spatial observations fit perfectly with the proposed 
biological function of this modification, which is the inactivation 
of DNA binding activity of C

2
H

2
 ZFPs and their exclusion from 

condensed chromatin during mitosis.12

Although inactivation of the basic transcriptional machinery 
would probably be sufficient to turn off the transcriptional activ-
ity of the cell,3,7 multiple pathways also exist for the inactivation 
of arrays of specific transcription factors in mitosis.3 Redundancy 
in biological processes is not uncommon, especially for critical 
events. On the other hand, multifaceted effects of biological 
processes are not uncommon either. The implications of mitotic 
division extend beyond the numeric increase of cellular popu-
lations. Interestingly, many of the inhibitory pathways of tran-
scription factors during mitosis are associated with reduced DNA 
binding affinity which results in exclusion of these factors from 
condensed DNA. This massive reshuffling and redistribution 
of proteins has been proposed to be a window for the reestab-
lishment of gene regulation and expression programs.45 Further 
investigation of the global inactivation of the C

2
H

2
 ZFPs could 

that the thymidine block was not entirely complete 
and some mitotic cells are present in the population. 
Conforming to this result, the propidium iodide stain-
ing also showed a small peak of 4N DNA content 
(Fig. 5A, two left parts). pH3S10 immunostaining is 
the most commonly used marker to calculate mitotic 
index. To compare mitotic index calculations from 
these two markers, asynchronous HeLa cells were 
immunostained with α-HpTGEKP or α-pH3S10, 
and a third fraction of the cells was stained with 
propidium iodide to control for normal asynchronous 
cell cycle distribution (not shown). When calculated 
using either antibody, the mitotic index was very simi-
lar (Results from a triplicate sample: 4.7% ± 0.36 for 
HpTGEKP and 4.63% ± 0.32 for pH3S10).

In addition, we explored the potential capacity 
of the new marker for enrichment and purification 
of mitotic cells. For this purpose, an asynchronous 
population of HeLa cells was immunostained with 
α-HpTGEKP. Negatively and positively stained cells 
were sorted using flow cell cytometry. Samples from 
each fraction were stained with DAPI and examined 
under a fluorescent microscope. Figure 5B shows the 
sorting efficiency; all the positively sorted cells dis-
played AF488 (HpTGEKP) staining, but none of the 
negatively sorted cells. When examined at higher magnifica-
tion, all of the positively sorted cells displayed mitotic condensed 
chromosomes, indicating high sorting efficiency of mitotic cells 
(Fig. 5B). Also, all the mitotic stages were represented in the 
positive fraction. To allow flexibility in subsequent biochemical 
analyses alternative fixation methods (such as ethanol fixation) 
were tested, and yielded comparable results in all assays (data not 
shown).

Discussion

The existence of a common mechanism for the inactivation of 
all C

2
H

2
 ZFPs during mitosis was proposed about nine years 

ago.12 It remains unproven and unexplored in the scientific lit-
erature. Here, we provide evidence for the existence and global 
nature of this mechanism. It remains unproven and unexplored 
in the scientific literature. This is of fundamental importance, 
since the family of transcription factors regulated by this pathway 
is the largest in the human genome encompassing hundreds of 
members.13

The study of the simultaneous modification of hundreds of 
proteins is challenging. To enable the characterization of this bio-
logical phenomenon, we exploited the high conservation of the 
linker peptides, which is the basis of the common phosphorylation 
pathway. ZFP linker peptides display high sequence similarities 
with some degree of divergence that would be tolerated as a phos-
phorylation consensus site, but not for immunogenic specificity. 
Interestingly, more than half of these ZFP linkers are composed 
of the same five-amino acid sequence (TGEKP).14 In addition, 
the linker of C

2
H

2
 ZFPs is always preceded by the second histi-

dine residue of the preceding zinc finger. We hypothesized that 

Figure 4. temporal correlation between phosphorylation of hptGeKp and ph3s10. 
heLa cells grown on coverslips were synchronized by double-thymidine block, 
released and collected 8–10 h after release. Cells were stained with DapI (blue) and 
immunostained with α-hptGeKp (red) and α-ph3s10 (green). specific mitotic stage 
labeling was based on chromatin morphology. (Bar, 20 μM).
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with F-actin.49 In addition, Sp1 foci 
were shown to colocalize with micro-
filaments during mitosis.49 Further 
research is needed to investigate the 
effect of linker phosphorylation on pro-
tein-protein interactions and cellular 
distribution during mitosis.

The high abundance and mitotic 
exclusivity of the HpTGEKP phospho-
epitope make it an excellent candidate 
for use as a mitotic and proliferation 
marker. Proliferation biomarkers are 
of indispensable value in cell cycle 
research. More importantly, many of 
these markers have been translated into 
valuable cancer prognostic and diag-
nostic tools,50 particularly those used 
to assess the mitotic index of a cellu-
lar mixture.51-54 In this study we have 
shown the capacity of the α-HpTGEKP 
antibody for the calculation of the 
mitotic index, whether with the micro-
scope or in a more automated approach, 
when coupled with flow cytometry. 
Although the mitotic occurrence and 
exclusivity of this event was observed 
in all of the cell types that we tested, 
differences were observed in the inten-
sity and the banding patterns of the 
HpTGEKP containing proteins among 
different cell types. An intriguing pos-
sibility is that this could be due to tissue 
specific expression of some ZFPs, tissue 
specific differences in the regulation of 
this phosphorylation pathway or both. 
Also, these differences are observed 
in cells derived from different can-
cers types. Future work in our labora-
tory will explore the regulation of this 
pathway in different tumor cells and 
the possible diagnostic and prognostic 
value of the new antibody.

Finally, the identification of the kinase(s) and the signal-
ing pathways governing this global mitotic event is of primary 
importance. Elucidation of these pathways will have significant 
implications on our understanding of cellular division and dif-
ferentiation, possibly presenting novel therapeutic targets for 
proliferative diseases, like cancer. However, the identification 
of this kinase has been challenging since the conserved linker 
elements do not conform to known phosphorylation consen-
sus sites. Previous attempts to identify the linker kinase were 
not successful.12 Screening of several known mitotic kinases in 
our laboratory did not yield positive results. Current work in 
our laboratory is focused on identifying the kinase(s) respon-
sible for the global phosphorylation of C

2
H

2
 ZFPs during  

mitosis.

also provide significant insights into the understanding of cel-
lular differentiation and developmental transitions.

Zinc finger modules have also been shown to mediate pro-
tein-protein interactions.46 Although this aspect of the zinc 
finger function is significantly less studied than DNA binding 
activity, it is well established for many proteins.46-48 In addition, 
these types of interactions have been shown to be regulated by 
phosphorylation in several contexts.47,48 The role of ZFP linker 
peptides in protein-protein interactions is not clear. An interest-
ing possibility to consider is that linker phosphorylation could 
also affect protein-protein interactions and mediate mitosis-spe-
cific protein complex formation or impact the equal distribution 
(or segregation) of ZFPs into the two new daughter cells. For 
example, mitotic ZFP Sp1 was shown to biochemically associate 

Figure 5. Mitotic index (MI) calculation and enrichment of mitotic cells using α-hptGeKp immunos-
taining. (a) Mitotic index calculation for asynchronous (asy) and thymidine-arrested (thy) heLa cells, 
based on α-hptGeKp staining (right parts). a fraction of the cells were stained with propidium iodide 
for cell cycle analysis based on DNa content (left parts). (B) asynchronous heLa cells were trypsin-
ized and collected. a fraction of the cells was stained with propidium iodide for cell cycle analysis 
based on DNa content (B, upper left part). another fraction was immunostained with α-hptGeKp, 
the secondary antibody was coupled to alexa Fluor 488 fluorescent dye. there was about 100-fold 
difference in the aF488 intensities between background and positive hptGeKp staining, allowing 
gating and sorting of cells (B, upper right part). samples from the sorted (negative and positive) frac-
tions were stained with DapI and observed using a fluorescent microscope (Bar, 100 μM)  
(B, lower left images). the right part shows higher magnification examination of the DNa content of 
the positive cells showing various mitotic phases (Bar, 20 μM).
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bands was by exposure to X-ray films after incubating the mem-
brane with SuperSignal West Pico Chemiluminescent Substrate 
(Pierce, Cat# 34078). For the dot-blot experiment, synthetic 
peptides HTGEKP (non-phosphorylated) and HpTGEKP 
(phosphorylated) were custom synthesized for our laboratory at 
New England Peptide. Indicated amount of peptides were spot-
ted on a nitrocellulose membrane and allowed to dry for 1 h. 
Then, the membrane was wetted in blocking buffer and probed 
as indicated above. For the antibody pre-blocking experiment, 
α-HpTGEKP was incubated overnight at 4°C with 1 μg/ml of 
HTGEKP or HpTGEKP peptides in blocking solution, before 
addition to the WCE blot.

Indirect immunofluorescence. Cells seeded on coverslips 
were grown and synchronized as mentioned above and indicated 
in the figures. For immunostaining, cells were fixed with 3.7% 
formaldehyde for 10 min at RT, followed by permeabilization for 
10 min with 0.2% Triton-X 100. Cells were blocked in TBST 
(with 3% IgG-free BSA) for an hour, then incubated with the 
indicated primary antibodies for 1 h at RT. Anti-mouse and 
anti-rabbit secondary antibodies, conjugated to Alexa-Fluor 546 
(Cat# A10040) and 647 dyes (Cat# 31571), were purchased from 
Molecular Probes. DNA was stained with DAPI (2 μg/ml). For 
phosphatase treatment, fixed cells on coverslips were incubated at 
30°C for 1 h with or without Lambda phosphatase, in the pres-
ence of 2 mM MnCl

2
. Images were captured using a confocal 

fluorescent microscope (Leica micro-systems).
Flow cytometry. For flow cytometry analysis, cells were col-

lected by trypsinization. For cell cycle analysis based on DNA 
content, cells were fixed with 70% ethanol, washed and resus-
pended in propidium iodide (PI) solution (50 μg/ml PI, 200 μg/
ml RNase A, 0.1% Triton-X 100 in PBS) and incubated for 30 
min at 30°C. For counting and enrichment of mitotic cells based 
on HpTGEKP staining, indirect immunostaining was performed 
as detailed above. For this procedure, cells were immunostained 
in suspension using α-HpTGEKP or α-pH3S10 as primary anti-
bodies, then with Alexa-Fluor 488 conjugated anti-rabbit sec-
ondary antibody (Molecular Probes, Cat# A-11017). Cells were 
analyzed on a fluorescence-activated cell sorter (FACS; FACS 
Canto; Becton Dickinson), and images were generated using BD 
FACS Diva software. For counting and enrichment of mitotic 
cells gating was adjusted based on the positive HpTGEKP signal 
(as shown in Fig. 5). Enrichment of mitotic cells was performed 
on a FACSAria instrument.
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Materials and Methods

Cell culture and synchronization. HeLa, HeLa-Flag-YY1 and 
U2OS cells were grown at 37°C in 5% CO

2
 in DMEM (Cellgro, 

Cat# 10-013-CV) with 2 mM L-glutamine. For BJ cells, the 
growth medium was supplemented with 1% nonessential amino 
acids (Sigma, Cat# M7145). HCT116 cells were grown in 
McCoy’s 5A medium (Cellgro, Cat# 10-050-CV). All growth 
media were supplemented with 10% fetal bovine serum (FBS; 
Sigma, Cat# F0926) and 1% penicillin-streptomycin (Cellgro, 
Cat# 30-002-CI). HeLa-Flag-YY1 is a stable cell line overexpress-
ing Flag-YY1, constructed as previously described in reference 
27. Blocking cells at pro-metaphase of mitosis was performed by 
adding nocodazole (Sigma, Cat# M1404) (50 ng/ml) for 18 h. 
To block cells in S phase, thymidine (Sigma, Cat# T1895) was 
added to a final concentration of 2 mM for 18 h. For double-
thymidine synchronization at early S phase, cells were blocked 
for 18 h, released for 9 h and blocked again for 17 h.

Plasmids and transfections. pCS2(+)-Flag-YY1 wild type 
(WT) or (T348A) mutant were constructed as previously 
described in reference 27. For transient overexpression, cells 
were transfected with Lipofectamine 2000 transfection reagent 
(Invitrogen, Cat# 11668-019), according to the manufacturer’s 
instructions.

Antibodies. α-YY1 (Cat# sc-7341), α-cyclin B1 (Cat# sc-245), 
α-GAPDH (Cat# sc-25778), α-Plk1 (Cat# sc-5585), α-CTCF 
(Cat# sc-271474), α-lamin A/C (Cat# sc-7292), α-pH3S10 
(Cat# sc-8656-R) and α-GFP (Cat# sc-9996) antibodies were 
purchased from Santa Cruz Biotechnology. α-Flag (Resin M2) 
antibody was purchased from Sigma (Cat# A2220). The rabbit 
polyclonal antibody α-HpTGEKP was raised against the phos-
pho-antigen: Ac-C(Ahx)HpTGEKP-amide and was prepared for 
our laboratory at New England Peptide company.

WCE, immunoprecipitation (IP) and protein gel blotting. 
WCE, immunoprecipitation (IP) and protein gel blotting were 
performed as previously described in reference 27. Briefly, for 
WCE preparation, cells were washed with ice-cold PBS and 
lysed in freshly prepared lysis buffer (50 mM Tris pH 7.4, 150 
mM NaCl, 0.5% Triton-X 100, 1 mM EDTA, 2.5 mM EGTA,  
10 mM NaF and 5 mM β-glycerophosphate), on ice. For IP, 
cell lysates were pre-cleared with protein A/G agarose beads 
(Santa Cruz, Cat# sc-2003) for 2 h at 4°C. For CTCF IP, cell 
lysates were incubated with α-CTCF for 3 h at 4°C followed 
by addition of protein A/G beads for an additional hour. For 
α-Flag IP, resin-coupled antibody (M2) was added for 4 h. For 
phosphatase treatment, WCEs or IPs were incubated at 30°C for  
1 h with or without Lambda phosphatase (New England Biolabs,  
Cat# P0753), in the presence of 2 mM MnCl

2
. For protein gel 

blotting of WCE and IPs, proteins were separated on SDS-PAGE 
gels and transferred to a nitrocellulose membrane. After trans-
fer, membranes were blocked in TBSTM (Tris-buffered saline, 
0.5% Tween20, 5% Milk) for 30 min. Probing with the indi-
cated primary antibodies was for 2 h at room temperature (RT), 
or overnight at 4°C. Horseradish peroxidase (HRP)-conjugated 
anti-mouse and anti-rabbit secondary antibodies (GE Healthcare, 
Cat# NA934V) were added for 1 h at RT. Visualization of 
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