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We recently reported that the p12 subunit of human DNA polymerase & (Pol 84) is degraded by CRL4%“2 which
regulates the licensing factor Cdt1 and p21"VAF! during the G, to S transition. Presently, we performed multiparameter
laser scanning cytometric analyses of changes in levels of p12, Cdt1 and p21"A"", detected immunocytochemically in
individual cells, vis-a-vis the initiation and completion of DNA replication. The latter was assessed by pulse-labeling
A549 cells with the DNA precursor ethynyl-2’-deoxyribose (EdU). The loss of p12 preceded the initiation of DNA
replication and essentially all cells incorporating EdU were p12 negative. Completion of DNA replication and transition
to G, phase coincided with the re-appearance and rapid rise of p12 levels. Similar to p12 a decline of p21"VAf" and Cdt1
was seen at the end of G; phase and all DNA replicating cells were p21"VAF! and Cdt1 negative. The loss of p21"/A™!
preceded that of Cdt1 and p12 and the disappearance of the latter coincided with the onset of DNA replication. Loss of
p12 leads to conversion of Pol 34 to its trimeric form, Pol 83, so that the results provide strong support to the notion
that Pol 83 is engaged in DNA replication during unperturbed progression through the S phase of cell cycle. Also
assessed was a correlation between EdU incorporation, likely reflecting the rate of DNA replication in individual cells,
and the level of expression of positive biomarkers of replication cyclin A, PCNA and Ki-67 in these cells. Of interest was
the observation of stronger correlation between EdU incorporation and expression of PCNA (r = 0.73) than expression

of cyclin A (r = 0.47) or Ki-67 (r = 0.47).

Introduction

DNA polymerase & (Pol 8), together with Pol €, are the pri-
mary DNA polymerases responsible for the synthesis of genomic
DNA in eukaryotes."? In yeast, it has been established that Pol §
is largely responsible for synthesis of the lagging strand, while Pol
¢ is involved in synthesis of the leading strand.” Human Pol §
consists of 4 subunits, the p125 catalytic subunit, p68, p50 and
p12.° p12, the smallest subunit, is absent in S. cerevisiae.” The
targeted degradation of p12 in response to DNA damage is an
important regulatory mechanism that leads to the conversion of
Pol 84 to Pol 83, the trimer lacking p12.”'* Reconstitution of
human Pol & and its subassemblies'"'? have allowed detailed
biochemical comparisons of the properties of Pol 84 and Pol 83.
These studies have revealed that the removal of p12 leads to

fundamental alterations in the kinetic properties of Pol 8 such
that Pol 83 appears to be adapted for a role in DNA repair pro-
cesses, and in fact is endowed with greater fidelity.”'>'* Bio-
chemical analysis of Pol 83 in a reconstituted assay for Okazaki
fragment processing showed that its properties are also well suited
for a role in lagging strand synthesis, and support the hypothesis
that Pol 83 is involved in DNA replication.'®">

Recently, we identified two E3 ligases, RNF8 and CRL4“?,
which participate in the targeting of pl2 for degradation in
response to DNA damage.'®'” CRL4““? plays a central role in
the control of the licensing of origins during the G;/S transition,
providing one of the crucial mechanisms for the prevention of
re-replication.'®'? Thus, CRL4? targets Cdtl, p21 (p21 VA
and Set8 for degradation. In the case of CRL4A?, however, we
have demonstrated that it also targets p12 for degradation during
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the normal progression of the cell cycle during the G,/S transition,
and observed that both p12 and p21 levels decline on entry into
S phase.'™"” Using synchronized cells, we showed that p12
levels fall during the G,/S transition, so that Pol 83 is formed
during the S phase.'” The fall in the level of p12 during the
S-phase was also observed in individual exponentially growing cells
by DNA content analysis by cytometry.®*'” The evidence that Pol
83 is formed during the S phase, together with studies of Pol 83 in a
reconstituted assay for Okazaki fragment processing, lends support
to the hypothesis that Pol 83 is involved in DNA replication.'*"

The degradation of pl12 therefore emerges as an important
mechanism for regulating the interconversion between Pol 84
and Pol 83 during the entry into S phase, perhaps regulating the
balance of these two forms of Pol & which, by virtue of their bio-
chemical differences, may serve different or complementary roles
in cellular replication. Moreover, the G,/S transition is tightly
regulated during cell cycle progression and the placement of p12
degradation under CRL4“Y2, concurrently with p21, Cdtl and
Set8, suggests an integration of controls essential for initiation of
DNA synthesis that involves the conversion of Pol 84 to Pol 83
during the G,/S transition. However, the exact sequence of the
CRL4“%? mediated protein degradation events during G,/S is
still not well defined, and there remain questions as to whether
this is purely a stochastic process dictated by kinetic aspects of
their affinities for PCNA or whether there is a requirement for
their ordered degradation that serves a regulatory function.

In this study, we have performed a more precise cytometric anal-
ysis of the presence and degradation of p12 during the cell cycle,
specifically in the individual cells that initate and complete DNA
replication during S phase. In parallel, cytometric analysis of the
level of expression of p21 and Cdtl, the 2 key substrates also regu-
lated by CRLA“Y2, was performed as well. Al three proteins possess
a PIP degron.'”"? p21 is transcriptionally regulated during the
DNA damage response, controlled by the tumor suppressor protein
p53 through which, in reaction to a variety of stress stimuli, it medi-
ates the p53-dependent cell cycle G, phase arrest.”>' p21 binds
and inhibits the activity of cyclin-CDK2, -CDK1, and -CDK4/6
complexes and functions as a regulator of cell cycle progression at
G, and S phase.”>** It is now also well established that p21 is also
degraded during the cell cycle and by exposure to low UV flux by
its targeting for proteosomal degradation by E3 ligases. Because
p21 binds to PCNA with high affinity, it is capable of inhibiting a
number of PCNA requiring processes and thereby constrains multi-
ple cellular activities where to activate them its removal is
required.”>?* These actions include the potential for the inhibition
of Pol & with which it exhibits a direct interaction,”? and for the
inhibition of Pol m.>> Thus, the concept is that p21 degradation
may be required to allow access of these polymerases to PCNA.
Cdtl1 binds to the origin recognition complex and with Cdc6, loads
the MCM2-7 (minichromosome maintenance subunits 2—7) and
licenses the complex for replication; its destruction during the G,/S
transition is required to prevent re-replication.”> The PIP-degrons
as a group have higher affinities for PCNA than PIP-boxes,'” and
thus Cdtl, in addition to its functions as a licensing factor, may also
have inhibitory effects on PCNA binding processes, as reported
recently for the translesion polymerases Pol 1 and Pol k.*”
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The degradation of p12 co-incident with the S phase suggests
that p12 may serve as a biomarker whose absence is highly spe-
cific for S phase cells. Identification and quantification of cells
replicating DNA, the key identifier of cell proliferation, is of sig-
nificant importance in biology and medicine. Also of importance
is the accurate identification of cells that are just initiating and/or
completing DNA replication. The most direct means of identifi-
cation of such cells is their ability to incorporate DNA precur-
sors, which historically has been achieved by using precursors
tagged with radioactive CH, "Q) or halogen (BrdU, IdU)
markers that were subsequently detected by autoradiography,

cytochemical or immunocytochemical
28)

respectively
(review The incorporation of 5-ethynyl-2'-deoxyuridine
(EdU), detected with fluorochrome-tagged azides by a copper (I)
catalyzed [3 + 2] cycloaddition reaction, defined as "click chem-
istry," has been recently introduced as a novel DNA precur-
sor.”®*’ By offering several advantages over the prior methods

means,

EdU has now become the preferred DNA precursor applicable in
flow and imaging cytometry.”*>> The major advantage of EdU is
its compatibility with the concurrent immunocytochemical detec-
tion of other cell attributes. However its application in experiments
that require DNA labeling followed by long-term incubation is lim-
ited because of the EdU-induced perturbation of the cell cycle pro-
gression and cytotoxicity.”®>> In the present studies we pulse-
labeled human pulmonary adenocarcinoma epithelial A549 cells
with EdU, detected p12, p21 and Cdtl immunocytochemically
and used laser scanning cytometry followed by gating analysis to
correlate the incorporation of EdU with a loss of these proteins in
individual cells during the G, to S- progression and with their reap-
pearance at the cells traversed from S to G,.

In parallel to correlating expression of p12, Cdtl and p21
with DNA replication we also correlated and compared the
expression of other markers associated with DNA replication and
cell cycle progression. These were Cyclin A, PCNA, and Ki-67.
Cyclin A regulates progression through the cell cycle at 2 distinct
phases. Its association with CDK2 is required for passage through
S phase whereas association with CDK1 drives the cell into mito-
sis.***® During duration of S phase cyclin A resides in the
nucleus where it is involved in the initiation and completion of
DNA replication.39’40 The level of expression of cyclin A in rela-
tion of DNA replication is thus reverse to that of p12 or p21.4"4?

Proliferating Cell Nuclear Antigen (PCNA)*® is the DNA
sliding clamp that serves as the processivity factor for Pol & and
also as a docking platform where other proteins dock to carry out
different DNA processes related to replication and repair.**
PCNA, detected immunocytochemically, is a widely recognized
cell proliferation marker serving also as a potential prognostic
indicator for a variety of tumors.*® Similar to cyclin A, the induc-
tion of its expression is expected to be correlated with the loss of
the p12 subunit of Pol 8. It should also be noted that the recogni-
tion of p12 by CRL4“Y? requires the former to be bound to
PCNA that is loaded onto DNA."""

The protein Ki-67 is perhaps the most widely used indicator
of cycling cells.**>* Although this marker has been known for

49,50

over three decades, its molecular structure and role in cell

cycle progression has only recently begun to be elucidated. The
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reported data indicate that the Ki-67 protein is the key factor in
RNA polymerase I dependent nucleolar rRNA synthesis.”** Tts
expression thus is associated with the production and accumula-
tion of rRNA. This finding is consistent with results of our prior
studies showing that the content of cellular RNA, most of which
is rRNA, is strongly correlated with cell proliferation and its
abundance can be used as a marker to distinguish the cycling
from non-cycling cells.’*>> Many subsequent studies confirmed

value of cellular RNA content as a determiner of cells progressing
56-58

59,60

and also correlated with the rate of traverse

through the cycle
through the cycle.

Results

Cytometric analysis of p12, p21 and Cdt1 levels vis-a-vis
EdU pulse-labeling reveals a strong inverse correlation with
DNA synthesis

The relationship between incorporation of EdU and expres-
sion of p12 subunit of Pol 8 was examined by labeling A549 cells
with EdU for 30 or 60 min, following which the cells were fixed

and differentially stained for p12, EdU incorporation and DNA
content, as described in Materials and Methods. Fluorescence of
individual cells was analyzed by laser scanning cytometry.®'?
The results of a representative experiment are shown in Figure 1.
The bivariate DNA content versus EAU incorporation distribu-
tions (scattergrams) are presented in panels A and E. The charac-
teristic  “horse-shoe”  shaped distribution allows one to
discriminate the subpopulation of cells not incorporating EdU
(marked black) and as outlined by the rhombohedral red frame
(gate) and by the paint-a-gate software electronically colored
red, three subpopulations of cells that did incorporate the pre-
cursor (E). The cells that were initiating DNA replication
(entering S; €S) during duration of the pulse-exposure to EAU
show variable amount of the incorporated precursor and DNA
content close to that of the G;-phase cells. The subpopulation
characterized by the maximal amount of incorporated EdU
represents cells that were constantly exposed to the precursor
during the pulse duration (mid-S). The cells that were com-
pleting DNA synthesis and entering G, (eG,) during of expo-
sure to EdU are located on the right side of the “horse-shoe”

distribution.
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Figure 1. Relationship between expression of p12, incorporation of EdU and cellular DNA content. A549 cells were exposed to EdU for 30 (top rows) or
60 min (bottom rows), the EdU incorporation was detected by the Click-It™ protocol, cellular expression of p12 was detected immunocytochemically,
DNA was counterstained with DAPI and cellular fluorescence was measured by laser scanning cytometry.°>? During the “paint-a-gate” analysis the cells
incorporating EdU were colored red (A and E) and on the bivariate distribution histograms the EdU incorporation is correlated with expression of p12
presented either as the mean integrated value of fluorescence intensity over cell nucleus (B and F) or the mean intensity of maximal pixel (C and G).
The dashed skewed lines in (B, C, F, and G) show the upper level of fluorescence of the cells stained with the secondary Ab only; the cells below these
lines are thus considered p12 negative. Also presented is a direct relationship between p12 and EdU incorporation (D and H). The inset in (D) shows the
DNA content frequency histogram from that culture. The dashed lines in (E) outline the cells that during duration of the 60 min pulse-exposure to EdU
were entering S (eS), were constantly present during pulse duration (mid-S), or were entering G, (eG,). It is quite evident that nearly all cells with DNA
content equivalent of S are incorporating EdU and are p12 negative. Presented is the percentage of cells at the G; to S transition (with DNA content
equivalent of G,) that are p12-negative and did not incorporate EdU (42% and 33%; pointed at by open arrows). As described in the text, such distribu-
tion of EdU-negative and p12-negative cells at the G; to S transition is indicative that initiation of DNA replication starts rather rapidly after loss of p12;
the amount of DNA synthesized at that time however is so small that based on DNA content these cells are still recognized as in G;. Likewise among the
p12 negative cells at the S/G, transition (with a G,M DNA content) also less frequent are the cells that did not incorporate EdU (34% and 29%). Thus ter-
mination of DNA replication appears to be shortly followed by re-expression of p12.
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The integrated p12 fluorescence and the max pixel with DNA
content are shown in Figure 1C and G and Figure 1B and F,
respectively, where those cells actively synthesising DNA (incor-
porating EAU during the pulse) are marked by electronically col-
oring them red. The dashed skewed lines show the level of
maximal fluorescence in controls stained with secondary anti-
body only, i.e., those cells below the line can be considered to
have p12 levels below the threshold of discrimination by anti-
body staining and thus p12-negative. The p12 vs. DNA content
bivariate distribution histograms (Fig. 1B and F) exhibit an
angular “U” shaped distribution, that is inversely correlated to
EdU incorporation, Most remarkably, nearly all the cells that are
active in DNA replication are at the bottom of the curve, indicat-
ing that p12 is almost completely depleted during S phase, within
the limits of the parameters of the antibody detection in this
experiment. The data thus distinctly indicate that incorporation
of EdU is associated with loss of p12 and that during S phase Pol
33 is the predominant nuclear species of Pol 8.

Analysis of p12 expression among the cells incorporating EdU
but identified as in G| or in G,/M based on their DNA content
reveals kinetics of the loss- and re-appearance of p12 during tran-
sition from Gy to S and from S to G,, respectively, throughout
duration of exposure to the precursor. Specifically, these “G;”
cells although appearing to have DNA content equivalent of G,
did already incorporate adequate quantity of the precursor to be
detectable as entering S phase during the time-window of the
EdU pulse (Fig. 1E; eS). The amount of DNA synthesized

during the pulse however was relatively small vis-a-vis the total
cellular DNA content and therefore based on staining with
DAPI these cells were still identified as G;. Thus, as we have pre-
viously noted,’" EdU labeling allows identification of cells early
in their transition to S-phase defined by active DNA synthesis.
Likewise, the EdU-labeled cells with DNA content equivalent of
G,/M represent the cells that during exposure to the precursor
traversed from S to G, (eG;). Examination of only those p12
negative cells below the dashed line in G; phase (with DNA con-
tent that of G;) showed that there were 42% cells that did not
incorporate EdU during the 30 min, and 33% during 60 min,
of exposure to the precursor. Thus, after degradation of p12 dur-
ing G to the level of that of negative control, the majority of cells
were already incorporating EdU.

Among the cells having DNA content equivalent of Gy M (S
to G, transition; eG,) only 34% and 29% of the p12 negative
cells did not incorporate EAU during 30 or 60 min exposure to
the precursor, respectively. Thus, among the cells that were
undergoing S to G, transition, similar as during G, to S, majority
of the p12-negative cells were already incorporating EdU. The
relative paucity of pl2-negative cells that did not incorporate
EdU indicates that EAU incorporation starts shortly after degra-
dation of p12 and that the presence of p12 is restored rather rap-
idly after completion of EdU incorporation.

The similarity of the patterns of p12 expression measured by
the integral (Fig. 1B and F) as compared with the maximal pixel
of pl12 fluorescence intensity (Fig. 1C and G), the latter
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Figure 2. Relationship between expression of p21"A"! and EdU incorporation. Similar as in Figure 1 the cells were exposed to EdU for 30 or 60 min, the
EdU labeled cells were gated (colored red; A and E) and the EdU incorporation is correlated with expression of p21 and cellular DNA content (B, C, F,
and G). Also presented is a direct relationship between p21 and EdU incorporation (D and E). The inset in (D) shows DNA content histogram of cells
from this culture. The details on gating strategy and “paint-a-gate” data analysis are described in the legend to Figure 1; the dashed skewed lines repre-
sent the top level of fluorescence of the cells stained with the secondary Ab only and thus discriminate between the p21 negative and positive cells. As
is evident, essentially all cells incorporating EdU are p21 negative. Among the p21-negative cells at the G; to S transition during the 30 and 60 min EdU
pulse there are 76% and 80% cells that did not incorporate EdU. Likewise at the S to G, transition majority of cells (63% and 57%) were not incorporating
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emphasizing the local high-density fluorophore localization,**

indicates that distribution of this protein within the nuclear chro-
matin is relatively uniform and diffuse, without the presence of
high intensity local p12 regions. The bivariate p12 versus EdU
incorporation scatterplots (Fig. 1D and H) indicate a distinct
separation between these 2 variables, i.e., there is a strong associa-
tion between the depletion of pl12 and DNA replication and
additionally confirm that the cells replicating DNA are p12 nega-
tive. Overall, the data distinctly show that incorporation of EdU,
viz., active DNA synthesis, is associated with loss of p12. It
should be noted that in the prior studies using synchronized cells
we have shown that the levels of the other three Pol 8 subunits
do not exhibit major fluctuations during the cell cycle,'” whereas
p12 is degraded in response to DNA damage” and the loss of
p12 reports the formation of Pol 83. In this context then, the
changes in p12 can be viewed as the formation of Pol 83" coin-
ciding with active DNA synthesis during unperturbed progres-
sion through the cell cycle.

Figure 2 illustrates the relationship between EdU incorpo-
ration and the presence of p21. As expected from previous studies
using synchronized cells the general pattern for p21 is very simi-
lar to that of p12."” Similar as in the case of p12, all EdU-labeled
cells are p21 negative (B, C, F, G). However, unlike the case of
p12 vs. EdU scatterplots (Fig. 1) proportionally more p21 nega-
tive cells having a G; DNA content did not incorporate EdU
during 30 (76%) or 60 min (80%) exposure to the precursor (B,

F). As mentioned, the incidence of EdU-labeled cells with a G;
DNA content reports kinetics of Gy to S transition, in this case
with respect to expression of p21. The data thus indicate that fol-
lowing the loss of p21 the cells remain for longer periods of time
in Gy prior to initiation of DNA replication than after the loss of
pl2. This is also consistent with previous analyses of p12 and
p21 degradation in synchronized cell populations, where the fall
of p21 was seen to occur prior to that ofp12.10’17 At the S to G,
transition also proportionally more are p21-negative cells (with a
G,M DNA content) that did not incorporate EdU, during the
30 (63%) or 60 min (57%) exposure to the precursor, compared
with p12 (34%, 29%). Thus, following termination of DNA rep-
lication the length of time in G, until the cells start to re-express
p21 appears to be longer than to re-express p12 and thereby after
termination of DNA replication the re-expression of p12 pre-
cedes that of p21.

The similarity of the pattern of expression of p21 represented
by the integral versus maximal pixel of intensity of the measured
fluorescence (Fig. 2C and G), as in the case of p12 (Fig. 1C and
G), indicates a rather uniform and diffuse distribution of this
protein across the nucleus.>®® The bivariate plots of EdU incor-
poration against p21, in particular the data for the 60 min EdU
pulse, show a strong separation of cells incorporating EdU and
expressing p21 (D,H). These experiments reporting comparison
of the expression of p12 vs. p21 were repeated three times on
A549 cells, and were also carried on WI-38 cells, yielding
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Figure 3. Relationship between expression of Cdt1 and EdU incorporation. Similar as in Figures 1 and 2, the cells were exposed to EdU for 30 or 60 min,
the EdU labeled cells were gated (colored red; A and E) and the EdU incorporation is correlated with expression of Cdt1 and cellular DNA content (B, C,
F, and G). Also presented is a direct relationship between Cdt1 and EdU incorporation (D and E). The inset in (D) shows DNA content histogram of cells
from this culture. The details on gating strategy and “paint-a-gate” data analysis are described in the legend to Figure 1; the dashed skewed lines repre-
sent the top level of fluorescence of the cells stained with the secondary Ab only and thus discriminate between the Cdt1 negative and positive cells.
As is evident, essentially all cells incorporating EdU are Cdt1 negative. Among the Cdt1-negative cells at the G; to S transition the cells that did not
incorporate EdU are 55% and 46% for the 30 and 60 min EdU pulses and 56% and 55% at the S to G, transition.
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essentially similar patterns of the bivariate DNA content versus
p12 or p21 distributions (not shown).

Similar results were obtained with the analysis of the changes
in Cdtl and its correlation with EdU incorporation (Fig. 3).
Here, the analysis of the cells in the G;/S transition region
showed that among the Cdtl-negative cells 55% and 46% were
not incorporating EAU during the 30 and 60 min EdU pulses,
while among Cdtl negative at the G,/M transition the values
56% and 55%, respectively, were obtained (Fig. 3B and F).
These values are intermediate between those for p12 and p21,
which would suggest that Cdtl is degraded just after p21 but
prior to p12.

Cytometric analysis of cyclin A levels in cells active in DNA
synthesis by EdU pulse-labeling

The relationship between expression of cyclin A and incorpo-
ration of EdU is presented in Fig. 4. In contrast to expression of
p12, p21 or Cdtl, the presence of cyclin A rather than its absence
is associated with DNA replication. As shown by us while study-
ing incorporation of BrdU*"** and confirmed presently with
EdU (Fig. 4) the expression of this protein is confined to cells in
late G;, S and G; and thus all DNA replicating cells are cyclin A
positive. Its cellular content progressively increases with cell
advancement through the S phase, peaks late in S and in G,, and
is followed by degradation at the entrance to mitosis, concur-
rently with phosphorylation of Ser10 of histone H3.°* Analysis
of the cells at the G;/S interphase shows that initiation of EdU
incorporation is very closely associated with the appearance and
increase in expression of cyclin A. As in the case of p12, p21 and
Cdtl, similarity of integral and maximal pixel scatterplots indi-
cates a uniform nuclear distribution of cyclin A.

There is a distinct intercellular variability in the amount of
incorporated EdU of cells in the mid-S phase, i.c., among the
cells that were exposed to the precursor for the full duration of
60 min (Fig. 4A). It is possible that this variability is due to
different rates of DNA replication in individual cells. Since

cyclin A is associated with the machinery of the cell cycle progres-
sion. > 4% it may be expected that its abundance during S phase
is associated with DNA replication rate. To explore such a possi-
bility we selected the mid-S phase cells by the secondary gating
(Fig. 4A) and analyzed the correlation between incorporation of
EdU and the level of expression of cyclin A (Fig. 4E). The regres-
sion analysis of this cell subpopulation revealed rather weak posi-
tive correlation between these two variables (r = 0.26). However,
the correlation between EAU and cyclin A level among all EdU-
positive cells which includes the cells undergoing G; to S and S
to G, transition during duration of the pulse is distinctly stronger

(Fig. 4D; r = 0.47).

Cytometric analysis of PCNA levels in cells active in DNA
synthesis by EdU pulse-labeling

The relationship between expression of PCNA and DNA rep-
lication is presented in Fig. 5. Note a striking similarity between
the patterns of EdU incorporation (Fig. 5A) and PCNA expres-
sion (Fig. 5B) vs. DNA content. As it is evident all cells that
incorporate EAU do express PCNA and the cells initiating DNA
replication have minimal content of this protein. The level of
expression of PCNA as well as incorporation of EdU both peak
in mid-S phase. The increased level of PCNA expression repre-
sented by the mean intensity of the maximal pixel (Fig. 5C) com-
pared with the mean integral fluorescence intensity (Fig. 5B)
indicates a more localized (punctate) distribution of this protein
within nuclear chromatin compared to more uniform (diffuse)
distribution of p12 (Fig. 1), p21 (Fig. 2), Cdtl (Fig. 3) or cyclin
A (Fig. 4). In analogy to expression of cyclin A (Fig. 4E) the
mid-S phase cells incorporating EdU were selected (A; vertical
dashed lines) and their EdU incorporation was plotted against
expression of PCNA (Fig. 5E). In comparison with cyclin A (r =
0.26) the correlation between these variables is significantly
stronger (Fig. 5E; r = 0.72). Essentially the same degree of corre-
lation between EdU incorporation and expression of PCNA is
seen in the case of all cells replicating DNA i.e., including cells
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Figure 4. Relationship between expression of cyclin A and EdU incorporation. The cells were exposed in culture to EdU for 60 min. As in Figures 1-3
the EdU incorporating cells are gated/colored red (A). On the bivariate distributions of cyclin A versus DNA content (B and C) it is evident that nearly all
cells incorporating EdU are cyclin A positive and that cell advancement through the S phase is associated with the progressively rising expression of this
cells in mitosis (M) are cyclin A negative (they were identified by the image analysis on the iCys
while G, cells have maximal level of this protein (B). As described in the text the correlation between the extent of EdU incorporation
and expression of cyclin A among the mid-S phase cells, selected/gated as shown by the dashed vertical lines (A), is weak (r = 0.26; E) but stronger
when all EdU-labeled cells are analyzed (r = 0.47). The DNA content histogram of these cells from this culture is shown as the inset in D.
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Figure 5. Relationship between expression of PCNA and EdU incorporation. The cells were exposed to EdU for 60 min and similar as in the prior figures
(Figs. 1-4) the EdU-labeled cells were gated, colored red (A) and analyzed with respect to their expression of PCNA as measured by the integral (B) or
maximal pixel (C) intensity of nuclear fluorescence. The PCNA-negative cells are below the dashed skewed line. Note striking similarity between the
patterns of EdU incorporation (A) and PCNA expression (B) in relation to DNA content. All cells that incorporate EdU are expressing PCNA. The cells
just initiating DNA replication have minimal expression of PCNA. Among the mid-S phase cells that all were exposed to EdU for full 60 min (E) the
correlation between expression of PCNA and the amount of incorporated EdU is relatively strong (r = 0.72) and similar (r = 0.73) when assessed for all

EdU-incorporating cells. The DNA frequency histogram of these cells is shown in (D).

entering- and exiting- S phase during duration of the pulse

(Fig. 5D; r = 0.73)

Cytometric analysis of Ki-67 levels in cells active in DNA
synthesis by EdU pulse-labeling

The relationship between DNA replication and expression of
Ki-67 protein is shown in Figure 6. Among the cells with a G,
DNA content there are 2 distinct cell subpopulations differing in
expression of Ki-67 that do not incorporate EdU. One is Ki-67
negative (a) the other strongly expresses the protein (b). The cells
initiating DNA replication at the G;/S transition have intermedi-
ate levels of Ki-67 expression (c). Interestingly, there is a striking
difference in the pattern of Ki-67 expression depending on its
measurement either as integral (Fig. 6B) or the mean maximal

pixel of fluorescence intensity (C). In the latter case the

intercellular variability in the level of Ki-67 expression is much
more pronounced and the distinction between the cells express-
ing this protein at high and low level is more apparent. The
punctate local distribution of the Ki-67 protein primarily within
nucleoli is responsible for the high intensity and wide distribu-
tion of the maximal pixel of Ki-67 immunofluorescence in these
bivariate scatterplots (Fig. 6C). The cells with high intensity of
Ki-67 maximal pixel were gated and their representative images
are shown. The G, cells on average had two or three Ki-67-posi-
tive nucleoli while G cells predominantly a single one.

There is an evident relationship between the degree of expres-
sion of Ki-67 and advancement of cells through S phase, with
much more than doubling in content of this protein in the cells
at the S/G, interphase compared to cells at G;/S transition
(Fig. 6). Similar as in case of cyclin A (Fig. 4) and PCNA
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Figure 6. Relationship between expression of Ki-67 protein and EdU incorporation. The cells were exposed to EdU for 60 min, and as in the prior figures
the cells incorporating the precursor are gated/colored red (A). Note marked a difference when Ki-67 fluorescence intensity is plotted as integral (B) com-
pared to that when shown as maximal pixel (C). The high intercellular variability and intensity of fluorescence of the Ki-67 maximal pixel plot (C) is due to
the punctuate localization of its strong fluorescence in nucleoli. The cells in G; and G, with high intensity of maximal pixel of Ki-67 were gated (marked
by oval dashed lines) and their representative images are shown on both sides of (C). Note the presence of 2 distinct G; cell subpopulations, Ki-67 nega-
tive (a) and positive (b+c). The cells initiating DNA replication have the intermediate level of Ki-67 expression (c). As in Figures 3 and 4 the mid-S phase
cells incorporating EdU cells were gated out (vertical dashed lines in A) and their EdU incorporation was plotted vs. Ki-67 expression to assess the degree
of correlation (r = 0.19) between these variables (E). This correlation was stronger when all DNA replicating cells were analyzed (r = 0.47). The DNA fre-
quency histogram of the cells is shown in (D).
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(Fig. 5) we have tested whether the intercellular variability in
EdU incorporation of the cells in mid-S phase is correlated with
Ki-67 expression. The regression analysis of this cell subpopula-
tion shows very weak positive correlation between these variables
(Fig. 6E; r = 0.19). However, as in the case of cyclin A
(Fig. 4D), the correlation is significantly stronger while assessed
for all cells incorporating EdU i.e., when including the cells
entering- and exiting- S phase during the EdU pulse (r = 0.47).

Discussion

Our studies here provide the first utilization of EdU labeling
and laser scanning cytometry to the parallel analysis of expression
of p12, p21 and Cdtl. The results show that the ability to corre-
late their levels in relation to the initiation and completion of
DNA replication provides a significant tool that allows examina-
tion of the early events occurring at the G;/S and S/G, phase
transitions on the cell by cell basis. This analysis extends informa-
tion obtained by the use of synchronized cells in which whole
populations of cells can be examined. It should be noted however
that cell synchronization induces undesirable effects such as
DNA damage response® as well as growth imbalance leading to
altered level of cyclin A and cyclin E®*” and thus can cause a
bias in estimates of content of various other proteins including
those associated with DNA replication.

It can be argued that in addition to DNA replication the rate
of EdU incorporation in individual cells may also be influenced
by its rate of penetration through plasma membrane as well by
equilibration and competition with the endogenous pool of dT
and thus may not reflect the replication rate. We have recently
observed, however, that EQU penetration through plasma mem-
brane and incorporation into DNA is very rapid as even as short
as 30 sec duration of A549 cells exposure to the precursor results
in the detectable level of its incorporation.®® Tt is very likely
therefore that the presently assessed level of EAU incorporation
primarily reflects DNA replication rate and is not affected by the
obstructed accessibility of the precursor to replication machinery.

The cytometric analysis indicate that p12 levels fall to levels
where near-complete degradation occurs, as indicated by the
boundaries set by immunofluorescence detection. The cytometric
analyses performed in these studies expand our previous investi-
gations using synchronized cells, where levels of p21 and 12 were
shown to be degraded during the S phase.'” In the latter studies
only partial degradation of p12 to levels of approximately 35%
of the Gy levels were observed by western blotting. This could be
due to the fact that complete cell synchronization was not achiev-
able, and also differences in the techniques, as noted above.

Nevertheless, our data indicate that the bulk of pl2 is
degraded, and is consistent with similar findings for p21 and
Cdtl, noting that all three proteins are degraded by the same
mechanisms. These findings provide compelling evidence that
Pol 83 plays a role in cellular DNA replication, and taken
together with our analyses of the properties of Pol 83 in a recon-
stituted Okazaki fragment processing system, provides strong evi-
dence for assigning a role for Pol 83 in lagging strand DNA
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synthesis as we have proposed.'®'” This implies an evolutionary
conservation of the lagging strand polymerase enzyme, since S.
cerevisiae Pol § also consists of the 3 cognate subunits™®” present
in Pol 83. This does not exclude the possibility that Pol 84 plays
complementary roles in either Okazaki fragment processing at
the lagging strand,'®'® or in synthesis at the leading strand which
requires a highly processive polymerase. We have recently found
that PDIP46, a Pol 8 and PCNA binding proteinm’71 signifi-
cantly affects the processivity of Pol 84 and could strengthen the
case for its having a function in leading strand synthesis (Wang
and Lee, in preparation). Here, it may be noted that our studies
only measure the nuclear pool of p12 (and of Pol 83), and do
not provide direct information on the species of Pol & at the rep-
lication fork. It has been estimated by quantitative protein gel
blotting of the catalytic subunits of Pol 8 and Pol € in HeLa cells
that there are ca. 40-100 molcules of each polymerase per origin,
so that there may indeed be sufficient Pol 84 that allow it to be
recruited for specific functions in replication. Studies of the
depletion of p12 have shown that it leads to genomic instabil-
ity,”"”? indicating that Pol 84 must also have a significant role in
DNA replication. The present studies provide significant sup-
porting evidence that remarkably, Pol 83 is the primary polymer-
ase involved in lagging strand synthesis, and further underscores
the importance of the regulation of p12 in the context of DNA
replication and cell cycle progression.

The cell cycle regulated control of p12 levels suggest that loss
of such control may lead to genomic instability, and may be of
clinical significance in cancer. As noted above, studies of the
expression of the POLD4 gene that encodes p12 in lung cancer
tissues showed that there was a reduced mRNA expression in
small cell lung cancer, as well as in non-small cell lung cancers
associated with poor prognosis.”> The loss of p12 implies
increased levels of Pol 83. Cellular studies showed that siRNA
depletion of p12 expression resulted in cell cycle defects, check-
point activation and DNA damage, as well as increased genomic
instability.”"”* More recently, it has also been shown that siRNA
depletion of p12 leads to cell cycle blockage at the G,/S transi-
tion, and induction of the Cdk inhibitors p21 and p27"'!
through suppression of the Akt-Skp2 pathway that regulate their
degradation.””> These considerations argue for future research
into the involvement of p12 in cancer tissues as a marker, and as
a potential nexus for generation of genomic instability. While no
clear mechanistic evidence is available at present, it can be argued
that the appropriate balance between Pol 84 and Pol 83 via the
regulation of p12 expression is crucial for genomic stability, and
it may be speculated that imbalances may lead to improper geno-
mic replication as well as alteration of cellular mechanisms for
checkpoint and/or cell cycle regulatory systems.

The present data demonstrate that the absence of p12 subunit
of DNA polymerase 8 is a distinct marker of DNA replication
(Fig. 1). These findings confirm our prior observations that this
subunit is degraded not only after induction of DNA damage”™'°
but also during unperturbed progression through the cell cycle,
in G, phase prior to entrance to S phase.'” Close analysis of the
cells that initiate DNA replication during the 30 or 60 min expo-
sure to EdU reveals that nearly all of them are p12 negative
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(Fig. 1). This observation is consistent with the notion that deg-
radation of this protein at the end of G; phase precedes and
appears to be a prerequisite, or perhaps the trigger, for DNA
replication.

We observed similar results for p21 and Cdtl as for p12. This
is in support of the molecular mechanisms involving degradation
of Cdtl and p21'®' as well as p12'7 by CRL4“““prior to S
phase of the cell cycle. CRL4“Y? recognizes a specific PIP-degron
and involves recognition of the PCNA-bound PIP-degron bound
to DNA." Our studies provide some additional insights, in that
we also were able to extract a temporal sequence where p21 is the
first to be completely degraded, to be followed later by Cdtl and
p12. While all three proteins possess an extended PIP-box, the
PIP-degron, and are considered to be high affinity ligands for
PCNA, this sequence is consistent with p21 likely having the
greatest affinity. In this case, temporal aspects of their degrada-
tion could be a stochastic process governed by their affinities for
PCNA. The affinity (K5 = 1.21 x 10) of the p21 PCNA bind-
ing peptide has been shown by isothermal titration colorimetry
to be approximately 200 fold greater than that of the PIP-box of
the p68 subunit of Pol 8.”% That of p12 has not been directly
measured, and is more complex in the sense that p12 is a compo-
nent of the Pol 84 enzyme, where the p125,”” and p68° subunits
also bind PCNA. The Kp, of Pol 84 for DNA is 34 nM which is
still 30-fold lower in comparison with the affinity of p21 for
PCNA."

The impressive affinity of p21 for PCNA also underscores its
potential for interfering with other PCNA binding proteins. For
example, for a protein with a 100 fold lower affinity for PCNA
than p21, it would mean that even if p21 levels were reduced to
1% of its starting levels, it would still compete equally well for
PCNA, all other things being equal. The insertion of p12 into
the stable of CRL4“ regulated substrates also provides a closer
connection between control of p21 and Cdtl and the initiation
of DNA synthesis, particularly since our current data confirm
that p12 disappearance and formation of Pol 83 is associated
with active DNA synthesis. Previously, we have noted'” that the
requirement of CRL4“‘? for PCNA bound to DNA'7>7¢
imposes a likelihood that it is a primed DNA that is involved,
based on the reasoning that RFC loading of PCNA is optimally
biased toward loading at the primer terminus.*®”” This would place
CRL4“Y? action closer to the point of formation of the DNA primer
by Pol a, consistent with the correlation of their disappearance and
the initiation of EdU incorporation that we observed.

In addition to p12, Cdtl and p21, the three proteins whose
absence provides the “negative” marker of the S phase, we com-
pared the positive markers cyclin A, PCNA and Ki-67, all of
them with the initiation of DNA replication. Consistent with
prior ﬁndingsﬂ’42 a strong relationship was observed between
expression of cyclin A and DNA replication when the appearance
of cyclin A and its rise at the early section of S phase was very
closely associated with initiation of DNA replication (Fig. 4).
Also a close association was observed between expression of
PCNA or Ki-67 and beginning of DNA synthesis (Figs. 5, 6).

The pattern of Ki-67 expression vis-a-vis DNA replication is
quite unique as it reveals striking heterogeneity of the G
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subpopulation and the presence of three subgroups of the G cells
along the Ki-67 coordinate, one Ki-67 negative, the second
strongly positive but not initiating DNA replication, and the
third one, intermediate in terms of expression of Ki-67 from
which the cells initiate to incorporate EdU, marked respectively
(a), (b) and (c) (Fig. 6B) This subdivision of Gy cells based on
different expression of Ki-67 resembles their classification onto
Giq Gia and Gy compartments based on content of cellular
RNA (rRNA) and defined as quiescent (G;q), temporarily non-
cycling (in the growth phase, prior to the “restriction point”)
(G1a) and cells that passed the restriction point and are undergo-
ing transition to S (Gp).>>% In analogy to the RNA content as a
marker of these subpopulations, it is likely that (i) the Ki-67 neg-
ative cells represent the cells temporarily withdrawn from the
cycle (Gq-like cells), (ii) the Ki-67 positive/EdU negative cells
are in the growth phase (equivalent of G;, cells while (iii) the
cells entering S phase are analogous to the Gp cells, which after
accumulation of the threshold amount of rRNA or growth to the
threshold size initiate DNA replication.’®>” Interestingly, there
is a similarity in the subdivision of G to the above compartments
with the subdivision of G; based on binding of Mcm6 and
PCNA, which also is delineating the presence of the restriction
point.”®

We have also assessed a correlation between the level of
expression of cyclin A, PCNA and Ki-67 and the rate of EdU
incorporation, considering that the latter may reflect a rate of
DNA replication in individual cells. In the case of cyclin A, when
the analysis was limited to mid-S phase cells, the correlation was
rather weak (r = 0.26) but when all DNA replicating cells were
analyzed this correlation was stronger (r = 0.47). In analogy to
cyclin A weak correlation was seen between EdU incorporation
and Ki-67 expression for the mid-S phase cells (r = 0.19). These
variables correlated much stronger when estimated for all cells,
including the ones that were initiating DNA replication (r =
0.47). This indicates that correlation between DNA replication
and cyclin A as well Ki-67 content is greater for the cells initiat-
ing replication than for the cells that are already in the mid-S
phase of the cycle. In contrast to cyclin A and Ki-67, however the
correlation between incorporation of EdU and expression of
PCNA was much stronger for the mid-S phase cells as well as for
all EdU incorporating cells (r = 0.72; r = 0.73; respectively).
This observation is not unexpected in light of evidence of the
direct involvement of PCNA in conjunction with Pol 8 in DNA
replication.”” Tt should be mentioned that our estimates of
PCNA by the laser scanning cytometry, while based on quantifi-
cation of immunofluorescence intensity via contouring the cell
nucleus, do not distinguish between the chromatin-bound and
unbound nuclear PCNA.”*39%% [t is quite likely that the rela-
tionship between DNA replication and the content of chroma-
tin-bound PCNA fraction is even stronger compared to its total
nuclear content as presently measured.

The methodology presented above utilizing imaging cytome-
try made it possible to compare the kinetics and assess relative
sequence of a loss and re-appearance of p21 versus cdtl vs. p12,
vis-a-vis initiation and completion of DNA replication at the G,/
S and S/G, transitions, respectively. It also was possible to assess
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direct association between the expression of positive DNA repli-
cation markers cyclin A, PCNA or Ki-67 and actual DNA repli-
cation, within the same cells. Experiments are underway in our
laboratories to use this approach toward expanding the studies to
compare kinetics and respective sequence of a loss/ reappearance
of other critical proteins controlling the G; restriction/check-
point.**® Among the studied proteins are CDK inhibitors p15,
p16, p27*'"! and p57 as well other factors such as the DNA rep-
lication licensing factor Mcm6 protein, known to be also in a
control of the G,/S transition.®®

Materials and Methods

Cells, cell treatment

A549 cells, obtained from American Type Culture Collection
(ATCC; Manassas, VA), were grown in Ham’s F-12K Nutrient
Mixture (Mediatech, Inc.) supplemented with 10% fetal bovine
serum, 100 units/ml penicillin, 100 pg/ml streptomycin and
2 mM L-glutamine (GIBCO/BRL) in 25 ml FALCON flasks
(Becton Dickinson Co.) at 37.5°C in an atmosphere of 95% air
and 5% CO,. The cells were maintained in an exponential and
asynchronous phase of growth by repeated trypsinization and
reseeding prior to reaching sub-confluency. The cells were then
trypsinized and seeded at about 5x10% cells per chamber in 2-
chambered Falcon CultureSlides (Beckton Dickinson). Twenty
4 hours after seeding the cultures were treated with 20 pM EdU
(Invitrogen/Molecular Probes) for the indicated times. Subse-
quently the cells were fixed by transferring slides into Coplin jars
containing 1% methanol-free formaldehyde (Polysciences) in
PBS for 15 min on ice, then rinsed with PBS and stored in 70%
ethanol at —20°C for up to several days.

Fluorochrome cell labeling

The fixed cells were then washed twice in PBS and treated on
slides with 0.1% Triton X-100 (Sigma) in PBS for 15 min, and
then in a 1% (w/v) solution of bovine serum albumin (BSA;
Sigma) in PBS for 30 min to suppress nonspecific antibody (Ab)
binding. The cells were then incubated in 100 pl volume of 1%
BSA containing 1:100 dilution of p21 rabbit polyclonal Ab
(Santa Cruz Biotechnology), or cyclin A mouse monoclonal anti-
body (mAb) (Abcam), or Ki-67 rabbit polyclonal Ab (Abcam),
or 1:100 dilution of p12 rabbit polyclonal Ab (described in”) or
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