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ABSTRACT

The B-subunits of replicative DNA polymerases from
Archaea to humans belong to the same protein
family, suggesting that they share a common funda-
mental function. We report here the gene structure
for the B-subunit of human DNA polymerase
¢ (POLE2), whose expression and transcriptional
regulation is typical for replication proteins with
some unique features. The 75 bp core promoter
region, located within exon 1, contains an Sp1
element that is a critical determinant of promoter
activity as shown by the luciferase reporter, electro-
phoretic mobility shift and DNase | footprinting
assays. Two overlapping E2F elements adjacent to
the Sp1 element are essential for full promoter
activity and serum response. Binding sites for E2F1
and NF-1 reside immediately downstream from the
core promoter region. Our results suggest that
human POLE2 is regulated by two E2F-pocket
protein complexes, one associated with Sp1 and the
other with NF-1. So far, only one replicative DNA
polymerase B-subunit gene promoter, POLAZ2
encoding the B-subunit of DNA polymerase o, has
been characterized. Mitogenic activation of the
POLE2 promoter by an E2F-mediated mechanism
resembles that of POLA2, but the regulation of basal
promoter activity is different between these two
genes.

INTRODUCTION

The replicative DNA polymerases (pols) o,  and € (reviewed
in 1-3) are central components in DNA replication, repair,
recombination and cell cycle control. They are multisubunit
enzymes that are up-regulated by mitogenic activators. So far,
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research on replicative polymerases has focused mainly on the
catalytic A-subunits, while the function and regulation of the
others, such as the B-subunits, has remained obscure.

In the yeasts Saccharomyces cerevisiae and Schizosaccharo-
myces pombe, genes for the B-subunits of pols o, & and € are
essential for viability, and temperature-sensitive mutants show
defects in replication initiation/elongation (4-6). The 68 kDa
B-subunit of mammalian pol o is a substrate for cyclin-
dependent kinases in vitro and in vivo and phosphorylation of
this subunit is involved in regulation of primase activity (7).
The B-subunits of replicative polymerases from Archaea to
humans form a protein superfamily, as revealed by their
conserved primary structural elements (8). The obvious
common fold predicts a common function that makes B-subunits
challenging subjects for research.

Expression of genes for the A-subunits of mammalian pols
o, & and € depends on cell proliferation, showing elevated
steady-state mRNA levels upon entry into S phase when
serum-deprived cells are induced to proliferate (9—11). Similar
proliferation dependence has been reported for expression of
the 68 kDa B-subunit as well as for the 55 and 48 kDa primase
subunits of pol a (12). In cycling cells, the fluctuation of
mRNA levels is moderate, being highest at the G,/S boundary,
and this probably reflects adaptation to global transcriptional
control rather than an acute need for de novo synthesis of
protein.

Promoters of genes for catalytic A-subunits of mammalian
replicative polymerases as well as the known B-subunit
promoters are TATA-less and contain several transcription
factor binding elements such as Sp1, CCAAT and E2F (13-19).
Several other mitogen-regulated genes that are associated with
DNA replication have TATA-less G+C-rich promoters with
binding sites for Spl and E2F. Genes for nucleotide synthesis
(dihydrofolate reductase, thymidine kinase and thymidylate
synthetase) and for cell cycle regulation (CDC25A, cyclin D1,
cyclin E, cyclin A, CDC6 and ORC1) provide good examples
of this (20-30).
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Spl belongs to the Sp(1-4) family of transcription factors
that bind to the consensus element 5’-GGGCGG-3’ and often
act as critical determinants for promoter activity and initiation
of transcription in TATA-less promoters (31). Spl interacts
with histone deacetylase 1 (HDACT1), but this interaction can
be abolished by overexpression of E2F1 (32). E2Fs (reviewed
in 33) are heterodimeric transcription factors consisting of
E2F(1-6) and DP(1-3) subunits. They bind the consensus
sequence 5-TTT(G/C)(G/C)CGC-3" and several variant
sequences (34-36). Cell cycle-specific transactivation by E2F
and/or repression by E2F—pocket protein (pRb, p107 and p130)
complexes are utilized in the regulation of almost all genes
involved in DNA replication in animal cells (33). Overexpres-
sion of E2F1-3 up-regulates several replication/cell cycle
proteins and can drive quiescent fibroblasts into the cell cycle
(37). At least in the mouse dihydrofolate reductase (DHFR)
promoter, E2F1-mediated activation is based on the recruitment
of CREB-binding protein (CBP), which acetylates histones
and enables the loading of RNA polymerase II and other basal
transcription factors (38). The CBP interaction can be
prevented by pocket proteins that bind the same C-terminal
region of E2Fs. E2F1-3 are known to interact primarily with
pRb, E2F4 associates mainly with pl07 and p130, whereas
E2F5 is found mostly complexed with p130 (39,40). The
binding of pocket proteins not only prevents E2F transactiva-
tion, but also leads to a repressed state by HDACI recruitment
“n.

Interestingly, transcription factors Sp1 and E2F1 are synergistic
in activation of the dihydrofolate reductase (42) and thymidine
kinase genes (43,44) and have a cooperative repressive role in
regulation of the cyclin D1 promoter (45). Spl and E2F1 also
physically interact to form an activated complex in a cell cycle-
dependent manner (43).

We cloned the gene for the human pol € B-subunit (POLE?2)
and studied the regulation of its expression in cells induced to
proliferate. We show that mitogenic activation of the POLE?2
promoter is reminiscent of other proliferation-related genes,
while regulation of the basal promoter activity is unique.
Furthermore, we present a model for the roles of Spl, NF-1,
E2F and pocket proteins in these regulatory processes.

MATERIALS AND METHODS

Cell lines and cultivation

HeLa S3 cells (ATCC CCL2.2) were cultivated in suspension
as ‘spinner cells’ in Joklik’s modification of minimal essential
medium (Flow Laboratories) supplemented with sodium
bicarbonate and 5% calf serum. Attached HeLa cells (ATCC
CCL2) and NIH 3T3 cells (ATCC CRL 1658) were cultured in
Dulbecco’s modified Eagle’s medium (Gibco BRL) supple-
mented with 10% fetal bovine serum. IMR-90 cells (ATCC
CCL 186) were cultivated as monolayers in minimal essential
medium (Gibco BRL) supplemented with Earle’s salts and
non-essential amino acids. All media contained 2 mM
glutamax-I, 100 U/ml penicillin and 100 pg/ml streptomycin.

Ribonuclease protection assay

Total RNA was isolated from cultivated cells with TRIzol LS
reagent (Gibco BRL). For the ribonuclease protection assay,
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10 ug total RNA was hybridized and the assay was performed
with a RPA III RNase Protection Assay Kit (Ambion). cDNA
templates for the human pol € catalytic A-subunit, cytoplasmic
B-actin and histone H3 were used to prepare antisense RNA
probes for RNase protection assays as described (11). The
template for the human pol € B-subunit was a 213 bp fragment,
representing nucleotides 606-819 of the cDNA (GenBank
accession no. AF036899).

Determination of the exon—intron organization

The human BAC clone BACH-247, which contains the
POLE? gene, was identified by PCR screening from a human
BAC library (BAC-5331; Genome Systems) and used to deter-
mine the organization of the gene. Exon—intron boundaries
were sequenced directly from the BAC clone and the sizes of
the introns were determined by sequencing, PCR amplification
and/or restriction mapping. DNA sequencing was performed
by automated sequencing using a BigDye Terminator Cycle
Sequencing Ready Reaction Kit (PE Applied Biosystems). For
restriction mapping of the BAC clone, the insert was first
released by digestion with Nofl, resulting in a 145 kb
5’-terminal fragment and a 23 kb 3’-terminal fragment. The
inserts were subsequently digested both partially and
completely with restriction enzymes. The digested samples
were separated in a 1.0% agarose gel by pulsed field gel elec-
trophoresis using the CHEF Mapper XA system (Bio-Rad).
After electrophoresis, the DNA was transferred to a Hybond-N
nylon membrane (Amersham) and hybridized with 32P-labeled
probes (200-260 bp) derived from the vector sequence
flanking either the 5’- or 3’-terminus of the insert.

Identification of the transcription initiation site

The transcription initiation sites of the gene were identified by
primer extension analysis. The primer was end-labeled with
32P using T4 polynucleotide kinase (Pharmacia) and annealed
to HeLa S3 mRNA for 2 h at 65°C. Primer extension was
performed at 42°C for 30 min and then at 52°C for another
30 min using the AMV Reverse Transcriptase Primer Exten-
sion System (Promega). The transcription initiation sites were
determined by comparison of the extension products to a
sequence ladder. The transcription initiation sites were verified
by RT-PCR analysis using an antisense primer for first strand
cDNA synthesis. The cDNA was then used as a template for
PCR amplification. The amplified products were subcloned
and sequenced.

Serum starvation of cells

For studying the dependence of the steady-state mRNA levels
on the proliferative state of cells, a serum starvation assay was
performed with IMR-90 cells at 14 doubling passages as
described (11). For determination of promoter activity in
serum-starved and growth-induced cells, 3 x 105 NIH 3T3 cells
were cultivated for 20 h on 28 c¢m? plates, transfected with
selected promoter constructs and allowed to grow overnight.
The cells were then starved for 70 h in medium containing only
0.5% fetal bovine serum and re-stimulated to proliferate by
elevating the serum concentration to 15%. DNA synthesis in
the cells was monitored by incorporation of [*H]thymidine in
parallel cell cultures on 8.7 cm? plates (11).
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Cell synchronization and counterflow centrifugal
elutriation

Synchronization of cells by nocodazole and double thymidine
block and measurement of the respective DNA syntheses in
cells were performed as described previously (11). Log phase
HeLa S3 cells were fractionated by counterflow centrifugal
elutriation in a Beckman JE-5.0 elutriator rotor with constant
rotor speed and increasing flow rate. Aliquots of 1.0 x 10° cells
were stained with propidium iodide (46) and analyzed by flow
cytometry (Becton Dickinson). The distribution of cells into
different stages of the cell cycle was estimated using the
rectangular method (47).

Deletion/site-mutated constructs, transfection and
promoter activity

An ~1.1 kb genomic fragment, including the 5’-flanking
sequence and exon 1, was first subcloned into a pGL3-Basic
luciferase reporter vector (Promega) which was double-
digested with Xhol and HindlIII. The construct was then used as
a template for PCR amplification to produce a series of dele-
tion constructs. Site-mutated constructs were derived from the
corresponding deletion constructs by introducing mutated
nucleotides with a PCR-based method.

Construct DNAs were purified with a Qiagen plasmid purifi-
cation kit for transfection assays, which were performed using
the FuGENE 6 transfection reagent (Boehringer Mannheim).
The deletion/site-mutated constructs (2.0 (Lg) were transfected
onto 28 cm? plates of logarithmically growing HeLa CCL2
cells. A pSV-B-galactosidase vector (Promega) (0.5 [1g) was
included as an internal control in each transfection. The cells
were harvested 30 h after transfection and the cell extracts
were then prepared for determination of the luciferase and
B-galactosidase activities using reporter assay systems
(Boehringer Mannheim). The luciferase activity was normalized
to the B-galactosidase activity.

Electrophoretic mobility shift assay (EMSA)

EMSA was performed with nuclear extracts and 32P-end-
labeled restriction fragment probes (Fig. 7A). Nuclear extracts
from asynchronous/synchronized HeLa S3 cells were prepared
as described (48). IMR-90 fibroblasts were synchronized by
serum starvation and re-stimulation as described above. The
late G,-specific nuclear extract was prepared at 15 h after the
addition of serum just before the start of DNA synthesis. A
20 ul binding reaction for EMSA contained 3 pg nuclear
extract, 10 mM Tris—HCI, pH 7.5, 50 mM NaCl, 5 mM MgCl,,
0.5 mM DTT, 4% glycerol and 0.5 pg poly(dI-dC)-poly(dI-dC)
as a non-specific DNA. The reaction mixtures were incubated
for 5 min at room temperature before addition of the probe
(0.65 ng). The mixtures were then incubated for an additional
30 min and stopped by addition of 10x loading buffer (250 mM
Tris—HCI, pH 7.5, 0.2% BPB, 40% glycerol). For competition
experiments, unlabeled double-stranded oligonucleotide
competitors were added 15 min before addition of the probe.
Prior to use the competitors were annealed in an annealing
buffer (20 mM Tris—HCI, pH 7.5, 5 mM MgCl,, 0.1 mM DTT,
0.01 mM EDTA) for 10 min at 70°C and then left at room
temperature for an additional 30 min. Antibodies (Santa Cruz)
used in the supershift assays were E2F1 (C-20), E2F2 (C-20),
E2F3 (N-20), E2F4 (C-20), E2F5 (E-19), NF-1 (N-20), p107

(SD9), p130 (C-20), pRb (C-15) and Spl (1C6). Antibody
(0.5-2.0 ug) was added to the reaction mixture after the probe
and incubated for 2 h at 4°C. The samples were finally resolved
in a 4% polyacrylamide gel in 0.25x TBE buffer.

DNase I footprinting assay

DNase I footprinting analysis was performed using a Sure-
Track Footprinting Kit (Amersham Pharmacia Biotech). The
promoter DNA containing nucleotides +101 to +254, along
with a short 3’- or 5’-flanking vector sequence, was isolated
from B6 by digestion with Xhol/Ncol or Mlul/HindIll, respec-
tively. These two substrate DNAs were treated with calf intes-
tinal alkaline phosphatase, gel purified and labeled at the
5’-end by T4 polynucleotide kinase. The vector sequences of
the end-labeled DNAs were removed by treatment with
HindIll or Xhol, respectively. The resulting DNA fragments
labeled only at one end were purified on a 5% polyacrylamide
gel in TBE buffer. The purified probes (20 000 c.p.m.) were
incubated with 10 pg nuclear extract from asynchronous HeLa
S3 cells or with BSA solution. All binding reactions contained
poly(dI-dC)-poly(dI-dC) as non-specific competitor. Unlabeled
probe was used for specific competition as indicated in Figure
8. Digestion with DNase I (2—4 U for nuclear extract and 1 U
for BSA-containing reactions) was performed according to the
instructions with the kit.

RESULTS

The transcription initiation sites and genomic organization
of human POLE?2

Primer extension analysis revealed multiple transcription initia-
tion sites of POLE?2 (Fig. 1). Initiation sites were also mapped
by RT-PCR analysis. Products could be amplified only with
sense primers from the putative exon 1 representing the region
expected to be transcribed, but not with a sense primer from the
region predicted to be a 5’-flanking, non-transcribed region
(data not shown). The results are consistent with those
obtained by primer extension analysis and exclude the possi-
bility of additional introns upstream. However, the presence of
an additional initiation site(s) further downstream cannot be
ruled out. Since the multiple initiation sites and/or alternative
splicing could result in numerous forms of mRNA, northern
analysis was performed. Only ~1.8 kb mRNA was detected
(data not shown). This size is in agreement with the combined
length of the exons, suggesting that alternatively spliced forms
differing significantly in size do not exist. A consensus
sequence GCTCC (C/G) of a recently described multiple start
site element downstream (MED-1) is located downstream of
the mapped transcription initiation sites (Fig. 1). This element
is common in TATA-less promoters with multiple transcrip-
tion initiation sites (49).

A human BAC clone was used to determine genomic organ-
ization. The gene is divided into 19 exons and 18 introns span-
ning at least 37 kb. All the intron—exon junctions match well
with the reported consensus sequence (GT/AG) with the
exception of intron 8, which belongs to a rare Ul2 class of
introns with AT-AC at their termini. These introns contain
divergent, but highly conserved, splicing signal sequences
when compared to those of the common GT-AG introns. The
Ul12 type introns also contain a well-conserved branch site,
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Figure 1. Nucleotide sequence and putative regulatory elements of the pro-
moter region of POLE2. The putative binding elements for the transcription
factors were identified using the MatInspector V2.2 program (64) in conjunc-
tion with the Transfac Matrix Table V3.3 database except for the variant E2F
elements (a) and (d) that were not identified by MatInspector V2.2 (35,36).
Locations of all elements are underlined, the elements on the complementary
strand indicated by italics and the elements that were studied by bold letters.
The transcription initiation sites were determined by primer extension and RT—
PCR and are indicated by arrowheads in the figure. The translation start site
(ATG) is boxed. The intron sequence is shown in lower case. The multiple start
site element downstream (MED-1) is indicated by a dashed line.

whose consensus sequence (caaCtTTAATCT) is present in
intron 8 of POLE2. The Ul2-dependent pre-mRNA splicing
machinery has been described in cells from mammals and
other higher organisms (50). The sizes of exons of POLE2
range from 49 to 245 bp and introns from 87 bp to 5.3 kb. The
5’-flanking region and exon 1 are very G+C rich. This region is
covered by a 1034 bp CpG island (data not shown) and it lacks
a consensus TATA box upstream of the transcription initiation
sites. More than 15 potential consensus binding elements for
several transcription factors, including Spl, E2F and NF-1,
were identified in the 5’-flanking region and in exon 1 (Fig. 1).

The proliferation dependence of expression of human
POLE2

Proliferation dependence of the expression of POLE2 was
studied by analyzing steady-state mRNA levels when serum-
deprived (quiescent) cells were returned to the cycle by the
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Figure 2. Expression of POLE2 is proliferation dependent. Steady-state
mRNA levels of POLE2 were measured by the RNase protection assay.
IMR-90 fibroblasts in a quiescent state induced by serum deprivation were
stimulated to re-enter the cell cycle by addition of serum. Total RNA samples
were isolated for RNase protection assay at the times indicated. The level of
DNA synthesis in vivo was determined in parallel cultures for each time point.
The mRNA levels for POLEI, B-actin and histone H3 were studied as controls.

addition of serum. The level of POLE2 message started to
increase at 10 h and reached its 4.8-fold maximum level 22 h
after addition of serum. This expression profile is similar to the
profile of the pol € catalytic A-subunit (POLEI) mRNA (11)
and precedes histone H3 mRNA expression (51) and DNA
synthesis (Fig. 2). A similar dependence on cell proliferation
has been reported for mouse POLA2, which encodes the
68 kDa B-subunit of DNA pol . (12).

Expression of POLE?2 during the cell cycle was studied by
measuring the mRNA level in cells synchronized with chem-
icals or fractionated by counterflow centrifugal elutriation.
When IMR-90 cells synchronized to S phase by a double
thymidine block were released, DNA synthesis resumed and
peaked at 4 h. At 15 h the cells started to enter S phase again
and DNA synthesis peaked again around 20 h. During this
time, the steady-state mRNA levels of POLE?2 varied only a
little, being highest during DNA synthesis (Fig. 3A). In a
similar manner, nocodazole-synchronized (Fig. 3B) and elutri-
ated HeLa S3 cells (Fig. 3C) showed only minor variation in
the level of the mRNA during the cycle. In both cases the
mRNA levels fluctuated <2-fold, with the highest levels in late
G, and early S phase (Fig. 3B and C).

Taken together, these results indicate that expression of
POLE? is growth dependent and induced at the G,/S boundary
when serum-deprived cells enter the cell cycle, while in
cycling cells, the gene is almost constitutively expressed with
only minor induction at the G,/S boundary. Expression profiles
from these studies are similar to those of POLEI (11).

Determination of the human POLE?2 core promoter region

To determine the core promoter region of POLE?2, a series of
deletion constructs within the putative promoter region from
nucleotides —858 to +254 were created using the pGL3-Basic
luciferase reporter plasmid. The promoter activity of each
construct was then evaluated by luciferase assay of cell
extracts from transfected HeLa cells (Fig. 4). The longest
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Figure 3. Expression of POLE2 shows only minor fluctuations during the cell cycle. (A) Steady-state mRNA levels of POLE2 from IMR-90 cells synchronized
by the double thymidine block method. Cells arrested by double thymidine block were released by removing the thymidine and RNA samples were isolated at the
time points shown. The mRNA levels of POLEI, B-actin and histone H3 were studied as controls. DNA synthesis activity in vivo was determined in parallel cul-
tures from each time point. (B) Steady-state mRNA levels of POLE?2 from HeLa S3 cells synchronized with nocodazole. Cells grown in suspension were arrested
with nocodazole and released by removing the nocodazole. The DNA synthesis activity in vivo at the time points shown was determined and presented as described
above. (C) Steady-state mRNA levels of POLE2 from HeLa S3 cells fractionated by counterflow centrifugal elutriation. Cell cycle distribution of the fractions was
analyzed by flow cytometry. RNA samples from each fraction were analyzed by RNase protection assay.

construct containing nucleotides —858 to +254 (B1) and the
construct containing nucleotides —360 to +254 (B2) showed
equally high promoter activities. Further 5 deletion (constructs
B3-B6) increased the promoter activity from 149 (B3) up to
238% (B6). In the latter construct, the 5’-terminus was deleted
to nucleotide +101. The results suggest that the region between
nucleotides —858 and —360 is not important for promoter
activity and that the region between nucleotides —360 and +101
contains a down-regulation element(s). Further 5’ deletion to
position +146 (B7) or +173 (B8) almost completely abolished
promoter activity. A putative Sp1 element located at nucleotides
+140 to +152 (Fig. 1) was disrupted in those constructs,
suggesting that it is required for promoter activity. On the other
hand, a 3’ deletion of construct B4 to nucleotide +175 (B9)
increased promoter activity from 129 to 227%, suggesting that
at least one down-regulation element is present between
nucleotides +175 and +254. Two putative E2F elements and a
putative NF-1 element are located in this region (Fig. 1).
Further 3’ deletion of B4 to nucleotide +152 (B10) reduced
promoter activity to 81%. This deletion removed three more
putative transcription factor-binding elements, two E2F
elements and an NF-1 element. Further 3’ deletion to nucleotide
+126 (B11) abolished promoter activity. This construct lacks
the putative Spl element. The deletion analysis performed
suggests that the core promoter region is between nucleotides
+101 and +175. Consequently, a deletion construct (B12)
containing this region was prepared. The promoter activity of
this construct was as high as 171%, indicating that the core
promoter was, indeed, in the predicted region. This region
contains a putative Spl element, two putative E2F elements
and a putative NF-1 element. These could thereby be critical
cis-acting elements for regulation of POLE?2. Surprisingly, the
inverted construct B4reverse showed 667% promoter activity

when compared to that of B1 (Fig. 4), suggesting bidirection-
ality of the POLE2 promoter. There are several examples of
reverse oriented genes which have overlapping promoters,
such as BRCA1/NBR2, DHFR/REP3 and RanBP 1/Htf9c (52-54).
The significance of the reverse promoter remains to be
explored.

Roles of cis-acting elements in promoter activity

Since putative Sp1 and E2F/NF-1 elements seemed to be critical
for regulation of POLE?2, co-transfection with a Sp1 expression
plasmid and element mutation assays were performed. In the
co-transfection assay, several deletion constructs were co-
transfected into HeLa cells either with a human Sp1 expression
plasmid or with the corresponding control vector. Co-transfection
with a Spl plasmid induced the promoter activity of all
constructs examined from 1.8- (B10) to 3.6-fold (B1) (Fig. 5A).
These included the construct B12, which contains only the core
promoter region. The results strongly suggest that Spl
regulates POLE? through the Sp1 element of the core promoter
region. Indeed, two nucleotide mutations in the putative Spl
element of constructs B1 and B9 reduced the promoter activities
to 9 and 6%, respectively (Fig. 5B), confirming that the Spl
element in the core promoter region is a critical determinant for
POLE2 regulation. Point mutations in the E2F/NF-1
element(s) of B9 had a less severe effect, the promoter activity
decreasing to 52-78% (Fig. 5B). Finally, mutations in both the
Spl and E2F(b) elements completely abolished the promoter
activity (<3%). These results indicate that in addition to Spl,
an E2F/NF-1 element(s) is also required for full promoter
activity.

To study whether growth regulation of POLE2 mRNA levels
is dependent on the promoter region studied, constructs B1 and
B12 were transfected into NIH 3T3 cells that were then
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Figure 4. The deletion constructs of the putative POLE?2 promoter region and their relative promoter activities in asynchronous HeLa cells. A series of deletion
constructs fused to the pGL3-Basic luciferase reporter plasmid were analyzed by transient transfection of cycling HeLa CCL2 cells. Luciferase activity was nor-
malized to B-galactosidase activity. The promoter activity of construct B1 containing the longest promoter insert is taken to be 100%. Values are the means of at
least five independent experiments, each run in duplicate. The transcriptional orientation is indicated by an arrow on each construct. The Basic and Control vectors
were used as negative and positive controls, respectively. The transcription initiation sites (arrowheads) and elements studied are indicated on the promoter

sequence (Fig. 1).

growth-arrested by serum deprivation and re-stimulated into
the cell cycle by serum. The stimulated cells were harvested
for luciferase assays at various time points after serum
addition. The promoter activities from the two constructs both
began to rise at 6 h and peaked at 14 h after a 4- to 5-fold
increase, similar to that found at the onset of DNA synthesis
(Fig. 6A). These results indicate that promoter activity is
induced at the G,/S boundary, like synthesis of the mRNA
(Fig. 2), and that the mitogenic response is transcriptionally
regulated and mediated by a cis-acting element(s) within the
core promoter region.

We then studied whether mutations in the E2F/NF-1
element(s) affected mitogenic regulation of the promoter.
Indeed, mutations in both the E2F elements (E2F and E2F/NF-1
constructs) significantly diminished the serum-induced
increase in promoter activity at the G,/S phase, being 14 and
26%, respectively, relative to the increase in the wild-type
control B9 (Fig. 6B). The reduced response to serum is caused
by an increase in promoter activity in serum-deprived cells
rather than by a decrease in promoter activity in serum-induced
cells. In serum-deprived cells, B9-E2F(a)-2nt and BO9-
E2F(b)-2nt showed 3.7- and 3.4-fold promoter activity, respec-
tively, compared to that of the B9 control. These results
strongly suggest that the element(s) E2F(a/b)/NF-1(a) is
required for full serum response and that this is most likely due
to alleviation of G-specific repression.

Multiprotein complexes are involved in transcriptional
regulation of human POLE2

To identify the transcription factors binding to the core
promoter (cp) and the putative silencer region immediately

downstream from the core promoter (hereafter downstream
region or dr) an EMSA was employed. Overlapping E2F
elements (a and b) as well as a putative NF-1 binding site
(a) are located in the core promoter and are collectively called
core promoter E2F/NF-1 elements. Similarly, E2F elements
(c and d) and a NF-1 binding site (b) overlapping with E2F(d)
are collectively called downstream region E2F/NF-1 elements
(Fig. 7A). The probes covering nucleotides +101 to +175
(Fig. 7A, short probe) and nucleotides +101 to +254 (Fig. 7A,
long probe) were used for these studies. Incubation of the long
probe with the nuclear extract prepared from asynchronous
HeLa cells led to formation of several DNA—protein complexes
(Fig. 7B). The identities of these complexes were studied using
a molar excess of wild-type or mutated unlabeled competitor
oligonucleotides (Fig. 7A) and specific antibodies. The
competition with wild-type oligonucleotides revealed two
independent protein complexes, one binding to the core
promoter and the other to a downstream region (Fig. 7B).
Consistent results were obtained by DNase I footprinting
analysis that showed protection of the core promoter Spl
element and downstream region E2F/NF-1 element in both the
sense and antisense strands, as well as protection of the core
promoter E2F elements in the antisense strand (Fig. 8).
Anti-Sp1 antibody caused a supershift of the core promoter
complex (Fig. 7C), confirming the presence of Sp1. Consistently,
the oligonucleotide containing a mutated Spl element, either
alone or together with a mutated E2F(b) element, was unable to
compete in formation of the core promoter complex (Fig. 7B).
Oligonucleotides missing the Spl element (Fig. 7A, oligo-
nucleotides C5-C9) did not reveal any binding of a protein to
the core promoter E2F/NF-1 element (Fig. 7B and data not
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Figure 5. cis elements critical for POLE2 promoter activity. (A) Co-transfection assay with Spl expression vector. Each deletion construct (2.0 ug) was co-
transfected into cycling HeLa CCL2 cells on 28 cm? dishes with either the human Sp1 expression vector plasmid (pEVR2/Sp1, 0.5 pg) or a control expression
vector missing the Spl ¢cDNA insert (pEVR2/0, 0.5 pg). The cell extracts were prepared to measure luciferase activity 30 h after transfection. Activation of the
different deletion constructs by Spl was evaluated by comparing relative luciferase activity in the presence of pPEVR2/Sp1, which expresses Sp1, to those obtained
in the presence of pEVR2/0, which does not. Values are the means of four independent experiments, each run in duplicate. (B) Site mutation analysis. Promoter
activities of the site-mutated constructs were analyzed by transient transfection of cycling HeLa CCL2 cells. Luciferase activity was normalized to B-galactosidase
activity. Values are the means of five independent experiments, each run in duplicate. The sequence and the elements studied in the site-mutated region of the
constructs are shown on the left. The mutated nucleotides are indicated by bold lower case letters.

shown). However, binding of E2F and pocket protein to the
core promoter is obvious, because the E2F(b) mutation
abolished the serum response (Fig. 6B) and anti-E2F2,
anti-E2F4 and anti-p107 antibodies caused supershifts of the
core promoter complex (Fig. 7C). Furthermore, the oligo-
nucleotide with an Sp1 element but without the core promoter
E2F/NF-1 element (Fig. 7A, C4) could not completely prevent
formation of the core promoter complex as studied by EMSA
(data not shown). Most likely this E2F—pocket protein binding
is dependent on Sp1, and will be discussed below.

Mitogenic activation of the promoter was examined more
closely from nuclear extracts of (i) logarithmically growing,
(ii) serum-deprived and (iii) serum re-stimulated IMR-90
fibroblasts by EMSA. Clearly, extracts from serum-deprived
(Gy) cells contained far fewer proteins that were able to
complex with the short probe containing the core promoter
than extracts from G, and asynchronous cells (Fig. 7D).
However, the p107 complex formed in the G, nuclear extract
was relatively more abundant than in extracts from asynchro-
nous or G, cells (Fig. 7D). We were unable to detect super-
shifts with antibodies against E2F2, E2F4 or any other E2F
species in fibroblast extracts, obviously due to the low abun-
dance of the supershifted complexes. We also detected no

binding of pRb or p130. Anti-Sp1 antibody caused a supershift
that was weakly detectable both in G, and G, extracts (data not
shown). Essentially similar results were obtained with the long
probe (Fig. 7A) containing the downstream region (data not
shown).

Next we asked what are the proteins in HeLa nuclear extract
that bind to the region downstream from the core promoter? As
shown in Figure 7B, a short oligonucleotide (Fig. 7A, C10)
containing a downstream E2F/NF-1 element competed as effi-
ciently as a longer oligonucleotide containing upstream
elements (Fig. 7A, C5) for formation of the downstream
complex. A mutation in the E2F(d)/NF-1(b) element
completely abolished competition, whereas a mutation in
E2F(c) had a minor effect. Specific antibodies against E2F1,
NF-1, pRb, pl07 and Spl caused supershifts of the down-
stream and core promoter complexes (Fig. 7C and data not
shown). Interestingly no supershifts by anti-E2F2 or anti-E2F4
antibodies were observed (data not shown).

To study whether promoter occupancy changes during the
cell cycle, oligonucleotide competition and antibody supershift
EMSA were employed with nuclear extracts from nocodazole-
synchronized HeLa cells and HeLa cells fractionated by
counterflow centrifugal elutriation. The competition with
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derived from construct B9, which was used as the control. The mutated
sequences are shown in Figure 5B. The promoter activity and DNA synthesis
in cells are presented as described above.

oligonucleotides representing the core promoter or downstream
region as well as supershifts with anti-Spl, anti-E2FI,
anti-p107 or anti-NF-1 remained unchanged throughout the
cell cycle (data not shown).

DISCUSSION

We have revealed the structure and organization of the gene for
the human DNA pol € B-subunit (POLE?2) and studied how its
expression is regulated through the promoter. The 5’-flanking
region and exon 1 are covered by a CpG island. The TATA-
less core promoter was mapped between nucleotides +101 and
+175 with a luciferase reporter assay using a series of deletion
constructs. Surprisingly, critical regulatory elements are
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located downstream from observed transcription initiation
sites. However, it cannot be excluded that there is a major
transcription initiation site downstream that is not revealed by
primer extension analysis due to the high G+C content.

The core promoter is necessary and sufficient both for full
promoter activity and for serum response and it contains
binding sites for transcription factors Spl, E2F and NF-1. The
structure of the promoter is reminiscent of promoters of the
replicative DNA polymerase catalytic A-subunit genes and the
mouse pol oo B-subunit gene, suggesting a regulatory mecha-
nism that is typical for genes encoding DNA replication
proteins. The gene for the pol o0 A-subunit is induced in late G,
and its promoter is TATA-less and contains binding sites for
Spl, Apl, Ap2, NF-1 and E2F (13). The promoters of genes
for the human pol & and pol € A-subunits contain Sp1 and E2F
binding sites and the genes are serum-responsive (16,17). The
mouse pol o B-subunit gene (POLA2) contains two E-boxes
and four E2F, four Sp1, an ATF, an Ap2 and a p53 binding site.
The E-boxes bind transcription factor USF and are essential for
constitutive promoter activity. The palindromic E2F site (—11/-3)
and an additional E2F site downstream from the transcription
initiation site (+9/+16) were essential for proliferation depend-
ence and the latter element bound E2F4 abundantly in vitro.
Overexpression of E2F1 activates POLA2 ~15-fold. Intact Spl
sites were not necessary for promoter activity (19).

The regulation of POLE? is apparently similar to the regula-
tion of genes for the DNA polymerase A-subunits. The central
roles of transcription factors Spl, E2F and NF-1 is supported
by the following observations: (i) the promoter activity is
dramatically reduced upon deletion/mutation of the Spl
element and induced by co-transfection with a vector
expressing Spl; (ii) the serum response is dependent on the
intact E2F(a/b) sequence; (iii) Spl, E2F2/4 and p107 bind to
the core promoter sequence and E2F1, pRb and NF-1 to the
downstream region; and (iv) the consensus binding sites of the
core promoter/downstream region are protected, as demon-
strated by footprinting analysis.

Based on our results we propose a model for the regulation
of POLE? (Fig. 9), where two E2F—pocket protein complexes,
a core promoter complex and a downstream complex repress
transcription in quiescent cells, possibly in synergy with Spl.
Dissociation of these complexes and/or substitution by other
members of the E2F and pocket protein families activates tran-
scription in response to a mitogenic stimulus. The fact that the
gel shifts observed remained unchanged and that formation of
the corresponding core promoter complexes in vitro increased
when serum-deprived cells were induced to proliferate makes
substitution more likely. Interestingly, when the core promoter
probe (nucleotides +101 to +175) was able to complex with
E2F2 and E2F4 in vitro, a longer probe containing nucleotides
from +101 to +254 was not. A simple explanation would be
that the downstream complex, containing E2F1 and/or NF-1,
masks the epitopes for anti-E2F2 and anti-E2F4 antibodies.
However, it is intriguing to speculate that the downstream
complex could modulate assembly of the core promoter
complex in vitro, reflecting its obvious down-regulation
property in vivo.

Abundant p107 complex in serum-deprived fibroblasts and
in cycling HeLa cells was unexpected, since p130, rather than
p107, has been reported to be the predominant pocket protein
in quiescent cells (55-57). Furthermore, the viral E7 oncoprotein
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strand POLE2 promoter DNA. (B) Analysis of the antisense strand POLE?2
promoter DNA.

that is present in HeLa cells has been reported to destabilize
E2F—pocket protein complexes (58). Recent studies that utilize
a chromatin immunoprecipitation assay have revealed that
pl107 can be bound to the promoter in G, cells and that the
promoter specificities between the different E2F and pocket
protein species vary in vivo (57,59). On the other hand,
although it is likely that p107 binds the core promoter through
E2F, most likely E2F4, direct binding to Spl cannot be
excluded (60). Whether p107 has a major role in maintenance
of the repressed state of POLE?2 in quiescent cells remains to
be explored.

The organization and induction of the POLE2 promoter is
somewhat similar to those of the cyclin D1 gene promoter (45).
In trophoblastic cells and mouse embryonic fibroblasts, E2F1
mediates Sp1-dependent repression of the cyclin DI promoter,
while transactivation is due to E2F4. Binding of Sp1 and p107
but not of E2F1 to the cyclin DI core promoter was demon-
strated by EMSA. Importantly, repression by E2F1 was cell-
specific and the promoter was found to be activated by E2F1 in
MCEFT7 cells (61).

The structures of the B-subunits of replicative DNA
polymerases are conserved from Archaea to humans (8),
suggesting that they have a common fundamental function in
DNA replication. The B-subunits of replicative DNA poly-
merases are essential for viability of yeast cells (4,5,62) and
they are expressed in a proliferation-dependent manner in
S.cerevisiae (6) and human pol € (this study), as well as in
mouse (12,19) and Drosophila (63) pol o. The genes for the
B-subunits may be generally regulated through the E2F-
pocket protein pathway, although adjustment of the basal
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Figure 9. A model of regulation of the POLE?2 promoter. The region contain-
ing Spl, E2F and NF1 elements is occupied by multiprotein complexes in both
quiescent and cycling cells. A dramatic increase in promoter activity takes
place during G,—G,. We propose that two E2F-pocket protein complexes
repress transcription in quiescent cells, one containing p107 and the other pRb.
After a mitogenic stimulus, cyclinD-Cdk4/6 phosphorylates the pocket pro-
teins, disrupting these complexes. The level of promoter activity in cycling
cells may result from modulation of species of bound E2Fs and pocket pro-
teins. Spl is essential for promoter activity in cycling cells and may interact
with E2F1 to form a repressive complex in quiescent cells.

activity may be achieved by distinct transcription factors (19;
this report).
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