E7-FW, GATGGTCCAGCTGGACAAGC; HPVieé E7-Rv,
GTGCCCATTAACAGGTCTTC; actinF, TCAGAAGGATTC-
CTATGTGG; actinR, TCTCCTTAATGTCACGCACG.

Western blot analysis was performed with 20 ug protein
from whole-cell extracts separated by sodium dodecyl-
sulfate—polyacrylamide gel electrophoresis, and blotted on
Immobilon P filters (Millipore, Bedford, MA, USA). The follow-
ing antibodies were used: anti p16 (clone G175-405, BD
Biosciences, San Jose, CA, USA), anti p53 (clone DO-1,
Oncogene Science, Cambridge, MA, USA) and antimouse
IgG, HRP-linked antibody (Cell Signaling, Danvers, MA,
USA). Lumi-Light Plus Western Blotting Substrate (Roche,
Manheim, Germany) was used for detection.

Telomeric repeat amplification protocol assay 'and
telomere length analysis by Southern blotting

Telomeric repeat amplification protocol (TRAP) assays were
performed using the Trapeze telomerase detection kit (Inter-
gen, Purchase, NY, USA) according to the manufacturer's
protocol. DNA was extracted from B cells using the Qiamp
DNA Blood Mini kit (Qiagen) according to the manufacturer’s
instructions, and the telomere length was analyzed using
Southern biot analysis with a TeloTAGGG Telomere Length
Assay (Roche), according to the manufacturer's protocol.

Cell cYcle analysis by flow cytometry

A total of 5 x 10° cells were washed with PBS, fixed on ice
with 70% ethanol for 30 min, washed again with PBS, and
incubated with 100 pg/mL. RNAse A solution (Qiagen). The
cells were centrifuged, washed again with PBS, and then
incubated with propidium iodide (5 pg/mL: Pharmingen) on
ice for 20 min. Finally, the DNA contents were analyzed by
flow cytometry as previously described.

Karyotype analysis

A karyotype analysis was performed at late passage
(19 months) for each cell line. Routine karyotypic analysis
was performed using preparations stained with 5% Giemsa
solution. In order to identify possible rearrangements, chro-
mosomes of metaphases were G-banded. For each cell line,
more than 50 cells were scored for their chromosome
number.

Immunophenotyping and in situ hybridization for EBV

Immunophenotyping and in situ hybridization were also per-
formed at late passage (19 months) for each cell line. Cells
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were fixed in 10% formaldehyde and embedded in paraffin.
The avidin-biotin—peroxidase complex method was used for
all immunohistochemical studies. Primary antibodies and the
probe used were as follows: polyclonal CD3, L26 (CD20),
mb-1 (CD78a), IgM, 1gG, IgA, x, A, Bci2 and Bcl6 (Dako,
Copenhagen, Denmark), CD5, CD10, cyclin D1 and EBV
probe for EBV-encoded RNA (Novocastra, Newcastle, UK).
In situ hybridization was performed according to the manu-
facturer's protocol with slight modifications.

RESULTS

Cuiture, growth curve and expression of HPV16
E6 and E7

Co-cultured with CD40L-expressing and irradiated NIH3T3,
primary human B lymphocytes entered into the cell cycle and
then began to grow, forming cell clusters (Fig. 1a). Next,
these cells were infected with retrovirus vectors expressing

" HPV16 EBE7 or control EGFP, and the culture was continued

with CD40L-NIH3T3 celis. The efficient infection of retrovirus
vectors into activated human B lymphocytes was demon-
strated by EGFP signals (Fig. 1b). Without transduced
genes, human B Iymphocytes ceased to grow around
10 population doublings (PDL; around day 25-30; Fig. 1c)
with the accumulation of p16 protein, an inhibitor of Cdk4/6
(Fig. 1d). In clear contrast, E6E7-transduced B cells were
able to proliferate for more than 2 years (>100 PDL; Fig. 2).
By RT-PCR, the expression of EGE7 mRNA was detected in
the EBE7 vector-transduced cells in both early and late pas-
sages (Fig. 3). Surprisingly, EGFP-transduced cells were
also able to proliferate for more than 2 years although at a
slower proliferation rate (Fig. 2). We first considered that EBV
infection might be attributable to the continuous proliferation
of the EGFP-transduced B lymphocytes. However, in situ
hybridization for EBV-encoded RNA was negative, and we
could not detect any EBV-DNA even by real-time quantitative
PCR (data not shown).

Telomerase activity and telomere length

We investigated telomerase activity in these cells using a
TRAP assay. Both E6E7-transduced cells and EGFP-
transduced cells had a high telomerase activity both in the
early and late passage (Fig. 4a). We then measured the
telomere length by Southern blotting. The average telomere
lengths of E6E7-transduced cells or EGFP-transduced cells
were 8-10 kb, irrespectively of passage periods (Fig. 4b).
Together, both E6E7-transduced cells and EGFP-transduced
cells were considered to be immortalized.
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Figure1 pi6-related growth arrest in long-term culture of human
primary B lymphocytes. The morphological features of human
primary B lymphocytes cultured on CD40L expressing NiH 3T3 celis.
Cluster formation is seen. (a) Morphological features of enhanced
green fluorescent protein (EGFP)-transduced B lymphocytes. (b)
Growth curve of human primary B lymphocytes. The cells stopped
proliferating at 9-10 population doublings (PD). (c) Western biot
analysis of p16 protein. p16 accumulation is observed from day 9,
and continues to increase until growth arrest at day 25-29. Cell
lysate of human foreskin keratinocyte (HFK) was included for posi-
tive control.

Expression of p16 protein

As described in the previous section, it is conceivable that the
accumulation of p16 protein may cause cell cycle arrest in
cultured primary B-cells (Fig. 1¢,d). Therefore, we examined
the p16 protein levels in EGE7- or EGFP-transduced immor-
talized B cells (Fig. 5). A comparable accumulation of p16 to
that in presenescent B cells was observed in the EGE7-
transduced immortalized B cells. This finding suggests that
E7 directly binds and inactivates Rb and thereby cancels the
inhibitory effect of p16 in B cells, and this finding is consistent
with previous findings observed with other cell types. Inter-
estingly, the p16 level decreased in the EGFP-transduced
immortalized cells. We considered that cells in which p16
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Figure 2 Growth curve of 16E6E7- or enhanced green fluorescent
protein (EGFP)-transduced B cells. PD, population doubling.
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"16E6E7 EGFP transfected
-B -B 293T

E7

Figure 3 Reverse transcription-polymerase chain reaction (RT-
PCR) analysis of 16E6E7- or enhanced green fluorescent protein
(EGFP)-transduced human B cells. PCR product of 243 bp and
143 bp for E6 and E7, respectively, are detected in 16E6E7-
transduced celis.

expression has been spontaneously downregulated are
selectively immortalized. Such a phenomenon is observed
also in HMEC, where the p16 mRNA expression is sup-
pressed by the methylation of the promoter region.®? We
therefore performed a PCR-based analysis to investigate the
methylation status of the p16 promotor region in the EGFP-
transduced immortalized cells, but no methylation was found
(data not shown). We also examined the p53 protein levels in
these cells (Fig. 5). In the EB6E7-transduced cells, the p53
protein levels decreased, which was an indication that p53 is
also degraded by E6 in B lymphocytes. In EGFP-transduced
B cells, p53 protein levels were unchanged, thus suggesting
that the status of p53 protein was not associated with the
spontaneous immortalization of EGFP-transduced cells.
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Figure 4 Analysis of the telomerase activity and telomere length of 16E6E7- or enhanced green fluorescent protsin (EGFP)-transduced B
cells. (a) Telomeric repeat amplification protocol {TRAP) assay of early (2 months) or late (14 months) passage of 16E6E7- or EGFP-
transduced human B cells. A high telomerase activity is seen in early/late passage and in EGFP/16E6E7-transduced.cells. +H, heat-inactivated
negative control for each sample; IC, internal control (to normalize the efficiency of PCR ampilification); NC, negative control; PC, positive
control. (b) Southern blot analysis of early (2 months) or late (14 months)-passage 16E6E7- or EGFP-transduced B celis. Terminal restriction
fragments are visualized using a probe against the telomeric repeat sequence. The size standard is indicated at the left. E, early passage; hi,

control DNA with high-molecular-weight telomeres; lo, control DNA with low-molecular-weight telomeres; L, late passage.
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" Figure 5 Western bot analysis of p16 and p53 in primary or
16E6E7/enhanced green fluorescent protein (EGFP)-transduced B
cells. A total of 20 pg protein from whole-cell extracts on day 9, 13,
20, 34 of the cultured primary B celis is loaded on the left side for
control. And 20 ug protein from whole-cell extracts of late passage
(14 months) 16E6E7- or EGFP-transduced B cells are loaded on the
right side.

RNA interference analysis

Three transcription variants are known to encode the E£6 and
E7 proteins in the HPV genome. E7 protein is generated from
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all three variants but, because two introns exist within the E6
coding sequence, full-length E6 protein is generated only
from one variant that encodes both full-length E6 and E7.28
We thus constructed shRNA expressing retroviral vectors that
could silence the expression of either E6 alone or both E6 and
E7 (Fig. 6a). CaSki cells expressing HPV16 E6 and E7 were
first subjected to knockdown of E6 alone by expressing
E6-specific sShRNA (EBRi3) or both E6 and E7 by expressing
another shRNA (E7Ri2). Protein levels of E7 protein or p53
protein were analyzed by western blotting because the
expression of p53 protein is normally reduced by E6 protein.
Compared with Hela cells that do not contain the HPV16
genome, the upregulation of p53 was observed by the intro-
duction of EB6-specific shRNA or E7-shRNA but not by control
vector, and reduction of E7 protein was observed by the
introduction of E7-shRNA but not by E6-specific sShRNA or
control vector. We next infected E6BE7-transduced B cells with
the same set of retroviruses. After infection and drug selection
by puromycin, control cells and E6 knocked-down cells were
able to proliferate again, but the E6/E7 knocked-down cells all
died within 1 week (Fig. 6). We infected EGFP-transduced B
cells with the same set of viruses, but all cells remained
healthy and proliferative after drug selection, thus indicating
that the cell death in EBE7-transduced B cells was not caused
by non-specific cell damage during retroviral infection and
drug selection. To further investigate the mechanism of cell
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Figure 6 RNA interference analysis of E6 alone or both E6 and E7 knockdown in 16E6E7- or enhanced green fluorescent protein
(EGFP)-transduced B cells. (a) Three transcription variants (1-3) of HPV16EBE7 and the location of the target sequences for short hairpin RNA
(shRNA; a: E6Ri3, b: E7Ri2). Knockdown of only variant 1 occurs by E6Ri3, and knockdown of all variants occur by E7Ri2. (b) Efficiency of
shRNA constructs. ShRNA (E6RI3 and E7Ri2) were transduced into SiHA cells by retroviral transduction. The upregulation of p53 by E6
silencing occurs in transduction of either E6RI3 or E7Ri2, but knockdown of E7 occurs only in E7Ri2. C, control vector; E6, E6RI3; E7, E7Ri2.
(c-h) Retroviral transduction of shRNAs. Late-passage (12 months) 16E6E7- or EGFP-transduced B cells wers further retrovirally transduced
with shRNA constructs or retroviral vector. Drug selection using puromycin was done for 5 days after second infection. (¢) 16E6E7-transduced
B cells/negative control; (d) 16E6E7-transduced B celis/EBRI3; (@) E7RIi2; (f) EGFP-transduced B cells/negative control; (@), EGFP-transduced
B cells/E6RI3; (h) EGFP-transduced B cells/E7Ri2. (i-k) Cell cycle analysis of shRNA transduced 16E6E7-transduced B cells. Late-passage
(12 months) 16E6E7-transduced B cells were retrovirally transduced with shRNA constructs or retroviral vector: (I) control vector; (j) E6Ri3; (k)
E7Ri2. No drug selection was performed, and flow cytometric analysis of DNA content stained by propidium iodide was performed 2 days after
infection. A total of 30 000 cells were counted.

death by E6/E7 knockdown, a cell cycle analysis was per- Karyotype analysis

formed. SubGt1 fraction of E6/E7 knocked-down cells were

more than twofold larger (17%) than the control cells (7.3%) Although a karyotype analysis was performed in late passage
and E6-only knocked-down cells (5.1%; Fig. 6), thus indicat- cell lines, 50% of HPV16E6E7-transduced cells (25/50 cells)
ing that E6/E7 knockdown resulted in the apoptosis of EGE7- had the normal set of 46 chromosomes (Fig. 7). The chro-
transduced B cells. mosomal number of 20% of the cells (10/50 cells) was 47 and
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that of residual cells varied from 90 to 95. G-banding
revealed that cells with 46 chromosomes had a normal karyo-
type: 46 XX (10/10 cells); and cells with 47 chromosomes
had a common abnormality: 47 XX add (2)(q11) (6/6 cells). All
analyzed cells of EGFP-transduced cells (50/50 celis) had 47
chromosomes with a common karyotypic abnormality: 47 XX,
+2 (10/10 cells).

Immunophenotyping and in situ hybridization

Both E6E7-transduced cells and EGFP-transduced cells
were positive for B-cell markers such as CD20 and CD79a,
and negative for CD3, confirming that the immortalized cells
retained the B-cell phenotype. Both cell lines were also posi-
tive for bel-2, bel-6, and CD10, and negative for either CD5
and cyclin D1, phenotypically similar to follicle center cells.

© 2006 The Authors
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Figure 7 Karyotype analyses (G-bands) of 16E6E7- or enhanced
green fluorescent protein (EGFP)-transduced B cells at late passage
(19 months). (a) Fifty percent of 16E6E7-transduced B cells retained
a normal karyotype: 46, XX. (b) Twenty percent of 16E6E7-
transduced B cells had an abnormal karyotype: 47, XX,
+add(2)(q11). (¢) EGFP-transduced B cells had an abnormal karyo-
type: 47, XX, +2.

Furthermore, E6E7-transduced cells were mostly positive for
IgA and A, and EGFP-transduced cells were mostly positive
for IgG and A. Both cells were negative for EBV-encoded
RNA (data not shown).

DISCUSSION

In the present study we successfully established EBV-
negative cell lines derived from human primary B lympho-
cytes immortalized by HPVi6 E6 and E7. This was
unexpected, because human B cells were predicted to be
difficult to immortalize, given the previous evidence that they
require at least five EBV proteins for immortalization/
transformation. -2 We also demonstrated for the first time
that p16 protein is upregulated during the long-term culture of
primary human B lymphocytes in a CD40-CD40L system.
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This was understandable because the accumulation of p16 is
a common feature observed in senescent fibroblasts, HMEC,
keratinocytes, and T lymphocytes.'%%3¢ Afthough Herbert
et al. proposed that p16 accumulation merely reflects an
inappropriate culture condition (culture stress-induced
" growth arrest), more recent experiments by Rheinwald
et al. confirmed that p16-related arrest mechanism does exist
in_their system, with a p53-dependent component.® We
therefore consider that whatever the cause of the p16-related
arrest mechanism, the long-term cuiture of primary human B
lymphocytes is also regulated by a telomere-independent,
p16-related arrest mechanism that precedes the senescence
induced by the shortening of telomere length.

Unexpectedly, EGFP transduced B cells also had a pro-
longed litespan. We consider that this was because, similar
to HMEC, p16 downregulated clones were selected and the
activation of telomerase occurred by CD40-CD40L interac-
tion. The telomerase activity is induced in vitro in B lympho-
cytes by stimulation via antigen receptor’” or CD40-CD40L
interaction, which mimics antigen—antigen receptor interac-
tion.®® In the present study we demonstrated that both cell
lines showed a high telomerase activity in either the early or
late passage, and we consider that an upregulation of the
telomerase activity occurs in B lymphocytes cultured in this
CD40-CD40L system, which is consistent with previous
reports. It is therefore unlikely that clones were selected
because of an upregulated telomerase activity. The reason
for the downregulation of p16 protein is unclear. Because no
methylation of the p16 promotor CpG island was detected,
we speculate that an upregulation of the proteins that down-
regulate p16 may thus have occurred spontaneously. Further
studies, however, are necessary to elucidate this point.

E7, and probably not E6, was therefore necessary for
immortalization by HPV16 E6 and E7. This is explained by
the aforementioned reasons. The upregulation of the telom-
erase activity occurs in B lymphocytes cultured in this
CDA40-CD40L system. E6 induces the telomerase activity in
epithelial cells® and human T lymphocytes (Y Yamashita, T
Kiyono, unpubl. obs. 2001), and degrades p53 in epithelial
cells*®® and lymphocytes (Fig. 6). However, in the present
system and in a previously reported system,® the telomerase
activity was efficiently induced by CD40-CD40L stimulation.
Interestingly, a recent report demonstrated that CD40-—
CD40L interaction is a critical effector in EBV-related cell
survival and transformation.*' We therefore consider telom-
erase induction by CD40-CD40L interaction to be a very
important factor in B lymphocyte immortalization and, similar
to epithelial cells, such as HMEC, it is an additional step that
contributes to inactivation of the Rb pathway that is required
for immortalization.

Although we started the cuiture in a bulk culture system with
polyclonal B lymphocytes confirmed by a conventional nested
PCR method using Frill and LJH/VLJH primer,*? clonal bands

were observed by the same method, thus showing that estab-
lished cell lines contained clonal populations (data not shown).
This is explainable in the case of EGFP-transduced cells
because in these cells, a clone with downregulated p16 was
selected. The reason for the clonality in E6E7-transduced
cells is unclear, but karyotypic analyses showed that HPV16
E6E7-transduced cells were polyclonal in contrast to clonal
EGFP-transduced cells. Furthermore, according to a most
recent report, human hematopoietic cells were immortalized
by HPV16 E6E7 either alone or in concert with hTERT, and
were either oligoclonal or clonal judged by a chromosomal
analysis.®® We speculate that in such long-term cultures,
dominant clones are selected by subtle growth advantages.

Our findings should be a start for investigating precise
steps required for B-cell immortalization, especially by EBV.
LMP1 perturbs the p16/Rb pathway in human fibroblasts and
B cells by promoting the nuclear export of Ets2 and E2F4/5.%
Recently, the expression of CD40L by EBV was found in
LCL,* thus the CD40-CD40L. interaction should occur stably
in LCL. These findings together with our results suggest that
LCL should easily be immortalized by EBV. However, this
seems not to be true according to previous lines of evi-
dence.'® The reason for this discrepancy remains to be clari-
fied. It will be interesting to determine whether LMP1 alone
can immortalize B cells in the CD40—~CD40L system.

In conclusion, we have showed that human primary B
lymphocytes were successfully immorialized by HPV16 E6
and E7, with E7 playing the most important role by destroying
the Rb pathway. CD40—-CD40L interaction also participates in
B-cell immortalization by activating telomerase. We thus con-
clude that the steps required for B-cell immortalization at least
in culture are closely similar to HMEC in which two steps (the
inactivation of the Rb pathway and the maintenance of the
telomere length), are required for immortalization.
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Human stromal cells were immortalized and fixed with glutaraldehyde to support an ex vivo ex- )
pansion of human cord blood hematopoietic progenitor cells. In addition, this enabled glutaralde-
hyde-fixed stromal cells to be stored at 4°C. Although freeze-dried glutaraldehyde-fixed stromal
cells did not increase the number of the progenitor cells, the percent decrease in the number of
CD34" cells in the presence of freeze-dried glutaraldehyde-fixed stromal cells was less than that in
the absence of the stromal cells. Thus, glutaraldehyde-fixed stromal cells can serve as a stabilizing

device for hematopoietic cell expansion.

[Key words: hematopoietic cells, ex vivo expansion, glutaraldehyde fixation, stromal cell, cord blood cells]"

Human umbilical cord blood (CB) is an attractive source
of cells for transplantation therapy and regenerative medi-
cine because it contains hematopoietic progenitor and stem
cells, is relatively immature in terms of immune responsive-
ness, and is easy to obtain from CB banks. However, it
offers a limited number of cells for widespread medical ap-
plications. Many researchers have explored ex vivo expan-
sion methods to increase the number of hematopoietic cells
(1). A successful expansion of CB cells using hematopoietic
growth factors or artificial substrata has been reported by
several groups (2-6); however, the expansion efficiency is
low in these systems. In contrast, since the establishment of
Dexter-type long-term bone marrow (BM) culture (7), which
attempts to mimic the BM environment, many coculture sys-
tems have been reported as promising systems for the main-
tenance and expansion of hematopoietic progenitor cells (8—
10). However, because these systems mainly used murine
cell lines and stromal media supplemented with calf and
horse sera, they have been considered as sources of xeno-
transplantation for human hematopoietic cell expansion.
Therefore, to reduce the risks of infectious disease, a culture
system without the use of animal-derived stromal cells is
desirable.

It has recently been reported that the number of human
CB cells could be markedly increased in the presence of stem
cell factor (SCF), thrombopoietin (TPO), and Flk-2/Flt-3
ligand (FL) by coculture with primary (11) or immortalized
(12) human BM stromal cells. Although these techniques
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are useful, for the primary human CB cells, the use of the
patient’s own stromal cells is desirable so as not to induce
undesirable immunoresponses. Furthermore, for the immor-
talized human BM stromal cells, contamination with unde-
sirable genes or viral vectors must be considered. In addition,
the preparation of stromal cells for each expansion is trou-
blesome. Therefore, in this investigation, we prepared chem-
ically fixed stromal cells, which can be cool-stored, for the
expansion of human CB hematopoietic cells.

First, we constructed the retroviral plasmids
pCMSCVpuro-16E6E7 and pCLXSN-hTERT as described
previously (13) to prepare an immortalized stromal cell for
a stable supply. The production of recombinant retroviruses
has been described previously (13, 14). Briefly, the retro-
viral vector plasmids were cotransfected with pCL-10A1,
which is a packaging construct encoding gag, pol, and env
of the murine leukemia virus strain 10A1, into 293FT cells
(Invitrogen, Carlsbad, CA, USA) using TransIT-293 (Mirus,
Madison, W1, USA), in accordance with the manufacturer’s
instructions, and the culture fluid was harvested at 48 to
72 h post-transfection. The retrovirus, MSCVpuro-16E6E7
contains the human papillomavirus type 16 (HPV-16) genes
E6 and E7, which inhibit p53 and Rb, respectively, and a
puromycin resistance gene. The LXSN-hTERT retrovirus ex-
presses the catalytic subunit of human telomerase reverse
transcriptase, which inhibits the shortening of telomeres,
and a neomycin (G418) resistance gene. The titer of recom-
binant retroviruses was greater than 3x 10° drug-resistant
colony forming units per milliliter in HeLa cells.

Second-passage primary human BM stromal cells (human
mesenchymal stem cells, cat no. PT-2501, lot no. 3F0664)
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TABLE 1. Total number of human CB progenitor cells® after culture®

Lot no Stroma free GA-fixed stroma GA-fixed Culture time n
; (x10° cells) (x10° cells) stroma/Stroma-free (d)

1 28.0£1.8 58.0+13.5 2.1 14 6
2 17.7+1.5 242433 1.4 14 6
3 74.0+£9.8 12334225 1.7 14 6
4 275.8+304 395.8+30.1 1.4 14 6
5 35.7+44 62.5+£10.0 [.8 14 6
6 114.0+18.8 188.7+£25.8 1.7 14 6
7 31.0£5.7 76.5+6.0 2.5 14 6
8 57.2£3.5 85.5+2.9 1.5 10 6
9 115.3+10.5 189.4+24.3 1.6 10 6
10 273126 46.2+5.8 1.7 10 6

2 CB samples were obtained from the RIKEN BioResource Center (Tsukuba). CB mononuclear cells were washed with PBS containing 10%
acid citrate dextrose-A, (ACD-A; Terumo, Tokyo) and 500 ml of 10% BSA (Sigma, St. Louis, MO, USA). CD34" cell-enriched populations were
separated from mononuclear cells with a MACS Direct CD34 Progenitor Cell Isolation kit (Miltenyi Biotec, Bergisch-Gladbach, Germany) follow-
ing the manufacturer’s instructions.

® Ten thousand CD34" cells were cultured on stromal cell layers in | ml of minimum essential medium o (a-MEM) supplemented with 20% fetal
bovine serum (FBS), human SCF (10 ng/mt), human TPO (10 ng/ml), and human FL (10 ng/m!). Ideally, the addition of no serum was desired for
the expansion; however, in this study, serum was added to the medium because it can be easily replaced with patient sera in the future. The culture
was maintained at 37°C in a humidified atmosphere of 5% CO,/95% air. After one week of culture, 1 m! of fresh medium was added and the cocul-
ture was continued for another week. At the end of the culture period, hematopoietic cells that did not adhere to stromal cells and those that adhered
only weakly to stromal cells were collected by gentle pipetting.

TABLE 2. Total number and percentage of CD34" cells® of human CB progenitor cells cultured
under same conditions as those described in Table 1 during 10d

GA-fixed/freeze-dried

GA-fixed stroma

Stroma-free , stroma n
Total number of cells (x10%) 1153%10.5 189.4+24.4 1193+8.8 6
Percentage of CD34* cells (%) 4.6+0.1 7.0£0.1 8.0+04 3

* Cell suspensions were incubated with the fluorescein isothiocyanate-conjugated anti-CD34 antibody and the phycoerythrin-conjugated anti-
CD45 antibody (Beckman Coulter, Tokyo) in PBS/5% FBS at room temperature for 10 min. The analysis was carried out using a Cytomics FC500

flow cytometer (Beckman Coulter). Dead cells were gated out with a forward versus side scatter window by 7-amino-actinomycin D staining.

were purchased from Cambrex (East Rutherford, NJ, USA)
and the cells were maintained in mesenchymal stem cell
growth medium (MSCGM, Cambrex, cat. no. PT-3001). Two
days after 5x 10* cells were plated on 35 mm-well of a six-
well plate, 1 ml of the retrovirus culture fluid was added to
each well in the presence of polybrene (4 pg/ml). Cells were
first inoculated with LXSN-hTERT, and the infected cells
were selected in the presence of 800 ug/ml G418. Then, the
cells were inoculated with MSCVpuro-16E6E7, followed
by selection in the presence of 0.4 pg/ml puromycin. Be-
cause the cells not transduced with E6 and E7 genes under-
went premature senescence within a few passages, the cells
with an extended lifespan were used as virtually immortal
stromal cells. One hundred thousand stromal cells were
plated in six-well plates and cultured for 6-7 d. The cultured
stromal cells were fixed with 2.5% glutaraldehyde in phos-
phate buffered saline (PBS) for 30 min, following extensive
washing with PBS. The prepared cells were stored for fur-
ther experiments in PBS at 4°C. Freeze-drying was per-
formed after washing with water, and the freeze-dried cells
were stored for further experiments in air at room tempera-
ture. ‘

The immortalized cells were prepared by the same method
as that previously reported (15, 16) and considered to have
similar properties. When compared with that of the cells
established by Kawano et al. (12), the growth rate of the
cells in our study was significantly high; it was difficult to
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decrease the growth rate using mitomycin C. Next, the cells
were directly chemically fixed. Cells treated with glutaral-
dehyde had almost the same morphology as nontreated
cells. Furthermore, glutaraldehyde-treated stromal cell lay-
ers maintained their morphology even after four weeks in a
refrigerator, although they formed small interstitial spaces.
Freeze-drying also did not affect the morphology.

We examined the ability of the fixed stromal cells to
support hematopoiesis (Table 1). Ten thousand human CB
CD34* cells were cultured in serum-containing medium sup-
plemented with SCF, TPO, and FL. It was considered that
cell viability differed among the CB preparations because
the CB collected by the RIKEN Bioresource Center was
obtained from various hospitals under different conditions.
However, compared with stromal cell-free culture, glutaral-
dehyde-fixed stromal cell cuture increased the number of
cells 1.7-fold over 10 d or two weeks, although the absolute
number of cells significantly depended on the sample lot.
We concluded that stromal cell layers clearly retained the
ability to enhance CB cell expansion even after glutaralde-
hyde fixation.

Table 2 shows that the percentage of CD34 cells was
greater in glutaraldehyde-fixed stromal cell culture than in
stromal cell-free culture. In addition, in contrast with the
glutaraldehyde-fixed stromal cells, the freeze-dried glutaral-
dehyde-fixed stromal cells did not support the expansion of
human CB progenitor cells; however, they did not decrease
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the percentage of CD34" cells, whereas the glutaraldehyde-
fixed stromal cells did.

For clinical applications, the expansion system requires
safety, reproducibility, and a stable source of cultured cells.
To fulfill these requirements, it is desirable for the system
not to use viable celis. Our results revealed that a substrate
can be used as an expansion device instead of living cells. If
bioactive molecules are extracted with their bioactivity pre-
served, a proper rearrangement on the matrix will provide a
new useful expansion device. We previously attempted to
immobilize bioactive molecules on a solid matrix by photo-
immobilization and showed the effectiveness of this ap-
proach for cell expansion (17). The present method could
also be useful for creating a cell expansion system.

In conclusion, glutaraldehyde-fixed stromal cells retain
the ability to support hematopoiesis via the ex vivo expan-
sion of human CB progenitor cells through a direct interac-
tion between the hematopoietic cells and the fixed stromal
cell surface, and this ability is maintained after simple re-
frigeration at 4°C.

This work was partially supported by a Grant-in-Aid for Scien-
tific Research from the Ministry of Education, Culture, Sports,
Science and Technology of Japan (no. 14380406) and the Uehara
Memorial Foundation.
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Synopsis

Osterix, a zinc finger-containing transcription factor, is required for osteoblast
differentiation and bone formation. Osterix is also expressed in dental mesenchymal
cells of the tooth germ. However, the transcritional regulation by osterix of tooth
development is not clear. Genetic studies in osteogenesis place Osterix downstream to
Runx2. Osterix was expressed in odontoblasts, overlapping with Runx3 during their
terminal differentiation in vivo. Runx3 down-regulated Osterix expression in the
mouse dental pulp cells. Therefore, the regulatory role of Runx3 on Osterix
expression in tooth development was investigated. Enforced expression of Runx3
down-regulated the Osterix promoter activity in a cell line HEK293. When the Runx3
responsive element on the Osferix promoter, -713 bp to -707 bp (site 3, AGTGGTT)

from the cap site, was mutated, this down-regulation was abrogated. Furthermore,

1

—196—
© 2007 The Authors Journal compilation © 2007 Biochemical Society



Biochemical Journal Inmediate Publication. Published on 13 Mar 2007 as manuscript BJ20070104

electrophoretic mobility-shift assay (EMSA) and Chromatin immunoprecipitation
(ChIP) assays in the mouse dental pulp cells demonstrated direct functional binding of
Runx3 to Osterix promoter. These results demonstrate the transcriptional regulation of
Osterix expression by Runx3 during differentiation of dental pulp cells into

odontoblasts in tooth development.

Short Title: Down-regulation of Osterix by Runx3

Keywords: Dental pulp cells, Runx3, Runx2, Osterix, Bone morphogenetic protein 2,

tooth development

Abbreviations footnote: BMP, bone morphogenetic protein, RT-PCR, reverse
transcription-polymerase chain reaction, Dspp, Dentin sialophosphoprotein, KILK4,

Kallikrein 4, DPCs, dental pulp cells

INTRODUCTION
The transcriptional regulation of cell proliferation and differentiation by the
Runt-related (RUNX) family of DNA-binding transcription factors is critical for both
morphogenesis and regeneration. The regulatory function of Runx family on the
promoters and enhancers of target genes where they associate with cofactors and other
DNA-binding transcription factors to modulate gene expression is well known [1].
Runx family is composed of three members of Runx family designated
Runx1/AML1/Cbfa2, Runx2/AML2/Cbfal, Runx3/AML3/Cbfa3 [2, 3]. Although the
Runx members share highly conserved DNA binding domains, they regulate distinct
functions [4-7]. Runx1 is involved in regulation of hematopoiesis[§]. Runx2 are
essential for bone and tooth development [9-11]. Runx3 is critical for gastric
epithelial differentiation, neurogenesis of the dorsal root ganglia and T cell
differentiation[8-10, 12-16].

Stringent control of gene activation and suppression is required for tooth

development. The optimal gene expression during dentin formation is dependent on

—197—
© 2007 The Authors Journal compilation © 2007 Biochemical Society



Biochemical Journal Immediate Publication. Published on 13 Mar 2007 as manuscript BJ20070104

integration and regulation of signals that governs the commitment of stem/progenitor
cells to pulp cell lineage and proliferation and differentiation into odontoblasts. Runx2
is essential for tooth formation. Molar development is arrested at the late bud stage in
Runx2 homozygous mice [11], correlating with the intense expression of Runx2 in the
dental mesenchyme during the bud and cap stages [17]. Runx3 is coexpressed in
dental papilla at the cap and early bell stages with Runx2. Later Runx3 is restricted to
the odontoblastic layer at the late bell stage while Runx2 is no longer detected [17].
Runx proteins might play a pivotal role in governing physiologically responsive
control of dental genes.

Osterix, a zinc finger-containing transcription factor, is required for osteoblast
differentiation and bone formation [18]. In Osterix null mice, no bone formation
occurs, similar to the phenotypes in Runx2 null mice [9, 18]. However, Runx2 is
expressed without major alterations in Osterix null mice. In contrast, Osterix is not
expressed in Runx2 null mice, demonstrating that Osterix acts downstream of Runx2
[18]. Recently transcriptional regulation of Osterix in cartilage by Runx2 has been
suggested [19]. Osterix is expressed in mesenchymal cells of the tooth germ [18]. The
expression of Osterix and its transcriptional regulation by Runx during tooth
development have not been investigated.

In the present study, we investigated the expression of Osterix during tooth
development, and demonstrated that Osterix was strictly expressed in odontoblastic
layer at the bell and the differentiation stage, overlapping with Runx3. Therefore, the
regulation of the expression of Osterix by Runx3 was further examined. Our results
demonstrated that Runx3 directly binds to Osterix promoter and down regulates its

expression in dental pulp cells.

EXPERIMENTAL
Cloning of the Osterix promoter

To clone the Osx promoter (nucleotide 66 to 1751; GenBank accessiop no.
DQ229136), genomic DNA was isolated from the tail of ICR mouse. PCR was
performed using two primers, Osterix promoter 5°-1:

3
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5’-TCTGTCCCTCAGTCCTGCTT-3’; Osterix promoter 3-2:
5-GGGCAAGTTGTCAGAGCTTC-3’. The 1.7 kb PCR product was then subcloned
into Mlul/Xhol site of pGL3-promoter vector (Promega, Madison, WI, U.S.A)),
named pOsx1.7-luc. To prepare the MSCV-eGFP-Flag-Runx3 expression vector,
following primers were used: Flag-Runx3-5’:
5’-GGCAGATCTGCCACCATGGACTACAAGGACGATGACGACAAGGCTTCC

AACAGCATCTTTG-3’ and Flag-Runx3-3’:
5’-ATATGAGCTCTCCCGCGTGGT-3" to generate a Runx3 fragment with FLAG
motif at N-terminal. The 300 bp PCR product was cloned into the Bg/II-Sacl site in
PSL118O vector (GE Healthcare, Buckinghamshire, U.K.) and named
Flag-Runx3-300bp-PSL1180. A 1.0 kb Runx3 fragment was digested with Sacl from
MSCV-eGFP-Runx3 plasmid (kindly provided by Dr. Taniuchi Ichiro, Laboratory of
Transcriptional Regulation, RIKEN Research Center for Allergy and Immunology,
Yokohama, Japan) and subcloned into Flag-Runx3-300bp-PSL1180 vector, named
Flag-Runx3-PSL1180. The 1.3 kb full length of Runx3 with Flag-tagged N-terminal
was digested with Bg/Il from Flag-Runx3-PSL1180 and subcloned into MSCV-eGFP
vector, named with MSCV-eGFP-Flag-Runx3. The. orientation of the inserts was

confirmed by sequencing.‘

Site-directed mutagenesis

Three putative Runx2-binding sequence -1823 to -1817, -1776 to -1771 and -713
to -707 bp from the Cap site [19] were mutated using the QuickChange Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA, U.S.A.) according to the manufacturer’s
recommendations. We generated mutants as follows; 5’-AACCACA-3" at
-1823/-1817 bp was changed into 5’-GAGCTCA-3’, 5>-ACCACT-3’ at -1776/-1771
bp was changed into 5’-GCTACT-3’ and 5’-AGTGGTT-3’ at -713/-707 bp was
changed into 5’-ATAGACT-3’. The mutated nucleotides are indicated in bold.
Mutations in single, double, and triple motifs were termed M1-M5 (Fig. 3B).
Incorportation of the mutated substitution of all constructs were confirmed by

sequencing.
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In situ hybridization

ICR Mouse embryos at 15.0 dpc, 17.0 dpc and postnatal day 1 were fixed in 4 %
paraformaldehyde at 4 °C overnight. In situ hybridization was carried out as
previously described [20]. Primers (Osterix-5’-1:
5’-GGTCCAGGCAACACACCTAC-3’; Osterix-3’-2:
5’-GGTAGGGAGCTGGGTTAAGG-3’) were used to amplify the mouse Osterix
cDNA. PCR product was ligated into pBluescript I SK (-) vector (Stratagene). Mouse
Runx3 cDNA was digested by EcoRI from mouse MSCV-eGFP-Runx3 plasmid, then
subcloned into pBluescript IT SK (-) vector. All inserts were confirmed by sequencing.
The following cDNAs were used to generate sense and antisense riboprobes using
either T3 or T7 RNA polymerase: a 184 bp murine Osterix fragment, a 1.2 kb Runx3
fragment and a 1.2 kb Bmp2 fragment. In situ hybridization was performed as

described previously [21]

Cell Culture and transfection studies

Mouse dental pulp cells (DPCs) were isolated from tooth germ at 17.0 dpc. mDPC
and HEK293 cells (epithelial cell line derived from human kidney transformed
embryonic cells) were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma, St. Louis, MO, U.S.A.) supplemented with 100 units/ml penicillin G, 100
pg/ml streptomycin (Invitrogen, Carlsbad, CA, U.S.A.) and 10% (v/v) fetal bovine
serum (SAFC Biosciences, Lenexa, Kansas, U.S.A.). Experiments assessing promoter
activity by luciferase were performed as follows. HEK293 cells (1x10°) were plated
in 24-well plates in antibiotics-free and serum-free DMEM one day before, and
transiently transfected with 2 pg of each promoter/pGL3 luciferase reporter plasmids,
3 pg of expression plasmid, and 0.2 pug of SV-40 promoter construct (Promega) as an
internal standardize control for transfection efficiency. Transfections were performed
using 2 pl/well of Lipofectamine 2000 (Invitrogen) following the manufacturer’s
instructions. MSCV-eGFP plasmid was also transfected as control. After 4 h, the
medium was changed into DMEM with 10% (v/v) foetal bovine serum and cultured

5
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for an additional 44 h. Cells were then lysed, and luciferase activity was determined
using a Dual Luciferase Report Assay kit as instructed by the manufacturer (Promega).
All activities were normalized against co-transfected internal control plasmid
pRL-SV40 (Promega). For overexpression experiments, 4 x 10° DPCs were
transfected by 8 pg of expression plasmid using ECM 830 Electroporator (BTX, San
Diego, CA, U.S.A.) following the manufacturer’s instructions, then plated on collagen
type I-coated 35 mm dish (Iwaki, Chiba, Japan). After 4 h, the medium was changed
into DMEM with 10% (v/v) foetal bovine serum. Cells were harvested at Oh, 24h, and
48h after transfection. The cell viability was determined with trypan blue soon after
transfection, and the efficiency was estimated by fluorescent microscopy 24 hours
after transfection with the plasmid vector AFP (kindly provided by Dr. Hidesato
Ogawa, Graduate School of Biological Sciences, Nara Institute of Science and

Technology, Japan).

Real time reverse transcriptase polymerase-chain reaction (RT-PCR) analysis

Total RNA was extracted by using Trizol (Invitrogen), and 2 pg of freshly
isolated RNA was reverse transcribed with SuperScript II Reverse Transcriptase
(Invitrogen) following the manufacturer’s recommendations. The resulting cDNA was
then amplified by Real Time RT-PCR with Light Cycler-FastStart DNA master
SYBR Green I (Roche Diagnostics, Mannheim, Germany). The primers used in this

study are presented in Table 1.

Preparation of nuclear extracts

Nuclear extract was isolated as preViously reported [22]. Briefly, mouse DPCs
was washed with 10 ml of PBS, scraped in 1.5 ml ice cold PBS, and centrifuged at
100 g for 5 min. The pellet was suspended in 1 ml of PBS and centrifuged again at
660 g for 15 sec. After resuspension in cold buffer A (10 mM Hepes, pH 7.9, 10 mM
KCI, 0.1 mM EDTA, 0.1 mM EGTA, 1mM dithiothreitol and 0.5 mM PMSF) on ice
for 15 min. The cell membranes were lysed by Nonidet P40 at a final concentration of
0.5 %, centrifuged at 660 g for 30 sec, and the pelleted nuclei were resuspended in
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cold buffer C (20 mM Hepes, pH 7.9, 0.4 M NaCl, ImM EDTA, 1 mM EGTA, 1 mM
dithiothreitol and 1 mM PMSF). The nuclear protein was extracted by shaking at 4 °C
~ for 15 min, centrifuged at 15,000 g for 5 min, and the supernatant fractions were
collected. The protein content of the nuclear extracts was determined using the

Bradford protein analysis method [23].

Electrophoretic mobility shift assay (EMSA)

Individual oligonucleotides were annealed to equimolar amounts of their
compleméntary strands (Wild type, Osterix-gel-WT-5’-1:
5’-CAGATCTCTAATTAGTGGTTTGGGGTTTGTTCCTTTTC-3’ and
Osterix-gel-WT-3’-2:
5’-GAAAAGGAACAAACCCCAAACCACTAATTAGAGATCTG-3’; mutant,
Osterix-gel-MT-5’-1:
5’-CAGATCTCTAATTATAGACTTGGGGTTTGTTCCTTTTC-3’ and
Osterix-gel-MT-3’-2:
5’-GAAAAGGAACAAACCCCAAGTCTATAATTAGAGATCTG-3’) by heating to
95 °C for 5 min and slowly cooling to room temperature. DIG Gel Shift Kit, 2nd
generation (Roche Diagnostics) was used in electrophoretic mobility shift assay
according to the manufacturer’s protocol. Briefly, wild type double-stranded
oligonucleotide probes were labeled with digoxigenin-11-ddUTP at 3’-ends‘. The
labelled probes (20 fmol) were added to 10 pg nuclear extracts in a binding buffer (20
mM Hepes, pH 7.6, 1 mM EDTA, 10 mM (NH4),SOs, 1 mM DTT, 0.2 % (w/v)
Tween 20, 30 mM KCl, 25 ng/ul poly d (I-C), 25 ng/pl poly d (A-T) and 50 ng/ul
poly L-lysine) at room temperature for 30 min. For competition experiments, 125-fold
unlabelled cold oligonucleotides were added in the mixture. After incubation, the
protein-DNA complexes were separated by 6% acrylamide native polyacrylamide gel
electrophoresis, transferred to a nylon membrane (Whatman Inc., New Jersey, U.S.A.) |
by contact-blotting, and. detected by the DIG-detection kit. Antibody against Runx3
(Active Motif, Carlsbad, CA, U.S.A.) was added to examine specificity of the

protein-DNA complex.
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Chromatin immunoprecipitation (ChIP) assay
Mouse DPCs were treated for 10 min of 1% formaldehyde and washed by ice
cold PBS, 3 times, harvested and centrifuged at 100 g for 5 min. The pellet was
- suspended in 200 pl of SDS lysis buffer (50 mM Tris-HC, pH 8.0, 10 mM EDTA, pH
8.0, 1 % (w/v) SDS, 1 mM PMSF, 1 pg/ml aprotinin, 1 pg/ml leupeptin) and
incubated on ice for 20 min. The sample was sonicated for 7.5 min (power high, on 30
sec, off 1 min) using a Bioruptor (Cosmo Bio, Tokyo, Japan) to produce soluble
chromatin, with average size at 500 bp. The chromatin sample was then diluted
nine-fold in ice cold ChIP dilution buffer (50 mM Tris-HCI, pH 8.0, 167 mM NacCl,
1.1 % (v/v) Triton X-100, 0.11 % (w/v) sodium deoxycholate, 1 mM PMSF, 1 pg/ml
aprotinin, 1 pg/ml leupeptin). From the diluted sample 200 pl was removed to keep as
input fraction at 4 °C. The rest of the sample was precleaned for 6 h using 60 pl of
salmon sperm DNA/protein G Sepharose beads at 4 °C, centrifuged at 10,000 g for 10
sec, and the supernatant was collected. Twenty microgram of rabbit anti-Runx3
polyclonal antibody (Active Motif, Carlsbad, CA, U.S.A) or 10 pg of goat
anti-mouse Runx2 polyclonal antibody (Santa Cruz, CA, U.S.A.) was added and
incubated overnight at 4 °C. To collect the immunocomplex, 60 pl of salmon sperm
DNA/protein G Sepharose beads were added to the samples for 3 h at 4 °C. The beads
were washed once in each of the following buffers, in order: low salt, high salt, and
LiCl wash solution; it was then washed twice in TE buffer. The bound protein-DNA
immunocomplexes were eluted twice with 200 pl of ChIP direct elution buffer (10
mM Tris-HCIl, pH 8.0, 300 mM NaCl, 5 mM EDTA, pH 8.0, 0.5 % (w/v) SDS) and
subjected to reverse crosslinking at 65 °C for 6 h. The reverse crosslinked chromatin
DNA was further purified by 50 pg/ml proteinase K digestion at 55 °C for 1 h and
phenol-chloroform extraction. DNA was then precipitated in ethanol and dissolved in
20 pl of TE buffer. Two microliters of DNA were used for each RT-PCR with primers
Osx-ChIP'-F: 5’-GAGTGTCGTCCCCAATCC-3’ and - Osx-ChIP-R:
5’-CTGCTACCACCGAGGCTG-3’, yielding a 120-bp product. For a negative
control of ChIP assay of Runx3 or Runx2, another 1 x 107 mouse DPCs was treated as
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the same way but with 20 pg rabbit IgG or 10 pg goat IgG. Input (1/20) was used as
the positive control of RT-PCR.

Statistics
Statistical analyses were performed using Student’s unpaired r-test. Each
experiment was performed at least twice, and the representative data were presented

as means = S.D. of independent replicates (n > 3).

RESULTS
Expression of Runx3, Runx2, Osterix and Bmp2 during tooth development

In the developing tooth, Runx3 was detected in the dental papillae at the late cap
stage (15.0 dpc). Runx3 was progressively restricted to the odontoblastic layer of
tooth germ from the bell stage (17.0 dpc) to the differentiation stage, postnatal day 1
(P1) during terminal differentiation of odontoblasts (Figs.1A-D). In contrast, Osterix
Was first detected in the odontoblastic layer at 17.0 dpc, and was a more pronounced
at Pl and P4 (Figs.1E-H), overlapped with Runx3 expression. In the odontoblasts,
Bmp?2 also was strongly expressed at P1 (Fig. 10) but not Runx2 (Fig. 1K). No

positive signal was detected when using sense probe.

Expression of Runx3-and Osterix during differentiation of the dental pulp cells into
odontoblasts in vitro

We next determined whether the mouse DPCs in vitro have the similar expression
patterns of Runx3 and Osterix as those in vivo, RT-PCR was performed to examine
gene expression of Runx3, Osterix, and odontoblast markers, dentin
sialophosphoprotein (Dspp), enamelysin and kallikrein 4 (KLK4) during culture (Fig.
2A). Dspp and KLK4 were first detected clearly on day 21 and enamelysin on day 28,
showing spontaneous differentiation of the DPCs into odontoblasts. Runx3 expression
was weakly detected on day 1, and increased further on day 21. Osterix expression
was first detected on day 21 (Fig. 2A). These results correlated with in vivo
expression during tooth development, suggesting that the DPCs might be useful for
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study on the regulation of expression of Osterix by Runx3 at the stage before terminal

differentiation of odontoblasts.

Runx3 down-regulates Osterix expression in the mouse dental pulp cells

To examine whether Osterix expression was regulated by Runx3,
MSCV-eGFP-Flag-Runx3 was transfected by electroporation into the mouse DPCs.
Electroporation at three square-wave pulses at a frequency of 1 Hz, with a pulse
length of 99 psec and 1350 V, provided an optimal method for gene transfer in vitro.
The cell viability was nearly 70% as determined with trypan blue, and the efficiency
was nearly 35% as estimated by fluorescent microscopy. Real-time RT-PCR showed
that the enhanced expression of Runx3 mRNA, nearly 3 fold increase in the DPCs
with MSCV-eGFP-Flag-Runx3 than in control DPCs with MSCV-eGFP 24 hours after
transfection (data not shown). Runx3 mRNA, however, were reduced to the almost
same level as that of control 48 hours after transfection. On the contrary, Osterix
expression was reduced in 25% 48 hours after transfection with
MSCV-eGFP-F. lag-Ruth compared with control transfection (Fig. 2B). These results

suggest that Runx3 negatively regulates Osx expression in the DPCs.

Runx3 down-regulates the Osterix promoter activity in HEK293

A recent study has shown that Runx2 specifically up-regulated Osterix promoter
activity in C3H10T1/2 and ATDCS5 cells, mesenchymal cell lines of bone and
cartilage respectively [19]. There has been no report, however, concerning Osterix
regulation by Runx3 so far. Runx3 shares highly conserved DNA binding domains
with Runx2. Both Runx2 and Runx3 promoters have putative Runx binding sites that
are fully conserved in sequence and location [24]. Therefore, cross-regulation
between Runx2 and Runx3 might be plausible. To avoid this possible endogenous
effect, HEK293 cells, in which neither Runx2 nor Runx3 are expressed (Fig. 3A), was
used to examine transcriptional activity of Runx3.

Three putative Runx binding sites were identified on -1823 bp to -1817 bp (site 1,
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