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Abstract

The oral cavity is a site of hematopoietic activity, and metastatic hematolog-
ical and solid tumors. This study focused on acute myeloid leukemia (AML)
due to extensive documentation of its presentation in the gingiva. Despite
these reports, it is unclear how AML and other leukemia cells survive in the
oral tissue. We investigated intercellular communication between leukemia
cells and dental pulp stem cells (DPSCs). DPSCs enhanced the proliferation
and adhesion of AML cells (HL-60) and to a lesser extent, myelomoncytic
leukemia cells (U937). The erythroleukemia K562 cells showed a delayed
trend to proliferate. The communication between DPSCs and HL-60 cells was
partly due to gap junctional intercellular communication (GJIC), as indicated
by dye transfer. We also noted evidence of tunnelling nanotubules (TNT).
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Dye transfer was noted in non-adherent cells, suggesting other method of
transfer, perhaps by extracellular vesicles. Using SORE-6 that can stratify
the HL-60 subset, dye transfer occurred mostly in the subset lowest in the
hierarchy. These latter findings were novel since they might provide insights
into the behavior of non-leukemia stem cells and their interaction with cells
in the oral cavity. In summary, this study began to dissect the interaction
between HL-60 AML cells and DPSCs, providing insights into the survival
of AML and perhaps other leukemia cells in the oral cavity.
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Introduction

The oral cavity is a metastatic site for hematological and solid tumors [1].
At least 20 solid tumors have been reported to metastasize in the soft and
hard tissue of the oral cavity [2]. Similarly, hematological tumors – leukemia,
lymphoma, and multiple myeloma – have been reported in the oral cavity [3].

The oral cavity has differentiated specialized cell types, and stem cells. Of
note is the center of a tooth with a well vascularized region, referred to as the
dental pulp. The pulp is present within the crown and the root of the tooth. It
serves functions related to sensation, nourishment, and tissue regeneration
with the major nerves and microvasculature to nourish the tooth [4]. The
neurovascular bundle enters and exits the tooth structure through an apical
foramen at the root of the tooth. The superior and inferior alveolar arteries
are responsible for perfusing the maxilla and mandible, including associated
structures like the teeth and the gingiva, illustrating the closely interconnected
relationship between pulpal and gingival circulation [4].

The dental pulp consists of loose connective tissue that contains fibrous
matrix (predominantly collagen fibers type I and II), ground substance (pro-
teoglycans, glycoproteins, and water), and various cell types including stem
cells (DPSCs), fibroblasts, endothelial cells, odontoblasts, Schwann cells,
differentiated hematological cells such as immune and erythrocytes, and
epithelial-like cells. Vascularization of the dental pulp is critical, with healthy
pulp of different teeth showing similar ranges of oxygen saturation [5].

Acute myeloid leukemia (AML) is one of several hematological malig-
nancies that can survive in the oral cavity. Despite improved treatment and
diagnosis, the prognosis of AML is poor with a five-year survival rate of
about 46% [6]. AML is presented in the gingival tissue with overgrowth and
potential ulceration [7–13]. Such presentation is similar to thrombocytopenia
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and immunodeficiency [14]. All subtypes of AML can present with oral man-
ifestations which include various degrees of gingival overgrowth, petechiae,
spontaneous bleeding, and mucosal ulceration, with or without necrosis
[15, 16]. AML gingival overgrowth is commonly seen with the FAB AML
subtypes of acute monocytic leukemia (M5) and acute myelomonocytic
leukemia (M4) [17–26]. Interestingly, gingival infiltration is the first clinical
sign of AML in 5% of AML patients [15, 19, 27, 28]. The microanatomy,
combined with the expression of endothelial adhesion molecules, contributed
to the infiltration of malignant and non-malignant hematopoietic cells [15].
This results in an increase of the gingival volume, leading to periodontal
pockets and pseudo- pockets. The interaction between leukemic gingival
infiltration and periodontal diseases, i.e. gingivitis and periodontitis, enhances
the symptoms of each other. Despite the extensive documentation of the
clinical presentation of AML in the gingiva and the histologic confirmation of
the gingival AML infiltration, there is a gap in understanding the mechanisms
by which the oral tissue supports AML. This critical gap in knowledge
could impact early diagnosis and treatment for prolonged remission of AML
subjects. This gap is partly due to the current and past emphasis in addressing
the clinical and research landscape of AML pathology in the bone marrow
(BM), blood and lymphatic.

Currently, it is unclear if current treatment for AML can be applied to the
oral cavity. Insights were gained from clinical cases in which AML relapse
showed cancer cells within the gingiva but undetectable blast in the BM
[29, 30]. This suggested that AML could relapse from the gingiva, in addition
to the BM. Another case report showed gingival overgrowth of AML two
years after remission with negative results in the BM biopsy [30]. Taken
together, these case reports led the inevitable question, does the oral tissue
have the potential to serve as a site of dormancy for the AML or metastatic
site? If so, how are AML cells supported in the oral tissue? Furthermore, are
current treatments effective for AML in the oral cavity?

Despite several reports on AML infiltrating the gingiva, it is unclear if
these tumors can enter the dental pulp. The literature has indicated a support-
ing role for DPSCs in solid tumors [31–34]. The dental pulp niche presents
with interesting similarities to the BM with areas of hypoxia, abundance
of endothelial cells and endothelial progenitors, MSCs, and hematopoietic
cells [35]. The anatomic structure of dental pulp parallels that of the BM
with respect to cell types and vascularity. This has led to the question of
whether DPSCs function as a major cell support of AML in the oral cavity
(Supplemental Figure 1).
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This study is relevant and impactful since the dentist, oftentimes, is the
first healthcare provider to notice the gingival overgrowth for referral to the
hematologist. The dentist is also responsible for treating the cancer patient
both periodontally and restoratively prior to any planned chemotherapy or
radiotherapy. Currently, there is no information on the response of AML in
the oral cavity to current treatment. Since AML aggressively infiltrates the
surrounding gingival tissue, most probably it also affects the dental pulp,
which is experimentally addressed in this study.

Materials and Methods

Reagents

RPMI 1640, glutamine, penicillin-streptomycin, fungizone, 1-octanol, fetal
calf sera (FCS) and phosphate buffered saline (PBS) were purchased from
Millipore-Sigma (St Louis, MO). Cell Tracker Deep Red, polybrene, Stem-
Pro adipogenesis and osteogenic differentiation kits were purchased from
Thermo Fisher Scientific (Waltham, MA). The following fluorescein con-
jugated antibodies and corresponding isotype control were purchased from
BD Bioscience (San Jose, CA): murine anti-human – CD105-PE, CD44-
PE, -CD45-FITC and -CD90-APC. Murine anti-human Ki67 and anti-murine
IgG-PE were obtained from Abcam (Waltman, MA).

Ethics Statement

Rutgers Institutional Review Board (IRB) approved the use of dental pulp.
The demographics of the donors are shown in Table 1.

Table 1 Demographics of teeth from healthy and periodontal disease donors

Tooth Periodontal
Patient Tooth # Age Gender Race Vitality Status

1 5, 12, 21, 28 17 M African American Vital Healthy

2 5, 12, 21, 28 14 F Asian Vital Healthy

3 28 21 F Hispanic Vital Healthy

4 5, 6 49 M Caucasian Vital Periodontitis

5 5, 12 33 M African American Vital Gingivitis

6 6, 8 66 M Caucasian Vital Healthy

7 5, 12 18 F African American Vital Gingivitis

8 21 18 F Hispanic Vital Healthy
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Cell Lines

The following cell lines were obtained from American Type Culture Col-
lection (ATCC) (Manassas, VA): HL-60 AML cells, myelomonocytic U937
cells, erythroleukemia K562 cells and HEK-293-T. The cells were cultured as
per ATCC instruction. K562, HL-60 and U937 were cultured in RPMI 1640
with 10% FCS.

Vector

The source and preparation of the lentiviral plasmids for SORE6-GFP has
previously been described [36]. SORE6-GFP was propagated in HEK-293-
T cells. HL-60 cells were stably transfected with SORE6-GFP similar to
the described method for the glioblastoma cell line. Briefly, HL-60 were
transduced with SORE6-GFP or empty vector-GFP lentivirus at multiplicity
of infection (MOI) of 5:1 with 0.8 µg/µl of polybrene. Stable transductions
were selected with 1–3 µg/µl of puromycin. The stable cell lines were
maintained with 1 µg/µl puromycin for SORE6-GFP, and 2 µg/µl puromycin
for cells with empty vector.

Culture of DPSCs

DPSCs were cultured from freshly extracted teeth. The extracted tooth was
stored in sterile 1X PBS for transit from the clinic to the laboratory and
rinsed with 1X PBS prior to processing. A high-speed dental hand-piece
with a sterile carbide bur was used to drill grooves into the dentin along
the buccal and lingual/palatal surface of each of the roots and the crown
of the tooth, as well as at the perimeter of the anatomic crown of the tooth
at the level of the cemento–enamel junction. The prepared tooth was then
decontaminated by serially incubating in pure Povidone-iodine for 4 min;
sterile 1X PBS containing 100 IU/ml penicillin and 100 µg/ml streptomycin
for 4 min, exchanging the solution until the iodine was removed; Fungizone
(0.25 µg/ml) for 4 min; and finally rinsed three times with 1X PBS.

The disinfected tooth was fractured along the prepared grooves using a
dental mallet and chisel. The dental pulp was extracted using Micro Adson
tissue pliers and periodontal probe NC15, minced into pieces of 1–5 mm in
length, evenly distributed throughout a vacuum gas plasma-treated 60 mm
petri dish, and allowed to dry for ≥10 min. The dried pulp was covered with
DMEM containing 10% FBS, 100 IU/ml penicillin, 100 µg/ml streptomycin,
and 2 mM L-glutamine and incubated at 37◦C with 5% CO2. The media were
replaced with 50% fresh media at 3–4 day intervals until the cells reached
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70–80% confluency. At passage 3, the cells were characterized for phenotype
and multipotency, as described [37].

DPSC Differentiation

DPSCs were differentiated into adipogenic and osteogenic lineages using the
listed kits. Induction was performed based on manufactures’ protocol. Briefly
2 × 104 DPSCs/cm were transferred to Falcon tissue cultured vacuum gas
plates and allowed to adhere. Cells were plated in 10% DMEM media for
24 h. DMEM was replaced by induction media and incubated for 72 h at 37◦C
in a CO2 incubator. Cells were washed followed by adding of maintenance
media. After adipogenesis induction, the cells were incubated with 0.18%
oil red solution. Red stain cellular uptake was observed using bright-field
microscopy at ×10 magnification.

Flow Cytometry

DPSCs were labeled with anti-CD44-PE, -CD45-FITC and -CD90-APC,
each at 1/100 dilution. The DPSCs were incubated in the cold for 30 mins,
followed by washing in PBS twice. The cells were resuspended in 1%
formaldehyde and then immediately acquired on the FACScan (BD Bio-
science). The data were analyzed with Flowjo (Flowjo, LLC; San Carlos,
CA).

Dye Transfer Assay

GJIC between DPSCs and leukemic cells or BC cells were performed as
described [1]. DPSCs were labeled with 2.5 mM of CellTracker Deep Red
dye. This was accomplished by incubating the cells with the dye for 30 mins
at 37◦C in a CO2 incubator. After incubation, the cells were washed twice
with 1X PBS. Co-cultures of dye-loaded DPSCs and cancer cells were at
1:1 ratio. After 24 h, the cancer cells were assessed for GJIC by flow
cytometry. Control co-cultures used 1-octanol (300 µM). Dye transfer by flow
cytometry occurred after 72 h as follows: cells were trypsinized, pelleted by
centrifugation, and then resuspended in 0.5 mL 1X PBS.

Western Blot

Cells were resuspended in 50–100 µl of lysis buffer and EDTA-
protease inhibitor cocktail (Millipore-Sigma). Cell lysates were subjected
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to freeze/thaw cycles – 2 mins in liquid nitrogen followed by 2 mins in a
37◦C water bath. Cell lysates were centrifuged at 2000 g for 10 mins and the
supernatants containing the proteins were collected and then quantitated for
protein levels with the Bradford Protein Assay Reagent (BioRad, Hercules,
CA). Extracts (15 mg) were electrophoresed on 12% SDS-PAGE gel and then
transferred onto Immobilon-P PVDF membranes (ThermoFisher Scientific).
The membranes were washed with 1X PBS-tween for 10 mins and then
blocked for 20 mins with 3% non-fat milk diluted in 1X PBS. The membranes
were incubated overnight at 4◦C on a shaker with the primary antibodies –
anti-Cx43 at a 1:1000 ratio in 3% non-fat milk. Membranes were washed and
blocked with 3% non-fat milk, followed by incubation with HRP tagged anti-
β-actin at 1:2000 in 3% non-fat milk for 2 h at 4◦C. The membranes were
washed for 20 mins and then developed with the Super Signal West Femto
Maximum Sensitivity Substrate for 5 mins. The protein bands were imaged
using the using the ChemiDoc XRA (BioRad).

Co-culture of DPSCs and Tumor Cells (Adhesion, Proliferation)

DPSCs, 37×104, were added to six-well tissue culture plates. After overnight
incubation, equal numbers of leukemia cells were added. After 24, 48, and
72 h, the cells were labeled for Ki67 at 0.5 µg/mL to assess proliferating
cells. The cultures were imaged on EVOS FL and Ki67 cells counted for pro-
liferation. The adherent cells were assessed after removing the non-adherent
cells and washing the wells with PBS.

Statistical Analysis

Data was analyzed using Student’s t-test and ANOVA to compare between
groups. A p value of <0.05 was considered significant.

Results

Increased Proliferation of Leukemia Cells with Direct Contact
with DPSCs

We co-cultured HL-60 with DPSCs at 1:1 ratio (each, 3.7 × 104 cells) in
six-well tissue culture plates (Figure S2). At 24, 48 and 72 h, the cells were
counted and compared with parallel cultures with HL-60 cells alone. The
results showed significant (p < 0.05) timeline increase in the proliferation of
HL-60 cells with DPSCs, relative to HL-60 cells alone (Figure 1A). Similar
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Figure 1 Timeline proliferation of leukemic cells in the presence or absence of DPSCs. The
results are shown for three biological replicates ±SD. (A) HL-60 cells were seeded at equal
ratio with DPSCs. The total number of HL-60 cells were counted at different times. (B) U937
cells were seeded at equal ratio with DPSCs. The total number of U937 cells were counted at
different times. (C) K562 cells were seeded at equal ratio with DPSCs. The total number of
K562 cells were counted at different times.

studies with U937 cells showed an increase in proliferation, although delayed
at 48 h with increase up to 72 h (Figure 1B). In contrast to HL-60 and U937
cells, K562 erythroleukemia cells showed no difference in proliferation,
regardless of contacting DPSC (Figure 1C). In summary, this section showed
a preference for DPSC with respect to enhanced proliferation of leukemia
cell type. The data suggested responsiveness by HL-60 AML to DPSCs as
compared to the myelomonocytic U937 cells.
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Leukemia Cells Adhere to DPSCs

This let of studies analyzed the cultures to assess if the leukemia cells adhered
to the DPSCs. We HL-60, K562 and U937 cells to 80% confluent DPSCs. At
2 and 12 h, we removed the non-adherent cells and then subjected the cultures
to gentle washing to remove residual non-adherent cells. After this, the
total number of adhered cells were counted. The results showed significant
(p < 0.05) increases in adherence by leukemia cells to DPSCs at 2 and 24 h
(Figure 2B). HL-60 cell adherence was of particular interest since these cells
proliferated in the presence of DPSCs (Figure 1). The total number of adhered
HL-60 cells at the 12 h time point was calculated. The results indicated 5%
HL-60 adhered to DPSCs (Figure 2C). In total, the three leukemia cell lines
tested in this set of studies adhered to DPSCs.

Intercellular Communication Between DPSCs and HL-60

Intercellular communication can occur by several methods such as tun-
nelling nanotubules (TNTs). We therefore assessed 48 h co-culture images
for evidence of TNTs. As expected, adherence could occur when the HL-
60 cells cluster on top of the DPSCs. Shown in Figure 3Ai is the inset of
a representative image. These findings suggested a “tight” communication
between the two cells. Of note is evidence of TNTs, which would suggest
transfer of molecules from the DPSCs to the HL-60 cells (Figure 3Aii).

Since the images in Figure 3A suggested intercellular communication
between HL-60 and DPSCs, we asked if the HL-60 cells communicated
with DPSCs via gap junctional intercellular communication (GJIC). First, we
assessed the leukemia cells for Cx43 by western blot. The analysis included
extracts from MDA-MB-231 breast cancer cells as positive control [38].
DPSCs were also analyzed for Cx43 since GJIC would require Cx43 expres-
sion in both the leukemia cells and DPSCs. The results showed a bright band
for HL-60 and a lighter band with DPSC extract (Figure 3B). K562 and U937
showed light to undetectable bands (Figure 3B).

Since HL-60 cells showed a bright band for Cx43 in the western blot
(Figure 3B), we asked if this could form GJIC. If so, there would be dye
transfer from one cell to another. To this end, we labeled DPSCs with deep
red and then incubated with unlabeled HL-60 cells at 1:1 ratio. The pre-
incubated HL-60 cells showed no evidence of deep red (Figure 3C). After
24 h, we labeled the cells in co-cultures with anti-CD105-PE and determined
that this labeling could demarcate DPSCs and HL-60 cells (Figure 3D).
After gating the DPSCs, we showed reduced deep red in this population but
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Figure 2 Adhesion between leukemia cells and DPSCSs. HL-60, K562 or U937 cells were
added to DPSCs at 80% confluence. (A) An image used to count the total number of adhered
leukemia cells. (B) The total number of adhered cells at 2 and 12 h are presented as the mean ±
SD of three biological replicates. * p< 0.05 vs. 2 h time point. (C) Percentage of adhered HL-
60 cells. The data from “A” was used to calculate the percentage of HL-60 cells that adhered
to DPSCs. The total number of cells at prewash were normalized as 100% and were used to
calculate the adhered cells. The results are the mean ± SD of three biological replicates.

bright fluorescence in the HL-60 cells (Figures 3E and 3F). This indicated
transfer of deep red from DPSCs to HL-60 cells. Next, the co-cultures were
repeated with 1-Octanol or a vehicle. The addition of 1-octanol significantly
decreased the transfer of deep red into HL-60 cells. This section demonstrated
intracellular communication between DPSCs and HL-60 cells through GJIC.

Dye Transfer in Non-adherent HL-60 Cells

In this section, we ask if the dye was transferred to HL-60 cells by methods
other than GJIC. This question was relevant since we noted evidence of
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Figure 3 Intercellular communication between HL-60 cells and DPSCs. (A) Image of a
representative field after 48 h of HL-60–DPSCs co-culture. The cells were seeded at 1:1 ratio.
(i) Clusters of HL-60 on top of DPSC. (ii) Communication via TNT. (B) Western blot for
Cx43 with extracts from MDA-MB-231 (positive control) [38], three leukemia cell lines and
DPSC. The membrane was stripped and reprobed for β-actin. The blot represents one of two
biological analyses. (C)–(F) Dye transfer from DPSCs to HL-60 was conducted by labeling
the DPSCs with deep red dye and then incubated with HL-60 cells at 1:1 ratio. Shown is
undetectable deep red-labeled HL-60 at pre-incubation with the labeled DPSCs (C). The
histogram showing the demarcation of HL-60 cells and DPSCs in co-culture based on positive
staining for CD105 (D). Shown is deep red labeled DPSCs (E) and HL-60 cells after 24 h
co-culture with HL-60 cells (F). (G) Representative histogram of reduced deep red in DPSC-
HL-60 cells in co-culture with 1-Octanol or a vehicle.

potential communication by TNT (Figure 3A). We therefore quantitated the
percentages of deep red positive HL-60 in suspension and those that adhered
to the DPSCs. Flow cytometry for deep red indicated dye transfer in the
adherent and non-adherent HL-60 cells (Figure 4A). The data indicated about
19% positive HL-60 cells within the adherent population and 33% positive in
suspension (Figure 4B).
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Figure 4 Deep red in adherent and non-adherent HL-60 in co-culture with DEPC. (A) HL-
60 and DPSCs were co-cultured at 1:1 ratio. The DPSCs were labeled with deep red dye.
After 16 h, the suspension cells were collected. The adherent cells were washed and then
collected after trypsinization. The latter cells were labeled for CD105 to demarcate DPSCs.
Top left panel: Unlabeled DPSCs alone. Top middle panel: Deep red labeled DPSCs alone.
Top right panel: DPSCs after co-culture. Lower left panel: HL-60 cells in media (suspension).
Lower right: HL-60 cells that adhere to DPSCs after co-culture. (B) Panels show representative
co-cultures before and after washes. The images were used to quantitate the number of dye-
labeled HL-60 cells in the adherent and non-adherent population were quantitated from three
biological replicates. (C) The data from “B” are shown in the graph with the mean ± SD
percentage of total deep red positive HL-60 cells in suspension and adherence to DPSCs on
the Y-axis.
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Preference of an HL-60 Subset to Establish GJIC with DPSC

Previous studies indicated that the SORE6, which is under the expression
of tandem repeats of Oct4 and Sox 2 could demarcate glioblastoma stem
cells [36]. In this set of studies, we asked if this lentivirus can deter-
mine if a specific subset of HL-60 cells showed preference for intercellular
communication, using dye transfer as an indicator.

The stable SORE6 HL-60 cells were stratified based on fluorescence
intensity. The cells were added to co-cultures and then labeled with CD105
to eliminate analysis of the DPSCs, which were labeled with deep red
(Figure 5A). The HL60 subsets were stratified as high (hi), medium (med)
and low (lo), based on fluorescence intensities after 24 h in co-culture
(Figures 5B). After 24 h, the adherent and non-adherent HL-60 subsets were
assessed for dye transfer (Figure 5C). The hi and med HL-60 subsets show
<2% dye transfer within the adherent and suspension cells whereas the lo
subset shows high dye transfer. In summary, the different subsets of SORE6
HL-60 cells could interact with DPSCs as evidenced by dye transfer. Inter-
estingly, the cells with the lowest SORE 6 expression were more responsive
to the dye transfer.

Discussion

The identification of leukemia in the oral cavity warrants research to dissect
the mechanisms by which the oral cavity supports hematological tumors.
The literature has reported several methods by which AML risk factors have
been suggested [39, 40]. However, there is no identifiable risk factor for most
AML cases. Therefore, it is important to identify new diagnostic, prognostic
and therapeutic approaches, such as the oral cavity as an extramedullary site
of AML. The question is, does AML exist as dormant cancer cells in the
oral tissue? Can AML develop simultaneously in the oral tissue and bone
marrow? The expectation is that treating AML would improve the intraoral
clinical presentation. However, is it possible that residual AML cells remain
in the oral tissue and give rise to relapse/metastasis? Investigations into the
mechanisms by which tumor cells survive and the method of integration in the
oral cavity remains a poor area of research. This article focused on research
on three hematological tumor cell lines – AML HL-60, erythroleukemia
K562 and myelomonocytic U937.

HL-60 has shown enhanced proliferation in the presence of DPSCs.
Although U937 showed similar proliferation, the proliferative response was
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Figure 5 Dye transfer between DPSCs and HL-60 subsets. SORE6-HL-60 cells were sorted
as hi, med and lo. The sorted cells were added to 80% confluent DPSCs and the cells in
suspension and those that adhere to DPSCs were evaluated for dye transfer by flow cytometry.
(A) Figure shows how HL-60 (CD105-) and DPSCs (CD105+) were demarcated. (B) Shows
how the HL-60 cells from “B” were stratified for SORE6 hi, med and low. (C) Three biological
replicates from (A) and (B) are presented as the mean ± SD of dye within the adherent and
non-adherent/suspension HL-60 subsets.

reduced when compared to the response by HL-60 cells. As expected, K562
cultured alone showed timeline proliferation. However, when K562 cells
were placed in contact with DPSCs, there was no change in proliferation.
However, there was a delayed trend in which DPSCs increased the prolif-
eration of K562 (Figure 1). These varied responses suggest that the role of
DPSCs might be leukemia specific and/or subset mediated. However, it is
difficult to make a definite statement since only one cell line was used from
each leukemia type. Indeed, this first set of studies did not apply an experi-
mental model to recapitulate the oral cavity since only DPSCs were added to
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the cultures. A true recapitulation would include other microenvironmental
cell types in the oral cavity, including blood vessels and nerve fibers.

Ideally, it would be efficient to include a model that represents the oral
cavity in 3D. This could be achieved with tissue organoids, in vivo studies,
and/or 3D bioprinting. In the case of the leukemia cells, such studies should
compare the with hematological models in which the leukemia cells are
evaluated in the BM. Our laboratory has developed an efficient bioprinting
model to recapitulate the BM that could be used in parallel with 3D models
of the oral cavity [41, 42].

It is generally assumed that cells would de-adhere during proliferation.
However, the data indicated that increased proliferation did not affect adher-
ence of the three cell lines to DPSCs. This was interesting when considering
that cancer cell subsets seem to prefer specific type of communication
with healthy mesenchymal stem cells [43]. In this regard, the proliferating
leukemia cells that adhere could be in cellular quiescence. The premise for
proposing cellular quiescence of the HL-60 cells is based on other studies
that reported about 5% of cancer stem cells in breast cancer [44].

Combining leukemia cell proliferation and adherence to DPSCs, led to
several possible methods of communication. The data showed evidence of
TNTs as a method of communication. However, this study observed the co-
cultures up to 72 h. Therefore, current evidence of TNT would be at the
beginning of intercellular communication. It is possible that longer co-culture
could define if TNTs might be a stronger method of intercellular communica-
tion. Future studies are needed to address TNTs that are linked to intercellular
communication in the cancer mechanism [45, 46]. The need to follow up on
TNTs is due to reports showing the tubules transfering mitochondria to other
cells, which could alter the behavior of cancer cells [47].

In another method of communication, the experimental evidence indi-
cated GJIC between HL-60 cells and DPSCs. The evidence of GJIC was
verified by the pharmacological agent 1-octanol. Other studies are required
to further investigate the findings on GJIC. Our studies on GJIC focused on
HL-60 due to the noted 5% adherence to DPSCs. Our laboratory previously
reported on GJIC between breast cancer cells and bone marrow-derived
mesenchymal stem cells and macrophages [38, 43, 46, 48, 49]. We noted
Cx43 protein with whole cell extracts from HL-60, K562 and U937. Since
Cx43 was also noted in DPSCs, there is likely intercellular communica-
tion by the formation of cellular junction. Analyses of the individual cells
indicated bright bands for Cx43 with HL-60 extract and a light band with
DPSCs extract (Figure 3). It is possible that other connexins were involved in
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GJIC. Additionally, upon contact, the Cx43 expression might increase. This
question will require further studies since answers to this question will be
insightful to understand how the cells communicate to support the survival
of leukemia in the oral cavity. Additional studies will require more targeted
elimination of connexin with knockdown or knockout studies [43].

Since SORE-6 as well as the full Oct4a regulatory region were able to
demarcate a cancer cell subset, we employed SORE-6 transfected HL-60 to
study how the different subset interact with DPSCs [36, 38]. In this study, a
similar method was applied to determine what subsets might be responsible
to form GJIC with SORE6 HL-60 cells. The fluorescence intensity of SORE6
transfectants is proportional to the stemness of the cell [36, 50, 51]. We
compared SORE6 HL-60 hi, med and low subsets for dye transfer from deep
red labeled DPSCs. At 24 h, the hi and med HL-60 subsets show <2% dye
transfer within the adherent and suspension cells whereas the lo subset shows
high dye transfer. This was a surprising finding since other studies showed
a direct relationship between GJIC and the subset with the most intense
SORE6. Based on this, we deduced that there must be other methods of
communication between HL-60 cells and DPSCs. These are ongoing studies
by our group.

At this time, similarities and/or differences in the mechanisms by which
AML interacts with DPSCs and bone marrow mesenchymal stem cells need
to be addressed to determine if the interaction differs and, if so, how this
would affect the current treatment. To understand how AML or any other
hematological malignancy can survive in the oral cavity, one must think
of the literature pertaining to hematopoiesis in the oral cavity. The reports
indicated a small and steady population of circulating hematopoietic stem and
progenitor cells (HSPCs) at extramedullary sites, such as gingiva [52]. The
growing evidence indicated hematopoietic activity in healthy gingiva [53].
Thus, there is a possibility that, as one ages, the otherwise healthy gingival
HSPCs could transform to AML. The other possibility is that AML from the
bone marrow could migrate to the gingiva. The fundamental question is to
initiate research to understand how AML cells survive in the oral tissue. In
this regard, this study provides insights that open pathways to determine the
role of the oral cavity in AML pathology.

In summary, this article discusses a gap in knowledge with respect to
the mechanisms by which AML survives and develops in the oral cavity.
Specifically, interactions between these tumor cells and intraoral niche for the
cancer cells to survive and perhaps to resist current drug treatments. To the
best of our knowledge, there have been no studies to address the oral tissue as



Intercellular Interaction Between a Dental Pulp Stem Cell 107

a potential site for cancer dormancy and to protect current treatment. To this
end, this report forms the basis for future studies to begin a path to determine
if current AML and other leukemia treatments are effective in the oral cavity.
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