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Abstract: Quorum sensing (QS) is a generic term used to describe cell-cell communication and collective decision 
making by bacterial and social insects to regulate the expression of specific genes in controlling cell density and 
other properties of the populations in response to nutrient supply or changes in the environment. QS mechanisms 
also have a role in higher organisms in maintaining homeostasis, regulation of the immune system and collective 
behavior of cancer cell populations. In the present study, we used a p190BCR-ABL driven pre-B acute lymphoblastic 
leukemia (ALL3) cell line derived from the pleural fluid of a terminally ill patient with ALL to test the QS hypothesis 
in leukemia. ALL3 cells don’t grow at low density (LD) in liquid media but grow progressively faster at increasingly 
high cell densities (HD) in contrast to other established leukemic cell lines that grow well at very low starting cell 
densities. The ALL3 cells at LD are poised to grow but shortly die without additional stimulation. Supernates of ALL3 
cells (HDSN) and some other primary cells grown at HD stimulate the growth of the LD ALL3 cells without which they 
won’t survive. To get further insight into the activation processes we performed microarray analysis of the LD ALL3 
cells after stimulation with ALL3 HDSN at days 1, 3, and 6. This screen identified several candidate genes, and we 
linked them to signaling networks and their functions. We observed that genes involved in lipid, cholesterol, fatty 
acid metabolism, and B cell activation are most up- or down-regulated upon stimulation of the LD ALL3 cells using 
HDSN. We also discuss other pathways that are differentially expressed upon stimulation of the LD ALL3 cells. Our 
findings suggest that the Ph+ ALL population achieves dominance by functioning as a collective aberrant ecosystem 
subject to defective quorum-sensing regulatory mechanisms.

Keywords: Acute lymphoblastic leukemia, quorum sensing, cholesterol metabolism, cancer cell population, cancer 
ecosystem, hallmark of cancer, FAM129C

Introduction

Collective behavior in higher organisms is an 
important characteristic regulating many bio-
logical processes and functions such as cell 
migration, stem-cell maintenance, mainte-
nance of proper organ size, immune system 
regulations and regeneration. Individual cells 
employ ‘autocrine’ and/or ‘paracrine’ factors to 
coordinate these beneficial collective behav-
iors. Bacteria utilize secreted molecules to 
‘count’ their population numbers to determine 
whether the conditions are appropriate to per-
form any simple or complex collective behavior. 

Intercellular communication between bacteria 
to execute community behavior is an example 
of quorum sensing (QS). Bacteria release, 
detect, and respond to the release of small 
chemical signaling molecules, termed autoin-
ducers, to coordinate the various activities of 
cells in order to function like a multicellular 
organism such as formation of complex bio-
films, antibiotic production, motility, sporula-
tion, virulence, swarming, competence, conju-
gation, symbiosis, production of virulence fac-
tors, and to attract prey, avoid predators or find 
mates that would not be possible as individual 
cells [1-8]. Bacteria use autoinducers [3, 4, 6] 
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or QS peptides [9-11] to modulate gene-expres-
sion and to coordinate intercellular and also 
interspecies communications [12, 13]. Thus, 
QS allows bacteria to behave like a multicellular 
organism. Ants operate without central control 
and work collectively to perform tasks [14]. 
They establish their activities using interac-
tions largely based on smell [15-17]. 

QS like mechanisms are also important in 
maintaining appropriate cell numbers in each 
organ and tissue for its optimum function in 
mammals [18-23]. The immune system uses 
QS mechanisms to control their populations, 
discriminate between self and non-self, main-
tain homeostasis of lymphocyte numbers, pre-
vent uncontrolled lymphocyte proliferation dur-
ing immune responses to accelerate T-cells 
activation when they encounter antigens, and 
maintain the size and diversity of the pool of 
T-memory cells [24-26]. Signals derived from 
differentiated cells of the same lineage and 
cells in the microenvironment or niche are also 
important in maintaining homeostasis of hema-
topoiesis and progenitor cell quiescence [27].

Various processes such as abnormal cell prolif-
eration, replication, metastasis, invasion, 
defective immune responses, therapeutic 
resistance, resisting cell death and metabolic 
reprogramming have been described as hall-
marks of cancer [28-33]. Cancer cells use vari-
ous intrinsic and extrinsic factors to utilize 
these complex functions to enhance their 
excessive growth. Disruption of QS in breast 
cancer stem cells (CSC) triggers tumorigenesis 
[34]. According to mathematical modeling 
based on a QS hypothesis for CSC, their prolif-
eration is regulated by negative feedback regu-
lation and any approach to eliminate CSCs 
using differentiation therapies as a single anti-
cancer treatment would be ineffectual [35]. 
The hallmarks of metastatic colonization 
include organ specific homing, attachment and 
interaction of cells with each other and with 
other cells, cell surface adhesion, colonization, 
and tumor cell-stromal cell interaction. The 
cancer cells accomplish these cooperatively to 
form complex and heterogeneous structures to 
support the formation of vascularized meta-
static lesions to supply enough nutrients [36]. 
However, they still remain subclinical until suf-
ficiently large cell populations are reached. The 
fundamental biochemical and biological QS 

mechanisms governing these processes in dif-
ferent types of cancers are still poorly 
understood.

Like normal adult stem cell populations, all 
human cancers contain variable numbers of 
quiescent stem/progenitor cells (S/P cells) or 
CSC that can become reactivated and reinitiate 
the cancer if the proliferating cancer cells are 
killed. Drugs designed to kill proliferating cells 
usually do not kill quiescent S/P cells, and their 
survival is thus a major reason for failure to 
cure even highly chemo-sensitive tumors. With 
rare exceptions it is not possible to cure any 
disseminated cancers without eradicating dor-
mant CSC. This can sometimes be accom-
plished with irradiation or non-cell cycle specif-
ic drugs (NCCSD) in localized cancers or in dis-
seminated cancers that are especially sensitive 
to irradiation and NCCSD (e.g. ALL, rapidly 
growing lymphomas, male germ cell tumors), 
but the mutant stem cells initiating most can-
cers do not have sufficient heightened differen-
tial sensitivity to cytotoxic drugs compared to 
normal stem cells and thereof cannot be eradi-
cated without intolerable toxicity. Because 
human CSC are rare and largely ill-defined, 
there is little quantitative information in most 
cancers about their characterization such as 
their prevalence, phenotype, cell cycle kinetics, 
duration of dormancy, activating signaling path-
ways, or in identifying genomic, epigenetic, or 
biochemical differences between normal and 
cancer stem cells, especially differences 
between quiescent cancer and normal stem 
cells that might be selectively targeted [37]. 
Another important hallmark of many CSC is 
their failure to respond to normal regulatory 
mechanisms that curtail cell production in the 
bone marrow or at other sites when normal 
homeostatic cell density equilibrium is reached, 
balancing cell production and cell death. The 
magnitude of the excessive expansion of the 
cancer cells in some of the hematologic malig-
nancies can be remarkable, often reaching 
5-10 times or greater than the normal homeo-
static levels. The leukemic cells not only expand 
in their sites of origin in the bone marrow or 
lymph nodes, but also may infiltrate and prolif-
erate in the long bones, spleen, liver and other 
organs. It is less clear why the CSC continue to 
produce cells long after the normal homeostat-
ic cell density is reached at which normal cells 
curtail production. 
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Chronic myelogenous leukemia (CML) is an 
excellent paradigm of neoplasms that charac-
teristically undergo progression from a relative-
ly benign and treatable phase to a more malig-
nant and usually rapidly fatal phase; without 
effective treatment, blastic transformation con-
sistently occurs in CML after a median chronic 
phase (CP) duration of ~3 years [38]. Imatinib 
and the newer TKIs have proven so effective in 
controlling the CP that its average duration is 
considerably extended, but if treatment is 
stopped too soon because of drug intolerance 
or development of resistance, the disease 
almost always relapses. CML patients who 
achieve durable deep molecular remissions 
(MR) on TKIs (4-4.5 MR) which are maintained 
for several years or longer in different trials per-
formed better, and only about 50% or fewer 
have relapsed so far [39-43]. Once blastic 
transformation occurs it responds poorly to any 
available therapy and is usually rapidly fatal. 
Cytokinetic studies during the CP have shown 
that the CML cells’ proliferative kinetics are 
similar to normal cells at similar bone marrow 
or blood cell densities, but that proliferation 
progressively slows as the cell density increas-
es [44-48]. In blastic phase (BP) CML the blasts 
proliferate even slower as in other types of 
acute leukemia, but they still inevitably replace 
the faster dividing CP CML cells. It is important 
to understand how cancer S/P cells and entire 
cancer cell populations far exceed normal 
homeostatic cell density limits due to the 
abnormalities in QS.

As a first step towards understanding the 
abnormalities in QS that permit cancer S/P 
cells and cancer populations to greatly overex-
pand, we have been studying the cytokinetics 
of a recently obtained p190BCR-ABL driven pre-B 
cell line (ALL3) derived from the pleural fluid of 
a patient who was terminally ill with widely dis-
seminated Ph+ ALL. Largely in accord with 
hypotheses postulated by previous investiga-
tors [36, 49, 50] we have assumed that the Ph+ 
acute leukemia population functions as an 
interactive cell society in which the group 
dynamic governs overall behavior, and which 
further ignores or disobeys normal homeostat-
ic cell density and other normal QS regulations. 
Thus, rather than clonal succession and faster 
growth of the most aggressive new mutant 
clones being the sole underlying cause respon-
sible for malignant progression, increasingly 

defective QS may also have an important role in 
the progressive expansion of the Ph+ ALL cells. 
This may be also be the case in other hemato-
logical malignancies such as other types of 
acute leukemia and BP CML as well as solid 
tumors undergoing malignant progression. The 
ALL3 cell line used in this study provided a 
unique opportunity to investigate the mecha-
nisms regulating the growth of these malignant 
cells that closely simulate the pleural fluid eco-
system in which they were growing in the 
patient.

ALL is a heterogeneous disease affecting 
~6000 individuals in the United States each 
year, 60% of whom are children (www.cancer.
gov). ALL is a clonal proliferation of mutated 
progenitors of B or T lymphocyte origin that 
arise in the bone marrow [51]. The disease has 
a bimodal age distribution, being most com-
monly seen in children [52, 53]. With current 
available therapies pediatric ALL is one of the 
greatest therapeutic success stories, with over-
all long-term event-free survival rates exceed-
ing 80%, but in adults only 30%-40% [54, 55]. 
Ph+ ALL is one the most lethal types of ALL 
both in children and adults, and is often only 
curable with marrow ablation and allogeneic 
stem cell transplants and perhaps with CAR 
T-cell therapy. The usual driving mutation, 
p190BCR-ABL, is similar to the common driving 
mutation in CP and BP CML, p210BCR-ABL, and 
the proliferative kinetics of the leukemic blast 
cells are similar in Ph+ ALL and BP CML [45, 
56].

It is difficult to initiate new human acute leuke-
mic cell lines. In August 2007 we were given a 
new p190BCR-ABL driven pre-B leukemic cell line 
named ALL3 by Drs. Renier Brentjens and Mark 
Frattini which they had recently established 
from the free-floating leukemic cells in the pleu-
ral fluid of an adult patient who was dying of 
Ph+ ALL that was no longer responsive to 
Imatinib or other BCR-ABL TKIs. They had 
already shown that the cells injected in large 
numbers (estimated several million) caused a 
rapidly fatal leukemia in immunodeficient mice 
and would also grow in the absence of any cyto-
kines in liquid culture if started at very high cell 
concentrations (~0.5-1 × 106 cells/ml). We con-
firmed their initial findings in NOD-SCID mice. 
Mice injected S.C. with as few as 5 × 105 ALL3 
cells developed tumors reaching 2 cm3 in size 
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between 4 and 6 weeks after injection, and 
mice injected i.v. with 5 × 105 or more ALL3 
cells all developed disseminated leukemia 
within 5 weeks after injection. However mice 
injected i.v. with 5 × 103, 2.5 × 104, and 5 × 104 
ALL3 cells did not develop leukemia, unlike 
many other human established leukemic cell 
lines which cause disseminated leukemia in 
the majority of immunodeficient mice with 
much fewer cells. Also, in contrast to many 
other long-established human or murine BCR-
ABL driven leukemic cell lines, ALL3 cells do 
not form colonies in methylcellulose, do not 
grow in liquid culture at low cell densities 
(~5000-10,000 cells/ml), and grow increasing-
ly faster at progressively higher cell densities 
between 20,000 cells/ml and 3-4 × 105 cells/
ml with doubling times varying between ~20-
100 hr without stimulation by any growth fac-
tors (GFs). ALL3 cells grow almost equally well 
in ALL3 media, IMDM with 10% FCS without 
additives, and QBSF-60, but die rapidly in 
CellGro and all other protein-free medias that 
have been tested. We shortly observed that 
ALL3 cells do not proliferate at very low starting 
cell densities (LD) (104 cells/ml or less) but 
grow increasingly well in liquid culture at higher 
cell densities (HD) (2.5 × 104-3-4 × 105 cells/
ml). We immediately froze 50 aliquots, each 
containing millions of the cells, after receiving 
the cells so they would remain as closely as 
possible to their conditions in the pleural fluid. 
Periodically when we were ready to do an exper-
iment, an aliquot stored in liquid nitrogen or at 
-80°C was thawed and regrown in ALL3 media 
or QBSF-60 media and about half of the aliquot 
was promptly refrozen for future use. It usually 
took several weeks before cells surviving the 
freeze/thaw procedure would begin growing 
again at HD with their maximum doubling times 
of ~20-24 hr which they would usually maintain 
for the next 4-8 months or so. During this peri-
od they would not grow at low cell densities at 
~104 cells/ml or lower, but later they often 
began to adapt to the culture conditions and 
began to grow at progressively lower cell densi-
ties in liquid culture, but still never formed any 
colonies in soft agar or methyl cellulose. All the 
experiments shown were performed during the 
initial period when the cells behaved as when 
first received when they would only grow at HDs 
and not at LD.

The ALL3 cells are unresponsive to any known 
hematopoietic cytokines, produce no clones in 

semi-solid media, not even tiny ones, and don’t 
grow as a single cell in 60-well single cell clon-
ing plates. The cell-free supernates from ALL3 
cells grown at high starting cell densities 
(HDSN) were found to stimulate the growth of 
the ALL3 cells at LD at which they otherwise 
don’t grow. The ALL3 cells shortly enter apopto-
sis and die at LD, but the apoptosis of LD ALL3 
cells can be repressed in the presence of the 
HDSN. Labeling studies with Ki67, BrdU or EdU 
showed that the LD ALL3 cells are poised to 
begin proliferating but cannot do so without 
being triggered by HDSN from ALL3 cells or 
some other normal or leukemic cells growing at 
HD.

Microarray gene expression analysis was per-
formed to try to identify critical differentially 
regulated genes between non-stimulated and 
HDSN stimulated LD ALL3 cells. The gene 
expression studies were performed at days 1, 
3, and 6, representing early, intermediate, and 
late stages of activation of the LD ALL3 in the 
presence of HDSN. A large number of genes 
were differentially expressed and they were 
analyzed and grouped according to their func-
tions using gene set enrichment analysis 
(GSEA). We found enrichment of genes involved 
in various pathways such as cholesterol, lipid, 
and sterol metabolism. We found that B cell 
activation, signaling pathways, and anti-apop-
totic pathways were also differentially 
expressed. These results reveal some clues 
about the complex underlying mechanisms 
responsible for the defective QS regulatory net-
works in ALL that may also be involved in other 
hematologic malignancies and solid cancers. 
They also provide strong evidence that the 
great majority of individual ALL3 cells by them-
selves have very limited self renewal and prolif-
erative potential, and are only able to prolifer-
ate continuously and achieve dominance in 
vitro and presumably in vivo in animals or 
humans because they have learned to function 
collectively as a semi-independent closely 
interactive tumor ecosystem. 

Materials and methods

ALL3 cells

The human p190BCR-ABL driven ALL cells line 
(ALL3) was derived from the rapidly growing 
Ph+ ALL leukemic cells growing in ascitic form 
in the pleural fluid of a patient with widely dis-
seminated Ph+ ALL who died shortly thereafter. 
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Multiple aliquots of ALL3 cells were frozen to 
preserve the cells’ condition as closely as pos-
sible to their status in the pleural fluid. When 
experiments were planned, an aliquot was 
thawed about a month or so ahead of time as it 
took a few months for the majority of cells sur-
viving the freeze/thaw procedures to resume 
growing at about their original rate in the pleu-
ral fluid and immediately after collection of the 
thoracentisis fluids in vitro. A portion of the 
thawed cells was refrozen for future use. During 
the course of a series of experiments the cells 
were passaged serially for about 4-8 months 
during which they usually maintained their origi-
nal growth characteristics but with longer pas-
sage, they sometimes began to adapt to the 
liquid culture conditions and started to grow at 
lower cell densities at which they would not 
grow originally. During this optimal experimen-
tal period the cells were maintained in Iscove’s 
modified Dulbecco’s medium (IMDM) supple-
mented with 10% heat-inactivated fetal bovine 
serum (FBS) (Hyclone Laboratories, Logan, 
Utah, USA), 1% penicillin-streptomycin solution 
(PSN; 10,000 I.U. penicillin and 10,000 μg/ml 
streptomycin) (Corning #30-001-CI, Fisher 
Scientific, Pittsburgh, PA, USA), 1% sodium 
pyruvate (Mediatech Inc, Manassas, VA, USA 
#25-000-CI), 1% HEPES buffer (N-2-hydroxye- 
thylpiperazine-N’-2-ethanesulphonic acid) (Me- 
diatech #25-060-CI), 1% non-essential amino 
acids (NEAA; Mediatech #25-025) and 0.1% 
β-mercaptoethanol (BME) (Life Technologies, 
Grand Island, NY, USA #21985-023). Hereafter, 
we will use the term ALL3 media to describe 
the above culture medium used to culture the 
ALL3 cells.

Cell lines

R10(-) negative and R10(+) positive are two 
subclones of Mo7/p210BCR-ABL, a cell line origi-
nally established from an infant with acute 
megakaryoblastic leukemia and transfected 
with p210BCR-ABL by Dr. Brian Druker who kindly 
gave us the line. These cells were grown in 
IMDM containing 10% FBS supplemented with 
1% PSN and are described more fully in [57]. 
The Ph-positive cell line, RWLeu4, derived from 
individual patients in the acute phase of CML 
was maintained in Roswell Park Memorial 
Institute medium (RPMI 1640) supplemented 
with 10% FBS and 1% PSN as described [58]. 
The SKL7 (cell line derived from the peripheral 
blood of a child with acute myelomonocytic leu-
kemia) was grown as described [59]. The CML 

cell line K562 was grown in IMDM supplement-
ed with 10% FBS and 1% PSN. The murine 
BM185 cell line was originally obtained from 
bone marrow cells of BALB/C mice transduced 
with a retroviral vector encoding the human 
BCR-ABL fusion protein. BM185 is a BCR-ABL 
driven acute lymphoblastic mouse cell line orig-
inally established by Kochling et al [60] and 
subsequently given to us by Dr. David 
Scheinberg (MSKCC, NY). The BM185 cell line 
was maintained in RPMI 1640 supplemented 
with 10% FBS, 2 mM L-glutamine, 100 units/
liter PSN and 10-5 M BME.

Growth factors

The Granulocyte-colony stimulating factor 
(G-CSF), granulocyte-macrophage-colony stim-
ulating factor (GM-CSF), and interleukin-3 (IL-3) 
were obtained as gifts from Kirin Brewery Co., 
Gunma, Japan. The kit ligand (KL or stem cell 
factor (SCF)), FLT3 (Flt3 ligand), TPO (Throm- 
bopoietin), IL-6 (interleukin-6), and EPO (Erythro- 
poietin) were purchased from R&D systems, 
Inc. (Minneapolis, MN, USA). Other growth fac-
tors such as IL-2, hTGF-β, IL-21, IL-1, IL-7, Leptin, 
IGF-I (Insulin Growth Factor I), IGF-II (Insulin 
Growth Factor-II), and IL-4 were obtained from 
MSKCC labs.

Collection and processing of supernatant 
(condition media) from cell lines

ALL3 cells were grown in ALL3 media at start-
ing cell densities of 0.5-1 × 106 cells/ml and 
cultured for 72-96 hr at 37°C in a 5% CO2 atmo-
sphere in incubator. The cell cultures were har-
vested after 3-4 days of growth and the cells 
were centrifuged at 1,200 rpm for 7-10 min. 
The cell-free supernate was collected carefully 
and filtered through 50-ml conical vacuum filter 
unit with 0.2 μm filters (Millipore, Billerica, 
Massachusetts, USA). The cell-free filtered-
supernate was used for stimulating cells. All 
the other cell lines, K562, BM185, RWLeu4, 
R10-, R10+, and SKL7 were grown at the start-
ing cell densities of 0.2-0.5 × 106 cells/ml for 
72-96 hr at 37°C in an incubator and super-
nates were collected and processed as 
described above. 

[3H]-thymidine incorporation assay

The supernates from cells growing at high den-
sities were collected as described above. For 
growth assays, cells were counted using the 
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trypan blue dye exclusion method and cells 
equivalent to 5,000-10,000 cells/ml (LD ALL3 
cells) were placed into 15-ml falcon tubes. The 
adjusted ALL3 cells at the LD were washed with 
fresh ALL3 media once, and replaced with 
HDSN collected from different cell lines or with 
plain ALL3 media (as negative control). In each 
experiment the cell suspension volume was 6-7 
ml. Then, the LD cells were resuspended thor-
oughly and dispensed into two 6-well flat bot-
tom plates with 3 ml cell suspension per well in 
each plate and kept at 37°C, 5% CO2 in an incu-
bator until harvesting them for assay. The day 
before harvesting the cells on a filter plate, 200 
μl of cell suspensions were taken from the 
6-well plate and seeded in triplicate in 96-well 
round bottom plates. Then, these cells were 
incubated with 20 μl (for each well) of 0.3 μCi of 
[3H]-thymidine (PerkinElmer Life Sciences, 
Shelton, CT, USA), and the cells were incubated 
for 18 hr at 37°C and 5% CO2. Next day, cells 
were harvested on Unifilter GF/C 96-well plates 
(Perkin Elmer Life Sciences #1450-521) using 
Unifilter-96 cell harvester (Perkin Elmer Life 
Sciences #961961) as described by manufac-
turer. The plates were allowed to air dry, and  
20 μl Microscint-20 fluid (Perkin Elmer Life 
Sciences #6013621) was added and plate was 
covered with transparent top-seal and opaque 
back-seal, and [3H]-thymidine radioactivity was 
measured in TopCount Microplate Scintillation 
Counter (Perkin Elmer Sciences). This assay 
system was used to determine stimulatory 
activity of different sources of supernates on 
the growth of the LD ALL3 cells. 

Trypan-blue dye exclusion method

To determine the cell number and cell viability, 
the trypan blue exclusion method was used 
[61]. Cell number and viability was determined 
by hemocytometer cell counts but were inaccu-
rate at low cell densities of ~104 cells/ml or 
lower. Cells stained with trypan blue were con-
sidered as dead cells. We used a 0.4% solution 
of trypan blue (Sigma Aldrich, St. Louis, MO, 
USA #T8154) in buffered isotonic salt solution, 
pH 7.2 to 7.3 (i.e., phosphate-buffered saline; 
PBS). 

Patient samples

CML blood samples were obtained from 
patients newly diagnosed with CP CML. The 
CML samples, AML, and BP CML were all 

obtained from patients hospitalized at MSKCC 
and given to us by our clinical colleagues as 
left-over cells obtained from peripheral blood 
or leukapheresis samples drawn for laboratory 
tests or therapeutic purposes (e.g., leukapher-
esis). After informed consent on MSKCC 
Institutional Review Board-approved protocols, 
peripheral blood mononuclear cells (PBMCs) 
from patients were obtained by Ficoll density 
centrifugation for research purpose. The CML 
blood samples were processed to obtain 
enriched PBMCs and frozen until further use. 
Defrosted PBMC from the patient samples 
were individually used to isolate the CD34+ 
fraction using the midiMACS immune-magnetic 
separation Kit from Miltenyi (Miltenyi Biotec, 
Bergisch Gladbach, Germany, Cat# 130-
0460701) [37, 56]. The cord blood samples 
were purchased from New York Blood Bank 
Center, NY.

CD34+ cells enrichment

Peripheral blood mononuclear cells (PBMCs) 
were isolated on a Ficoll gradient (Ficoll-Paque 
PLUS, GEHealthcare, Cat# 17-1440-03) from 
the total nucleated cells of peripheral blood of 
leukemic patients. In the case of the patient 
samples, PBMCs after Ficoll-gradient were fro-
zen in liquid nitrogen in RPMI plus 10% dimeth-
yl sulfoxide and 10% FBS and stored until used 
for experiments. CD34+ cells were positively 
selected using a midiMACS immune-magnetic 
separation Kit after one round of purification, 
the recovered cells were passed through anoth-
er round of purification using a second column 
[37]. 

Co-culture experiments in transwells and 
adding HDSN

To study the effect of diffusible and soluble fac-
tors from HD ALL3 cells or any other test cells, 
we used permeable transparent 6-well tran-
swells (Corning, Tewskbury, MA, USA) with the 
top-chamber (insert) having a 0.4 μm perme-
able polycarbonate membrane and a bottom 
well that only allows diffusion of soluble factors 
and prevent exchange of cells. The effect of 
ALL3 cells other test cells growing at different 
HD in the upper inserts on the LD ALL3 cells in 
the lower wells was observed. This method was 
not suitable for long-term culture since the 
overgrowth of cells beyond plateau phase 
releases unwanted materials like metabolites 



Quorum sensing in acute lymphoblastic leukemia

1183 Am J Cancer Res 2016;6(6):1177-1230

and release proteins from dying cells that ham-
pers growth of ALL3 cells at LD. To circumvent 
these problems, we cultured HD cells for 3-4 
days, and filtered HDSN were used to stimulate 
the LD ALL3 cells, and the growth was moni-
tored using the [3H]-thymidine uptake assay.

Ki67 labeling

ALL3 cells were kept at LD and HD, and collect-
ed and stained with MIB-1 Ki67 antibody and 
nuclei were stained with DAPI. The Ki67 posi-
tive cells were counted and imaged using an 
immunofluorescence microscope with help 
from the Molecular Cytology Core Facility at 
Memorial Sloan-Kettering Cancer Center 
(MSKCC), NY.

EdU (5-ethynyl-2’-deoxy uridine) labeling

The Click-iT EdU Imaging Kit (Invitrogen, 
Carlsbad, CA, USA) was used. In this method, 
cells were collected, centrifuged, and washed 
twice with cold PBS. Cells were pulsed with EdU 
for 1 hr, fixed, permeabilised and treated with 
the reagent as described in the product manual 
provided by the manufacturer. Cells were also 
counter-stained with DAPI (4’,6-Diamidino-2-
phenylindole dihydrochloride) (Sigma, St.Loius, 
MO, USA #D9542). The EdU positive cells were 
counted and imaged using immunofluores-
cence microscope with help from Molecular 
Cytology Core Facility at MSKCC, NY. BrdU was 
also used to determine the percentage of cells 
in S phase in some experiments, and using 
both methods simultaneously the results were 
almost identical.

Caspase 3/7 assay

The Caspase-Glo3/7 assay system (Promega, 
Madison, WI, USA #G8091) was used to moni-
tor cell apoptosis as described in the product 
manual. Briefly, equal number of cells growing 
at LD and HD were seeded in white-walled 
96-plate in triplicate. 100 μl of Caspase-Glo3/7 
reagent was added to each well, mixed using a 
plate shaker and incubated at room tempera-
ture (RT) for 1 hr. After incubation lumines-
cence was measured using a luminometer.

TUNEL (TdT-mediated dUTO Nick-End labeling) 
assay

Dead EndTM Fluorometric TUNEL assay system 
from Promega was used following manufactur-
er’s instructions (Promega #G3250).

AnnexinV-FITC/propidum iodide apoptotic as-
say

The LD ALL3 cells were stimulated with or with-
out the HDSN from the same ALL3 cells grow-
ing at HD for 3-4 days. The non-stimulated and 
stimulated cells were collected, spun down, 
and then the supernate was discarded and 
cells were washed twice with cold PBS. Then, 
the cells were suspended in 100 μl binding buf-
fer (PBS+2% bovine serum albumin (BSA)). 100 
μl cell suspensions were treated using annexin 
V-FITC (BD Biosciences, San Jose, CA, USA) and 
0.5 μl of 100 μg/ml PI (Propium Iodide) solu-
tion, and incubated at RT for 15 min in the dark. 
After the incubation period, 400 μl of binding 
buffer was added, mixed gently, kept on ice, 
and analyzed using BD FACS Calibur (BD 
Biosciences, San Jose, CA, USA).

RNA isolation, labeling, hybridization, and mi-
croarray

For the microarray study, the LD ALL3 cells with 
or without stimulation from HDSN were used. 
Cells from both groups were monitored for 
growth and viability using the trypan-blue exclu-
sion method and the [3H]-thymidine uptake 
assay at different time points as described ear-
lier. On each day, the cells were collected, spun 
down and media was removed, suspended in 
1-1.5 ml of TRIzol reagent (Invitrogen, Carlsbad, 
CA, USA #15596-026) and rapidly frozen and 
stored at -80°C until further processing. Total 
RNA was isolated from each group of cells fol-
lowing the manufacturer’s method for TRIzol 
reagent. RNA quality was ensured before label-
ing by analyzing 5 pg of each individual sample 
using the RNA 6000 picoAssay and a 
Bioanalyzer 2100 (Agilent Technologies Inc., 
Santa Clara, CA, USA). For each sample meet-
ing the standards, 20 ng of total RNA from the 
samples were labeled using the GeneChip two-
cycle target labeling kit (Affymetrix, Inc., Santa 
Clara, CA, USA). Ten micrograms of labeled and 
fragmented cRNA were then individually hybrid-
ized to the Human Genome U133 plus 2.0 array 
(Affymetrix) at 45°C for 16 hr. Automated wash-
ing and staining were performed using the 
Affymetrix Fluidics Station 400 according to 
the manufacturer’s protocols. Finally, chips 
were scanned with a high-numerical Aperture 
and flying objective lens (FOL) in the GS3000 
scanner (Affymetrix). In summary, RNAs were 
extracted from each group (stimulated or non-
stimulated LD ALL3 cells), and separate gene 
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expression profile and the changes in gene 
expression were derived from the statistical 
analysis in which we compared non-stimulated 
and stimulated LD ALL3 cells with HDSN col-
lected from HD ALL3 at day 1, 3, and 6 in two 
independent separate experiments. 

Microarray data analysis

Differential gene expression analysis compar-
ing ALL3 HDSN stimulated and non-stimulated 
LD ALL3 cells was performed based on a model 
utilizing the LIMMA (linear models for microar-
ray data) [62]. Microarray data analysis was 
performed with help from the Bioinformatics 
core facility at MSKCC, NY. Genes with FDR<1%, 
fold change larger than 2 were treated as dif-
ferentially expressed genes. 

Gene set enrichment analysis

A series of analyses were undertaken with the 
differentially expressed genes. EnrichR was 
employed for functional annotation analysis to 
understand the localization, biological signifi-
cance and signaling pathways associated with 
large lists of differentially expressed genes 
[63].

Results 

Growth of ALL3 cells and other CML cell lines 
at different starting cell densities

To evaluate the growth of the ALL3 cell line 
compared to other leukemic cell lines like 
RWLeu4, R10+, R10-, SKL7, BM185 and K562, 
we followed their growth at different starting 
cell densities over different time periods using 
the trypan-blue dye exclusion method (Figure 
1). It is important to note that at very low cell 
densities hemocytometer cell counts are 
increasingly inaccurate. We found that the ALL3 
cell line and other leukemic cell lines grew fast-
er at progressively higher starting cell densities 
between 5 × 104 and 3 × 105 cells/ml (Figure 
1A-D) with doubling times (DTs) of ~31-39 hr. 
ALL3 cells did not grow in liquid culture at LDs 
of 0.5 × 104-1 × 104 cells/ml but other long 
established human or murine BCR/ABL driven 
leukemic cells grew very well at these (Figure 
1E-K) and even lower cell densities (Figure 
1L-O). 

We also found that ALL3 cells don’t grow at all 
in liquid media at starting cell densities at or 
below ~5000 cells/ml unless they are tightly 

Figure 1. Comparative growth of various leukemic cell lines at different starting cell densities. Growth of leukemic 
cell lines at HD of (A) 3 × 105 cells/ml (B) 2 × 105 cells/ml (C) 1 × 105 cells/ml and (D) 5 × 104 cells/ml. The DT 
for ALL3 cells are color coded and shown in figures. Comparison of the growth of leukemic cell lines (E) SKL7 (F) 
RWLeu4 (G) BM185 (H) K562 (I) ALL3 (J) R10+ and (K) R10- at low starting cell densities of 0.5 × 104, 1 × 104, 2 × 
104 cells/ml. The doubling time (DTs) for each cell lines at different cell densities are shown in graph and color-cod-
ed. BM185 was fastest growing cell line with DTs of 13-14 hr. Other cell lines SKL7, RWLue4, K562 and R10+ were 
growing with DTs of ~20-26 hr. The R10- cell line at starting cell densities of 1 × 104-2 × 104 and 0.5 × 104 cells/
ml was growing with DTs of ~48 hr and ~64 hr, respectively. ALL3 cells at starting cell densities of 2 × 104 cells/ml 
grew with DTs of ~38 hr, at 1 × 104 cells/ml they had slight growth with DTs of ~75 hr and they did not grow at all at 
0.5 × 104 cells/ml. (L) RWLeu4 was growing with DTs of ~21-25 hr at very low cell densities (1-50 cells/ml in 5 ml in 
6-well plates) with little cell death. (M) Growth of BM185 cells in liquid culture (RPMI-1640) at 6 low cell densities. 
The cells grow equally well at cell densities as low as 1 cell/ml (5 cells/well) and as high as 105 cells/ml with DT of 
11-15 hr, but rapidly became overgrown at higher starting densities. (N) Growth of R10- and (O) R10+ cells in liquid 
culture at cell concentrations from 1.5 cell/ml to 1000 cells/ml. R10- cells grew with similar DTs at cell densities as 
low as 3 cells/ml (15 cells/tube) and R10+ as low as 12.5 cells/ml (62 cells/tube). (P and Q) Growth or failure to 
grow of ALL3 cells at the same total starting cell numbers but at different cell densities per ml and per cm2 of grow-
ing surface area. (P) 5,000 cells failed to grow at all except for initially doubling once and then promptly dying at the 
3 highest cell densities (104-5 × 104 cells/ml) and most tightly packed surface growing areas (6667 -15625 cells/
cm2) (left panel). 10,000 cells grow fairly slowly with a DT of ~28 hr at a starting cell density of 105 cells/ml and a 
growing area cell concentration of 31250 cells/cm2 and even more at 105 cells/ml with a DTs of ~52 hr with fewer 
cells per growing area (27778/cm2) (middle panel). There was no growth at LD or with lower number of cells/cm2. 
Starting with a total of 20,000 cells, the cells again grew best at the two highest cell densities per ml and per grow-
ing areas with DTs of ~29 hr and hardly at all at lower cell concentration (right panel). (Q) At starting cell densities 
of 5 × 104 and 105 cells/ml as shown in the left and middle panels the cells grow faster and to higher cell densities 
on the smallest surface area (1 cm2), whereas at very high starting cell densities (4 × 105 cells/ml), the growing 
surface area is less important (right panel). (R) Photos of ALL3 cells starting with a total of 5000 cells growing in 6 
well and 96 well plates at 2 and 7 days. The cells only doubled transiently once in first 2 days in the small 96-wells 
and then died but much more slowly than the cells in the larger 6-well plates. They didn’t grow at all in the larger 
6-well plates; most were still viable at 2 days since the LD ALL3 cells were prepared by dilution of HD cells, but all 
were dead by 7 days and only a few corpses remained. These photos are shown to illustrate the contrast between 
the wide dispersal of the cells in the larger wells compared to their tight packing together in the small 96-well plates.



Quorum sensing in acute lymphoblastic leukemia

1188 Am J Cancer Res 2016;6(6):1177-1230



Quorum sensing in acute lymphoblastic leukemia

1189 Am J Cancer Res 2016;6(6):1177-1230

Figure 2. Comparison of the growth of the ALL3 cells at different starting cell densities upon growth factor stimu-
lation. 7 GFs= (KL+FLT3+TPO+IL-3+IL-6+G-CSF+GM-CSF). Unless otherwise stated the GFs concentrations in all 
experiments were: KL, FLT3, TPO each 50 ng/ml; G-CSF, GM-CSF, IL-3, IL-6, IL-2, hTGF-β, IL-21, IL-1, IL-7, IL-4, IGF-I, 
IGF-II each 10 ng/ml; and EPO at 1 IU/ml. (KL+FL+TPO@50 ng/ml+G-CSF+GM-CSF+IL-S+IL-6@10 ng/ml) Leptin 
(100 ng/ml), Note: cell number (y-axis) refers to viable number of cells/ml unless otherwise stated. A, B. Growth of 
ALL3 cells in liquid culture at starting cell concentrations of 50,000 and 25,000 cells/ml with and without 7 GFs. C. 
Effect of IGF, FGF, BLys, TGF-β, and all 4 on the growh of ALL3 cells in liquid culture at starting cell concentration of 
250,000 cells/ml. D-K. Lack of stimulatory activity of various GFs as shown in legends on the growth of ALL3 cells 
at 5 × 103, 104, 2 × 104, and 5 × 104 cells/ml. 

packed together as in round-bottom 96 well 
plates. The ALL3 cells don’t adhere or are only 
very loosely attach to the bottom surface or 
growing area of the culture vehicle. Proximity or 
close contact are clearly important as even at 
HD the ALL3 cells (5 × 104 and 105 cells/ml) 
grow faster on the smallest surface area (1 

cm2), whereas at very high starting cell densi-
ties (4 × 105 cells/ml), the growing surface area 
is less important (Figure 1P and 1Q). As shown 
in Figure 1R, the LD ALL3 cells at 5000 cells/
ml did not grow at all in the larger 6-well plates 
and almost all were dead by 7 days, The cells 
doubled only once by 2 days in the smaller 
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96-well plates, but then mostly stopped grow-
ing but didn’t die as rapidly as the same cells in 
the larger 6-well plates. All of these observa-
tions are consistent with the conclusion that 
the ALL3 cells need adequate numbers of cells 
and close proximity in order to communicate 
with each other and thereby enable them to 
proliferate.

ALL3 cells growing at low or high densities 
don’t respond to growth factors

We made several attempts to stimulate the 
growth of ALL3 cells using different growth 
factors (GFs) namely KL (SCF), GM-SCF, G-SCF, 
IL-3, IL-6, TPO, FLT3, EPO, IL-2, hTGF-β, IL-21, 
IL-1, IL7, and IL-4. We also used 3 GFs 
combination (KL+FLT3+TPO; data not shown) or 
7 GFs combination (KL+FLT3+TPO+IL-3+IL-
6+G-CSF+GM-CSF) to maximally stimulate the 
growth of ALL3 cells at different densities. 
ALL3 cells at starting densities of 2.5 & 5 × 104 
cells/ml did not respond to 7 GFs (Figure 2A 
and 2B). None of the GFs tested further 
stimulated the growth of ALL3 cells at HD of 2.5 
× 105 cells/ml and some such as hTGF-β, IGF, 
EGF, BLys and combination of these GFs (Figure 
2C). Other set of GFs tested at starting densities 
of 0.5 × 104, 1 × 104, 2 × 104, and 5 × 104 
cells/ml in the presence of IL-2, IL-4, IL-6, IL-7, 
and 7 GFs combination also didn’t stimulate 
their growth (Figure 2D-G) and some 
combinations actually inhibited growth of both 
LD and intermediate cell densities (Figure 
2H-K). As shown in Figure 2H-K, Leptin, KL, 
FLT3 (FL), TPO, IGF 1, and IGF II also did not 
stimulate the growth of the ALL3 cells at 
starting densities of 0.5 × 104, 1 × 104, 2 × 104, 
and 5 × 104 cells/ml. These cell count results 
were also confirmed using a [3H]-thymidine 
uptake assay which also showed that both LD 
and intermediate density ALL3 cells were not 
stimulated to grow in the presence of any single 
GF alone or any combination of GFs tested (not 
shown). 

Comparison of the growth of the ALL3 cells 
and other CML cell lines at single cell levels

We also used 60-well single cell cloning plates 
to study the growth behavior of the ALL3 and 
other leukemic cell lines when they are dis-
pensed at either 1, 2, or up to 20 cells per well. 
Wells with 1 cell or 2-6 cells did not grow, but in 
a few wells with 7-20 cells they grew to >100 

cells/well but then died rapidly in the tiny wells 
(Figure 3A and 3B). In contrast cell lines like 
RWLeu4, K562, and R10- (Figure 3C-E) grow 
significantly better than ALL3 cells (Figure 3A 
and 3B) as single or a few cells. R10- cells were 
less capable of growing as single a few cells 
than RWLeu4 or K562 but more efficient than 
ALL3 cells (Figure 3C-E).

In all the single or few cell experiments in single 
cell cloning plates the cells were counted indi-
vidually microscopically. When only a few cells 
were initially present or even 10-20, they were 
rarely in direct contact with each other. Thus 
the observations that the wells containing 
greater than 7-20 ALL3 cells sometimes grew 
transiently to >100 cells (Figure 3A) suggest 
that even such small number of cells in the tiny 
wells were sometimes capable of communicat-
ing with each other without being in direct con-
tact in order to initiate proliferation at least 
transiently, although their growth was not sus-
tained when the cells were transferred to larger 
wells. In contrast, RwLeu4 and K562 even 
when started at 1 or 2 cells often grew rapidly 
in the first 6 days or less to >100 or even 1000 
cells in the tiny wells (Figure 3D and 3E), and if 
then transferred to slightly larger wells would 
usually continue to grow indefinitely on serial 
passage. These observations again confirm 
that a certain minimum number of ALL3 cells 
are necessary to initiate even transient growth, 
but only if the cells are in fairly close proximity 
but not necessarily in direct contact in the tiny 
wells in the 60-well plates they are able to com-
municate closely with each other. This behavior 
is quite unlike that of the long established 
RwLeu4 and K562 BP CML cell lines in which 
most of the blasts can sustain proliferation 
indefinitely starting with only one or two cells.

Growth of the cord blood CD34+ cells in liquid 
culture and as single cells

Enriched CD34+ from cord blood (CB) cells 
were stimulated to grow in the presence of GFs 
when grown at starting cell densities of 400, 
1000, 5000, and 9000 cells/ml, reaching their 
fastest DTs of ~20-30 hr which was indepen-
dent of starting cell densities; the cells failed to 
grow without GFs except slightly at 9000 cells/
ml (Figure 4A). As shown more clearly using a 
different scale in Figure 4B, the enriched 
CD34+ CB cells grew transiently at a starting 
cell density of 9000 cells/ml without any GFs 
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Figure 3. Single cell cloning 
of the ALL3 cells and other 
leukemic cell lines using 
60-well single cell cloning 
plates. A. Cloning of ~10 (2 
to 20) ALL3 cells in ALL3 me-
dia in 60-well single cell clon-
ing plates. No wells with 1 
cell (not shown) or 2-6 ALL 3 
cells grew to >100 cell/well 
(Solid bars) and continued 
growing, and only a few wells 
starting with 7-20 cells did 
so. Some wells started with 
13-20 cells grew to >90-125 
cells, but then the cells died. 
The maximum cell count per 
well at 3-7 days is shown. B. 
Cloning of 1 to 4 ALL3 cells 
in ALL3 media in 60-well 
single cell cloning plates. C. 
Cloning of single or a few 
R10- cells in 60 well single 
cell cloning plates. Only 10% 
of single cells and 20-27% of 
2-5 cells continued growing 
to >100 cells at 10 days. D, 
E. Cloning of single or a few 
K562 cells in 60-well plates. 
67% of single and 83% 
of two RW-Leu4 cells and 
>50% of single and 94% of 
two K562 cells per well grew 
to >100 cells and continued 
growing as did 96% of the 
cells in wells containing 3 or 
more cells of either cell line. 
Cell counts greater than 100 
cells per well are inaccurate 
because of crowding. 

while at still lower densi-
ties they failed to grow. 
The enriched CD34+ CB 
cells hardly grew at all 
without GFs as single or  
2 cells, but with 7 or 8 
GFs most of the wells  
with single cells or 2 or 3 
cells grew extremely we- 
ll (Figure 4C and 4D).  
The experimental obser-
vations are described in 
more detail in the leg-
ends. The fact that en- 
riched primitive CB CD- 
34+ cells grew even tran-
siently at 9000 cells/ml 
but not at lower cell den-
sities with no GFs sug-
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Figure 4. Single cell cloning of the enriched CD34+ cord blood (CB) cells using 60-well single cell cloning plates. (A) Growth of enriched CD34+ cord blood cells in 
liquid culture (QBSF-60) starting at 400, 1000, 5000, & 9000 cells/ml without GF and with 7 or 8 GFs (KL, FLT3, TPO, G-CSF, GM-CSF, IL-3, IL-6, +/- EPO); MFE= 
maximum fold expansion. The cells didn’t grow at all without GFs except at the highest starting cell density of 9000 cells/ml when they grew slightly. When stimu-
lated with 7 or 8 GFs the cells grew rapidly at all starting cell densities for 13 days, and, depending on the starting density, they underwent 154x to 2500x MFE 
after which they began to die rapidly as most of the cells matured. The cells usually grew slightly faster with the addition of EPO and sometimes to higher numbers, 
but also usually with a higher death rate (NV cells). (B) Growth or no growth of same CD34+ CB cells as in (A) without any GFs plotted on a different scale to show 
transient proliferation at a starting cell density of 9000 cells/ml but not at lower cell densities. The graph shows the initial rapid proliferation of the CD34+ CB cells 
starting at 9000 cells/ml without any GF with a DT of ~22 hr during the first 48 hr, which then slowed abruptly and almost all the cells were dead by day 15. The 
cells started at the LD without GFs died promptly. (C) Growth of highly enriched CD34+ CB cells in 60-well single cell cloning plates without GFs and with 7 or 8 GFs. 
CD34+ CB cells hardly grew at all without GFs as single or 2 cells, but with 7 or 8 GFs respectively 79 and 72% of single cells, 60-86% of 2 cells, and 100% of 3 cells 
continued growing to >100 cells within 6-10 days. (D) Growth of enriched CB CD34+ cells in 60-well single cell plates when stimulated by 8 GFs, and representative 
examples of proliferative fate of individual single cells. The growth of representative single or two CD34+ CB cells shown in (C) in the right panel with 8 GFs is shown 
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here in more detail: 20/28 (72%) of single cells grew to >100 viable cells within 6-10 days (blue symbols) while one 
didn’t grow at all and 6 produced the numbers of cells shown in the (C) and then died (right Panel). Some of the 20 
single cells that reached >100 cells kept growing after day 13 until they packed the small well while others began 
dying after ~10 days. Cell counts >100 or 200 cells/well are only rough estimates because of extreme crowding in 
the tiny wells. 

gests that they, like ALL3 cells, may also be 
behaving collectively and communicating with 
each other at intermediate densities. However, 
unlike ALL3 cells which don’t respond at all to 
GFs, the CB CD34+ S/P cells require additional 
stimuli such as multiple GFs to maintain growth 
or to initiate cell division at very LD. We have 
made similar observations with some but not 
all acute leukemic and BP CML blasts. The 
blasts obtained from newly diagnosed and 
untreated patients generally grow much better 
than those from pre-treated patients or those 
with very advanced disease.

Comparison of the growth BP CML and AML 
blasts at single cell levels

The BP CML total blasts or enriched CD34+ 
blasts didn’t grow at all as single or a few cells 
without GFs but grew better with 7 GFs (Figure 
5A). The BP CML enriched CD34+ blasts and 
total blasts cells grew similarly when stimulat-
ed by 7 GFs (Figure 5B). In contrast, the blasts 
obtained from AML patients did not grow well at 
all with or without GFs as single or a few cells 
(Figure 5C). The AML blasts cells also did not 
grow in liquid culture when started at HD of 1-5 
× 105 cells/ml without GFs but in the presence 
of 7 GFs they grew very slowly at these relative-
ly high starting cell densities, but died rapidly 
after about 10 days (Figure 5D). 

LD ALL3 cells can be stimulated to grow in the 
presence of HD ALL3 cells in transwells

Transwells with polycarbonate membranes with 
0.4 µm pore size were used for co-culture 
experiments (Figure 6A). For this method we 
used 6-well plates; the bottom wells have a 
growth area of 9.5 cm2 and hold 2.6 ml while 
the upper insert growth area is 4.67 cm2 and 
hold 1.5 ml (Figure 6A). We observed that ALL3 
cells growing at 3-4 × 105 cells/ml or higher in 
the upper insert consistently stimulated growth 
of the LD ALL3 cells in the lower wells at 0.5 × 
104 cells/ml whereas plain media or ALL3 cells 
at LD in upper inserts failed to do so (Figure 
6B). Thus, ALL3 cells did not grow spontane-
ously at LD but were stimulated to grow by sol-
uble, diffusible factors produced by the ALL3 

cells growing exponentially at HD in the upper 
inserts of the transwells. Our data show that 
ALL3 cells growing at starting cell concentra-
tions of 3-4 × 105 cells/ml provide full stimula-
tion of LD ALL3 cells in the lower wells, but with 
a DT of ~24-30 hr they rapidly reach saturation 
density within a few days, begin to die and 
release toxic factors that inhibit rather than 
stimulate growth of cells in the lower wells. If 
started at still higher cell density in the upper 
inserts they reach saturation density so quickly 
that stimulation of the LD ALL3 cells is less 
than at starting cell densities of ~3-4 × 105 

cells/ml. 

Filtered HDSN stimulated growth of LD ALL3 
cells but not of HD ALL3 cells

As described above, toxic factors released by 
continuously growing HD ALL3 cells in upper 
inserts of transwells as they approached satu-
ration density hampered growth of the LD ALL3 
cells when kept in the lower wells for too long. 
Thus, it was necessary to develop an alterna-
tive method to observe the stimulatory effect of 
diffusible factor(s) secreted by the HD ALL3 
cells on the LD ALL3 cells. To do so, the ALL3 
cells were grown at starting HD of 0.5-1 × 106 
cells/ml in ALL3 media. After 3 or 4 days of 
growth cell suspensions were centrifuged and 
supernates were carefully filtered using a 0.2 
µm filter 50-ml tube leaving the cell pellets 
behind. The detailed scheme for obtaining fil-
tered HDSN is shown in Figure 6C. We then 
used the filtered HDSN to observe its effect on 
the LD ALL3 cells. In the presence of HDSN col-
lected from HD ALL3 cells, the LD ALL3 at 0.5-1 
× 104 cells/ml grew nicely with a DT of ~24-26 
hr whereas LD ALL3 cells did not grow at all in 
plain ALL3 media without HDSN (Figure 6D). 
The trypan blue exclusion method was used to 
observe the growth of the cells. As shown in 
Figure 6E, after two weeks of growth in 6-well 
plates the LD ALL3 cells were growing excel-
lently in the presence of filtered HDSN but hard-
ly at all in plain ALL3 media. 

The [3H]-thymidine uptake assay was also used 
to confirm our findings. The scheme for the 
[3H]-thymidine uptake assay is described in 
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detail in the experimental method section and 
the scheme is also shown in Figure 7A. The LD 
ALL3 cells were kept in HDSN collected from 
the HD ALL3 cells after 3 days of growth, and 
followed for up to 18 days using the 
[3H]-thymidine uptake assay. The LD ALL3 cells 
grow exponentially in the presence of filtered 
HDSN providing maximum stimulatory activity 
around ~10-15 days and decline in activity 
after ~2 weeks of growth (Figure 7B). It is 
important to note that the timing of maximum 
stimulatory activity of the HSDN on the LD ALL3 
cells depends on the starting cell density of HD 
ALL3 cells and also on the timings when the 
HDSN has been collected (either 3, 4, or 5 days 
of HD ALL3 cells’ growth). In most of our experi-
ments, we grew cells at high densities of 0.5-1 
× 106 cells/ml for 3-4 days. 

Filtered HDSN stimulated growth of the LD 
ALL3 cells but not of the HD ALL3 cells

We also investigated the effect of HDSN on the 
HD ALL3 cells to see if there was any beneficial 
effect on the growth of the HD ALL3 cells using 
both the trypan-blue exclusion method and 
[3H]-thymidine uptake assay. The filtered HD- 
SNs were collected as described before and 
stimulated ALL3 cells at different HD and LD. 

As expected, profound stimulatory activity of 
the LD ALL3 cells was observed at 0.5 × 104 
cells/ml in the presence of HDSN (Figure 7C 
and 7E), whereas there was no growth advan-
tage or stimulation of HD cells at 2.5 × 105, 
105, or 0.5 × 105 cells/ml in the presence of 
HDSN (Figure 7D and 7E). Growth of the HD 
ALL3 cells was actually diminished in the pres-
ence of HDSN (Figure 7D). These data suggest 
that ALL3 cells below a certain cell density, in 
this case <10,000 cells/ml, require additional 
stimulus without which they do not survive, 
whereas ALL3 cells growing at HD either don’t 
need more stimulation or the presence of the 
diffusible factor generates an abnormal signal 
for HD ALL3 cells that are already growing vigor-
ously leading to their diminished growth. 
Another probable contributing cause may be 
that the HDSN was obtained from very HD ALL3 
cells starting at 0.5-1 × 106 cells/ml and grown 
for 3 days before harvesting their HDSN. Thus 
the cells were approaching saturation density 
and had undoubtedly exhausted more of their 
nutrients than the test LD ALL3 cells starting at 
lower cell densities (0.5-2.5 × 105 cells/ml) in 
fresh media.

Similar findings were observed in which CB 
MNCs had the greatest stimulatory effect on 

Figure 5. Single cell cloning with and without 7 GFs of enriched CD34+ blasts from transformed BP CML and AML 
patients. A and B. Growth in single cell cloning plates of total blasts and enriched CD34+ blasts obtained from a 32 
year old woman with CP CML treated with Imatinib whose disease had undergone blast transformation after about 
a year. Her WBC was over 70,000/mm3 with 70% blasts. A. leukapheresis was done before resuming treatment and 
multiple aliquots of the total mononuclear cells (including all blasts) were frozen and later thawed for phenotyping 
and other studies. Flow Cytometry showed that only 6% of the blasts were CD34+ and these were included with 
the Total Blasts. Only 6% of the 70% PB blasts obtained by leukapheresis were CD34+ by flow cytometry and only 
~0.1% of the CD34+ blasts were recovered after enrichment. Presumably the 6% CD34+ blasts were residual CP 
CML blasts. A. None of the single or 2 or 3 total blasts per well grew to more than 3-4 cells and most didn’t grow at 
all without GFs. They grew much better with 7 GFs: 15%, 39%, and 50% respectively of the cells starting at 1, 2, or 
3 cells/well grew to >100 cells, and while 44% and 21% of the single and 2 cells didn’t grow at all, most of the wells 
starting with 3 cells/well that failed to reach >100 cells grew to at least 48-92 cells by Day 9. B. Growth of the 6% 
enriched CD34+ blasts from the total blasts in single cell cloning plates. Enriched CD34+ blasts and total blasts 
grew similarly when stimulated by 7 GFs with the latter slightly better. Respectively 11, 16, and 30% of the single, 
2, and 3-4 enriched CD34+ blasts grew to >100 cells (solid color) compared to 15, 39, and 50% of the single, 2, 
and 3 total blasts. C and D. The patient (J.A.) from whom these blast cells were obtained by leukapheresis was a 
42 year old man diagnosed with MDS which rapidly progressed to AML with a high number of circulating blasts. He 
was leukapheresed at another hospital and placed on hydroxyurea, but his WBC rose rapidly again. He had no other 
chemotherapy. On admission to Memorial Hospital the WBC was 71,000/mm3 with 84% blasts. Leukapheresis was 
repeated and numerous aliquots of the MNCs (mostly blasts) were frozen for later experiments. 30% of the blasts 
were CD34+ which were used for this experiment. The 7 GFs and their concentrations were the same as in previous 
experiments. C. Single cell cloning in QBSF-60 with and without 7 GFs of enriched CD34+ AML blasts from patients 
J.A. with AML progressed from MDS. All the blasts appeared viable and excluded trypan blue on day 0, but none of 
the single or few cells grew in single cell cloning experiments and all were dead after 2 days. D. Attempted growth 
of JA’s AML enriched CD34+ blasts in QBSF at HD (105 and 5 × 105 cells/ml) without and with 7 GFs. There was 
no growth at 105 or 5 × 105 cells/ml without GFs and the cells were all dead by 2 days. With 7 GFs after an initial 
sharp decline the surviving cells grew very slowly at starting densities of 105 and 5 × 105 cells/ml for 9 days with 
DTs of 120-135 hr, but almost all were dead by 2 weeks. The AML blasts were also cloned in methylcellulose, but 
no colonies were produced (not shown).
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the LD ALL3 cells at 0.5-1 × 104 cells/ml but 
which failed to stimulate ALL3 cells started at 5 
× 104 cells/ml.

Supernatants from some but not other leuke-
mic cell lines also stimulate growth of LD ALL3 
cells

We also used other established leukemic cell 
lines to test whether the supernates collected 
from these cell lines can also stimulate the 

growth of the LD ALL3 cells or not. Figure 8A 
shows the growth of the established leukemic 
cell lines tested at a starting cell density of 3.5 
× 105 cells/ml; they all grew but with different 
DTs and all with more than ~90% cell viability 
(Figure 8B). As shown in Figure 8C, the super-
natants collected from the cell lines HD ALL3, 
R10+, R10-, and BM185 stimulated the growth 
of the LD ALL3 cells whereas LD ALL3, RwLeu4, 
SKL7 and K562 had no effect on the growth of 
the LD ALL3 cells (Figure 8C). The data also 

Figure 6. Effect of HD ALL3 supernatants on growth of LD ALL3 cells. A. Schematics of transwell experiment. The up-
per insert can hold 1.5 ml and lower well can hold 2.6 ml. Upper insert and lower well are separated by a membrane 
with 0.4 μm pore size (growth area of insert is 44 cm2 for 100 mm dish in 75 mm transwell). Stimulating cells to 
be tested were kept in upper inserts and test cells in lower wells. B. Transwell experiments demonstrated stimula-
tion of the LD ALL3 cells in the lower wells by HD ALL3 cells growing exponentially in the upper inserts. The graph 
shows total number of viable cells per ml in lower wells at different conditions as shown in legends. The ALL3 cells 
growing at HD of 3 × 105-4 × 105 cells/ml in the upper inserts stimulated the growth of the LD ALL3 cells at 5,000 
cells/ml in lower wells shown as orange or red color lines, respectively. LD ALL3 cells in lower wells did not grow in 
the presence of either ALL3 media only or LD ALL3 cells (5,000 cells/ml) in the upper inserts shown as black and 
blue lines, respectively. The growth of the viable LD ALL3 cells in lower wells was determined using the trypan-blue 
exclusion assay method. C. Scheme showing collection of filtered HDSN. The HD ALL3 cells were grown at 0.5-1 
million cells/ml in ALL3 media for 3 or 4 days. Then, the ALL3 cells were centrifuged and HDSN was filtered using 
0.2 μm 50-ml Millipore tubes. Filtered HDSN was used for various assays. D. Comparative growth of the LD ALL3 
cells in the presence (red line) and absence (blue line) of filtered HDSN. The growth was followed using the trypan 
blue exclusion method for 18 days. The y-axis represents the total number of viable cells per ml. E. Light microscopy 
images showing the lack of growth of the LD ALL3 cells in the absence (left panel) and presence of HDSN (right 
panel) after two weeks.
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indicates that the stimulation kinetics on the 
LD ALL3 cells are different for different leuke-
mic cell line supernates, suggesting there may 
be different secreted stimulatory factors or dif-
ferent levels of the same diffusible factor(s) as 
secreted by the HD ALL3 cells. 

Effect of cord blood, CP and BP CML CD34+ 
and MNC on the growth of the LD ALL3 cells

Next, we used pooled CB MNCs and highly 
enriched CB CD34+ cells to test whether they 
would also stimulate the growth of the LD ALL3 

Figure 7. Effect of supernates on the growth of LD and HD ALL3 cells using trypan-blue exclusion method and [3H]-
thymidine uptake assay. (A) Scheme showing steps used for performing the [3H]-thymidine uptake assay. Refer to 
experimental method section for more detail. (B) The filtered HDSN were collected and mixed with LD ALL3 cells. 
Growth of the LD ALL3 cells in the presence or absence of HDSN was followed using the [3H]-thymidine uptake as-
say. The y-axis represents radioactive counts per minute (CPM). Blue bars represent LD ALL3 cells alone in media 
without HDSN and red bars represent LD ALL3 cells growing in HDSN. (C) Comparative growth of the LD ALL3 cells 
in absence (blue line) or presence (red line) of HDSN as followed using trypan blue exclusion. (D) Comparative 
stimulatory activity of the same HDSN used in (C) on the growth of HD ALL3 cells at starting cell densities of 2.5 
× 105, 105 and 0.5 × 105 cells/ml followed using the trypan-blue exclusion method. The HDSN did not stimulate 
further growth of the ALL3 cells grown at HD at starting cell densities of 2.5 × 105 (red line), 105 (pink line) or 0.5 × 
105 cells/ml (black line) and was moderately inhibitory. (E) The effect of the HDSN on the growth of HD and LD ALL3 
cells using [3H]-thymidine uptake assay. The y-axis represents percentage CPM (% of maximum CPM) comparing 
stimulated and non-stimulated ALL3 cells on that particular day. As in (C) only the LD ALL3 cells at 5,000 cells/ml 
were stimulated by HDSN to grow.

Figure 8. Effect of supernates from established leukemic cell lines on the growth 
of the LD ALL3 using [3H]-thymidine uptake assay. A. Growth of the established 
leukemic cell lines started at HD of 3.5 × 105 cells/ml. B. The viability of all the 
HD cell lines was 90% or more at both 1 and 3 days determined using the trypan 
blue exclusion method. C. The effect of supernates collected from the estab-
lished leukemic cell lines started at HD of 3.5 × 105 cells/ml on the LD ALL3 
cells using [3H]-thymidine uptake assay. As expected HD ALL3 SNs were the most 
stimulatory for the first 11 days while the unstimulated LD ALL3 cells didn’t grow 
at all. The next most stimulatory was R10- cells which peaked later at day 16. 
The recorded fold increases of the stimulated over the unstimulated ALL3 cells 
measures the difference on each day so 1958 on day 16 is not necessarily more 
stimulatory than 565 on day 11 as more of the control unstimulated LD ALL3 
cells have died so their CPM are lower on day 16 than day 11. The SN of HD R10+ 
and BM185 cells were the next most stimulatory but this occurred still later (Days 
16-18). SN of RWLeu4, SKL7, and K562 were not stimulatory at all. The y-axis 
represents radioactive CPM.  

Presumably the non-sti- 
mulatory supernates of  
long established BP CML 
lines, RWLeu4 and K562, 
which usually grow vigor-
ously as single cells as 
shown earlier, have fully 
adapted over many years 
of continuous passage  
to surviving and growing  
as single or a few cells, 
and no longer have a  
need for collective com-
munications in order to 
grow. This observation le- 
ads to an important dis-
tinction because many 
conclusions derived from 
experiments on such long 
passaged cell lines are 
not necessarily valid if too 
readily extrapolated to rea- 
ch similar conclusions re- 
garding leukemic or other 
neoplastic cells recently 
derived directly from pa- 
tients. In particular this 
distinction may apply to 
cells that were immediate-
ly frozen after collection 
from patients such as the 
ALL3 cell line.
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cells (Refer to [37] for enrichment protocol). In 
all cases, transwell systems were used to 
assess the stimulatory effect of test cells on 
the LD ALL3 cells. Growth of the CB MNCs and 
CD34+ cells with or without GF stimulation, and 
ALL3 cells in upper inserts are shown in Figure 
9A. Neither the CB MNC or CD34+ cells grew 
without GFs and the more primitive enriched 
CD34+ cells grew faster to higher maximum 
cell numbers. As shown in Figure 9B, in addi-
tion to the HD ALL3 cells both CB MNCs and 
enriched CB CD34+ cells stimulated the growth 
of the LD ALL3 cells in the lower wells. But the 
CB MNCs growing in the presence of 7 GFs 
were more stimulatory than CB MNCs grown 
with 0 and 3 GFs, and CD34+ cells with 0, 3, 
and 7 GFs despite the latters’ faster growth 
and to higher numbers in the upper inserts as 
shown in Figure 9A. In another set of experi-
ments as shown in Figure 9C and 9D, we 
observed similar stimulatory effect of GFs stim-
ulated CB CD34+ and MNCs on the LD ALL3 
cells. As shown in Figure 9E, CB MNCs cells 
stimulated by 3 or 8 GFs stimulated the growth 
of the ALL3 cells at LD of 0.5-1 × 104 cells/ml, 

but had no effect on ALL3 cells started at 5 × 
104 cells/ml since they grow fine at this inter-
mediate cell density without need for additional 
stimulation. The experimental observations are 
described in more detail in the Figure 9 leg-
ends. The most surprising observation was the 
late stimulatory effect of the primitive CB 
CD34+ cells with no GFs on the LD ALL3 cells in 
the lower wells (Figure 9B, left panel) since the 
CD34+ cells without GFs didn’t grow at all in the 
upper inserts and were all non-viable by ~ day 
5, at least as estimated by trypan blue staining 
(Figure 9A, middle panel). This unexpected 
finding illustrates the complexity of trying to 
understand the stimulatory effects and interac-
tions of different cells, here suggesting that 
even dying or apoptotic [64-68] or senescent 
[69-72] normal primitive cells might release 
factors that revitalize and stimulate growth of 
leukemic cells that were themselves almost 
completely dead, in this case after not growing 
for the first 16 days (Figure 9A). 

Next, we investigated whether or not CP CML 
MNCs and enriched CD34+ cells can stimulate 

Figure 9. Experiments showing the stimulatory effect of pooled cord blood cells growing at high cell densities in the 
upper inserts of transwells on the ALL3 cells in the lower wells at a LD at which they will not grow without stimula-
tion. (A) Comparative growth of HD and LD ALL3 cells, and pooled CB MNCs and enriched CD34+ cells starting at a 
HD (4 × 105 cells/ml) in the upper inserts of transwells. Pooled enriched CB CD34+ cells starting at a HD (4 × 105 
cells/ml) without GFs and with stimulation by 3 and 7 GFs in the upper inserts of transwells. The CD34+ cells grow 
faster and to higher cell densities (to ~9-10,000,000 cells/ml) than the MNCs when stimulated by 3 or 7 GFs (to 
~1.4-2.4 × 105 cells/ml, and neither grew with no GFs. The HD ALL3 cells grew faster then the CB CD34+ cells, but 
the latter reached about double the HD ALL3 ultimate highest cell density a few days later. (B) Comparative growth 
of ALL3 cells at a LD (5000 cells/ml) in the lower wells of transwells when stimulated by the following cells growing 
in the upper inserts: Left Panel: LD (5000/ml) alone and HD ALL3 cells (3 × 105 cells/ml)); enriched CB CD34+ cells 
(3 × 105/ml) without GFs and with 3 or 7 GFs, and Right Panel: CB MNCs with and without the same 3 and 7 GFs. 
The CB MNCs grew slower and to lower maximum cell densities in the upper inserts than the enriched CD34+ cells 
(A), but the former were more stimulatory to the LD ALL3 cells which grew to >2 × 106 cells/ml in the lower wells 
when stimulated by the MNCs in the upper inserts with 7 GFs (B, right panel). As shown in the left panel of (C), the 
CD34+ cells with 3 GFs were more stimulatory to the ALL3 cells in the lower wells than the CD34+ cells with 7 GFs, 
probably because the latter were approaching saturation density sooner. Unexpectedly the CB CD34+ cells with no 
GFs which didn’t grow in the upper insert (A) had minimal stimulatory effect on the LD ALL3 cells until after day 16 
when the ALL3 began to grow with a DTs of ~24 hr during the next 6 days (B, Left Panel). The CB MNCs without GFs 
may also have begun to stimulate growth of the ALL3 cells by day 16 (B, right panel). (C) Growth of CB MNCs and 
CD34+ cells with and without 7 GFs in upper inserts of transwells to test the HD CB cells’ ability to stimulate the 
growth of the LD ALL3 cells in lower wells. This was another pooled CB transwell experiment in which the CB CD34+ 
cells without GFs at a high starting cell density in the upper insert grew slowly in the upper inserts but the CB MNCs 
did not (left panel). With 7 GFs the HD CB CD34+ cells after an initial decline, grew faster but had a high death rate 
as many cells differentiated and died, while the CB MNC barely grew (right panel). (D) Stimulatory effect of these 
same CB CD34+ and MNCs with 7 GFs in the upper inserts on the LD ALL3 cells in the lower wells. Despite the fail-
ure of the MNCs to grow in the upper insert, both the MNCs and CD34+ cells stimulated the LD ALL3 cells to grow 
with a DT of ~26 hr. Note the earlier growth but the much higher death rate of the ALL3 cells stimulated by the HD 
CB CD34+ cells (left panel) than by the HD MNCs (right panel). (E) Stimulatory effect of HD CB MNCs with no, 3 and 
8 GFs on the ALL3 cells starting at three different cell densities in the lower wells. As expected based on the other 
experiments, the CB MNCs had the greatest stimulatory effect on the LD ALL3 cells started at 0.5-1 × 104 cells/ml, 
and negligible effect on ALL3 cells started at 50,000 cells/ml since they grow well by themselves at this intermedi-
ate cell density. The GFs used in all these experiments have no stimulatory effect on the ALL3 cells themselves (see 
Figure 2), only on the CB cells in the upper inserts.
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growth of the LD ALL3 cells. The growth of the 
CP CML CD34+, MNCs and ALL3 cells in the 
upper inserts of transwells are shown in Figure 
10A and 10C. As expected, the CML CD34+ 
cells grew very slowly without GFs in the upper 
inserts and progressively better with 3 or 7 
GFs. However these same slowly growing CP 
CML CD34+ cells in the absence of GFs in the 
upper in the upper inserts were more stimula-
tory to the LD ALL3 cells than the same cells 
stimulated with 3 or 7 GFs (Figure 10A and 
10B). This is presumably because although 
they only grew slowly without GFs, they 
remained viable as primitive cells and were not 
forced to differentiate and die as the GF stimu-
lated cells were in the 2 right panels of Figure 
10A. The growth of the CP CML MNCs with or 
without stimulation by 3 or 7 GFs are shown in 
Figure 10C and are also described in the leg-
ends of Figure 10. Despite their slow growth, 
they were all stimulatory to the LD ALL3 cells 
growing in lower wells of transwells (Figure 
10D). 

We also used the [3H]-thymidine uptake assay 
to confirm the stimulatory activity of CP CML 
MNCs and enriched CD34+ cells growing with 
or without GFs stimulation. The CP CML MNCs 
and CD34+ cells were grown with or without 
stimulation by GFs (Figure 11A and 11C). After 
6 days of growth supernates were collected to 
test their stimulatory activity for the LD ALL3 
cells. The slow growing CP CD34+ cells without 
GFs were by far the most stimulatory to the LD 

ALL3 cells rather than CP CD34+ cells grown 
with 3 and/or 7 GFs as confirmed in two sepa-
rate experiments (Figure 11A-D). Again this is 
because the slow growing CD34+ cells without 
GFs remained largely as primitive cells and thus 
were far more stimulatory than the same cells 
forced to differentiate by the GFs. The CML 
MNCs grew poorly and their SNs were not stim-
ulatory to the LD ALL3 cells or at best only very 
slightly on day 2 in the 1st experiment (Figure 
11B) These observations were further con-
firmed with another set of experiments as 
shown in Figure 11E-H.

Next, we used blastic phase (BP) CML MNCs 
and enriched CD34+ cells to test their effect on 
stimulation of the LD ALL3 cells. The BP CML 
MNCs and enriched CD34+ cells were grown 
with or without stimulation by GFs for 16 days 
(Figure 12A). As usual, the BP CML CD34+ 
blasts grew only slowly and transiently after an 
initial sharp decline with 7 GFs and not at all 
with no GFs in liquid culture. The BP CML MNCs 
didn’t grow at all (Figure 12A, right panel). 
Supernates from each group from Figure 12A 
were collected to observe if they had any stimu-
latory activity to the LD ALL3 cells as measured 
by the [3H]-thymidine uptake assay (Figure 
12B), but none of the BP CML supernates stim-
ulated uptake of [3H]-thymidine by the LD ALL3 
cells (Figure 12B and 12C). We also used tran-
swell experiments to test BP CML cells obtained 
directly from patients. Whereas the BP CML 
CD34+ cells didn’t grow in the upper inserts in 

Figure 10. The stimulatory effects of CP CML MNC and enriched CD34+ cells on the growth of ALL3 cells at LD. (A) 
Growth of the ALL3 cells starting at 5,000-3 × 105 cells/ml and enriched CP CML CD34+ cells, all without any GFs, 
in upper inserts of transwells. The ALL3 cells didn’t grow at all starting at 5000 cells/ml but grew rapidly from 3 × 
105 to saturation density ~9 × 106 cells/ml at about 8 days when they begin to die rapidly. The HD CP CML CD34+ 
cells grew slowly for about 15 days without GFs, meanwhile maintaining good viability. The HD CP CML CD34+ cells 
grew progressively faster and reached higher saturation densities with GFs, but this was accompanied by increas-
ing cell death. (B) Comparison of the growth stimulatory activities of diffusible factors secreted by HD ALL3 cells (5 
× 105 cells/ml) and HD CP CML CD34+ cells growing in the upper inserts, both without any GFs, on LD ALL3 cells 
(5000 cells/ml) in the lower wells. The HD ALL3 cells stimulated growth a bit faster, but the DTs was slower, the LD 
ALL3 cells died faster and didn’t reach nearly as high a maximum cell density as did the LD ALL3 cells stimulated 
by the HD CP CML CD34+ cells, even though the latter were only growing slowly in the upper insert in the absence 
of GFs stimulation. Growth of LD ALL3 cells (5000 cells/ml) in lower wells stimulated with enriched CP CML CD34+ 
cells in the upper inserts of transwells with 0, 3 and 7 GFs. The HD CP CML CD34+ cells in the upper insert without 
any GFs is clearly secreting more stimulatory diffusible factors to enhance growth of LD ALL3 cells than the same 
CD34+ cells stimulated themselves with 3 or 7 GFs, but in all cases there is a high loss of viability accompanying 
the growth of the LD ALL3 cells. The greater stimulation without GFs is probably because many of the stimulated 
HD CD CD34+ cells are forced to differentiate and begin dying whereas the CD34+ cells without cytokines remain 
viable longer as more primitive S/P cells as shown in (A). (C) Growth of CP CML MNCs in upper inserts of transwells 
without or with 3 and 7 GFs. (D) Growth of the LD ALL3 cells in lower wells with CP CML MNCs in upper inserts of 
transwells with 0, 3 and 7 GFs (same cells from C). The CP CML MNCs, which are far less enriched for S/P cells 
than the CD34+ cells, usually grow slower than the latter, with or without stimulation by the same GFs and are also 
usually less stimulatory to the LD ALL3 cells.
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Figure 11. Stimulatory effects of CP CML MNC and enriched CD34+ cells on the growth of ALL3 cells at LD using [3H]-thymidine uptake assay. (A and C) Comparison 
of the growth of CP CML MNCs and enriched CD34+ cells which were obtained from fresh/frozen leukapheresis sample from a newly diagnosed patient with CP CML 
presenting with a WBC of 700,000/mm3. Aliquots of the frozen MNC were thawed, highly enriched for CD34+ cells, and the growth of the MNCs and CD34+ cells 
at a HD (5 × 105/ml) in QBSF-60 with and without GFs stimulation was compared. The CD34+ cells grew about twice as fast with GFs stimulation as those without 
GFs while the MNCs hardly grew at all. (B and D) The supernates from these two HD cultures (A and C) were collected after 6 days to determine if they would stimu-
late the growth of LD ALL3 cells (5000 cells/ml) at which they wouldn’t grow without stimulation as measured by [3H]-thymidine uptake assay. The representative 
numbers indicate the fold increase in uptake on that particular day of the cells growing with added HDSN compared to the control LD ALL3 cells with no HDSN. The 
very slow growing HD CD34+ without GFs were by far the most stimulatory with the maximum increased fold difference in CPM between the control and stimulated 
ALL3 cells (2059x) occurring on day 17. The greater stimulatory activity of the HDSN of the CD34+ cells without GFs was probably because the GFs induced the 
majority of the CP CML cells to begin differentiating and the differentiated cells were no longer producing the same proliferation triggering factors secreted by the 
more primitive CML CD34+ S/P cells. The MNCs hardly grew and their HDSN didn’t stimulate the LD ALL3 cells except minimally on day 2. (E-H) Repeat experiment 
similar to (A-D). Because of the LD ALL3 cells stimulated by the HDSN of the CD34+ cells with no GFs were strikingly stimulated, this experiment was repeated using 
the same protocol and the same CML cells obtained from another frozen-thawed aliquot from the same patient except the CD34+ and MNCs cultures were started 
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the presence of GFs (Figure 12D), they did 
stimulate late and slow growth of the LD ALL3 
cells to some degree (Figure 12D, right panel). 
When GFs were added multiple times to maxi-
mally stimulate the BP CML CD34+ blasts 
freshly obtained from a newly diagnosed 
patient with BP CML with a rapidly rising blast 
cell count in the peripheral blood, the blasts 
grew quite well in the upper inserts of tran-
swells with 7 GFs and more slowly with 3 GFs or 
none (Figure 12E). These same BP CML CD34+ 
blasts also stimulated the LD ALL3 cells to pro-
liferate (Figure 12F, right panel), but later than 
HD ALL3 cells (Figure 12F, left panel). The late 
stimulation of the LD ALL3 cells shown in the 
right panel by the BP CML CD34+ cells without 
any GFs is at first glance surprising since these 
cells only grew quite slowly in the upper insert 
(Figure 12E). However as discussed earlier, 
similar late stimulation of growth of the LD 
ALL3 cells by poorly or non-growing CB and CP 
CML CD34+ cells in the absence of GFs was 
previously observed repeatedly. In all of these 
and other transwell experiments growth stimu-
lation of LD ALL3 cells was accompanied by 
high rates of cell death, presumably either due 
to exhaustion of the media in the small volume 
transwell chambers, or differentiation and ter-
minal maturation in the case of GF stimu- 
lation.

Diffusible factors secreted by all the primary 
cells tested were more or less stimulatory to 
the LD ALL3 cells, but the degree of stimulation 
was quite variable, probably for many reasons, 
including different types of normal and tumor 
cells, cells from different patients and the qual-
ity of cord blood and other samples. The mech-
anisms responsible for stimulation of the test 
LD ALL3 cells by the same and other normal 
(cord blood) and CP and BP CML and AML cells 
are not known and undoubtedly are highly com-
plex and varied.

ALL3 cells had no quiescent cells and their 
proliferative capacity is not affected by HDSN

Next we tested whether non-growing LD ALL3 
become quiescent or not using various prolif-
eration markers. We found that non-growing LD 
ALL3 cells were poised to begin proliferating 

since 98-100% were Ki67+, similar to growing 
HD ALL3 cells (Figure 13A). This is as expected 
because the LD ALL3 cells were obtained by 
dilution of rapidly growing HD cells. We also 
used EdU staining as a proliferation marker to 
determine whether ALL3 cells at HD and LD 
have different proliferative profiles. After 24 hr, 
there were ~28% and ~41% of HD and LD EdU 
positive cells respectively (Figure 13C, left and 
middle upper panels) and on day 2 there were 
~25% and ~40% EdU positive cells present in 
HD and LD ALL3 cells respectively (Figure 13B). 
Results of staining with BrdU were almost iden-
tical to EdU staining (not shown).

We also determined the proliferation profiles of 
the LD ALL3 cells that were not stimulated and 
stimulated with HDSN, but found that the LD 
ALL3 cells growing in the presence of stimula-
tory factor did not show much difference in the 
percentage of cells in S phase between the 
non-growing and growing cells as estimated by 
EdU or BrdU staining (Figure 13B and 13C). 
Thus, LD ALL3 cells are not truly quiescent cells 
but rather are poised to begin dividing. Their 
non-growth or very slow growth is not because 
they are quiescent, but because they require 
additional stimulatory factors to begin prolifer-
ating without which they have a progressive 
spontaneous death rate. In interpreting the 
results of Ki67 and EdU/BrdU staining it should 
be noted that in all experiments the LD cells 
were always obtained by cell dilution of HD cell 
cultures just prior to beginning the experiment. 
So on day 0 the LD cells were usually >90% 
viable by the trypan blue exclusion. Thus, like 
the proliferating HD cells, the LD cells were 
almost all Ki67 positive and their higher label-
ing of EdU or BrdU during the first 2 days surely 
indicates that many of the cells continued 
cycling for the first day or so and continued to 
enter S phase, but were unable to complete 
DNA synthesis, became arrested and died with-
out further stimulation within a few more days.

The HDSN rescue the LD ALL3 cells from 
apoptosis

To estimate the cell death rate upon population 
depletion, we used several apoptosis assays. 
The ALL3 cells at different LD and HD cell con-

at an even higher cell density (9 × 105 cells/ml). The results were similar except that the maximum fold increase 
in CPM of the CD34+ cells with no GFs occurred sooner on day 11 and was lower (2247x control) than in the first 
experiment. The same CD34+ cells starting at almost twice the cell density as in the first experiment grew more 
slowly, and neared saturation density sooner so they probably were producing less stimulatory factors by day 6 when 
the HDSNs were collected.
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Figure 12. Effect of BP CML MNCs or enriched CD34+ cells on stimulation of the LD ALL3 cells. These experiments 
were only possible using BP CML cells from occasional BP CML patients because the blasts from most patients with 
advanced BP disease blasts died too rapidly to obtain meaningful results. (A) Growth of BP CML MNC and enriched 
CD34+ cells in QBSF medium without and with 7 GFs. After a sharp decline the surviving CD34+ cells from a BP 
CML grew slowly in QBSF-60 at HD for about 12-14 days when stimulated with 7 GFs, but not without; the MNCs 
hardly grew at all. (B) Stimulatory activity of BP CML MNCs and CD34+ cells stimulated with 7 GFs in (A). The MNCs 
and CD34+ culture supernates were collected on day 16 to replace the media of freshly prepared LD ALL3 cells to 
see if any of the SNs would stimulate the LD ALL3 cells to proliferate, but none of the SN were stimulatory; only the 
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centrations were collected after 24 hr of 
growth. Figure 14A shows a typical comparison 
of the rapid growth of HD and non-growth of LD 
ALL3 using the trypan-blue dye exclusion meth-
od, and during the same time period there was 
a substantial increase in apoptosis in the LD 
ALL3 cells compared to the HD ALL3 cells using 
the caspase 3/7 assay (Figure 14B). A similar 
increase in the death rate of the non-growing 
LD ALL3 cells compared to the growing HD 
ALL3 cells was found using a TUNEL assay 
(Figure 14C). 

We also evaluated apoptotic levels of the LD 
ALL3 cells in the presence or absence of fil-
tered HDSN. The AnnexinV-FITC/PI based flow 
cytometry based approach was used to evalu-
ate apoptosis (Figure 14D). As also seen with 
the caspase 3/7 assay, we observed a dramat-
ic increase in early apoptosis (annexin V-FITC 
positive cells; blue bars, lower right quadrant) 
of ALL3 cells at LD compared to HD on day 7 
than day 0 (Figure 14D). In addition to the 
increase in apoptosis over time, we also found 
that there was a marked initial increase in dead 
cells on days 0 and 1 (red bars) in the LD com-
pared to the HD ALL3 cells. The LD ALL3 cells in 
the presence of HDSN had a striking increase 
in live cells at days 7 & 8 (annexin V (-), PI (-); 
green bars, lower left quadrant) and a decrease 
in early apoptotic and dead cells (blue and red 
bars) compared to the LD ALL3 without HDSN. 
Thus, the HDSN not only stimulates the growth 
of still viable surviving LD ALL3 cells but also 

inhibits apoptosis and death of marginally via-
ble or near dying cells (Figure 14D). 

Gene-expression data analysis

We used microarray gene-expression to study 
the genes activated upon stimulation of the LD 
ALL3 cells with diffusible HDSN compared to 
non-stimulated LD ALL3 population. We col-
lected filtered HDSN as described before and 
stimulated LD ALL3 cells, and monitored the 
growth of the LD ALL3 cells using the trypan-
blue exclusion method as well as the [3H] thymi-
dine uptake assay method over time in two 
independent experiments conducted in dupli-
cate, and also collected cells on each day for 
RNA extraction. We selected three time-points, 
days 1, 3 and 6, that are representative of 
‘early’, ‘intermediate’ and ‘late’ stages of stimu-
lation. The method used for RNA extraction and 
gene-expression data analyses are described 
in detail in the method section of this paper. 

Using bioinformatics analysis we found that 
there were 165 genes up-regulated and 122 
genes down-regulated on the 1st day, 153 
genes up-regulated and 251 genes down-regu-
lated on the 3rd day, and 573 genes up-regulat-
ed and 268 genes down-regulated on the 6th 
day for stimulated LD ALL3 cells compared to 
non-stimulated LD ALL3 cells (Figure 15A and 
15B). We also found that there were 92 com-
mon genes between day 1, 3, and 6, 50 of 
which were up-regulated and 42 genes which 

CD34+ SN plus 7 GFs is shown. (C) Growth of BP CML enriched CD34+ blasts at HD from another BP CMP patient 
grown in QBSF-60. All the cells from the cultures without or with only 3 GFs died promptly but some surviving CD34+ 
blasts stimulated with 7 GFs grew very slowly for about 10 days (DT= ~147 h) and then died (left panel). None of 
the supernates from these BP CML HD CD34+ cultures was stimulatory to the LD ALL3 cells (right panel, C). (D) 
Right Panel: The lack of growth and rapid loss of viability of the enriched CD34+ blasts from another BP CML patient 
even when stimulated by 3 or 7 GFs. LD ALL3 cells (5000 cells/ml) also in the upper inserts of transwells were 50% 
non-viable by the day 2 and 100% by day 8. As a control, ALL3 cells at HD (4 × 105 cells/ml) grew well without any 
GFs in the upper inserts. Left Panel: Stimulatory effects of these cells in the upper inserts on the LD ALL3 cells in 
the lower wells. The HD ALL3 cells stimulated rapid growth of the LD cells for the first 8 days, but the cells then died 
quickly, probably because the HD media was exhausted; as expected the LD ALL3 cells in the upper inserts were 
not stimulatory. Unexpectedly, although the HD CML BP CD34+ cells didn’t grow at all in the upper inserts (D), they 
did stimulate some of the LD ALL3 cells to proliferate slowly beginning around days 8-10, albeit with a continuing 
high loss of viability. (E) Growth of LD and HD ALL3 cells without GFs and HD enriched CD34+ BP CML blasts from 
a patient with newly diagnosed, untreated BP CML in upper inserts of tranwells stimulated with 0, 3, and 7 GFs 
added on days 0, 4, and 6. Enriched CD34+ cells were obtained from a newly diagnosed untreated patient with BP 
CML with over 80,000 circulating blasts/mm3. The CD34+ blasts started at 4 × 105 cells/ml in the upper transwell 
inserts grew rapidly to over 14 and 10 million cells/ml respectively when stimulated by 7 and 3 GFs, and even the 
blasts without GFs grew slowly for 18 days. The left panel shows that as usual the LD ALL3 cells didn’t grow at all 
while the HD grew with a DT of 42 hr accompanied by a progressive increase in non-viable cells. (F) Growth of the 
LD ALL3 cells (5000 cells/ml) in lower wells in transwells stimulated by cells in upper inserts as shown. As usually 
observed, the HD ALL3 in the left panel stimulated the LD ALL3 cells to proliferate sooner than the BP CML CD34+ 
cells, but not to as high an ultimate cell peak. 



Quorum sensing in acute lymphoblastic leukemia

1208 Am J Cancer Res 2016;6(6):1177-1230

Figure 13. Effect of ALL3 
HDSN on proliferation of LD 
ALL3 cells. A. Pictures of LD 
and HD ALL3 cells on day 2 
that were stained with the 
MIB-1 Ki67 antibody and 
counter stained with nu-
clei stain DAPI. The LD cells 
hadn’t grown at all by day 2, 
their viability was only 50%, 
but >90% of the viable cells 
were Ki67+. The HD cells had 
grown to 4.85 × 105 cells by 
day 2, were 84% viable, and 
100% were Ki67+. B. Bar 
graph of the HD and LD ALL3 
cells started on day 0 at 20 
× 104 and 0.5 × 104 cells/ml 
and cells were stimulated us-
ing HDSN were pulse labeled 
with EdU at days 1, 2, 4, and 
6. Percent of EdU+ cells are 
shown on each day. C. Rep-
resentative pictures of the 
HD and LD ALL3 cells started 
on day 0 at 2 × 105 and 5 × 
103 cells/ml that were pulse 
labeled with EdU at days 1 
and 6. Serial pulse labeling 
with EdU for ALL3 cells grow-
ing for 6 days in ALL3 media 
at both HD of 2 × 105 and LD 
of 5 × 103 cells/ml, the latter 
with and without addition of 
HDSN from another culture 
of ALL3 cells growing expo-
nentially for 3 days starting 
at 3 × 105 cells/ml. Despite 
their poor growth, the LD cells 
alone initially had a higher 
percentage of cells (41%) in-
corporating EdU (middle pan-
el) than the proliferating HD 
cells (left panel; 28%), but 
the poorly growing LD cells in 
S phase dropped to 26% by 6 
days (middle panel) whereas 
the percentage of LD cells in 
S phase stimulated to grow 
by the HDSN (right panel) 
declined less rapidly (39% 
to 30%). The cell counts/
ml and percent EdU + cells 
are shown on each day. The 
lower percent in S phase of 
the HD cells at 6 days (18%) 
is probably because the HD 
ALL3 cells were entering 
saturation phase. The higher 
percentage of LD ALL3 cells 
in S phase than the HD cells 
on day 1 (41% vs 28%) was 
because the LD ALL3 cells 
were prepared by dilution of 
proliferating HD ALL3 cells 
were still mostly viable by day 
1 and some continued to en-
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were down-regulated, differentially expressed 
between stimulated to non-stimulated LD ALL3 
cells (Figure 15A and 15B). Most of these dif-
ferentially expressed genes are shown in Table 
1.

GSEA for common differentially expressed 
genes

For the 50 consistently up-regulated genes, 
there was enrichment of pathways related to 

ter S phase which they were unable to complete before dying (middle panel). The LD cells rescued by HDSN (right 
panel) were growing nicely by day 6 and had about the same percentage of cells in S phase (30%) as the HD cells 
on day 1 (28%).

Figure 14. Various apoptosis assays during growth of the HD ALL3 and no growth of the LD ALL3 cells in ALL3 media. 
A. Total number of viable and non-viable LD and HD ALL3 cells using the trypan blue exclusion method. B. Caspase 
3/7 activity (Promega Technical Bulletins: Caspase Glo 3/7 assay, 2012) remained very low in rapidly proliferating 
cells starting at 3 × 105 cells/ml, but rose rapidly in non-growing cells starting at 5000 cells/ml. C. Percent of TUNEL 
positive cells (Dead EndTM Fluorometric TUNEL System) remained very low in rapidly proliferating cells starting at 3 × 
105 cells/ml, but rose rapidly in non-growing cells starting at 5000 cells/ml. D. Daily flow cytometric AnnexinV-FITC/
PI assay was conducted for the HD and LD ALL3 cells stained with Propidium iodide (PI) and AnnexinV-FITC. The HD 
ALL3 cells showed a rapid increase in early and late apoptosis as they approached saturation density on Day 8. The 
poorly growing LD cells alone without HDSN had an early increase in dead cells and progressive increase in early 
apoptotic cells with annexin and PI staining. Even though the LD ALL3 cells plus HDSN were immediately stimulated 
to grow rapidly with a DTs of 26 hr during the first 3 days, the majority of the LD+HDSN cells were estimated by FACS 
to still be in the early or late stages of apoptosis and by day 2 only about ~20% of the cells were alive. However, by 
days 7 and 8 the surviving cells had recovered and about 60-70% were ascertained to be live by FACS and the cells 
continued to grow well with a DTs of 35 hr. The Bar graphs represent the percent of total cells in each of the below 
defined gating categories. Green bar represents live cells (AnnexinV-FITC Neg/PI Neg), red bar represents dead cell 
population (AnnexinV-FITC Neg/PI Pos), and blue bar represents early apoptotic cell populations (AnnexinV-FITC 
Pos/PI Neg). 
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Figure 15. Gene expression analysis comparing the LD ALL3 in presence and absence of HDSN. (A) Venn-diagram 
showing up-regulated genes on days 1, 3, and 6. There are 50 genes up-regulated commonly in LDH comparing LD 
at day1, 3, and 6. Here, LD= LD ALL3 cells (non-stimulated cells) and LDH= LD+HDSN (stimulated cells). (B) Venn-
diagram showing down-regulated genes on days 1, 3, and 6. There are 42 genes down-regulated commonly in LDH 
comparing LD at days 1, 3, and 6. The visualization for the bar graphs (C-F) have benn made according to combined 
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lipid biosynthesis, triglyceride biosynthesis, 
steroid biosynthesis, poly-unsaturated fatty 
acid biosynthesis, cholesterol and lipid homeo-
stasis, SREBP signaling, Wnt signaling, ID sig-
naling, and B-cell receptor signaling for up-reg-
ulated genes. In the case of 42 consistently 
down-regulated genes, we found enrichment of 
pathways related to AMPK signaling, NRF2-
dependent transcription activation, G1 to S cell 
cycle, B-cell receptor signaling, adipogenesis, 
BDNF signaling, leukocyte activation and B-cell 
proliferation signaling and activation pathways 
as shown in Figure 15C-E.

The cellular components of the up-regulated 
genes include the external side of plasma 
membranes, membrane rafts, nuclear chroma-
tin, Golgi apparatus, and receptor complex. In 
the case of down-regulated genes they are 
components of cyclic-dependent protein kinase 
holoenzyme complexes, organelle membranes, 
and vacuoles (Figure 15F).

We focused on these 92 consistently differen-
tially expressed genes to extend the analysis to 
look for genes that could corroborate our con-
clusions. Genes are grouped according to their 
functions, and their possible significance are 
discussed in hematopoiesis, leukemia and per-
haps other cancers. Some of the genes are dis-
cussed for their possible role in regulating can-
cer cell proliferative behavior.

Cholesterol, lipid, steroid, triglyceride metabo-
lism and biosynthesis related genes

Among the most significant differentially 
expressed genes between stimulated and non-
stimulated LD ALL3 cells many of them are 
associated with lipid, cholesterol, steroid, and 
triglyceride homeostasis, metabolism and bio-
synthetic processes. Common differentially 
expressed genes from this group includes: 
ABCG1, ABCG1, MYLIP, SREBF1, INSIG1, SCD, 
LDLR, SNTB1, FASN, PIPK1B, IGF1R, FADS1, 
TCF7L2, ELOVL2, and VLDLR. These are the 
first genes shown in Table 1 but only the first 4 
progressively increase on days 1-6 and only 1 
continues to decrease (VLDLR).

Abnormal cholesterol homeostasis has been 
observed in several hematological malignan-
cies. The ATP-binding cassette transporters 
ABCA1 and ABCG1 are involved in cholesterol 
efflux and their suppression affects hematopoi-
etic stem cell proliferation [73]. Mutation or 
inactivation of ABCA1 and/or ABCG1 might pre-
vent cholesterol efflux and disable anti-tumor 
activity [74-76]. Change in the cholesterol efflux 
pathways is associated with an increase in 
hematopoietic stem and multipotential progen-
itor cell mobilization and extramedullary hema-
topoiesis, favoring the granulocyte rather than 
the macrophage lineages [77]. Cholesterol-
modulating agents have also been shown to kill 
AML cells [78], urothelial cancer cells [79], and 
chronic lymphocytic leukemia [80]. MYLIP (also 
termed IDOL “Inducible degrader of the LDL 
receptor”) is a ubiquitin ligase that ubiquinates 
LDL receptors [81]. LDLR is also up-regulated. 
We also found upregulation of SREBP1 (also 
termed SREBF1), a well known master tran-
scription factor, that controls lipid metabolism 
and has been shown to be involved in cancer 
[74]. Another up-regulated transcription factor 
was TCF7L2 which is involved in regulation of a 
member of the Wnt signaling pathways and has 
also been implicated in several cancers [82-
84]. Still another up-regulated gene, SNTB1, 
has been found to interact with ABCA1 and also 
regulates cholesterol efflux [85] but its direct 
role in cancer is still unknown. SCD, FASN, 
ELOVL2, and INSIG1 have been implicated in 
breast cancer [86]. 

Differential expression of the above genes in 
these pathways provide evidence that up-regu-
lation of the cholesterol and lipid metabolism 
related pathways are probably necessary to ini-
tiate and sustain the growth of non-growing LD 
ALL3 cells. Cancer cells are known to undergo 
extensive metabolic reprogramming. Whereas 
cholesterol and lipid biosynthesis are normally 
restricted to defined tissues, cancer cells can 
become independent of systemic regulation 
and reactivate the lipogenic machinery. Thus, 
cancer cells are able to fulfill their increased 
requirement for energy, membrane prolifera-

score (Combined score= p-value computed using the Fisher exact test, and the z-score computed to assess the de-
viation from the expected rank). The length of the bar represents the significance of that specific gene-set or term. 
In addition, the brighter the color, the more significant that term is (adapted from and refer to [63] for more details).
(C and D) show Gene ontology (GO) biological process and cellular component analsis of differentially expressed 
common 92 genes using EnrichR. (E and F) show KEGG and and WiKi pathway analysis of differentially expressed 
common 92 genes using EnrichR.
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tion, and signaling mole-
cules by rewiring the meta-
bolic pathways [87-91]. 

In conclusion, it seems that 
alterations in cholesterol, 
lipid, sterol, and fatty acid 
metabolism are important 
factors in enabling non-
growing LD ALL3 cells to 
initiate and continue prolif-
eration when triggered to 
do so by stimulatory factors 
in the HDSN. It also pro-
vides an opportunity to 
consider possible new ther-
apeutic strategies to inter-
vene in the above involved 
signaling pathways to de- 
crease the growth of leuke-
mic cells and maybe other 
cancers [74, 92].

B cell proliferation and 
signaling pathways related 
genes

The most significantly up-
regulated genes that we 
found between the stimu-
lated and non-stimulated 
LD ALL3 are those that 
belong to the B cell prolif-
eration and signaling path-
ways group: FAM129C (BC- 
NP1), IFITM1, CD22, CD48, 
NFATC1, CD40, TCF3, HLA- 
E (Table 1). 

FAM129C (BCNP1; B-cell 
novel protein 1)

FAM129C is by far the most 
up-regulated gene in HDSN 
stimulated ALL3 cells (121 
fold at day 6), but its role in 
leukemia or cancer is still 
poorly understood. Boyd 
and colleagues discovered 
BCNP1 in their study of the 
B cell-surface plasma mem- 
brane proteins [93]. In their 
study, they cloned the en- 
tire BCNP1 gene from nor-
mal spleen and cDNA li- 
brary of the Daudi cell line 

Table 1. List of some of the common genes with significantly differen-
tial expression in HDSN stimulated LD ALL3 cells (LDH) compared to 
non-stimulated LD ALL3 (LD) cells
Gene Symbol Fold Change (LDH Vs LD)

Day 1 Day 3 Day 6
Cholesterol, lipid, steroid, triglyceride metabolism and biosynthesis pathways
    ABCG1 27.8 49.3 57.7
    ABCA1 9.2 18.5 21.1
    MYLIP 8.8 7.8 10.9
    SREBF1 8.7 8.4 12.1
    INSIG1 8.3 2.5 4.0
    SCD 8.1 3.6 4.3
    LDLR 5.6 2.6 3.4
    SNTB1 4.8 2.2 2.6
    FASN 3.3 3.0 2.2
    PIP5K1B 3.1 2.3 2.8
    IGF1R 3.0 3.5 4.6
    FADS1 2.9 2.1 2.0
    TCF7L2 2.3 4.7 4.0
    ELOVL2 2.2 2.1 3.8
    VLDLR -2.1 -2.5 -4.3
B cell proliferation/Signaling pathways
    FAM129C 27.4 49.2 121.2
    IFITM1 10.7 26.4 26.4
    CD22 4.1 2.7 4.1
    CD48 3.4 3.0 2.4
    NFATC1 2.7 2.2 2.2
    CD40 2.6 5.1 3.3
    TCF3 2.3 2.2 3.6
    HLA-E 2.3 2.1 2.9
    BLNK -2.7 -2.2 -2.4
    MEF2C -2.9 -2.3 -3.2
    CDKN1A -3.4 -4.1 -4.4
    PRDM1 -4.1 -3.4 -7.5
    MS4A1 -5.5 -4.4 -4.3
    CD1C -6.4 -3.1 -8.2
Cell cycle regulation/G1 to S cell cycle control
    CTGF 4.7 4.4 7.2
    TCF3 2.3 2.2 3.6
    PLCB1 -2.5 -3.5 -2.4
    CDKN1A -3.4 -4.1 -4.4
    CCPG1 -3.6 -7.9 -5.8
    CCNA1 -4.5 -4.7 -8.5
Apoptosis
    FAIM3 20.9 14.2 6.9
    BACH2 10.1 9.1 17.8
    TNFRSF19 -3.7 -4.5 -4.4
    HMOX1 -14.4 -6.7 -19.4
    Cell Secretion
    CTGF 4.7 4.4 7.2
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and also found that BCNP1 was highly 
expressed in multiple leukemia and lymphoma 
patient samples and cell lines compared to nor-
mal tissues. BCNP1 expression was found to 
be restricted to B-cell rich normal tissues, 
being particularly high in lymph nodes, spleen 
and the thymus [93]. It has been more than a 
decade since BCNP1 was first identified, but 
the role of BCNP1 in B-cell development and 
malignancies is still uncertain. Our combined 
gene-expression and biological data suggest 
that it may well have an important role in acti-
vating leukemic Ph+ ALL cells that are already 
poised to proliferate to do so.

IFITM1 was also highly up-regulated (~26 fold 
at days 3 and 6) (Table 1). IFITM1 is a compo-
nent of a multimeric complex involved in the 
transduction of antiproliferative and cell adhe-
sion signals [94]. CD22 was over-expressed  
~4 fold. CD22 is a B-lineage differentiation  
antigen, which is expressed on the surface of 

involved in several chromosomal transloca-
tions and other abnormalities in B-lineage 
acute leukemia [104-106]. 

Among the genes in the B cell proliferation and 
signaling pathways related group that are 
down-regulated upon stimulation of LD ALL3 
cells are BLNK, MEF2C, CDKN1A, PRDM1, 
MS4A1 (CD20), and CD1C (Table 1). The BLNK 
expression in B-lineage ALL is higher than in B 
cells [107], and BLNK acts as tumor suppres-
sor in pre-B cell ALL [108]. MEF2C, a transcrip-
tion factor, has been suggested to be a poor-
risk marker in some subtypes of AML [109], 
and its abnormal expression due to chromo-
somal rearrangements is also linked to leuke-
mia [110, 111]. PRDM1 is overexpressed in 
some cases of B and T-cell lymphoma [112] 
and acts as a tumor suppressor in human colon 
cancer [113]. CD20 (also termed MS4A1) is 
commonly expressed on leukemic B cells [114]; 
It is not expressed in HSC or pro-B cells but is 

    RAB27A 3.2 2.6 4.1
    SRGN -2.0 -3.9 -5.5
    LAMP2 -2.7 -3.0 -3.8
Transporter activity
    SLC25A23 2.0 2.4 2.2
    VLDLR -2.1 -2.5 -4.3
    SLC35B1 -2.5 -2.1 -2.0
    SLC16A6 -5.4 -4.9 -10.0
    SLC7A11 -8.0 -7.6 -9.3
Other Cancer related genes
    ADARB1 10.0 5.2 12.8
    CHI3L2 7.6 5.3 14.0
    FAM69B 7.5 6.3 10.2
    GPR18 4.8 5.4 4.3
    MAML3 4.6 7.1 15.2
    VWA5A -1.1 -5.4 -10.3
    DOCK4 -4.7 -3.2 -6.8
    SAMD9L -5.1 -4.3 -3.4
    CHST2 -5.6 -2.5 -10.7
    FTH1 -7.4 -3.7 -8.6
    EGR3 -9.3 -3.4 -6.9
    THSD7A -12.1 -5.0 -9.0
    LOC284801 -4.8 -5.7 -37.4
    CHST2 -5.6 -2.5 -10.7
    MPEG1 -5.8 -6.3 -11.2
The fold change is linear and positive values mean genes more expressed in LDH 
and negative values vice versa. In the case of single genes where more than one set 
of probes is significantly differentially expressed, the highest value amongst them is 
shown.

B-lineage cells from the 
early progenitor state (pro-
B cells) to terminally differ-
entiated plasma cells [95, 
96]. CD48 was also upregu-
lated but only 2.4-3.4 fold. 
It is expressed on differen-
tiated hematopoietic cells 
but not on quiescent HSC 
[97, 98]. It also regula- 
tes hematopoietic S/P cells 
and suppresses tumor for-
mation and also acts as an 
environmental sensor to re- 
gulate progenitor cell num-
ber [99]. NFATC1 is a tran-
scription factor playing a 
critical role during immune 
responses; it regulates bo- 
th normal homeostasis and 
differentiation of B cells 
[100] and also T cells [101]. 
CD40 receptor is expressed 
on the B-cell lineage ALL 
[102] and its high expres-
sion on B-cell precursor 
ALL blasts has been pro-
posed as a marker indicat-
ing superior relapse-free 
survival [103]. The TCF3 
gene is a member of the 
helix-loop-helix transcrip-
tion factor family. It is 
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expressed in pre-B cells and also on mature B 
cells in the bone marrow and blood [115]. The 
ALL3 cells are ~100% positive for the CD20 
(MS4A1) marker but it is down-regulated in the 
HDSN stimulated LD ALL3 cells. Anolik et al, 
found that CD40 activation leads to down-regu-
lation of CD20 on the normal B cells [116]. In 
our gene-expression data we found that CD40 
is up-regulated (~2-5 fold) in the stimulated LD 
ALL3 cells. This suggests that the stimulatory 
factors up-regulate CD40 which leads to down-
regulation of CD20 upon the stimulation of the 
LD ALL3 cells and thereof permits survival and 
growth of LD ALL3 cells. CD1C is also down-
regulated in B cell CLL [117].

All these genes that are differentially expressed 
in stimulated LD ALL3 cells compared to non-
stimulated LD ALL3 cells belong to the B-cell 
proliferation, activation, and signaling path-
ways group shown in Table 1. The ALL3 cell line 
used in this study is of pre-B lineage as deter-
mined by surface cell antigen markers using 
flow cytometry: CD19, CD20, CD38, CD45RA 
are all 95-100% Positive, and IgG1, CD34, 
CD117 & CD3 are all negative providing addi-
tional evidence that the stimulatory factor(s) 
are stimulating leukemic pre-B cells. The role of 
the above genes in regulating cell-cell commu-
nication and cell number maintenance is pres-
ently unclear, but appears to be highly complex 
and additional studies will be required to deter-
mine their functional roles.

Cell cycle regulation/G1 to S cell cycle control

Of the genes linked to cell cycle regulation, the 
differentially expressed genes include: CTGF, 
TCF3 PLCB1, CDKN1A, CCPG1, and CCNA1 
(Table 1). The failure of LD ALL3 cells to grow is 
not because they are quiescent, but rather 
because although they are already primed to 
proliferate they require additional stimulatory 
factors to begin to do so without which they all 
die within about a week. In the presence of 
HDSN stimulatory factors many of the LD ALL3 
cells which are arrested in S phase resume 
DNA synthesis and all the surviving cells in 
other phases of the cell cycle again begin 
cycling (Figure 13) (depending on the timing of 
adding HDSN). 

Apoptosis pathways

We found the following differentially expressed 
genes that have been reported to be associat-
ed with apoptosis: FAIM3, BACH2, HMOX1, 
TNFRSF19 (Table 1).

FAIM3 (Fas apoptotic inhibitory molecules) pro-
tects cells from Fas-, TNF-alpha-, and FADD- 
induced apoptosis [118, 119] and is highly 
expressed on CLL B cells [120]. BACH2 is a 
transcription factor involved in apoptosis by 
repressing HMOX1 in Ph+ CML through the 
PI3K/S6 kinase pathways [121]. TNFRSF19, a 
member of the TNF receptor superfamily, is 
overexpressed in glioblastoma, and its knock-
down results in prolonged survival of an in vivo 
xenograft of glioblastoma cells in mice [122].

In our study, FAIM3 and BACH2 were up-regu-
lated and HMOX1 was down-regulated upon 
stimulation of the LD ALL3 cells. As noted ear-
lier, the LD ALL3 cell died rapidly without growth 
stimulation, and in the presence of the stimula-
tory factors in HD ALL3 SN there was a decrease 
in apoptosis and an increase in live cells (Figure 
14). This of course suggests that the stimula-
tory factors suppress apoptosis by upregulating 
the two anti-apoptotic genes FAIM3 and BACH2 
and by downregulating pro-apoptotic genes 
HMOX1 and TNFRSF19. 

Gene involved in cell secretion

In the genes linked to cell secretory pathways 
two genes, CTGF and RAB27A were upregulat-
ed, and two genes, SRGN and LAMP2, down-
regulated in stimulated compared to non-stim-
ulated LD ALL3 cells (Table 1). CTGF (also 
termed CCN3) is present in cellular compart-
ments. The tyrosine-phosphorylated BCR-ABL 
kinase activity leads to an increase in CCN3 
secretion and a decrease in cellular CCN3 at 
the protein level that can be reversed by using 
BCR-ABL kinase inhibitors such as Imatinib. 
Overexpression of CCN3 in BCR-ABL positive 
cells also led to a decrease in proliferation and 
clonogenic potential [123]. CCN3 is an impor-
tant player in stem cell regulation, hematopoi-
esis and bone marrow niche maintenance 
[124]. In our study the CCN3 (CTGF) gene is up-
regulated at the mRNA level ~4.5-7 fold in stim-
ulated LD ALL3 cells. It is plausible that the 
stimulatory factors induce expression of endog-
enous CCN3 at the mRNA level and increase 
CCN3 secretion, allowing the stimulated LD 
ALL3 cells to commence and sustain 
proliferation. 

Another up-regulated gene, Rab27A controls 
the exosome secretion pathways [125] and is 
highly expressed in melanocytes and hemato-
poietic and other secretory cells [126]. Its 
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expression has been clinically related to hepa-
tocellular carcinoma [127] and pancreatic can-
cer [128]. Exosomes have been shown to carry 
proteins, lipids, RNAs and DNAs [129]. 
Raimondo et al have shown that CML-derived 
exosomes promote the proliferation and sur-
vival of tumor cells in an autocrine fashion by 
activating anti-apoptotic pathways [130]. The 
up-regulation of RAB27A (~2-4 fold) in the 
HDSN stimulated LD ALL3 cells suggests that 
this induces release and secretion of exosomes 
which contain factors that can stimulate the 
non-growing LD ALL3 cells to survive and 
resume proliferation.

Down-regulated SRGN is the ligand for CD44 
involved in in the adherence and activation of 
lymphoid cells [131]. It is actively secreted in a 
functional form by various hematopoietic cells 
[132]. The SRGN deficient mice shows enlarge-
ment of multiple lymphoid organs [133]. Ano- 
ther down-regulated gene, LAMP2, has been 
linked to autophagy. It is also involved in lyso-
some protection, maintenance and adhesion. 
Its knockdown had been shown to reduce via-
bility of AML cells [134]. 

It is plausible that the differential expressions 
of the above genes activate or repress certain 
secretory pathways so the LD ALL3 cells are 
enabled to grow in the presence of stimulatory 
factors released in the secretome or exosomes 
of the HD ALL3, CB or other proliferating cells. 
Much further experimental evidence is of 
course needed to define the precise roles of 
the above genes or others in communications 
between ALL3 cells as well as with other cells. 
However, these genes are good candidates to 
begin unraveling the extreme complexity of how 
cells communicate with each other and per-
haps to identify differences in the means of 
communication whereby leukemic or other 
malignant cells can function as semi-autono-
mous collective ecosystems that proliferate 
according to their own rules, disregarding nor-
mal restraining regulatory mechanisms that 
tightly maintain homeostasis in normal organs 
and tissues. 

Genes related to solute carrier transporter 
activity

Membrane transporters are involved in the 
transfer of exogenous and endogenous metab-
olites and small molecules. The genes that 

encode these transporter family members con-
stitute approximately 4% of genes in the hu- 
man genome [135]. The genes differentially ex- 
pressed in this group in our study include: 
SLC25A23, VLDLR, SLC35B1, SLC16A6, and 
SLC7A11.

The SLC25A23 plays an important role in mito-
chondrial matrix Ca2+ influx [136], SLC35B1 is 
an UDP-galactose translocator, SLC16A6 is a 
monocarboxylate transporter, and SLC7A11 is 
a cysteine/glutamate transporter. The SLC7A11 
is also overexpressed in human cancer patients 
[137] and also involved in chemoresistance 
[138]. 

The numerous differentially expressed genes in 
the stimulated LD ALL3 cells also suggests that 
the leukemic cells are undergoing profound 
metabolic reprogramming to sustain their 
growth and continue supplying building blocks 
necessary for synthesis for DNA, RNA, lipids, 
and proteins. The solute carrier family member 
proteins are involved in transport of several 
small molecules such as metabolites and are 
dysregulated in cancers [139]. Their inhibition 
could be one of the ways to block tumor 
progression.

There are recent reports that in addition to 
communicating by chemical autoinducers, bac-
teria can also communicate with each other via 
electrical signaling which is also used in the 
brain to convey information between neurons. 
Prindle and colleagues have shown that ion 
channels that are present on the surface of 
bacteria control the transfer of charged parti-
cles and that this opening and closing changes 
the charges of neighboring cells; the process 
continues on and on to coordinate the collec-
tive behavior of the bacterial cells [140]. Ba- 
cteria also use an electrical signaling mecha-
nism for biofilm formation [141]. Various pro-
karyotes such as cyanobacteria Oscillatoria 
terebriformis, Geitlerinema sp. and Halothece 
sp., the unicellular eukaryotes: yeast Saccha- 
romyces cerevisiae and ciliates Paramecium 
caudatum, and H. lucorum have also shown 
some electrical activity when measured indi-
vidually at single cell levels [142]. 

There is no direct evidence as yet that ALL3 
cells use electrical signaling to communicate. 
However, the differential expression of so many 
transporters and solute family member pro-
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teins suggest that it is possible that the LD 
ALL3 cells might use a similar electrical system 
to that in bacteria or other simpler organisms to 
communicate with each other.

Other differentially expressed cancer related 
genes (Table 1)

ADARB1, an enzyme involved in RNA editing, 
has been shown to be abnormally expressed in 
acute leukemias [143] and is also involved in 
malignant reprogramming of myeloid progeni-
tors in CML [144]. GPR18 is an orphan G-protein 
receptor and has been implicated in tumor cell 
survival but its detailed mechanism and role in 
cancer has not been studied [145]. 

VWA5A is implicated as tumor suppressor in 
breast cancer [146], and in nasopharyngeal 
carcinoma [147]. DOCK4 is a GTPase exchange 
factor which is down-regulated in MDS. It is 
also hyeprmethylated and its expression is 
reduced in bone marrow stem cells of MDS 
[148]. Its depletion leads to dysplastic mor-
phology in erythroid cells [149] and it is also 
involved in AML [150]. Inactivation of SAMD9L 
promotes cell proliferation in hepatocellular 
carcinoma [151] and it also acts as a tumor 
growth suppressor in bladder cancer [152].

CHST2, a sulfotransferase, has been implicat-
ed to play role in pre-B ALL [153]. FTH1 regu-
lates intracellular iron storage and its level var-
ies at disease conditions and interacts with 
NCOA4 to regulate ferrintophagy and plays an 
essential role in erythropoiesis [154].

EGR3, a transcription factor, has been shown to 
regulate proliferative potential of HSCs [155]. It 
has also been shown as “a strong limiting fac-
tor” in HSC quiescence [156]. It is also hyper-
methylated in adult T-cell leukemia [157] and is 
also dysregulated in other cancers such as 
breast [158], prostate [159], and gastric can-
cers [160]. THS7DA is a soluble N-glycoprotein 
that increases endothelial cell migration and 
tube formation in angiogenesis [151, 161], but 
its role in cancer is not understood. LOC284801 
seems to be part of a long non-coding RNA. It is 
highly down-regulated (~37 fold) upon stimula-
tion of the LD ALL3 cells. It is found to be up-
regulated in non-small cell lung cancer [162] 
and might have some role in mesothelioma 
[163] and hepatoma [164].

With regard to other genes in the “other cancer 
related genes category”, the affected gene 
products cover a wide range of functions includ-
ing proteins involved in cell signaling, RNA edit-
ing, migration, angiogenesis and transcription-
al control. 

Discussion

The Ph+ ALL3 cell line was used as a model 
system to try to understand how cells commu-
nicate with each other and with other cells and 
the abnormalities in quorum sensing that per-
mit these S/P cells to far exceed normal homeo-
static cell densities. The ALL3 cells line is 
somewhat unique because the cells were fro-
zen in multiple aliquots shortly after they were 
obtained and thus more closely simulate the 
behavior of the same cells in a patient’s pleural 
fluid in which they were growing as free-floating 
ascitic cells in the terminally ill patient with Ph+ 
ALL than do many established leukemic cell 
lines. We found that ALL3 cells behave very dif-
ferently when grown in various cell culture sys-
tems at low and high starting cell densities. 
ALL3 cells fail to grow at LD but grow progres-
sively faster at increasing cell densities. Using 
various proliferation markers, we also found LD 
ALL3 cells are not quiescent but rather are 
poised to begin proliferating but are unable to 
do so without stimulatory factors secreted or 
provided in exosomes from ALL3 or some other 
cells growing at HD. In addition, we found that 
LD ALL3 cells undergo progressive apoptosis 
and death as measured by various apoptosis 
assays unless they are rescued by the stimula-
tory factors. These observations that changes 
in cell density can have a dramatic growth 
effect on the proliferation, survival, and growth 
of ALL3 cells strongly suggest that these char-
acteristics or due to collective behavior of the 
cells which are regulated by complex intercel-
lular communications and intracellular signal-
ing pathways. 

Many other studies have also suggested a rela-
tionship between changes in cell density and 
changes in survival, death, apoptosis, stem-cell 
maintenance, proliferation, and metastasis in 
cancer. As one example, Dolnick et al demon-
strated that the rTS gene regulates the level of 
rTSbeta protein in a cell density dependent 
manner and is controlled by secretion of lipo-
philic metabolites [20]. The authors of this work 
found that diffusible signaling molecules gener-
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ated growth variations upon increase in rTSbe-
ta protein levels. In another study, Falk et al 
demonstrated that cysteine was required for 
survival of Burkitt lymphoma cells when seed-
ed at low density [165]. Within any cancer cell 
population the cells are very heterogeneous 
and consist of diverse subpopulations or clones 
of cancer cells with different functional proper-
ties, such as growth rate, ability to metastatize, 
ability to develop therapeutic resistance, and 
survival. Heppner et al showed that tumor sub-
populations do not behave independently of 
each other but instead they form a society of 
cells in which they impact each other’s growth 
and support the maintenance of tumor hetero-
geneity. Thus cancer cell behavior is an overall 
outcome of the behavior of the cancer cell soci-
ety and its mixed interactions [31]. In a similar 
line of research, Seton-Rogers et al demon-
strated that co-operation between lineage-
restricted subclones is the result of aberrant 
expression of secreted signaling molecules and 
thus maintains tumor cell heterogeneity, tumor 
progression and subclonal malignant diversi-
ties [166]. Agur et al, showed the importance of 
QS in the regulation of breast CSCs prolifera-
tion in in vitro experiments [34]. Melanoma 
cells grown at different starting cell numbers 
demonstrated different metastatic properties 
[167], and Welch et al demonstrated that the 
relative number of metastases formed by rat 
mammary adenocarcinoma clones depends on 
paracrine factors secreted by donor cells grow-
ing at different cell densities [168].

Our study was initiated in attempt to under-
stand the fundamental molecular mechanisms 
responsible for the differential growth of the 
ALL3 cells when grown at LD or HD. We 
observed a number of interesting findings that 
correlate nicely with some of the biological and 
functional abnormalities that have previously 
been observed in other systems. These find-
ings include the following. 

(i) The ALL3 cells do not grow at low starting cell 
densities but grow very well with good viability 
at high starting cell densities. This observation 
is nicely coordinate with older observations in 
bacteria in which light emission was deter-
mined to occur only at a high cell population 
density [4]. Chen et al found that plucking hair 
at different densities leads to a regeneration of 
up to five times more neighboring, unplucked 

resting hairs by a two-step mechanism. Injured 
hair cells release CCL2 leading to recruitment 
of TNF-α secreting macrophages which activate 
regeneration of hair, indicating a collective 
decision-making process [169].

(ii) The non-growing LD and HD ALL3 cells are 
similar in their proliferation marker profiles, but 
the latter grows progressively faster at increas-
ing cell densities while the LD ALL3 cells don’t 
grow at all without additional stimulatory fac-
tors provided by supernates of the same or 
other cells growing at HD to support their 
growth. 

(iii) At low starting cell density ALL3 cells fail to 
survive; they shortly undergo profound apopto-
sis compared to cells growing at high starting 
cell densities. Challa et al suggested that 
Burkitt-like lymphoma cells which are directly 
obtained from a patient sustained their growth 
by secreting CD40 ligand when the cell number 
fell below a certain threshold [170]. However, in 
our study LD ALL3 cells died rapidly and were 
unable to secret any stimulatory factors that 
could sustain their growth. 

(iv) The LD ALL3 cells are unresponsive to stim-
ulation by any of a large number of cytokines 
tested alone or in various combinations but 
they are stimulated to grow by fresh supernates 
of ALL3 cells growing at HD. Thus, an ‘auto-
crine’ factor(s) is sufficient to stimulate growth 
of LD ALL3 cells. This observation suggests 
that ALL3 cells are simultaneously able to 
secrete and sense the same signaling 
molecule(s) for a variety of biological functions 
that allows them to achieve versatile social 
behaviors. Youk et al used budding yeast to 
study synthetic secrete-and-sense circuit motif 
to understand complex social and asocial 
behaviors [171]. 

(v) The LD ALL3 cells can also be stimulated to 
grow in the presence of supernate collected 
from some but not all leukemic cell lines and 
also from primary MNCs or enriched CD34+ 
cells obtained from cord blood or CML patients. 
Thus, ‘paracrine’ factors can also stimulate 
growth of the LD ALL3 cells suggesting that in 
some cases cells can also respond to other 
external environmental cues. 

(vi) The HDSN from HD ALL3 cells that have 
intense stimulatory activity on the LD ALL3 
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cells do not have any additional stimulatory 
effect on HD ALL3 cells which are already grow-
ing well. Similarly supernates from enriched 
CD34+ normal or CML cells that vigorously 
stimulate growth of LD ALL3 cells fail to stimu-
late growth of HD ALL3 cells. This suggest the 
following three possibilities. First, the ALL3 
cells at high starting cell density are self-stimu-
latory or secrete enough stimulatory factor to 
support their own growth. Second, the same 
stimulatory factor(s) that stimulate growth of 
LD ALL3 cells inhibit growth of HD ALL3 cells. 
Third, the HDSN might contain both stimulatory 
and inhibitory factor(s); the former is only effec-
tive when the cell numbers are low, and the lat-
ter when the cell numbers are increasing to 
establish a limiting threshold. It is also possible 
that the same factors might have paradoxical 
effects depending on the cell population den-
sity. Paradoxical signaling has been observed 
in various immune systems [172]. As an exam-
ple, IL-2 can increase both proliferation and 
death rate of T cells [173]. What the benefits 
are of having such paradoxical signaling still 
remains unclear. 

(vii) Once the LD ALL3 cells are stimulated by 
HDSN, the gene expression data clearly shows 
that they have marked overexpression of genes 
associated with cholesterol, lipid and sterol 
regulatory pathways. Thus, the LD ALL3 cells 
rapidly change their metabolic requirements 
and signaling machinary to support their 
resumption of growth after stimulation. 

(viii) FAM129C was highly upregulated (~27, 
~49 and ~121 fold on days 1, 3, and 6, respec-
tively) by HDSN stimulated LD ALL3 cells. 
FAM129A [174] and FAM129B [175] are other 
members of the family. Yuki et al showed that 
FAM129A is involved in cell density dependent 
cell proliferation by a ZNF777-mediated path-
way [176]. The findings by Yuki et al on FAM129A 
and strikingly high up-regulation of FAM129C in 
stimulated LD ALL3 cells indicates that it prob-
ably has an important role in cell density-
dependent cell proliferation at least in B-cell 
specific development. Our study also shows 
BCNP1 phosphorylation at serine residues are 
linked to the PI3K and p38 MAPK signaling 
pathways and might have role in cancers (Patel 
SJ, In submission).

(ix) Upon stimulation of the LD ALL3 cells in the 
presence of HDSN other genes involved in 

B-cell activation, apoptosis, exosome release 
and secretion are also differentially expressed. 
Thus, the LD ALL3 cells clearly use complex 
regulatory gene networks to support their 
growth after stimulation. ALL3 cells produce no 
clones in semi-solid media, don’t grow as a sin-
gle cell(s) in single cell cloning plates in liquid 
media, and grow significantly better at the 
some cell densities per ml in liquid culture if the 
culture vessel or well has a smaller rather than 
a large bottom growing area. Thus as might be 
expected close cell proximity is also an impor-
tant factor enhancing cell communication and 
collective behavior.

(x) LD and HD ALL3 cells are un-responsive to 
growth stimulation by any of the single or mul-
tiple combinations of cytokines tested that are 
essential for growth of normal hematopoietic 
S/P cells. Instead the growth of HD or interme-
diate density ALL3 cells is inhibited by several 
of the same single or combinations of cytokines 
that are absolutely required by the normal S/P 
cells. Another striking difference is that while a 
high percentage of normal cord blood or other 
normal S/P cells will grew with stimulation by 
multiple cytokines as single cells either in liquid 
culture in single cell cloning plates or in soft 
agar or methyl cellulose (MC), the ALL3 cells 
will not grow as single cells nor produce any 
colonies at all in agar or MC. These are striking 
differences. If the misregulatory mechanisms 
and aberrant signaling pathways were better 
understood, it is quite possible that ALL3 cells 
and other acute leukemia cells could be found 
to be preferentially vulnerable to different 
forms of therapies then the normal S/P cells.

We also performed a biophysical study using 
atomic force microscopy to compare non-grow-
ing LD and proliferating HD ALL3 cells. We 
found that there are substantial differences in 
the biophysical parameters such as Young’s 
modulus and the pericellular brush length 
between HD and LD ALL3 cells. The HD ALL3 
cells showed ~3.6x increase in the pericellular 
brush length and also ~2.5x increase in effec-
tive brush size compared to the LD ALL3 cells 
while the LD ALL3 cells showed ~6x increase in 
the Young’s elastic modulus of the cell body 
compared to HD cells (Nataliia V. Guz, Sapan J. 
Patel et al. unpublished work). These observa-
tions indicate that the proliferating HD ALL3 
cells were softer than the non-growing LD ALL3 
cells which were stiffer, probably because they 



Quorum sensing in acute lymphoblastic leukemia

1221 Am J Cancer Res 2016;6(6):1177-1230

were undergoing considerable cytoskeletal 
reorganization.

Normal organ systems including hematopoiesis 
behave collectively as interactive cell societies 
in which homeostasis is rigidly maintained by 
complex regulatory networks and QS mecha-
nisms. Leukemia and other cancer ecosystems 
also behave collectively and their component 
cells interact with each other and with neigh-
boring or distant normal cells, but as the malig-
nant transformation proceeds the neoplastic 
cells further ignore or disobey normal homeo-
static cell density and other normal QS regula-
tions. Thus, rather than clonal succession and 
faster growth of the most aggressive new 
mutant clones, increasingly defective QS may 
be the predominant biological functional defect 
responsible for the progressive expansion and 
domination by the Ph+ ALL3 and other acute 
leukemic cells and the transformed BP clones 
in CML, and this may also be the case in other 
hematological malignancies and solid tumors 
undergoing malignant progression. 

In summary, we have demonstrated that diffus-
ible factors secreted or released by proliferat-
ing cells are capable of initiating and sustaining 
growth of Ph+ ALL3 cells at low cell densities at 
which they do not grow without these stimula-
tory factors but rather succumb to apoptosis, 
and death. So far, there have not been any 
reports attempting to directly study quorum 
sensing in ALL. In the presence of diffusible, 
soluble factor(s) obtained from the supernates 
of ALL3 or other cells growing at HD, extensive 
changes take place in the LD ALL3 cells includ-
ing metabolic reprogramming, suppression of 
apoptosis, and reactivation of B cell pathways 
that sustain the propagation of non-growing  
LD ALL3 cells. Whether the abnormalities 
described here in Ph+ ALL3 cells can be repro-
duced to find similar or parallel disorders in 
other malignant tumors needs to be deter-
mined, but if defective QS and collective behav-
ior of cancer cells can be shown to be common 
abnormalities of many cancers they should be 
included among the other hallmarks of cancer. 
Activation of the ALL3 cells at LD following stim-
ulation appears to be highly complex and 
involves the coordinated and selective induc-
tion of expression and repression of hundreds 
of genes. Considering the astounding complex-
ity of all of the stimulatory factor(s), other regu-

latory factors and cellular interactions that 
determine whether non-growing LD ALL3 cells 
are going to proliferate or die, it is hardly sur-
prising that our present understanding of the 
mechanisms regulating cancer cell collective 
behavior is inadequate. In our analysis, it 
appears that in many cases, clusters of pre-
sumably related genes that are differentially 
expressed are all associated with a particular 
stage of development or function, suggesting 
that their common dysfunction in collective 
behavior of ALL3 cells may involve aberrant co-
regulation. The alterations in gene expression 
described here must be confirmed in other 
human cell culture systems or directly in cancer 
patients using advanced technologies. As the 
search proceeds, the significance of some of 
the differences in gene expression reported 
here may become clearer and eventually lead 
to discovery of new ways to selectively disrupt 
aberrant cell-cell communication.
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