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Introduction

While the “seed and soil” hypothesis was proposed by Stephen 
Paget more than 100 years ago,1 it is only recently that the bio-
chemical and molecular mechanisms underlying the dynamic 
interactions between tumor cells and their surrounding micro-
environment began to be elucidated. Importantly, the crosstalk 
of “seed” and “soil” provides a mechanism to protect a certain 
subpopulation of cancer cells from the cytotoxicity of chemo-
therapeutic agents, leaving surviving cancer cells that constitute 
minimal residual disease and contribute to treatment failure.2 
To better understand the interactions of tumor cells and the tis-
sue microenvironment and to design effective therapeutic strat-
egies, recent research efforts have increasingly focused on the 
molecular determinants and the important survival pathways 
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It has been known for a long time that the interaction between 
cancer cells and tissue microenvironment plays a major role 
in cancer development, progression and metastasis. The 
biochemical aspect of cancer-stromal interactions, however, is 
less appreciated. This short review article first provides a brief 
summary of the communications between cancer cells and 
the tissue microenvironment by direct cell-cell interactions 
and by soluble factors, and then describes several biochemical 
pathways that are important for the interaction between 
stromal and cancer cells with respect to energy metabolism, 
redox balance, cell survival and drug resistance. The potential 
therapeutic implications of abolishing stromal protective 
mechanisms to overcome drug resistance are also discussed.
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involved in tumor cell communication with the microenviron-
ment.3 The development of tumor metabolomics has enabled the 
discovery of the potential roles of low-molecular-weight metabo-
lites in cancer development.4-6 Furthermore, since fast growing 
cancer cells have a high demand for nutrients,7 the tumor micro-
environment seems to play an important role in meeting the 
metabolic needs of cancer cells.8-11 The microecosystem formed 
between cancer cells and the microenvironment may promote 
cancer cell survival and drug resistance. The crosstalk between a 
tumor and the surrounding microenvironment occurs at various 
levels. Herein, we review the molecular and biochemical com-
munications between cancer cells and microenvironment with 
a focus on their contributions to drug resistance. Additionally, 
we discuss potential opportunities for the development of drugs 
that may block the crosstalk between cancer cells and the tissue 
microenvironment and thus overcome stromal-mediated drug 
resistance.

The tumor microenvironment consists of a network of vari-
ous accessory cells and extracellular components surround-
ing the cancer cells. In solid tumors, the surrounding stroma 
forms the connective tissue microenvironment which includes 
the extracellular matrix, cancer-associated fibroblasts, immune 
and inflammatory cells and blood vessel cells.12 In hematologic 
malignancies, bone marrow and peripheral lymphoid organs are 
the major refuge sites for malignant cells. These sites protect the 
cancer cells from the cytotoxic effect of anticancer agents.13,14 
The bone marrow microenvironment consists of various cell 
components including bone marrow stromal cells, bone marrow 
endothelial cells, osteoclasts, osteoblasts, macrophages, etc. In 
the peripheral lymphoid microenvironment, the accessory cells 
include T cells, follicular dendritic and follicular stromal cells. 
How the tumor microenvironment supports cancer cells to evade 
apoptosis and to facilitate metastasis is a fundamental question 
that still remains to be answered. Recent evidence suggests that 
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Soluble Factor-Mediated Molecular Interactions 
Between Tumor Cells and the Microenvironment

The cytokines and growth factors secreted by stromal cells are 
known to have profound effect on cancer cells. The accessory 
cells in the tumor microenvironment secrete various cytokines 
and growth factors including stromal derived factor-1 (SDF-1), 
IL-6, vascular endothelial growth factor (VEGF), basic fibro-
blast growth factor (bFGF), insulin-like growth factor 1 (IGF-
1), hepatocyte growth factor (HGF), etc.12,29 The receptors of 
these ligands are usually highly expressed in a variety of cancer 
cells.30 Through signal transmission, the ligand-receptor interac-
tion contributes to the aberrant growth, survival, angiogenesis, 
metastasis and drug resistance of the cancer cells. For example, 
SDF-1α, which interacts with its receptor, CXCR4, on malig-
nant hematopoietic cells and certain solid tumor cells induces 
the homing and metastasis of malignant cells to the frequent sites 
of metastasis including bone marrow, lymph nodes, lungs and 
liver.30 In addition to its role in chemoattraction, SDF-1α also 
stimulates cancer cell survival. The protective effect of SDF-1α 
on cancer cells has been shown in experiments using exogenous 
cytokines and blocking antibodies. It is known that SDF-1α 
interacts with CXCR4 on chronic lymphocytic leukemia (CLL) 
cells and activates MAPK/ERK1/2,31 and PI3K/AKT pathway,32 
leading to Bcl-2 upregulation33 and thus promoting CLL cells 
survival.

Another example is IGF-1, one of the critical growth factors 
required for survival and growth of tumor cells. Melanoma cells 
seem to rely on IGF-1 secreted by fibroblasts, since the malignant 
cells do not produce this growth factor.34 IGF-1 enhances the 
survival, migration and growth of melanoma cells through acti-
vating phosphorylation of Erk1/2 in the MAP kinase pathway 
and the Akt pathway.35

Moreover, stromal cells in the tumor microenvironment alter 
the tumor cell secretome including those required for tumor 
growth and dissemination. Recent data showed that co-culture 
of a murine K-ras mutant lung adenocarcinoma cell line (LKR-
13) with murine lung stromal cells (macrophages, endothelial 
cells or fibroblasts) regulated the secretion of proteins includ-
ing CXCL1 and IL-18 involved in angiogenesis, inflammation, 
cell proliferation and the epithelial-to-mesenchymal transition.36 
Another study showed that fibroblast-derived IGF-1 can induce 
IL-8 expression in melanoma cells through the MAP kinase/
JNK/c-Jun/AP-1 pathway.37

Soluble factor-mediated molecular interactions between the 
tumor cells and microenvironment have been extensively studied 
in hematopoietic cancers. The bone marrow microenvironment 
is rich in cytokines and growth factors that can be hijacked by 
malignant cells homing to the bone marrow. Some of the criti-
cal molecular signaling events have been identified. The migra-
tion of multiple myeloma (MM) cells induced by VEFG seems 
to be mediated through a PKC-dependent pathway.38 The prolif-
eration of MM cells triggered by IL-6, IGF-1, SDF-1α, TNF-α, 
VEGF is mediated through the MEK/p42/p44/MAPK signal-
ing cascade.39-43 In CLL, IL-4, INF-α, IFN-γ and bFGF prevent 
apoptosis through a Bcl-2-dependent pathway.44-49 In addition, 

the tumor microenvironment may activate important molecu-
lar pathways in cancer cells to promote drug resistance either 
through direct cell-cell contact or via secretion of soluble factors 
essential for cell survival.

Cell Contact-Mediated Molecular Interactions 
Between Tumor Cells and Microenvironment

Adhesion of cancer cells to the extracellular matrix and acces-
sory cells in the tumor microenvironment is mediated in part 
through integrin molecules. Integrin expression patterns are 
often altered in tumor cells and certain integrins seem to promote 
tumor progression.15 Increasing evidence suggests that integrins 
may be associated with receptor tyrosine kinases that are impor-
tant for tumor metastasis, cell survival and drug resistance. For 
example, chronic lymphocytic leukemia (CLL) cells have variable 
expression of lymphocyte function-associated antigen 1 (LFA-1), 
very late antigen-4 (VLA-4), inter-cellular adhesion molecule 
1 (ICAM-1/CD54), ICAM-2 (CD102), ICAM-3 (CD50) and 
L-selectin (CD62L).16,17 CD44 is also detected in certain aggres-
sive CLL cell populations.4,5 Besides mediating migration of 
CLL cells to their niche in the bone marrow and secondary lym-
phoid tissues,2,6 some of these adhesion molecules also protect 
CLL cells and confer drug resistance by binding to their recep-
tors on bone marrow stromal cells. For instance, the β1 and β2 
integrins on CLL cells seem to act simultaneously to mediate 
binding to ICAM-1 (CD54) and VCAM-1 (CD106) on bone 
marrow stromal cells and prevent apoptosis of CLL cells, in part 
by preventing the loss of Bcl-2 protein expression. In contrast, 
normal B cells may not be protected by stromal cells through this 
mechanism due to the lack of this pattern of molecular adhesion 
molecules.18,19 Another adhesion molecule that might be involved 
in promoting CLL survival is CD44, whose high expression 
was found in aggressive CLL cells.20 In multiple myeloma, cell 
adhesion-mediated drug resistance is also often observed.21-23 
Adhesion of multiple myeloma cells to bone marrow stromal 
cells via CD44 leads to upregulation of p27 and activation of the 
NFκB survival pathway.24

Another important pathway is the Notch/Jagged axis. Notch1 
receptor expression on multiple myeloma cells is stimulated by 
their adhesion to the bone marrow stromal cells, which express 
the Notch ligand, Jagged. The signaling pathway induced by this 
interaction upregulates p21Cip1/WAF1, leading to growth arrest and 
suppression of drug-induced apoptosis.17 This cell contact-medi-
ated molecular pathway is also found in non-Hodgkins B-cell 
lymphoma.18

In solid tumors, the expression of integrins is important for 
epithelial tumor cells to metastasize to the bone marrow. For 
instance, αvβ3 and α4β1, whose ligands are highly expressed in 
the bone marrow, are upregulated in epithelial cancers including 
prostate, breast, lung, cervix and glioblastoma.15,25-27 Moreover, as 
in hematologic malignancies, integrin expression in solid tumors 
is also associated with increased cancer cell survival and drug 
resistance.28 The pathways activated by integrins, including PI3K/
AKT, ERK/MAPK, NFκB, are critical to induce cell migration 
and to promote cell survival.15
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oxygen supply is not available, cells may switch to anaerobic gly-
colysis and convert pyruvate to lactate. Interestingly, many cancer 
cells seem to heavily use the glycolytic pathway even in the pres-
ence of plenty of oxygen, a phenomenon first described by Otto 
Warburg more than 70 years ago.56 Anaerobic glycolysis generates 
only two ATP per glucose. To meet the energy need and provide 
metabolic intermediates, the glycolytic rate in tumor cells is often 
significantly higher than that in normal cells.7 Such a high rate 
cannot be sustained unless NAD+ can be regenerated to support 
the reaction catalyzed by GAPDH. Tumor cells regenerate NAD+ 
by converting pyruvate into lactate at a high rate. However, the 
increased generation of lactate causes cellular acidification. Recent 
studies suggest that the tumor-associated stroma express comple-
mentary metabolic molecules, which play an important role in 
buffering and recycling the products of anaerobic metabolism to 
sustain cancer cell survival.8,9,11 Analysis of the expression pattern 
of proteins involved in cellular metabolism shows that the tumor-
associated stromal cells, by having low LDH5/PDK1 expression 
and high PDH/LDH1 reactivity, favor aerobic glycolysis.8 High 
concentrations of lactate in cancer cells are rapidly extruded to 
the extracellular matrix through the highly active MCT1 mem-
brane monocarboxylate pump. Stromal cells also have high levels 

IL-4 and INF-γ can also upregulate 
the expression of inducible nitric oxide 
synthase (iNOS) in CLL cells and cause 
an endogenous release of NO, which 
seems to suppress apoptosis through 
S-nitrosylation of caspase-3, thereby 
suppressing its pro-apoptotic activity.50,51 
Moreover, VEGF activates STAT-1 and 
STAT-3 in CLL cells, and thus upreg-
ulates the expressions of Mcl-1 and 
XIAP that promote resistance to apop-
totic induction.52 Besides cytokines and 
growth factors, the stromal-secreted 
hedgehog protein has also been shown 
to promote the survival of lymphoma, 
MM and CLL cells in vitro in co- 
culture systems with bone marrow stro-
mal cells.53-55 The hedgehog protein 
activates its receptor, PTC, on malig-
nant cells leading to transcriptional 
activation of Gli1 and Gli2 and upregu-
lation of Bcl-2 expression.53-55 Some of 
the molecular events mediated by direct 
cell contact and soluble factors are illus-
trated in Figure 1.

Biochemical Interactions 
between Tumor Cells and the 

Microenvironment

The rapid growth and abnormal pro-
liferation of cancer cells are often asso-
ciated with substantial alterations in 
energy metabolism and skewed redox 
homeostasis. The aberrant cancer metabolism seems to be associ-
ated with complex interactions between tumor cells and their tis-
sue microenvironment to meet the high demand for nutrients to 
support tumor growth. Furthermore, tumor cells also release cer-
tain metabolic products into the stromal environment to be fur-
ther processed. As such, the tumor microenvironment functions 
as a special niche to take up the “unneeded” metabolites from 
cancer cells and to provide the critical nutrients and metabolites 
for the cancer cells. The interaction between cancer cells and 
their microenvironment at the biochemical level is an emerging 
area of research. Recent reports in this area have provided signifi-
cant new insights into the biochemical mechanisms of tumor-
microenvironment interactions and how such biochemical events 
might affect cancer cells survival and drug resistance.

Glucose is a primary energy source for most normal cells and 
tumor cells. Glycolysis, the metabolic pathway that converts 
glucose to pyruvate, is the key biochemical process for generat-
ing ATP without the consumption of oxygen. When glucose is 
metabolized in normal cells in the presence of adequate oxygen, 
this metabolic process produces pyruvate, which is then imported 
into the mitochondria for further metabolism leading to oxidative 
phosphorylation and the generation of ATP. When an adequate 

Figure 1. Molecular interaction between cancer cells and stromal cells leading to increased cancer 
cell survival and drug resistance. The dynamic interaction between cancer and stromal cells can be 
mediated through adhesion molecules and soluble factors, leading to activation of major signal-
ing pathways involving JAK/STAT, Gli1/2, MAPK, PI3K/Akt, NFκB and increased expression of the 
downstream effectors including iNOS/NO, VEGF and anti-apoptotic proteins (Bcl-2, Bcl-xL, Mcl-1) 
in cancer cells. These survival pathways and anti-apoptotic molecules promote cell viability and 
drug resistance. Furthermore, stromal cells may also alter the tumor cell secretome including those 
required for tumor growth and dissemination, such as IL-18, CXCL1 and IL-8.
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drug resistance due in part to its ability to neutralize the cyto-
toxic effect of reactive oxygen species (ROS) and to conjugate 
with many cytotoxic agents for export from the cells.65 Recent 
reports also suggest that GSH inhibits apoptosis through other 
mechanisms. For example, post-translational modifications of 
proteins through glutathionylation are critical for regulation of 
apoptosis in cancer cells.66-68 GSH may promote lymphoid cell 
survival through maintaining intracellular ionic homeostasis.69 
Among the three precursor amino acids (glutamate, cysteine, 
glycine) for GSH synthesis, cysteine is chemically unstable and 
exists at a lower concentration than glutamate and glycine,70 and 
thus is a rate-limiting substrate for GSH synthesis. Similar to 
asparagine, cysteine is a conditionally essential amino acid that 
can be synthesized from methionine only in certain tissues via 
the transsulfuration pathway.71 Therefore, the uptake of cysteine 
by the ubiquitously expressed ASC transporter is an important 
determinant of GSH status in cells.72 Since cysteine is present 
in blood predominantly in the oxidized form, cystine, uptake of 
cysteine in most cells occurs in the form of cystine by a trans-
porter known as Xc-.73 However, comparison of radioactive cys-
teine and cystine uptake shows that lymphocytes preferentially 
utilize cysteine compared to cystine.74 Interestingly, antigen-
presenting cells could take up cystine and secrete cysteine into 
the microenvironment where it is available to nearby T cells for 
GSH synthesis, through which the antigen-presenting cells may 
affect T-cell proliferation and activation.75,76 Human fibroblasts 
also secrete cysteine in the culture medium.77 Because GSH turns 
over quickly in cancer cells to retain the redox balance and pro-
mote cell viability, cancer cells have high demand for the limiting 
substrate, cysteine. Whether stromal cells in the bone marrow 
microenvironment could serve as cysteine providers to feed the 
malignant cells for GSH synthesis remains to be investigated 
further.

Recent technological developments such as isotope dilu-
tion combined with liquid/gas chromatography and mass spec-
trometry have allowed the quantitative analyses of biochemical 
alterations in cancer, and enabled the discovery of essential onco-
metabolites in cancer. Analysis of global metabolomic alterations 
during prostate cancer progression has identified the potential 
role of sarcosine, owing to its elevated levels during cancer pro-
gression as well as its possible links to the disease mechanisms.4 
Addition of exogenous sarcosine or knockdown of the enzyme 
that causes sarcosine degradation induced an invasive phenotype 
in benign prostate epithelial cells.

The observations of somatic mutations in cytosolic isocitrate 
dehydrogenase 1 (IDH1) in gliomas as well as IDH1 and 2 muta-
tions in leukemia cells lead to the discovery of 2-hydroxygluta-
rate (2HG) as a potential oncometabolite in tumorigenesis.5,6 
Although the exact oncogenic function of 2HG is still unknown, 
it has been postulated that this compound might function 
through inhibiting hypoxia-inducible factor prolyl hydroxy-
lases (PHDs) thus leading to activation of hypoxia-inducible 
factor (HIF).78,79 It is also speculated that 2HG may affect the 
tumor microenvironment since cells could secrete 2HG.6,80 In 
future studies, it would be interesting to evaluate whether the 
tumor microenvironment could regulate the metabolism of these 

of MCT1 that take up lactate, which is eventually used as a fuel 
to generate ATP through aerobic metabolism after its oxidation 
back to pyruvate.8 The regenerated pyruvate in stromal cells can 
also be exported through MCT1 and reused subsequently by the 
cancer cells. Interestingly, cancer-associated stromal cells seem to 
have a low expression of the glucose transporter GLUT1, sug-
gesting the possibility of low glucose uptake and thus sparing the 
glucose use by tumor cells.8 Using a unbiased proteomic analysis, 
Lisanti et al. found that epithelial cancer cells induced the expres-
sion of metabolic enzymes in the neighboring stromal fibroblasts 
and turned them into a factory for the production of energy-rich 
metabolites.9,11 As such, the stromal cells directly feed the epi-
thelial cancer cells in a “host-parasite” interaction. The nutrients 
derived from tumor-associated stromal cells effectively reduce the 
dependence of cancer cells on blood supply, and thus provide an 
escape mechanism to resist anti-angiogenic therapy.11

Cancer cells have a unique need for amino acids as the build-
ing blocks for the synthesis of macromolecules. Importantly, 
recent studies have shown that the role of certain amino acids in 
cancer cells seems go beyond the synthesis of proteins. For exam-
ple, cancer cells have an increased need for glutamine not only 
because of its role in protein synthesis and as a nitrogen source 
for nucleotides. Glutamine metabolism via glutaminolysis also 
generates ATP and NADPH for cancer cells through metabolic 
channeling into the TCA cycle.57 Asparagine is a non-essential 
amino acid that can be synthesized through the catalysis of 
aspartic acid and ammonia (from glutamine) by the enzyme, 
asparagine synthetase. However, asparagine becomes an essen-
tial amino acid for leukemic lymphoblasts owing to their low 
expression of asparagine synthetase, rendering the leukemia cells 
highly dependent on extracellular sources of asparagine for their 
protein synthesis. This seems to be particular important in acute 
lymphoblastic leukemia (ALL) and constitutes the biochemical 
basis for treating ALL with asparaginase, which rapidly converts 
circulating asparagine and glutamine to aspartate and glutam-
tate, respectively.58-60 Drug resistance to asparaginase treatment 
is associated with the upregulation of aspragine synthetase in 
the leukemia cells, enabling them to generate sufficient aspara-
gine for protein synthesis.61,62 However, this seems not the case 
in vivo since upregulated asparagine synthetase expression is 
not correlated with a poor clinical response to asparaginase.63 
Interestingly, a recent study showed that the bone marrow mes-
enchymal cells regulate the response of ALL cells to asparaginase 
through generating and secreting asparagine to feed ALL cells.10 
The levels of asparagine synthetase in bone marrow mesenchy-
mal cells was found to be 20 times higher than those in ALL 
cells and protected the leukemia cells from the drug treatment. 
Conversely, reduced expression of asparagine synthetase by the 
mesenchymal cell leads to enhanced sensitivity of ALL cells. 
Thus, a detailed understanding of the leukemia cell niche in 
the bone marrow and the biochemical aspect of the interactions 
between leukemia cells and the bone marrow microenvironment 
is important in designing effective therapeutic strategies to over-
come drug resistance.64

Cysteine is essential for the synthesis of glutathione (GSH). 
In cancer cells, GSH plays an important role in cell survival and 
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or their transport. A combination of conventional therapeutic 
agents with strategies to abolish the interactions between cancer 
cells and the microenvironment at molecular and biochemical 
levels may effectively overcome stromal-mediated drug resistance 
and improve the in vivo therapeutic activity.

oncometabolites to support tumor cell growth. 
Some of the key biochemical events critical for 
the crosstalk between cancer cells and stromal 
cells are illustrated in Figure 2.

Conclusion

In the recent years, it has become clear that 
the interactions between cancer cells and the 
microenvironment play critical roles in tumor-
igenesis and drug resistance. Based on these 
new findings, strategies have been developed 
to exploit the involved molecular and bio-
chemical pathways for anticancer therapies. 
The potential approaches that have been tested 
include targeting the tumor-microenviron-
ment interactions using integrin and receptor 
antagonists81,82 and targeting the downstream 
pathways in tumor cells as well as stromal cells 
in the tumor microenvironment using specific 
receptor tyrosine kinase inhibitors and protea-
some inhibitors.83-85 Preclinical studies showed 
that these strategies can increase the efficacy of 
primary therapies in combinatorial treatment 
strategies to some extent.2 Advances in bio-
chemistry have also expanded our knowledge 
of the roles of metabolites in cancer develop-
ment and drug resistance. Due to the increased 
need for ATP and certain metabolic interme-
diates for cancer cells to synthesize macromol-
ecules to support rapid cell proliferation, the 
tumor microenvironment plays a major role 
in providing the needed nutrients and in han-
dling certain metabolic products (e.g., lactate) 
from the cancer cells. As such, the biochemical 
interactions between cancer cells and their tis-
sue microenvironment significantly affect cancer cell survival and 
drug sensitivity. This also suggests that it may be possible to tar-
get the biochemical fluxes between cancer cells and their micro-
environment for therapeutic purposes. It is important to develop 
specific inhibitors that block the generation of “oncometabolites” 

Figure 2. Biochemical crosstalk between cancer cells and stromal cells. Glucose uptake by 
cancer cells is highly active, due in part to high expression of GLUT1. In cancer cells, glucose 
is converted to pyruvate and then to lactate through glycolysis. The high concentration of 
lactate in cancer cells is exported out of the cells through the highly expressed MCT1 to 
avoid excessive cellular acidification. High expression of MCT1 on stromal cells enables the 
uptake of lactate, which can be used as a fuel to produce energy after its oxidation back to 
pyruvate for aerobic metabolism in the mitochondria of the stromal cells. The increased ex-
pression of LDH1 and PDH and reduced expression of LDH5 and PDK1 in stromal cells seem 
to facilitate this metabolism. The regenerated pyruvate in stromal cells can also be exported 
through MCT1 and reused subsequently by cancer cells to convert back to lactate, with a 
generation of NAD+ to support glycolysis. Stromal cells also produce asparagine to feed leu-
kemia cells. Depletion of asparagine using asparaginase is an effective way to abrogate this 
feeding mechanism and thus can be used to treat certain leukemia such as ALL.
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