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Abstract
Background: In recent years, many investigators have focused on the development of drugs with the potential 

to influence the malignant phenotype. Clearly, our understanding of molecular and cellular processes behind such 
mechanisms has increased substantially through the past decades. This knowledge has led to an extensive search 
for targeted carcinoma treatment. 

Methods: This review is based on a qualified selection of articles published in internationally recognized 
journals. Some considerations are also based on the authors’ own experience in clinical and molecular-targeted 
basic research.

Results: Inhibitors of tyrosine kinases (TKIs) and selective gene expressional regulators, small interfering RNAs, 
give hope for advances in the treatment of various carcinomas. However, it seems clear that the main challenge also 
in such therapy is the delivery, toxicity, uptake, and stability of small targeted molecules. These must be dealt with in 
order to unleash the potential of individual therapy.

Conclusion: Development of TKIs and siRNAs, with effects better than or at least similar to conventional ther-
apy must be given high priority. Tolerable side effects are also critical to successful implementation. Only through 
such efforts may such treatment be fully developed and find its place in the treatment of malignant tumours, solely, 
as primary choice, or in combination with conventional cancer therapy.

Keywords: Carcinoma, TKI, Invasion, siRNA, Adhesion and
Migration

Introduction
Cancer is primarily treated with chemotherapy, radiation, and 

surgery, alone or in combination, according to disease extent and 
prognosis. However, since the underlying mechanisms behind malignant 
cells are genetic, subsequent over-expressed or dysfunctional proteins, 
such therapy can not be considered as targeted cancer treatment. 
Moreover, up to now, advances in cancer treatment have been achieved 
by refining of conventional therapy. A few years ago almost all cancer 
drugs were directed against metabolic enzymes or the stability of the 
DNA strand. Late in the 1990s therapy targeting DNA topoisomerases 
had some success [1]. In addition to such therapy, the very common 
cancers of the breast and prostate, have been treated by interfering 
with hormonal signaling pathways via nuclear hormone receptors. 
Interestingly, it looks like a distinction in the cancer treatment field 
is about to happen these days, in respect to a better understanding of 
cancers’ biology. Despite a wealth of different mediators that influence 
cancer development, cancer research seems to have found great hope 
in oncogenes that code for receptor proteins and their ligands. In 
particular, growth factors have been in the focus of intense research 
in recent years, and receptors of growth factors emerge as targets for 
effective therapy providing significant clinical benefits [2]. In addition 
to the obvious role of growth factors in cell growth and differentiation, 
examples of growth factors that regulate vascular formation seem to be 
targeted alternatives to conventional cancer treatment. In contrast, so-
called junk DNA and epigenetic mechanisms such as DNA methylation 
and RNA-interference have received considerable attention, in the sense 
of being able to regulate gene expression, mainly posttranscriptional 
[3]. These highlights include the regulation of growth factor receptors 
and post transcriptional modification of gene products. For instance, 
microRNAs (miRNAs) have received significant attention as non-

coding segments in regulation of gene expression, and some of them 
have been shown to take part in the development and progression 
of various cancers. In this review we summarize the role of TKI and 
miRNAs with a focus on their possible roles in cancer therapy.

Tyrosine phosphorylation in cell behavior

Protein tyrosine kinases (TKs) are enzymes that catalyze the 
transfer of phosphate groups from adenosine triphosphate (ATP) to 
tyrosine residues on specific protein substrates. Human cells contain 
more than 500 TKs [4], which play an important role in diverse cellular 
regulatory processes [5-8]. They work as mediators of signals leading 
to cell proliferation, differentiation, and migration, as well as to cell 
death [9]. There are two main classes of TKs, receptor bound and non-
receptor bound. 

Growth factor receptors, which are transmembrane molecules 
composed of an extracellular ligand site, a transmembrane adaptor 
and an intracellular domain with enzymatic activity, are activated 
by binding an extracellular signal molecule, such as a growth factor 
(Figure 1). For instance, the EGFR family consists of four related 
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transmembrane receptors that are involved in the regulation of cellular 
growth and differentiation. In the absence of a ligand, a receptor TK 
is unphosphorylated and monomeric. When a ligand binds to the 
extracellular domain of the receptor, an oligomerization of receptors 
takes place, which in turn leads to the phosphorylation of regulatory 
tyrosines [10-12]. Multiple cytoplasmic signalling pathways, including 
the rat sarcomas (RAS) mitogen-activated protein kinase pathways, the 
phosphoinositol 3-kinase (PI3K) pathway, and the protein kinase C 
pathway, may then be activated. TK signaling is terminated through 
the action of tyrosine phosphatases or by other inhibitory intracellular 
molecules.

The non-receptor TKs are cytoplasmic proteins, exhibiting 
considerable structural variability. They are for instance known as 
mediators in Src homology-2 (SH2) and Src homology-3 (SH3) 
signaling pathways, and are maintained inactive by intracellular 
inhibitor proteins. They are activated when these inhibitors are 
dissociated from the enzyme [13]. 

Dysfunctions of TKs

Enhanced expression of EGFR or its ligands such as EGF and 
transforming growth factor (TGF-a) can increase signaling via 
receptor-mediated pathways that may lead to excessive proliferation 
and cellular transformation. Several studies have shown that EGF 
binding to EGFR on tumor cells blocks apoptosis, and consequently 
promotes tumor growth and viability. Moreover, EGFR and its ligands 
have an important role in regulating angiogenesis [14-17]. Numerous 
studies have demonstrated that TKs are dysregulated in cancer cells, in 
various ways. Dysfunctions in growth factor signal cascades probably 
represent a main characteristic in the progression of malignant cell 
behavior [18-21]. 

Normally, the level of intracellular protein phosphorylation is 
tightly controlled. However, in cancers, various TK dysregulations 
occur (Table 1), such as uncontrolled expression of TK-receptors or 
their ligands [22]. An abnormality frequently seen is the fusion of TK-
receptors with partner proteins, resulting in constitutive oligomerization 
in the absence of ligands. In this way autophosphorylation is promoted, 
resulting in uncontrolled activation of growth responses [23-26]. 
Another important mechanism in irregular activation of TKs involves 
mutations that disrupt the autoregulation of the kinase [27]. Finally, 
increased TK activity may be due to a decrease of factors that limit TK 
activity, such as tyrosine phosphatases or other TK inhibitory proteins 
[28]. The network of regulatory pathways involving TKs is exceedingly 
complex, and its ramifications are not yet known in great detail. 
However, it seems beyond doubt that fundamental cellular processes, 
such as growth, survival, differentiation and motility, are largely 
determined by the phosphorylation status of key control proteins, and 
that these signal systems may be extensively interwoven. 

TKI therapy in clinical trials 

The two classes of growth factor receptors of clinical significance 
are the EGF-family and VEGFR. The first class is further divided into 
EGFR, ERBB1-4. Except for ERBB3, all these receptors are based 
on tyrosine kinase phosphorylation. Moreover, they are shown to 
be oncogenes. Quite differentlt, in the recruitment of new blood 
vessels induced by the three subclasses of VEGF-familiy, namely the 
VEGFR 1-3, it is the ligand binding to the specific receptor that play 
the main role. However, since cancer is commonly understood as the 
result of dysregulation of cell growth, anti-cancer drugs have mainly 
been sought among chemical substances directly inhibiting the cell-
cycle or interfering with signal systems promoting cell proliferation. 

Figure 1: Structure (A) and activation (B) of a typical tyrosine kinase receptor, the receptor binding epidermal growth factor (EGF). These receptors have one 
transmembrane segment. The extracellular portion of the receptor binds the ligand (EGF in this case). Inside the cell, a portion of the receptor has tyrosine kinase 
activity. The remainder of the receptor contains a series of tyrosine residues that are substrates for the tyrosine kinase. The activation of receptor tyrosine kinases starts 
with the binding of a messenger, causing receptor aggregation or clustering. Once the receptors aggregate, they cross-phosphorylate each other at a number of tyrosine 
amino acid residues (C). The formation of tyrosine phosphate (Tyr-P) residues on the receptor creates binding sites for cytosolic SH2 domains.
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The development of growth factor receptor inhibitors has recently 
become a central field of research. However, despite the development 
of several chemicals with such properties, mainly tyrosine kinase 
inhibitors (TKIs), the presently available drugs serve as second or 
third line therapy rather than constituting a primary choice. Various 
TKIs have been used in clinical trials, and their effects have been 
thoroughly reviewed. In summary, treatment with TKIs has shown 
positive effects in patients with non-small cell lung cancer, breast 
cancer, colorectal cancers, and in patients with leukemia, especially 
when given in combination with conventional cytostatics or radiation 
therapy. Not surprisingly, the best results are obtained when the TKs 
are mutated and permanently active, for instance in chronic myeloid 
leukaemia. There are also promising results with TKIs in the treatment 
of HER-2-positive breast cancer. Moreover, TKIs have been shown to 
counteract other aspects of malignant disease, such as neoangiogenesis 
[32-34]. The benefit of targeted therapy with herceptin, avastin and 
tykerb is well proven in breast cancers, while gleevec has been used 
in the treatment of GISTs and chronic myeloid leukemia. Tarceva 
and iressa have been used with NSCLC, and sutent and nexavar show 
promising effect in targeted therapy to renal cell carcinoma. Moreover, 
vectibix and erbitux have been second line therapy in the treatment 
of colorectal cancers. A very interesting observation in TKI treatment 
is the extreme variations in inter-individual response to many TKIs, 
however they seem to be well tolerated. Identified factors such as age, 
diet, smoking, the intake of alcohol, gender and renal/liver function 
together with genetic polymorphisms, have been shown to modify 
their pharmacokinetics. It is a main challenge to individualize the 
treatment of cancer with the eventually multifaceted group of TKIs and 
antibodies to growth factor receptors.

Treatment with small interfering RNAs (siRNA)

In clinical trials, the drugs still seem to be well-tolerated with 
fewer side effects than conventional cancer therapy. The most frequent 
side effects reported are mild skin rash and brief diarrhoea. However, 
the high rate of mutations in many cancer cells creates an additional 
problem which must be considered, namely the ability of cancer cells 
to acquire drug resistance. As TKIs gradually have been introduced 
in cancer therapy, this has become a great challenge, and researchers 
have therefore sought for highly specific but non-toxic drugs in an 
attempt to inhibit the development and progression of carcinomas. 

Recent research takes advantage of the mechanisms underlying the 
so-called RNA interference. Andrew Fire and Craig Mello were 
awarded the 2006 Nobel Prize, for their description of how small RNA 
fragments could prevent translation of mRNA, thereby suppressing 
the expression of certain genes [35]. Introduction of double stranded 
RNA homologous to a specific gene in the round worm Caenorhabditis 
elegans, resulted in post- transcriptional suppression of various genes, 
and the phenomenon has since been found in other organisms such 
as humans. It quickly aroused great expectations as to its therapeutic 
potential, and the biological mechanisms of such RNA fragments were 
thoroughly investigated. 

RNAi is a response triggered by the introduction of synthetic double 
stranded RNA molecules (dsRNA) into eukaryotic cells. As a response 
to the dsRNA, the cells inhibit the expression of genes containing the 
corresponding base sequence. The process starts with the cleavage 
of dsRNA into short segments, 21-23 base pairs (bp) long, each with 
2-necleotide overhangs on the 3’ end. This cleavage is catalyzed by the 
adenosine triphosphate (ATP) dependent enzyme complex designated 
Dicer, localized in the cytoplasm. Next, the double stranded siRNAs 
bind to a nuclease complex and form what is called an RNA-induced 
silencing complex (RISC). Unwinding of the siRNAs is necessary for 
the activation of RISC, which then targets the homologous mRNA by 
base pairing interactions. At least, RISC cleaves the mRNA, resulting in 
silencing of the gene that code for the mRNA in question [36]. RNAi 
seems to have arisen as a protective mechanism for cells against dsRNA, 
for instance from dsRNA viruses [37]. When utilizing the RNAi 
response to down-regulate the expression of a protein, a complication 
is seen with the administration of long dsRNAs to mammalian cells, 
where a so-called interferon response is trigged. This response has 
probably evolved as an additional defense mechanism against dsRNA 
containing viruses, and results in the complete shutdown of protein 
synthesis in the cell. To avoid this response, it is therefore crucial to 
administer dsRNAs that are not longer than 30 nucleotides. When 
administering foreign dsRNA to mammalian cells, the dsRNA used 
must therefore be siRNA [36]. Moreover, RNAi -mediated reduction 
of protein expression is usually obtained by transfection with 
synthetic oligonucleotides. Transfection denotes processes whereby 
foreign DNA or RNA is administered to cells [36]. Thermodynamic 
properties determine which RNA strand is loaded into RISC. This and 
other sequence criteria underlie different algorithms for selection of 

 Tyrosine kinase Mechanism Examples

EGFR (ErbB1) Mutation (EGFR-vIII) Gliomas 

  Mutations in TK-domain Non-small cell lung cancer 

  Over-expression or growth factor mediated 
activation

Head- and neck, lung-, breast-, prostate- and colorectal 
cancer

HER2 (ErbB2) Over-expression (e.g. amplification of the gene) Breast-, ovary- and lung cancer

c-Kit (cellular homolog of the feline sarcoma viral 
oncogene) Mutation (constitutive TK activity) Gastrointestinal stromal tumors (GIST) 

PDGFR (platelet-derived growth factor receptor) Mutations Fibrosarcoma, chronic myelomocytic leukaemia 

      

Non-receptor tyrosine kinases     

Bcr-Abl (Breakpoint cluster region-Abelson) Mutation (translocation) Chronic myeloid leukemia 

Table1: Examples of dysregulated tyrosine kinases in various cancer types [29-31].
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a synthetic siRNA to reduce the expression of a certain protein [38]. 
Manufacturers of synthetic siRNAs have computer programs based 
on such algorithms to return different siRNA sequences, each given a 
score as to their expected efficiency in reducing the expression of the 
target protein. In addition, companies designing siRNAs often provide 
each siRNA with control siRNA. Such siRNA are similar in sequence 
to their corresponding siRNAs, but with some mismatches. They are 
designed to minimize the sequence homology to any known vertebrate 
transcript, and are not supposed to induce interferon-mediated stress 
response pathways. The control siRNAs are therefore not supposed to 
be effective in down regulating the expression of any particular protein, 
and are used as a control to see whether or not the depression is specific 
for the desired protein or a result of stress caused by the transfection 
procedure itself.

In addition to being a useful tool to study various gene functions, it 
is also hoped that RNA interference can be used therapeutically in the 
future. Malignant cells show an increased expression of many proteins 
necessary for invasion and metastasis. These include proteins with effects 
on adhesion, proteolysis, proliferation, and formation of new blood 
vessels. One possibility for the therapeutic use of RNA interference will 
be to stop the production of one or more proteins that increase the 
cell’s malignant potential, thus preventing further growth and spread 
of tumors. Animal experiments with intratumoral injections of siRNA 
have also shown that tumor size and the tendency to metastasis is 
reduced by knocking out the production of proteins involved in tumor 
growth and proliferation. RNAi can be induced in cells by adding small 
synthetic dsRNA, or viral vectors that express small stem-loop RNA, 
called “short hairpin” RNA (shRNA). Intracellular dsRNA is processed 
to siRNA while the shRNA is processed as miRNA [39]. The process 
by which RNA molecules are added to cells is called transfection, and 
cells that have inserted a foreign siRNA are designated tranfected cells. 

RNAi research has evolved to become an important tool for 
studying the function of many cellular proteins and how the loss of 
these proteins will affect the organism. The technique is alternative to 
creation of transgenic organisms and cell lines of knock-out phenotypes. 
However, among other things, it was early discovered that introduction 
of long double RNA sequences initiated an antiviral interferon 
response in mammalian cells. To avoid the kind of response, very short 
single-RNA sequences were applied in studies of mammalian gene 
functions. In addition to antiviral reactions, the transport of siRNA to 
the target cells remains a main challenge. Toxic effects and inefficient 
uptake of the RNA sequences are also methodological difficulties, and 
the latter has lead to a continuous development of new vectors for the 
introduction of synthetic RNA [40,41] and [42-46]. Briefly summarized 
it has been shown that miRNAs can function as tumor suppressors as 
well as tumor promoters, and that the aberrant expression of miRNAs 
is associated with the stage, progression and metastasis of various 
cancers. However, the realization of miRNA-based therapy in the clinic 
may be far ahead, since a lot of problems related to delivery, stability, 
specificity of the small oligonucleotides must be further elucidated and 
overcome.

General Discussion
Cancer is commonly understood as the result of deregulation of 

cell growth, and anti-cancer drugs have mainly been sought among 
chemical substances directly inhibiting the cell-cycle, or interfering with 
signal systems promoting cell proliferation. Despite extensive research 
into the biology of tumours, which has led to ever increasing knowledge 
about the underlying mechanisms [47-50], a major breakthrough in the 

treatment of this disease category has yet to appear. Overall, advances 
in clinical treatment of patients have up to now been achieved by 
optimization of available conventional therapies, most of which have 
been used for many years. In the future, clinical handling of cancer will 
increasingly rely on the division of the patient group into subgroups 
of different risk for progressive disease and formation of metastases. 
Based on such information patients will be selected for individualized 
therapy, aimed at preventing the spread of cancer cells, giving to each 
patient the treatment necessary to control the disease, nothing more, 
nothing less. The selection of a suitable therapy will mainly be based 
on extensive evaluation of biopsies. This field has been reviewed several 
times, for example by Timmons and collaborators [35]. Moreover, for 
future development of new therapies, it should be kept in mind that 
the biological machinery is fundamentally the same in normal and 
transformed cells. This means that conventional anti-cancer drugs, 
which are essentially anti-proliferation drugs, will inevitably produce 
deleterious effects also in actively proliferating normal cell populations. 
Thus, the risk of unwanted side effects is usually the factor limiting the 
extent of the treatment.

TKIs have been used with impressive success in some selected 
tumour types with tyrosine kinase hyper function as a characteristic 
and essential element in the pathology, although toxic side-effects 
continue to be a problem. It turns out that many of the processes 
which are characteristic of the malignant phenotype may be modified 
by inhibition of various TKs, and that meticulously selected tyrosine 
kinase inhibitors therefore may have a role to play as anti cancer drugs. 
A number of investigators have suggested that TKIs have the potential 
to modulate the invasive capacity of carcinoma cells, especially in 
tumours with dysregulated growth factor receptor pathways [51,52]. 
TKIs which have been carefully designed and selected to suppress 
various aspects of the cells’ invasive behaviour, might be expected 
to show less general toxicity than ordinary cytotoxic drugs, because 
of their relative specificity for malignant cells. In keeping with this 
idea, in vitro studies have demonstrated that the invasive property of 
prostatic cancer cells can be modulated by some TKIs. In such studies, 
the invasive capacity of aggressive variants of prostate cancer cells 
is more heavily modified by TKIs than that of more indolent types. 
Moreover, TKs appear to be especially effective inhibitors of over-
expressed proteins, for example uPA in PC-3 cells. However, presently 
available TKIs are not the result of a systematic search in this direction, 
and therefore the major challenge is still to discover compounds with 
a higher effect: toxicity-ratio. Recent research gives reason to hope that 
it may be possible to find TKIs with specific inhibitory effect on cancer 
cell invasion. Thus, in an in vitro invasion model using prostate cancer 
cells, measurement of caspase activation revealed no sign of serious cell 
injury at TKI doses which produced a dramatic reduction of the cells’ 
invasive capacity [27]. This supports the notion that the observed effect 
is a specific interference with the invasive behaviour and not merely the 
result of general cytotoxicity, thus extending the well known effects of 
inhibition of cell proliferation and apoptosis induction caused by TKI 
in cultured cells [53]. However, the usefulness of TKIs in the treatment 
of patients will probably depend on improving their pharmacokinetics 
in terms of plasma stability and, preferably, a more precise uptake by 
target cells. Strategies for achieving efficient systemic delivery of the 
drugs may therefore be important for their eventual success. 

Also small interfering RNAs constitute a class of promising 
candidate drugs for cancer treatment. Because of its relative short 
history, it is too early to predict the therapeutic usefulness of RNA 
interference, although there is evidence that it may produce selective 
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post-transcriptional inhibition in vivo. Thus, down-regulation of 
different proteins has been shown to reduce the tumor growth rate, and 
has in some cases also led to a reduced tumor size [1,2]. In any event, 
the efficient delivery of such drugs to the target cells will constitute a 
challenge of vast proportions. Targeted delivery supposes the effective, 
precise and safe distribution of the drug, with a minimum of systemic 
adverse effects. Most existing transfection reagents have too many and 
too serious side effects to be real alternatives in clinical oncology. If 
the method can be rendered sufficiently effective and of acceptable 
toxicity, it could be a breakthrough in the treatment of cancers that 
currently can not be treated effectively, such as carcinomas which are 
resistant to conventional treatment. All taken into consideration, RNA 
interference is likely to become a treatment option for some cancers, 
either alone or as a supplement to traditional treatment. For RNA 
interference to become an established treatment for cancer, it will 
be necessary to have multiple possible targets, since tumors are very 
heterogeneous, but also considering the wide variation among cells 
within a single tumor. However, similar dilemmas are generally raised 
in most systemic treatment strategies. 
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