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The Cancer Cathedral 
 

Kendall A. Smith 
 
Today a biomedical scientist is not much 
different from a stonemason working on 
a gothic cathedral in medieval times. 
The stonemason often worked diligently 
on a single gargoyle for his entire life. 
As it usually took centuries to build the 
cathedral, most stonemasons never lived 
to see their work in the context of the 
finished building. Modern day scientists 
often do the same. However, science has 
been accelerating rapidly, especially 
since the advent of monoclonal 
antibodies and genetic engineering 30 
years ago. The quest to understand 
cancer is a classic example of the 
construction of a modern scientific 
gothic cathedral, which has taken the 
combined efforts of many “scientific 
stonemasons”. However, now because of 
the long lead time, and the quickening 
pace of research, we have finally 
completed the construction of this 
“cancer cathedral”. 
 
The foundations of the cancer cathedral 
were laid almost a half-century ago and 
are attributable to the work of a single 
young scientist, Peter Nowell of the 
University of Pennsylvania. In 1960 
Nowell discovered that lymphocytes 
were capable of proliferating in response 
to the mitogenic plant lectin 
phytohemagglutinin (PHA), an extract 
from  kidney beans used to agglutinate 
Red Blood Cells (RBCs)[1]. Prior to this 
discovery, lymphocytes were described 
in textbooks as differentiated, end stage 
cells incapable of self renewal. Of 
course, just prior to Nowell’s report, 
Macfarlane Burnet had postulated that 
lymphocytes were the fundamental cells 
comprising the immune system, and as a  

 
central tenet of his Clonal Selection 
Theory, he proposed that lymphocytes 
had to proliferate so that the clones of 
antigen-reactive cells could expand, a 
change in the whole cell population 
necessary before an efficacious response 
to the antigen could occur[2].  
 
In this very first report of lymphocyte 
“blastic transformation” and mitosis, 
Nowell had already made the crucial 
observation that although PHA was 
necessary to initiate mitosis, it did so 
after a considerable time lag of several 
days, thereby prompting him to 
speculate that some other critical factor 
was at work to actually promote all of 
the cellular changes necessary for 
lymphocyte proliferation[1]. 
 
Also in 1960, Nowell used his newly 
discovered technique of inducing normal 
lymphocytes to undergo mitosis to make 
the novel observation that cells from 
patients with chronic myelogenous 
leukemia (CML), contained an abnormal 
small chromosome, by comparison with 
the chromosomes found in PHA-
stimulated normal lymphocytes[3]. This 
abnormal chromosome was named the 
Philadelphia (Ph) Chromosome, in 
anticipation of many such chromosomal 
abnormalities to be found, in the same 
way that abnormal hemoglobins had 
been named for the city of their first 
reporting.  
 
As Nowell recounted in a recent review 
[4], “Because this abnormality was 
present in essentially every dividing 
leukemic cell, and in every typical case 
of CML, it strongly suggested two major 
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conclusions: first, that the leukemia in 
each patient had arisen from a single 
cell in which this somatic genetic change 
had occurred, and given the progeny of 
that cell a selective growth advantage 
for clonal expansion, ultimately leading 
to systemic dispersion and clinical CML; 
and, second, that this specific genetic 
change, visible microscopically, was 
critical to the pathogenesis of this type 
of leukemia.” 
 
Then, only a few years passed before 
there appeared two papers 
simultaneously in Nature, both of which 
revealed the presence of a mitogenic 
activity in the conditioned medium of 
alloantigen-stimulated lymphocytes [5, 
6]. The mitogenic activity was 
christened Blastogenic Factor, and was 
subsequently found in media conditioned 
by PHA stimulation, as well as soluble 
protein antigen activation. Subsequently, 
over the next ten years there 
accumulated many reports of mitogenic 
activities found in the conditioned media 
of stimulated lymphocyte cultures. 
However, the molecular nature of these 
mitogenic activities remained obscure, 
owing primarily to the lack of readily 
applicable protein purification and 
characterization methods.  
 
Also in the ‘60s, the National Cancer 
Institute launched a “Special Virus 
Cancer Program”. This program was 
founded because of the growing 
evidence that viruses could cause cancer, 
especially RNA tumor viruses. Acellular 
filtrates were first demonstrated by 
Ellerman and Bang in 1908 to cause 
leukemia in chickens [7]. Soon 
thereafter, in 1911 the Rous Sarcoma 
Virus (RSV) was described by Peyton 
Rous as a cell-free filtrate that caused a 
rapidly fatal sarcoma in chickens [8].  

However, it was not until 1951 that 
Ludwig Gross first described 
leukemogenic C-type RNA tumor 
viruses in mice, the first mammalian 
species [9]. Later, Charlotte Friend 
reported another new virus in mice that 
caused an erythroleukemia (1957) [10], 
which was followed by the discovery of 
the Moloney Leukemia virus, which 
caused a thymic lymphoma/leukemia 
(1960) [11], and then the Rauscher 
Leukemia virus, which caused an 
erythro/lymphoid leukemia (1962) [12], 
also in mice. Then, Feline Leukemia 
virus, which caused a lymphoid  
leukemia in cats, was reported in 1969 
[13]. 
 
To explain how RNA viruses could 
cause cancer in a cell that was passed on 
to all of the cellular progeny, Howard 
Temin proposed the “DNA Provirus 
Hypothesis” in 1964, thereby going 
against “The Central Dogma” of the 
flow of information only from DNA to 
RNA to protein [14]. This led him to 
devise experiments that revealed RNA 
virus-directed DNA synthesis, and 
eventually to the discovery of the RNA-
dependent DNA polymerase which came 
to be known as Reverse Transcriptase in 
1970 [15]. Similar experiments were 
reported simultaneously by David 
Baltimore in the same issue of Nature 
[16].  
 
All of these findings led Temin to refine 
his hypothesis to the “Protovirus 
Hypothesis” [17]. To explain how RNA 
viruses could cause tumors, he 
speculated that the capacity of the 
retroviruses to redirect the flow of 
genetic information from RNA to DNA 
and then back to RNA, allowed the virus 
to “pick up” bits of normal cellular DNA 
and incorporate it into the viral genome. 
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Thus, he proposed that normal cellular 
genes involved in fundamental cellular 
processes like proliferation and 
differentiation, were the cause of cancer. 
These genes are  now called cellular 
proto-oncogenes,.  
 
Also in 1970 another new murine virus 
was reported to cause 
“lymphosarcomas” with also a marked 
increase in polymorhonuclear (PMN) 
leukocytes in the blood [18]. This virus, 
termed Abelson lymphosarcoma virus, 
was destined to play a major role in the 
cancer virus story.   
 
In 1973 new techniques to stain 
chromosomes were developed that 
allowed a closer look at the Ph 
chromosome in cells from CML patients, 
which revealed that this abnormality was 
not only a loss of part of chromosome 22 
as had been described initially, but that 
the missing piece seemed translocated to 
chromosome 9 [19]. This translocation 
phenomenon also proved ultimately to 
be very important in the evolving 
structure of the cancer cathedral.  
 
Then in 1974, Arthur Pardee published a 
paper in the cell cycle field that was 
destined to become a classic [20]. 
Through a series of experimental 
approaches, he showed that fibroblasts 
induced to proliferate in vitro by serum 
underwent a serum-dependent phase in 
the early G1 phase of the cell cycle, but 
subsequently became independent of 
serum at a point in late G1, before DNA 
replication. The point between the 
serum-dependent to serum-independent 
transition he termed the “Restriction 
Point”, which soon became abbreviated 
to the “R-point”.  
 

At about the same time, in attempt to 
grow leukemia cells from patients with 
acute myeloid leukemia (AML) so as to 
search for a human leukemia virus, 
Doris Morgan and Frank Ruscetti 
working in Robert Gallo’s laboratory, 
found that conditioned media taken from 
PHA-stimulated normal lymphocytes 
supported the long-term culture of 
normal T lymphocytes (T cells) [21].  
This discovery was reported in 1976, 
more than a decade after the reports of 
Blastogenic Factor in lymphocyte 
conditioned media. 
 
The ability to culture T cells long-term 
in lymphocyte conditioned media made 
possible the creation of Friend Leukemia 
Virus (FLV) antigen-specific long-term 
Cytolytic T Lymphocyte Lines (CTLL) 
[22]. From these antigen-specific CTLL, 
the first monoclonal T cells were 
generated [23], which revolutionized the 
study of T cells.  
 
Among other things, the ability to grow 
normal T cell clones indefinitely in 
lymphocyte conditioned media allowed 
the creation of a rapid (24 hours) 
quantitative bioassay for the T cell 
growth factor (TCGF) activity in the 
media [24], which was instrumental in a 
series of biochemical experiments that 
defined the characteristics of the TCGF 
molecule for the first time in 1981 [25]. 
Then, monoclonal antibodies (mAb) 
reactive with TCGF were generated, 
which permitted the purification of 
milligram quantities of a homogeneous 
single protein molecule with TCGF 
activity [26]. Also, preparation of 
radiolabeled TCGF led to the 
identification of the cell surface TCGF 
receptor [27], which was the first 
cytokine receptor to be discovered, and 
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as well, the identification of the first 
mAb reactive with the receptor [28].  
 
All of these advances permitted for the 
first time a distinction to be made 
between Lymphocyte Activating Factor 
(LAF), a product of macrophages [29], 
and TCGF, a T cell product [30]. 
Experiments revealed that LAF 
functioned to promote mitogenesis of 
lymphocytes by augmenting T cell 
production of TCGF [31, 32]. Thus, 
because LAF was found to be 
functioning before TCGF, it was 
renamed Intreleukin-1 (IL1), and TCGF 
was renamed Interleuukin-2 (IL2), in 
anticipation that there might be more 
molecules yet to be discovered [32]. 
 
Armed with these new reagents and 
understanding of the function of IL2 to 
promote T cell cycle progression rather 
than the T cell antigen receptor (TCR) or 
LAF[30], for the first time experiments 
were possible to examine the critical 
molecular determinants responsible for T 
cell cycle progression at the single cell 
level [33]. Using the flow cytometer, it 
was readily demonstrated that T cell 
proliferation occurs as a result of a 
critical number of intermolecular 
IL2/IL2-receptor interactions at the cell 
surface, and that the cell appears capable 
of actually counting these molecular 
interactions, so that it only commits to 
the irrevocable decision of DNA 
replication when it has received the 
requisite number of receptor “hits” [34, 
35]. This provided a molecular 
explanation of the R-point. It follows 
that loss of this exquisite growth factor-
receptor control over the decision to 
divide could very well lead to 
autonomous growth, a.k.a. cancer[36, 
37].  
 

Also in 1976 Harold Varmus and 
Michael Bishop and their group 
presented the first evidence that the 
transforming gene of RSV (v-src) had a 
normal cellular gene counterpart (c-src), 
thereby proving Temin’s Proto-
oncogene hypothesis [38]. Subsequently, 
this team of investigators as well as 
many other groups presented evidence 
for additional cellular proto-oncogenes 
by studies of the transforming genes of 
RNA tumor viruses. One in particular 
that is important for this story was c-abl, 
homologous to the transforming gene, v-
abl, of Abelson Lymphosarcoma virus 
first defined by David Baltimore’s 
group[39]. 
 
As more and more viral oncogenes and 
cellular proto-oncogenes were reported 
in the early 1980s, Robert Weinberg and 
Geoffrey Cooper reported that cellular 
DNA from both animal and human 
tumor cells could induce the formation 
of transformed foci in normal murine 
fibroblasts [40-43]. As there was no 
evidence of viral involvement in any of 
the tumor tissue, and as the DNA of 
various tumors induced transformation 
with high efficiencies, it was speculated 
that oncogenesis involved dominant 
genetic mechanisms   resulting in the 
activation of cellular transforming proto-
oncogenes [44, 45]. 
 
Also, at about this same time, both the 
src and abl proteins were found to have 
tyrosine-specific kinase activity [46, 47]. 
However, many proteins in the cell were 
found to be phosphorylated by these 
Protein Tyrosine Kinases (PTKs), and it 
was not clear which of the substrates, if 
any, were associated with the malignant 
transforming properties of these viral 
oncogenes and cellular proto-oncogenes.  
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In other efforts stemming from the NCI 
Special Virus Cancer Program, Bernard 
Poiez and Frank Ruscetti, working in 
Robert Gallo’s laboratory using an assay 
for Reverse Transcriptase discovered the 
first human retrovirus in 1980 [48]. 
Designated Human T Leukemia Virus-I 
(HTLV-I), this was a typical retrovirus 
by structure, but it did not contain a viral 
oncogene like the acutely transforming 
RSV or Abelson virus. However, cells 
from leukemia patients infected with 
HTLV-I all had a marked over 
expression of the IL2R α-chain, thereby 
implicating IL2/IL2R growth stimulation 
in the mechanism of malignant 
transformation.  
 
A significant advance in the c-abl story 
occurred in the early 1980s, when it was 
first reported by Gerard Grosveld’s 
group that the human c-abl proto-
oncogene maps within the region of 
chromosome 9 that is translocated to 
chromosome 22 to form the Ph 
chromosome in CML [49, 50]. 
Subsequently, the region of chromosome 
22 that contained the rearrangements 
was found to be limited to 5.8 kbp, and 
termed the “breakpoint cluster region” 
(BCR) [50]. The fused RNA transcript 
of the BCR-ABL genes codes for a 210 
kDa bcr-abl protein found in CML cells 
has constitutive PTK activity, unlike the 
normal c-abl protein (145 kDa). Thus, 
for the first time a viral-derived 
oncogene capable of inducing cancer in 
animals was found to play a role in 
genetically altered human cancer. 
However, there still remained a large 
knowledge gap between these findings 
and the mechanism whereby the 
expression of these genes caused 
malignant transformation.  
 

The answer to this question had to await 
developments in two related fields, 
which involved the cell cycle and growth 
factor signaling. During the 1980s the 
cyclin proteins were discovered, first in 
dividing fertilized sea urchin [51] and 
clam [52] oocytes, then yeast [53]. Of 
particular importance for our discussion 
are the discoveries of the mammalian G1 
cyclin D proteins by several laboratories 
in 1991. It is noteworthy that Charles 
Sherr’s group discovered D1 cyclin by 
cloning genes induced by murine 
Macrophage Colony Stimulating Factor 
(M-CSF) [54]. Cyclin D1 was also 
independently identified at the 
breakpoint of a human chromosomal 11 
inversion in parathyroid adenomas, 
where its coding sequences were 
juxtaposed to the parathyroid hormone 
promoter [55]. The cyclin D1 locus was 
also found to be deregulated in cancer by 
translocation [56], retroviral insertion 
[57], and gene amplification [58], 
implying that cyclin D1 itself can act as a 
proto-oncogene [59]. 
 
Subsequently, using synchronized 
human T cells, the sequential IL2 
induction of first cyclin D2 and then 
cyclin D3 mRNA and protein expression 
during mid to late G1 was demonstrated 
by Julia Turner in 1993 [60]. Additional 
work uncovered how the cell moves 
through G1 beyond the R-point into S-
phase, when the G1 Cyclin-D-dependent 
Kinases 4 & 6 phosphorylate the DNA-
bound Retinoblastoma proteins, causing 
them to dissociate, thereby releasing the 
E2F transcription factors to coordinately 
promote the transcriptional activation of 
the genes necessary for DNA synthesis 
and replication (for review [61]).  
 
Despite this insight as to the growth 
factor-receptor dependency of the R-
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point decision, the molecular events 
actually triggered by the growth factor 
receptors that induce expression of the 
D-cyclins remained obscure. For 
example, early in the 1990s experiments 
showed that IL2 stimulation led to 
phosphorylation of many cytoplasmic 
proteins, some of which were 
phosphorylated on tyrosine residues 
[62]. However, the kinases responsible 
for these reactions remained obscure. 
Some growth factor receptors (e.g. EGF, 
PDGF) were known to contain PTKs in 
their cytoplasmic domains. However, the 
receptors for IL2 did not have PTK 
domains.  
 
Even so, the experiments with IL2 and T 
cell growth pointed the way for similar 
experiments in all of the cells 
comprising the hematopoietic system, 
over the course of the 1980s. For 
example, it was well known clinically 
that bacterial infections often resulted in 
a rapid increase in circulating WBCs, 
and that hypoxia led to an increase in 
RBCs, but the mechanisms responsible 
remained unknown. The identification of 
the hematopoietic growth factor 
molecules and their receptors provided 
the mechanisms. In particular the work 
of Donald Metcalf, Nicholas Nicola and 
others in the identification, purification, 
and cloning of Granulocyte-Colony 
Stimulating factor (G-CSF) and its 
receptor are especially important for our 
discussion, because of their specificity 
for myeloid cell growth and 
differentiation [63-67] 
 
After several hematopoietic growth 
factor molecules and their receptors had 
been identified, it was realized that they 
comprise a whole new superfamily of 
ligands and receptor molecules [68]. As 
well, none of the receptors had PTK 

domains or any other enzymatic domains 
based upon their sequences that could be 
construed to initiate signaling to the cell 
interior. Thus, it was fortunate that 
Andrew Wilks and coworkers 
discovered a whole new family of PTKs 
at about this time [69, 70]. The Janus 
Kinases (JAK) were named after the 
Roman god Janus, because they contain 
2 PTK domains predicted from DNA 
sequence. Janus was the god of gates, 
doors and doorways, beginnings and 
endings, and was usually depicted as two 
faces looking in opposite directions [71].  
By 1994, the four JAK family of 
cytoplasmic/membrane associated 
kinases, JAK-1, 2, & 3, and Tyk2 had 
been discovered [72-74].  
 
Also, at about the same time, workers 
interested in the mechanism of signaling 
gene expression by the interferons (IFN), 
the antiviral cytokines, uncovered new 
proteins associated with the IFN DNA 
response elements. Initially James 
Darnell’s group isolated two new 
proteins, and because they were shown 
to play duals roles, acting both as signal 
transducers, as well as activators of 
transcription, they were given the names 
Signal Transducers and Activators of 
Transcription (STAT) 1 and 2 [75-77]. 
They soon discovered STAT3 and 
STAT4 [78, 79]. Then STAT5 was 
discovered by Groner and colleagues to 
be activated by prolactin in mammary 
tissue of lactating sheep[80]. 
Subsequently, STAT5 was found to exist 
as two almost identical (95%) isomers, 
so that they were designated as 
STAT5a&b [81, 82], and STAT6 was 
identified as induced by IL4 [83].  
 
Almost simultaneously, the George 
Stark and Ian Kerr groups performed a 
series of genetic experiments that 
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essentially connected the JAKs with the 
STATs for the first time in IFN signaling 
of new gene expression [84] (for review 
[85]). James Ihle’s group then 
demonstrated that JAK2 is 
phosphorylated following the binding of 
erythropoietin (EPO) [86], and IL3 to 
their respective receptors[87].  
 
These experiments provided the impetus 
to see if the JAK/STAT pathways were 
involved in transferring the IL2/IL2R 
signal to the nucleus. Early on it had 
been established that IL2 stimulation, 
but not stimulation via the T cell antigen 
Receptor (TCR), promotes the 
expression of the cellular proto-
oncogene c-myb [88], and additional 
experiments had identified several new 
genes activated solely by the IL2/IL2R 
interaction [89]. Thus, when approached 
directly, it was found that the TCR does 
not lead to JAK/STAT activation, but 
that IL2 activates JAK1 and JAK3, 
which promote the tyrosine 
phosphorylation of two new STAT 
proteins [90] that eventually were 
identified as STAT5a and STAT5b [91, 
92].  
 
As early as 1986 a natural product, 
erbstatin, was identified from an 
actinobacteria that inhibited the 
autophosphorylation of the Epidermal 
Growth Factor (EGF) receptor at 
concentrations in the low μM range [93]. 
Subsequently, using the structure of 
erbstatin as a base, Alexander Levitzki 
and co-workers synthesized a series of 
compounds that inhibited the 
autophosphorylation of the EGF receptor 
at low μM concentrations, and as well, 
inhibited EGF-dependent cell 
proliferation at equivalent concentrations 
[93].  In addition, this group reported 
several BCR-ABL kinase inhibitors, all 

with IC50 in the low μM range [94]. They 
speculated that the mechanism of 
inhibition involved interference with the 
kinase interaction with its substrate, 
rather than interference with ATP 
binding to the kinase [95]. 
 
With this as a background, the report of 
small molecular inhibitors of PTKs by 
Brian Druker and colleagues in 1996 
was incendiary for the whole cancer 
field [96]. Working at about the same 
time as Levitzki’s group, investigators at 
Ciba-Geigy (now Novartis) identified a 
lead compound by screening a large 
chemical library. Subsequently, a series 
of compounds were synthesized that 
were predicted to block the ATP binding 
site of PTKs. One compound in 
particular blocked in vitro substrate 
phosphorylation by BCR-ABL with an 
IC50 = 25 nM and inhibited cellular PTK 
activity with an IC50 = 250 nM. This 
compound (STI571) is now called 
Imatinib (Gleevec). Druker’s group 
showed that this compound inhibits 
cellular proliferation in vitro and tumor 
formation in vivo by BCR-ABL-
expressing cells without inhibiting 
normal granulocyte colony formation. In 
the phase I clinical trials of this 
compound, when doses of 300 mg were 
reached, 53 of 54 patients achieved a 
complete hematological response [97].   
 
These spectacular results were 
breathtaking, given the lack of effective 
chemotherapy in this disease as well as 
many other cancers. However, the 
mechanism whereby the BCR-ABL 
chimeric gene product led to malignant 
transformation was still unexplained. 
Because the new drug blocked the PTK 
activity but did not destroy the protein, it 
could now be surmised that the 
oncogenic activity was definitely related 
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to the PTK activity. Even so, whether 
the phosphorylation of just one critical 
protein or many were required for 
transformation was a critical question. 
 
Clues to the answer of this question were 
found in the cytokine signaling arena. 
By 2000, it had been established that 
IL2R signaling activates JAK1 and 
JAK3, which in turn phosphorylate and 
activate STAT5 after docking onto the 
phosphorylated IL2R β chain. As well, it 
was also established that IL2R signaling 
activates the expression of cyclin D2 
followed by cyclin D3, and that the 
expression of these critical cell cycle 
regulators leads to the cells surpassing 
the R-point. However, a molecular 
connection between STAT5 activation 
and cyclin D expression still had not yet 
been made.  
 
In a series of careful experiments Brad 
Nelson’s group studied the 
transcriptional regulation of the cyclin 
D2 gene using the original IL2-
dependent cloned cytotoxic T cell line 
CTTL-2 [23]. They reported evidence of 
a direct pathway from the IL2R to the 
cyclin D2 promoter via a mechanism 
involving the binding of STAT5 to 
specific STAT5 DNA response elements 
in the cyclin D2 promoter [98]. Cyclin 
D2 mRNA is first detectable within 3 
hours following IL2 stimulation, 
followed by a short delay in the 
appearance of cyclin D2 protein, thereby 
indicating that cyclin D2 expression in 
response to IL2-stimulated STAT5 is 
largely regulated at the mRNA level.   
 
Because the TCR does not activate 
STAT5 [90], these data indicated that 
antigen-induced T cell proliferation is 
solely driven by IL2 via an IL2R 
activation of STAT5, followed by 

STAT5 transcriptional activation of the 
cyclin D2 gene. Confirmation of this 
pathway was subsequently derived from 
experiments using G0/G1 synchronized 
IL2R+ human normal T cells. Activation 
via the IL2R in the presence of 
cycloheximide revealed an immediate-
early expression of cyclin D2 mRNA 
within 4 hours, thereby providing further 
evidence that IL2 promotes cyclin D2 
transcription directly, without a 
requirement for protein synthesis [99]. 
 
Further support for the IL2-STAT5-
cyclin D2-driven proliferation was 
derived from experiments with T cells 
from STAT5 gene deleted mice. T cells 
from STAT5-/- mice cannot proliferate 
in response to anti-CD3 + IL2, but upon 
retroviral rescue with STAT5 
proliferation is restored [100, 101]. 
Moreover, upon removal of IL2 from 
Wild-Type (WT) T cells, activated 
STAT5 is lost and the mRNAs for cyclin 
D2, Cyclin D3 as well as c-Myc, all 
known IL2/STAT5-induced genes, 
disappear. 
 
Accordingly, 5 decades after Nowell’s 
first description of the prolonged interval 
of several days after the addition of PHA 
to the first appearance of mitosis, the 
entire sequence of molecular events 
regulating T cell proliferation in 
response to antigenic and mitogenic 
activation is known: activation via the 
TCR signals the expression of the IL2 
gene and the genes encoding the IL2R α 
and β chains, a  process that takes 24 
hours to become maximal [33, 102].  
The IL2/IL2R interaction then activates 
JAK1 and JAK3, which phosphorylate 
themselves and the IL2R β chain, 
providing for the docking and activation 
of STAT5, which takes several more 
hours [90]. Ultimately, the cell only 
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progresses through the G1 phase of the 
cell cycle beyond the R-point and enters 
S-phase as a consequence of STAT5-
dependent expression of cyclin D2 and 
then cyclin D3 [60, 98]. Thus, G1 
progression takes at least 12 hours, 
followed by S-phase and G2 phase of 
about the same time interval, before 
mitosis ensues.  
 
Recent thermodynamic studies [103] as 
well as new structural data on the 
quaternary IL2/IL2R complex by Chris 
Garcia’s [104] and Ian Wilson’s  [105]  
groups indicate that the once the 
IL2/IL2R complex forms at the cell 
surface, it is stable, and signaling 
continues until the complex is 
internalized and degraded. Thus, there is 
a continuous generation of signals 
activating STAT5 dimerization and 
translocation to the nucleus, with 
resultant formation of stable 
transcriptional activating complexes and 
continuous expression of STAT5-
rsponsive genes, particularly those 
responsible for cell cycle progression (D 
cyclins) and cell survival (BclX). The 
cell is capable of counting these 
molecular interactions, and only passes 
the R-point when a critical number of 
STAT5-signaled cyclin D2 and D3 
complexes have been formed [33, 35, 
37, 106, 107]. 
 
All of these data make sense with regard 
to the mechanism of oncogenesis 
promoted by an abnormal constitutively 
active PTK such as is formed by the 
BCR-ABL translocation. The BCR-ABL 
constitutive PTK activity circumvents 
the growth factor/receptor control over 
the molecular decision making process 
that determines when and if the cell 
divides, so that the cell becomes growth 
factor independent.  

Soon after the discovery of the STATs, 
constitutively phosphorylated/activated 
STAT3 was shown to be required for 
src-mediated transformation by Richard 
Jove as well as Jacqueline 
Bromberg[108-112]. Over the course of 
the past several years many reports 
accumulated supporting the notion that 
the BCR-ABL gene product mediates 
malignant transformation of myeloid 
stem cells by usurping the normal 
regulatory control of G-CSF/G-CSFR of 
signals activating JAK2, STAT5, and 
cyclin D2/3 and BclX, thereby leading to 
autonomous cell cycle progression and 
cell survival [113-116]. However, 
experiments with STAT5a/b double gene 
deleted mice failed to support this 
contention, in that these mice were still 
susceptible to v-abl transformation 
[117]. Accordingly, the role of the STAT 
proteins in oncogenic transformation 
remained unclear.  
 
As discussed in the following sections, it 
is now realized that the original 
STAT5a/b gene deleted mice still 
expressed N-terminally truncated 
STAT5 protein, as only the most N-
terminal exon was deleted, but the rest of 
the coding regions were still in-frame. 
Subsequently, the investigators who 
constructed the original STAT5 (-/-) 
mice repeated their experiments and 
deleted the total coding regions of both 
STAT5a and 5b. When inoculated with 
Abelson Virus, these mice do not 
succumb to lymphosarcomas [118]. 
 
Thus, the last gargoyle of the cancer 
cathedral is finally now in place. 
Moreover, Nowell’s two ground 
breaking reports of 1960 have now come 
full circle to provide for a full molecular 
picture of carcinogenesis. The irony is 
that when Nowell first looked at the 
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PHA blastic transformed lymphocyte 
cultures, he initially thought that he had 
discovered the cause of leukemia 
(personal communication). It took 
almost 5 decades and many scientific 
stonemasons to bring his two seminal 

discoveries to fruition, as to exactly how 
PHA causes normal lymphocytes to 
proliferate in a regulated fashion, and 
how the Ph chromosome causes 
malignant transformation because of the 
loss of growth regulation.  
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