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5.1 Role of STAT3 in transformation
While the oncogenic capacity of activated STAT3 has been demonstrated in rodent
cells (Bromberg et al. 1999), its transforming potential in humans is less established.
STAT3 is constitutively activated in approximately 80% of primary breast tumors,
unlike in normal breast epithelial cells (Garcia et al. 2001). Therefore, MCF10A cells,
spontaneously immortalized, non-transformed human breast epithelial cells (Soule et
al. 1990), were selected to study the effects of constitutive STAT3 activation.

5.1.1 Role of STAT3 activation in human cells
5.1.1.1 No constitutive STAT3 phosphorylation in MCF10A cells
MCF10A cells do not present constitutive phosphorylation of STAT3 (Garcia et al.
1997), and their cultivation requires addition of EGF to the growth medium (Soule et
al. 1990). In order to investigate the effect of the presence of EGF and serum on the
activation status of STAT3, its phosphorylation was studied in this cell line in full
medium1, and in starvation medium2. As controls, MDA-MB-468 cells, a breast tumor
cell line, and DU145, prostate tumor cells, both with constitutively activated STAT3
were used (Garcia et al. 1997;Lou et al. 2000).

1

i.e. D-MEM/Ham12 supplemented with 10% horse serum, 20 ng/ml EGF, 2 mM L-Glutamine,
100 ng/ml Choleratoxin, and 500 ng/ml Hydrocortison

2

i.e. D-MEM/Ham12 supplemented with 2 mM L-Glutamine, 100 ng/ml Choleratoxin, and 500 ng/ml

Hydrocortison
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Fig.6. STAT3 is not constitutively phosphorylated in MCF10A cells. Cells were plated on 6-well
plates, and the phosphorylation of STAT3 was analyzed in MCF10A, MDA-MB-468, and DU145 cells,
in the presence of full culture medium (+), or upon overnight starvation (-). Whole cell lysates were
prepared and run on SDS-PAGE (10% polyacrylamide), and analyzed by Western blotting using a
phospho-STAT3 specific (A), or a STAT3 (B) antibody.

It was found that MCF10A cells require exogenous growth factor stimulation for
STAT3 phosphorylation (Fig.6), whereas DU145 and MDA-MB-468 show activation
of this STAT in the absence of these additives. Other non-transformed cells, such as
NIH3T3 cells, behave similarly to MCF10A cells, and also require the addition of
growth factors for phosphorylation of STAT3 (unpublished data).
5.1.1.2 Proliferation of MCF10A cells is growth factor dependent
Transformed cells present several atypical characteristics, such as growth factor
independence for proliferation, apoptosis resistance, anchorage independence and
the capacity to form tumors in nude mice (Franks and Teich 1997;Alberts et al.
2002;Lodish et al. 2003). In order to test the phenotype of MCF10A cells, the impact
of growth factors on proliferation and apoptosis was analyzed in MCF10A cells.
Inhibition of STAT3 has been found to suppress the growth of breast cancer cells in
vitro (Burke et al. 2001). Since MCF10A cells showed phosphorylated STAT3 in full
medium, but not upon starvation (Fig.6), their proliferation and apoptosis rates were
measured in the presence and absence of activated STAT3 (i.e. in full medium, and
upon overnight starvation, respectively). It turned out that STAT3 is phospohorylated
when these cells proliferate, but is inactive otherwise. Furthermore, MCF10A cells go
into apoptosis in the absence of STAT3 stimulation. Therefore, this cell-line is growth
factor dependent and not transformed, as opposed to DU145, which survive even in
the absence of serum and growth factors.
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Fig.7. MCF10A cells are growth factor dependent: they proliferate in the presence of growth
factors and undergo apoptosis in their absence. A) 3000 cells/well were seeded on a 96-well plate,
and, when attached, either kept in full medium or starved overnight. At the indicated time points, cell
numbers were deduced by the measurement of mitochondrial activity using the AlamarBlue assay.
Green shows proliferation under full medium, red under starvation conditions. B) 2000 cells/well were
seeded on a 384-well plate and, several hours later, either left untreated or starved. 48 h later,
apoptosis was measured by the caspase-3 activation assay. The fold induction was calculated setting
as reference the values in full medium of each respective cell line. Shown are the mean values and
standard deviations of four measurements. Blue (resp violet) apoptosis in full medium (resp upon
starvation).

5.1.1.3 Growth of MCF10A cells is anchorage dependent
A second parameter of the transformation status of tumor cells is the ability to grow
when their anchorage is limited, e.g. in soft agar medium. To confirm that wt MCF10A
cells are not transformed, their anchorage dependence was evaluated by their
capacity to form colonies in soft agar. NIH-v-Src-TKS3, which are NIH3T3 cells stably
transfected with v-Src and the STAT3 reporter pLucTKS3 (Turkson et al. 1999), were
used as positive control. These cells are transformed and grow in soft agar
(Campbell et al. 1997;Campbell et al. 2001;Johnson et al. 1985).
MCF10A cells did not form colonies, as opposed to NIH3T3-TKS3 (Fig.8). Both the
growth factor dependence (Fig.7) and the anchorage dependence observed in the
colony formation assay indicated that MCF10A cells are non-transformed cells.

53

RESULTS

Fig.8. MCF10A cells are non-transformed: they do not form colonies in soft agar. 6000 cells
were seeded on a 6-well plate in 0.5% agar, over a 1% agar underlayer. Every 3 to 4 days, fresh
medium was added, and after 14 days, colonies were stained with iodonitrotetrazoliumchlorid. A)
MCF10A wt cells B) NIH-v-Src-TKS3 cells. Insert shows a 200-fold magnification.

5.1.1.4 Constitutive phosphorylation of STAT3 in MCF10A cells stably transfected
with v-Src
Src, a tyrosine kinase originally identified in the genome of the Rous Sarcoma virus,
is a potent oncogene, activated in many cancers. There is a strong correlation
between Src activation and breast cancer (Lee et al. 1999), and its activity has also
been directly correlated with the progression of this disease (Summy and Gallick
2003).
Src can directly phosphorylate STAT3 (Cao et al. 1996), and STAT3 activation has
been found to be essential for the transforming capacity of v-Src (Bromberg et al.
1998). Therefore, a constitutively active form of Src (pp60v-Src) (Kmiecik and
Shalloway 1987) was used to induce STAT3 phosphorylation, with the aim of
transforming MCF10A cells.
MCF10A cells were transfected with pM/v-Src and pEF/pGK/puroPA vectors. After
selection with 1 µg/ml puromycin, the resistant cells were cloned. Several clones
presenting incorporation of v-Src were identified (Fig.9A). Clone MCF10A-v-Src-B3,
showing stable expression of v-Src and strong constitutive phosphorylation of STAT3
(Fig.9B) was used for the following assays.

54

RESULTS

Fig.9. STAT3 is constitutively phosphorylated in MCF10A-v-Src-B3. Whole cell lysates of
confluent 6-well plates were prepared and run on SDS-PAGE (10% polyacrylamide), and analyzed by
Western blotting. A) The expression of v-Src in the stably transfected MCF10A-v-Src clones was
tested with a v-Src antibody. B) The phosphorylation of STAT3 in full culture medium (+), or upon
overnight starvation (-) was analyzed using a phospho-STAT3 specific, and a STAT3 antibody.

5.1.1.5 The proliferation of MCF10A-v-Src cells is growth factor independent
The consequences of constitutive STAT3 phosphorylation in v-Src expressing
MCF10A cells were analysed under starvation conditions, and compared to wtMCF10A cells. As expected, both cell lines proliferated at a similar rate in the
presence of full medium, but only MCF10A-v-Src-B3 cells kept on multiplying under
starvation conditions (Fig.10A). Accordingly, MCF10A-v-Src-B3 cells did not show
caspase activation upon starvation, while wt-MCF10A did (Fig.10B).

Fig.10. MCF10A-v-Src-B3 cells proliferate and do not undergo apoptosis in the absence of EGF
and serum. A) 3000 cells/well of either MCF10A or MCF10A-v-Src-B3 were plated on a 96-well plate,
and, when attached, either kept in full medium or starved overnight. At the indicated time points, cell
numbers were deduced by the measurement of mitochondrial activity using the AlamarBlue assay.
Green shows proliferation under full medium, red under starved conditions. B) MCF10A or MCF10A-vSrc-B3 were seeded on a 384-well plate, and, when attached, either left untreated or starved. 72 h
later, apoptosis was measured by determination of caspase-3 activity. The fold induction was
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calculated setting as reference the values in full medium of each respective cell line. Shown are the
mean values and standard deviations of four measurements. Blue (resp violet) apoptosis in full
medium (resp upon starvation).

5.1.1.6 MCF10A-v-Src-B3 cells form colonies in soft agar
The anchorage dependence of MCF10A-v-Src-B3 cells was tested in the colony
formation assay in soft agar. It was found that these cells formed colonies. MCF10A
cells were used as negative, and NIH-v-Src-TKS3 cells as positive control. MCF10Av-Src-B3 cells showed a certain anchorage independence, but fewer and smaller
colonies were obtained with MCF10A-v-Src-B3 cells compared to those obtained with
NIH-v-Src-TKS3 cells. This indicates that the transformation status of NIH-v-SrcTKS3 cells might be more advanced than that of MCF10A-v-Src-B3 cells.

Fig.11. MCF10A-v-Src-B3 cells form colonies in soft agar. 6000 cells of the indicated cell lines
were seeded on a 6-well plate in 0.5% agar, over a 1% agar underlayer. 14 days later, colonies were
stained with iodonitrotetrazoliumchlorid. Insert shows a 200-fold magnification

In summary, stable expression of v-Src in MCF10A induced changes in this cell line,
probably several, one of which was the constitutive phosphorylation of STAT3.
Phenotypically, MCF10A-v-Src-B3 cells acquired some typical properties of
transformed cells, such as growth factor independent proliferation, resistance to
apoptotic stimuli, and anchorage independence.
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5.1.1.7 MCF10A stably transfected with v-Src do not generate tumors in
immunosuppressed mice
Another property of transformed cells is their capacity to form tumors in
immunosuppressed mice (Stanbridge and Perkins 1976). This was evaluated next,
and it turned out that neither MCF10A, nor MCF10A-v-Src-B3, nor NIH3T3 cells
produced tumors. However, large tumors (over 600 cm3) grew in all mice injected
with NIH-v-Src-TKS3.
Therefore, even though showing increased proliferation, survival and anchorage
independence, as compared to wt-MCF10A cells, MCF10A-v-Src-B3 could not be
considered as completely transformed.
Altogether, these results might indicate that MCF10A cells require additional
mutations to reach full transformation, and that the sole activation of STAT3 might not
be oncogenic in this human cell-line.

Fig.12. NIH3T3-TKS3 produce tumors in immunosuppressed mice, but MCF10A v-Src do not.
5x106 cells/100 µl PBS of the indicated cells were injected subcutaneously into the back of female,
inbred SCID mice (n=6 per group). One of the mice injected with NIH3T3-TKS3 had to be sacrificed at
day 7 due to its extreme tumor growth on the leg, and all other mice injected with this cell line at day
10.

5.1.2 Consequences of STAT3 down-regulation in transformed human
cells
STAT3 exists in two splicing variants, STAT3α being the active isoform. However,
cells can also produce another splice variant, STAT3β, which has a replacement of
residues 716 to 770 by a sequence of seven amino acids, FIDAVWK. The
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physiological role of STAT3β is not yet fully understood, but experimentally it is
commonly used as a DN tool to inhibit STAT3α (Niu et al. 1999;Niu et al. 2001).
The STAT3 crystal structure was obtained with residues 127 to 722 of STAT3β, i.e.
with a N-terminal truncation (Becker et al. 1998). As can be appreciated in the solved
structure, STAT3β binds the DNA. However, it does not recruit other factors required
for the initiation of transcription (Caldenhoven et al. 1996). This is why this family
member is able to inhibit the activity of STAT3α (Niu et al. 1999;Niu et al. 2001).
Since constitutive STAT3 activation of DU145 cells has been described (Lou et al.
2000), and this cell line shows STAT3 phosphorylation under starvation conditions
(Fig.6B), these cells were chosen to test the consequences of STAT3 inhibition.
Furthermore, they can produce tumors in nude mice (Church et al. 1999), and are
therefore appropriate for testing the effects of STAT3 inhibition in vivo.
5.1.2.1 Induction of DN-STAT3 using the ecdysone system
DN-STAT3 was amplified from the pSG5 human-STAT3β vector (Fig.13A). The
product was then cloned into the pIND/V5-His-TOPO plasmid. Out of nineteen tested
clones, eleven (clones 1, 2, 3 5, 6, 7, 12, 13, 14, 17, and 19) incorporated STAT3β in
the right orientation (Fig.13B). The results of clones 1, 3 and 19 were confirmed by
sequencing.

Fig.13. Subcloning of human STAT3β into pIND/V5-His-TOPO vector. A) STAT3β was amplified
from pSG5 human-STAT3β vector by PCR with the 5’ATGGCCCAATGGAATCAGCT3’ and
5’AATTCACATGGGGGAGGTAG3’ primers. The PCR product was analyzed by DNA electrophoresis,
and showed the size of human STAT3β. B) Human STAT3β was cloned into pIND/V5-His-TOPO
vector, and nineteen clones were screened by PCR for incorporation of DN-STAT3 in the right
orientation, using 5’ATGGCCCAATGGAATCAGCTAC3’ and 5’TAGAAGGCACAGTCGAGG3’ as
primers. Eleven clones showed incorporation of STAT3β in the right orientation.
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5.1.2.1.1 Ponasterone induction of DN-STAT3 in stably transfected DU145 cells does
not trigger changes in the phenotype of these cells

DU145 were stably transfected with pVgRXR and pIND/hSTAT3β. After four weeks
of selection with 500 µg/ml zeocin and 100 µg/ml hygromicin, clones were picked and
expanded for three additional weeks. In order to check for STAT3β induction
capacity, cells were treated with 5 µM ponasterone, and compared with wt DU145
cells. It was found that nine clones expressed STAT3β upon stimulation, although at
much lower levels than endogenous STAT3α. Furthermore, five of the positive clones
expressed STAT3β even in the absence of ponasterone.

Fig.14. Screening for STAT3β expression in DU145 cells stably transfected with pIND/hSTAT3β.
DU145 cells were transfected with pVgRXR and pIND/hSTAT3β. Hygromicin and zeocin resistant cells
were cloned. After expansion of the clones, wt DU145 and fifteen clones were plated in 6-well plates
and either treated with ponasterone or left untreated. Wt DU145 cells were used as control. Cells were
harvested 24 h after treatment, and whole cell lysates were prepared, run on SDS-PAGE (4 to 12%
polyacrylamide) and analyzed by STAT3 Western blotting. A) Untreated cells B) cells treated during 48
h with 5 µM ponasterone.

All the clones expressing STAT3β were checked for a phenotype in proliferation and
apoptosis. However, upon treatment with ponasterone no significant change was
observed in proliferation, except for a weak inhibitory effect on clone 13 (Fig.9).
Furthermore, all clones had a weak activation of apoptosis, which was independent
of the levels of STAT3β expression.
Judged by the intensity of the respective bands in the Western blot, the levels of
STAT3β seemed to be much lower than those of STAT3α (Fig.14). Since STAT3β
needs to heterodimerize with STAT3α to function as an inhibitor, STAT3β needs to
be present in stoichiometric majority in order to bind all STAT3α molecules. Using
COS cells transfected with STAT3α and different amounts of the β family member, it
has been demonstrated that the transcriptional activity of STAT3α is partially inhibited
using low amounts of DN-STAT3, but for complete inhibition, STAT3β needs to be
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transfected at slightly higher levels than STAT3α, confirming that the wt molecule
remains active in the case of insufficient expression of the DN (Caldenhoven et al.
1996). This could explain the lack of significant effects observed in proliferation and
apoptosis when testing DU145-pVgRXR-pIND/hSTAT3β cells.

Fig.15. DU145-pVgRXR-pIND/hSTAT3β cells do not show changes in proliferation or in
apoptosis in the presence (resp absence) of ponasterone. A) 3000 cells/well of either wt DU145
cells or DU145 cells stably transfected with pVgRXR and pIND/hSTAT3β were plated on a 96-well
plate. When attached, ponasterone was added to a final concentration of 5 µM for the treated group.
At the indicated time points, cell numbers were deduced by the measurement of mitochondrial activity
using the AlamarBlue assay. B) 2000 cells/well of either wt DU145 cells or DU145 cells stably
transfected with pVgRXR and pIND/hSTAT3β were seeded on a 384-well plate and, when attached,
ponasterone was added to a final concentration of 5 µM for the treated group. At the indicated time
points, apoptosis was measured by determination of caspase-3 activity. The fold induction was
calculated setting the values of wt untreated cells as reference. Shown are the mean values and
standard deviations of four measurements.

3.1.2.2. DN-STAT3 induction using the tetracycline system
3.1.2.2.1. Subcloning DN-STAT3 into a tetracycline inducible vector

Next it was attempted to reach higher levels of STAT3β using a tetracycline inducible
system. The Flip-In T-Rex system was used for the generation of stable mammalian
cells exhibiting tetracycline-inducible expression of a STAT3β from a specific
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genomic location. To generate these cells, independent integration of a plasmid
containing a Flp-recombination target (FRT) site (pFRT/LacZeo), and a plasmid
expressing the Tet repressor (pcDNA6/TR) into the genome of the mammalian cell
line of choice was required. After cloning and screening for LacZ reporter gene
expression, to identify clones with integration of the pFRT/LacZeo plasmid into a
high-expression site, the pcDNA5FRT/FRT/TO vector was introduced.
DN-STAT3 was amplified from pSG5 human-STAT3β vector, and a His-tag was
introduced C-terminally by PCR primer mutation (Fig.16A). The product was then
cloned into the pcDNA5/FRT/TO plasmid. Out of nineteen tested clones, two (clones
3 and 4) showed incorporation of STAT3β in the right orientation (Fig.16B). The
results of the positive clones were confirmed by sequencing.

Fig.16. Sucloning of His-tagged human STAT3β into the pcDNA5FRT/TO vector. A) STAT3β was
amplified from pSG5/hSTAT3β vector by PCR with 5’ATGGCCCAATGGAATCAGCTAC3’ and
5’TCAGTGATGGTGATGGTGATGTTATTTCCAAACTGCATCAATGAATC3’ as primers. The product
was analyzed by DNA electrophoresis, and showed the right size. B) His-tagged human STAT3β was
cloned into the pcDNA5FRT/TO vector, and nineteen clones were screened by PCR for incorporation
and
right
orientation
of
DN-STAT3.
The
following
primers
were
used:
5’ATGGCCCAATGGAATCAGCTAC3’ and 5’TAGAAGGCACAGTCGAGG3’. Only clones 3 and 4
turned out to be positive.

5.1.2.1.2 Generation of stable DU145 Flip-In host cells (i.e. Du145 pFRT/LacZeo)

DU145 cells were transfected with pFRT/LacZeo and selected with 500 µg/ml zeocin
during four weeks. Forty growing clones were expanded and tested for LacZ
expression. A single clone was positive. However, this clone was growing very
slowly, and the selection was stopped during two weeks. In the absence of antibiotic,
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cells without plasmid expanded, and when tested for the expression of LacZ the
culture was a mixed population of positive and negative cells (Fig.17).

Fig.17. Identification of DU145 cells with stable incorporation of pFRT/LacZeo. 8x105 cells/well
were plated on a 6-well plate, and the following day assayed for expression of β-galactosidase by in
situ staining.

5.1.2.1.3 Integration of the tetracycline repressor into DU145 Flip-In cells

The mixed population of DU145 Flip-In host cells was transfected with the
pcDNA6/TR vector, and maintained under 500 µg/ml zeocin and 2.5 µg/ml blasticidin
selection during three weeks. Under these conditions all cells died, and the same
results were reproduced three times. This indicated either that none of the cells
incorporated both plasmids, or that the selection conditions were too stringent.
5.1.2.1.4 Generation of tetracycline-inducible DN-STAT3 293 cells

293 cells with stable incorporation of pcDNA6/TR and pFRT/LacZeo were purchased
from Invitrogen (293Trex cells). Since 293 cells had shown some response in the
STAT3 RNAi experiments (see below), and they have been reported to produce
tumors in mice (Graham 1987;Guan et al. 2001), they were chosen for the stable
introduction of pcDNA5FRT/hSTAT3βHIS, to study the effects of STAT3 inhibition in
vivo.
pcDNA5FRT/hSTAT3β-His and pOG44, a plasmid constitutively expressing the Flp
recombinase, enzyme which recombines sequences flanked by FRT sites (Buchholz
et al. 1996), were cotransfected into the 293Trex cells. Fifty hours after transfection,
in order to let recombination take place, selection was started with 15 µl/ml blasticidin
and 100 µg/ml hygromicin. The zeocin selection was removed, since the recombinant
cells should have lost both the zeocin resistance and the LacZ gene. Once cells had
been expanded, they were screened for the absence of LacZ. A uniform population
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of 293 cells, which did not express LacZ, indicating pFRT/STAT3β-His incorporation,
was identified (Fig.18).

Fig.18. 293Trex cells with stable incorporation of pFRT/STAT3β-HIS do not express LacZ.
293Trex cells were cotransfected with pcDNA5FRT/hSTAT3βHIS and pOG44. 50 h after transfection,
selection was started with 15 µl/ml blasticidin and 100 µg/ml hygromicin. The culture was expanded
and tested for LacZ expression.

5.1.2.1.5 Tetracycline treatment of 293-pcDNA6/TR-pFRT/STAT3β-His cells induces
the expression of STAT3β-His

In

order

to

checks

the

expression

of

STAT3β-His

in

293-pcDNA6/TR-

pFRT/STAT3β-His cells, they were treated with 1 µg/ml tetracycline during several
days.

Both

tetracycline

pFRT/STAT3β-His

cells

treated
were

293Trex,
used

as

and

untreated

controls.

Only

293-pcDNA6/TR293-pcDNA/TR

pFRT/STAT3β-His cells showed expression of STAT3β-His.

Fig.19. 293-pcDNA6/TR-pFRT/STAT3β-His cells express STAT3β-His upon induction with
tetracycline. 293-pcDNA6/TR-pFRT/STAT3β-His cells and 293Trex were treated with 1 µg/ml
tetracycline for several days, or left untreated. Cells were harvested at the times indicated above, and
the untreated cells were harvested with the latest group. Whole cell extracts were prepared, run on
SDS-PAGE (10% polyacrylamide), and analyzed by Western blotting using an anti-His-tag antibody.

63

RESULTS

5.1.2.1.6 Tetracycline induction of STAT3β-His in 293-pcDNA6/TR-pFRT/STAT3βHis cells inhibits proliferation and induces apoptosis

STAT3β-His was induced in 293-pcDNA6/TR-pFRT/STAT3β-His, and the effects on
proliferation and apoptosis were analysed. Three days after treatment with 1 µg/ml
tetracycline, these cells showed a decreased proliferation, as compared to
293-pcDNA6/TR-pFRT/LacZeo, or untreated 293-pcDNA6/TR-pFRT/STAT3β-His
cells. Furthermore, they showed activation of caspase-3, which started one day after
treatment.
According to these results, blocking STAT3 in 293 cells induces the death of these
cells, which is reflected by the decrease in proliferation and the activation of
apoptosis.

Fig.20. 293-pcDNA6/TR-pFRT/STAT3β-His cells show decreased proliferation and induction of
apoptosis upon expression of STAT3β-His. A) 3000 cells/well of either 293 pcDNA6/TRpFRT/STAT3β-His or 293-pcDNA6/TR-pFRT/LacZeo cells were plated on a 96-well plate, kept in full
medium and treated with 1 µg/ml tetracycline, or left untreated. At the indicated time points, cell
numbers were deduced by the measurement of mitochondrial activity using the AlamarBlue assay.
B) 2000 cells/well of either MCF10A cells or MCF 10A cells stably transfected with v-Src were seeded
on a 384-well plate and, several hours later, treated with 1 µg/ml tetracycline, or left untreated. At the
indicated times, apoptosis was measured by determination of caspase-3 activity. The fold induction
was calculated setting as reference the values of untreated 293-pcDNA6/TR-pFRT/STAT3β-His.
Shown are the mean values and standard deviations of four measurements.

5.1.2.2 STAT3 inhibition using RNAi
The effects of STAT3 inhibition were also tested using another STAT3 inhibitory tool,
in order to check whether the results were comparable in other experimental settings.
Therefore, a STAT3 RNAi expressing vector (U6/STAT3i) was transiently transfected
into v-Src MCF10A, DU145, and 293 cells. The levels of STAT3 were monitored
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during forty hours (in the case of DU145 for up to 72 h). Only 293 cells showed a
significant decrease of STAT3 40 h after transfection.

Fig.21. STAT3 can be inhibited in 293 cells using STAT3 RNAi. v-Src MCF10A cells, DU145 cells,
and 293 cells were transfected either with pSilencer-1.0-U6 plasmid expressing the STAT3 RNAi pairs
5'AGUCAGGUUGCUGGUCAAAdTdT3' and 5'UUUGACCAGCAACCUGACUdTdT3', or with U6empty vector. Untransfected cells were also used as a control. 40 or 72 h after transfection, cells were
harvested, and whole cell lysates were prepared and analyzed by Western blot using a STAT3
antibody.

Fig.22. STAT3 inhibition using STAT3 RNAi induces apoptosis in 293 cells. MCF10A-v-Src-B3
cells, DU145 cells, and 293 cells were transfected either with pSilencer-1.0-U6 plasmid expressing
STAT3 RNAi pairs, or with the empty vector. 24 h after transfection cells were seeded to test
proliferation and apoptosis. A) 3000 cells/well were plated in a 96-well plate, and, when attached,
maintained either in full growth medium, or starved. At the indicated time points, cell numbers were
deduced by the measurement of mitochondrial activity using the AlamarBlue assay. Green shows
proliferation in full medium, red under starved conditions. B) 2000 cells/well were seeded on a 384well plate and, several hours later, either left untreated or starved. At the indicated time points,
apoptosis was measured by determination of caspase-3 activity. The fold induction was calculated
setting as reference the values in full medium of each respective cell line. Shown are the mean values
and standard deviations of four measurements.

The effects on proliferation and apoptosis in the STAT3 RNAi treated cells were
analyzed next. As mentioned above, MCF10A-v-Src-B3 and DU145 cells did not
show any significant inhibition of STAT3 levels, and, consistent with these results, no
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effect on proliferation or apoptosis was observed in these cells as compared to cells
transfected with empty vector. This could reflect insufficient transfection efficiency. It
is known that 293 cells are readily transfected, and this could explain why these cells
were the only ones presenting a decrease in the STAT3 levels forty hours after
transfection (Fig.21).

5.2 Pharmacological inhibition of STAT3
5.2.1 Definition of a pharmacophore for STAT3
5.2.1.1 Rational selection and in silico validation of STAT3 SH2-domain as a good
target site
Both the SH2- and the DNA-binding domains of STAT3 might be good target sites for
STAT3 inhibitors (see introduction). Therefore, the SH2 and DNA-binding domain
were compared in the crystal structures of STAT3 (1BG1) and STAT1 (1BF5). These
were downloaded from the protein data bank, and their properties were studied using
ICM 2.8.

Fig.23. STAT3-crystal structure analysis. Shown is a surface representation of the DNA-bindingand the SH2-domains, contoured according to partial charge (red: negative; blue: positive). The DNA
is represented as single-strand in green on the DNA-binding domain. The phosphotyrosine containing
sequence is shown as black ribbon representation on the SH2-domain.
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1BG1 and 1BF5 are the crystal structures obtained with mouse STAT3 and human
STAT1, respectively. The human and mouse STAT3 family members are almost
identical having just one substitution at the C-terminus (Asp760 for mice, and Glu760
for humans), which is part neither of the domains studied here, nor of the published
structure. The mouse STAT3 crystal structure should therefore be identical to the
human family member.
The dimeric form of STAT3 was generated in silico based on the monomeric unit
published in the PDB data file (Fig.23). Then, the surface of the DNA-binding and
SH2-domain were visualized, and the polarity in both parts of STAT3 was calculated
in order to compare these regions with respect to their drugability. The analysis
revealed that the SH2-domain had a profound pocket at the phospho-tyrosine
interaction site, and that the polarity in this region was moderate. In contrast, the
DNA-binding domain is very shallow, and highly positively charged (Fig.23). These
results encouraged the selection of the SH2-domain as target site.
5.2.1.2 Proof of principle: blocking the SH2-domain inhibits STAT3 activity
In order to test whether blocking the STAT3 SH2-domain was sufficient to inhibit
STAT3 activity, it was decided to use a phospho-STAT3-specific peptide. This STAT3
specific phosphotyrosine peptide was chosen based on the SH2-interacting region in
STAT3 dimers (Fig.24). The sequence selected was AAPY*LKTK. The peptides were
made

cell

penetrating

with

a

sequence

derived

from

antennapedia

(RQIKIWFQNRRMKWKK) (Dunican and Doherty 2001), which was added Nterminally to the peptide. A biotin-tag was also placed at the N-terminus in order to
enable their detection.

Fig.24. STAT3 dimer bound to the
DNA. STAT3 crystal structure (1BG1)
was downloaded from the PDB
databank, and the dimer reconstituted
based on the symmetry coordinates. The
phosphotyrosine sequence of one of the
monomers is highlighted in a green box.
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Starved NIH3T3 cells were either incubated with cell-permeable and biotinylated
AAPY*LKTK or left untreated. After one hour, they were tested by immunostaining for
incorporation of the peptide, and it was found that they all had incorporated the
antennapedia-tagged peptide (Fig.25).

Fig.25. Antennapedia and biotin tagged AAPY*LKTK peptides penetrate into NIH3T3 cells
within one hour. NIH3T3 cells were seeded on 6-well plates and starved overnight. The following
morning, peptides were added to the treated cells, control cells were left untreated. One hour later,
cells were harvested and stained in situ. The peptides were stained with streptavidinfluoresceinisothiocyanate (FITC), and the nuclei with DAPI, as a control.

Next, the peptide was tested for its capacity to inhibit STAT3 activation in NIH3T3
cells. Cells were starved overnight, and since these cells had shown incorporation of
the peptide after one hour, they were pre-treated for one hour with tagged
AAPY*LKTK before adding interferonα/β (IFNα/β). The peptide turned out to inhibit
IFNα/β-induced STAT3 activation (Fig.20A). However, the peptide had also a clear
inhibitory effect on STAT1. This was not surprising, since STAT1 and STAT3 are
known to heterodimerize. STAT3-specific peptides derived from the tyrosine
containing sequence in STAT3 should consequently bind to both STAT1 and STAT3
SH2-domain. Furthermore, very similar results were reported by (Turkson et al. 2001)
in studies using slightly shorter peptides.
As mentioned above, the SH2-domain is also required for recruitment of inactive
STAT3 to the cytokine and growth factor receptors, where it then gets
phosphorylated. Hence, it was hypothesized that blocking the SH2-domain could also
inhibit phosphorylation of STAT3. This was tested next by Western blot, and it was
found that the same conditions that enabled inhibition of STAT3 DNA-binding had no
effect on STAT3 phosphorylation (Fig.20B).
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Fig.26. STAT3 specific phosphotyrosine peptides can block STAT3 de-novo dimerization, but
they have no effect on STAT3 phosphorylation. AAPY*LKTK can disrupt STAT3 preformed
dimers, too. A and B) 5X105 NIH3T3 cells were seeded on a 6-well plate, and starved overnight. The
following day, antennapedia and biotin-tagged AAPY*LTKT was added to the cells at the indicated
concentrations. The control cells were left untreated during this step. One hour later, all cells were
stimulated with 1000 units IFNα/β for 15 minutes. A) EMSA analysis of STAT1 and STAT3 using
nuclear extracts B) phospho-STAT3 Western blot analysis using whole cell lysates. C) AAPY*LKTK
and KTKLYPAA, the latter a scrambled peptide used as control, were incubated with nuclear extracts
of NIH3T3-TKS3 cells for 30 min, and then assayed in the DNA-binding ELISA.

Finally, the peptides were tested for their capacity to disrupt preformed STAT3
dimers in a DNA-binding ELISA. Soluble and untagged AAPY*LKTK were incubated
with nuclear extracts of NIH3T3-TKS3 cells, and assayed in the DNA-binding ELISA.
KTKLYPAA was used as a negative control. AAPY*LKTK inhibited the DNA-binding
of STAT3 with an IC50 of approximately 250 mM. Altogether, these results are
consistent with the results published by Turkson et al. (2001), and indicated that
inhibition of the SH2-domain could suffice for blocking STAT3 activity.
5.2.1.3 Selectivity: comparison with other SH2-domain containing proteins
Another important aspect to increase the chances of finding specific inhibitors for a
molecule is the presence of unique structural features that differentiate it enough
from other proteins in the cell. Therefore, the proteins sharing the highest similarity to
the SH2-domain of STAT3 were searched, in order to predict if STAT3 specific
inhibitors were feasible. A BLAST search was carried out with the protein sequence
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of STAT3-SH2-domain versus the Humprot database, which contains all the human
proteins from the SwissProt, TrEMBL, and PIR databases. It was found that the
proteins sharing the highest homology were the members of the STAT family. In
particular, STAT1 presented the highest homology level (59% identities), and was
followed by STAT4, STAT2, STAT5, and STAT6 (Fig. 31).

Fig.27. BLAST search of STAT3 SH2-domain (amino acids 570 to 670 of the P40763 sequence)
versus 103164 sequences of human proteins published in Humprot database, using BLAST-P.
The scores and E-values were calculated according to the Karlin-Altschul statistics (Schaffer et al.
2001;Altschul et al. 2001). The score depends on the length of the alignment and represents the
degree of homology/similarity (higher scores represent better alignments). The E-value (Expectation
value) represents the number of hits one can expect to find fortuitously when searching a database of
a particular size.

As mentioned above, the crystal structure of STAT1, which is the protein presenting
the highest homology to STAT3, has already been crystallized (Chen et al. 1998).
This information was used in order to verify whether STAT1 and STAT3 presented
structural differences that could enable specific inhibition.

Fig.28. STAT1 and STAT3 SH2-domain comparison. A) Superimposition of human STAT1 (1BF5)
on mouse STAT3 (1BG1) SH2-domain, as solved in the crystal structures. STAT1 and STAT3 present
distinguished loops (indicated by blue arrows) that should enable the binding of compounds to just one
of the molecules. The pink arrow indicates the phosphotyrosine-binding site. B) Aligned protein
sequences of human STAT1 and STAT3 SH2-domain. Conservative substitutions are marked by a +.
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Visualized upon superimposition of both proteins, the SH2-domains shared a very
similar general structure. However, some loops in the crystal structures presented a
different disposition (Fig.28A).

Fig.29. BLAST analysis of STAT3 SH2-domain using the BLAST-PSI software versus 36110
sequences of human proteins published in the PDB database. A) The scores and E-values were
calculated according to the Karlin-Altschul statistics (Schaffer et al. 2001;Altschul et al. 2001). S
depends on the length of the alignment and represents the degree of homology/similarity (higher
scores represent better alignments). The E-value (Expectation value) represents the number of hits
one can expect to find fortuitously when searching a database of a particular size. The values
obtained in the second run are calculated with modified statistical parameters (Schaffer et al. 2001),
and can therefore not be compared to the values obtained in the first run. B) Alignment of human
STAT3 and human c-Src. Conservative substitutions are marked by a +.

Next, other crystallized proteins presenting some similarity to STAT3 SH2-domain
were searched, in order to compare them and study potentially conserved
characteristics. Therefore, a BLAST search of STAT3-SH2-domain versus the PDB
database was performed. STAT1 was the only similar protein but other SH2-domain
containing proteins, such as Src, showed some degree of homology, although very
remote. However, it was found that over a stretch of 35 amino acids in the case of
Src, 15 amino acids are identical to STAT3 (Fig.29). Something similar was observed
with the other proteins. Since these residues were conserved in many SH2containing proteins, it was theorized that they could be important for the function of
these domains, and were therefore studied next in the crystal structures.
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5.2.1.4 In silico selection of specific residues in the STAT3 SH2-domain as
promising pharmacophore
A number of crystal structures of Src are available in the PDB, and some of these
proteins belong to different species, but they all share identical sequence at the
phospohtyrosine binding site. Only the ones solved with a resolution of <2.2 Å were
used to perform a structural comparison of their SH2-domains with STAT1 and
STAT3. The following Src structures were selected for the analysis: 1A09, 1 hCS, 1
hCT, 1A07, 1A08, 1A1E, 1A1B, 1A1C, 1A1A, 1FMK, 1SHD, 2SRC, 1QCF1SHB,
1SHA, 1F1W, 1F2F, 1SPR, 1IS0, 1SKJ, 1KC2, 1BKL, and 1BKM.
The structural properties of STAT3 were compared to all these SH2-domain
containing proteins using the SwissPDBViewer software. Superimposition of STAT1
and these Src structures on STAT3 revealed some identical, and many different
features. The overall structure of STAT3 and STAT1 were quite distinct from all Src
structures, but the phosphotyrosine-binding site matched very well in all of them, and
corresponded to the region identified in the BLAST searches, which shares high
similarity at the protein sequence level (Fig.29). However, the structures differed
considerably in the regions that bind to the amino acids C-terminal of the
phosphotyrosine (Fig.30A).

Fig.30. Superimposition of human STAT1 (1BF5, magenta), and c-Src (1F1W, green) on mouse
STAT3 (1BG1, red). A) SH2-domain. B) conserved residues (Arg 609, Ser 611, Ser 613). Note the
different orientation compared to (A). Magenta STAT3, green superimposed structures.
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A closer look revealed a highly conserved interaction of the phosphotyrosine (residue
705 in the case of STAT3) with three residues in the SH2-domain: an Arg (Arg609 for
STAT3), a Ser (Ser611 for STAT3), and another Ser (Ser613 for STAT3), the latter
sometimes substituted by a Thr in some of the proteins (Fig.30B and 31). Arg609,
Ser611, and Ser613 of STAT3 superimposed very closely with the corresponding ArgX,
SerX+ 2, and Ser/ThrX+ 4 residues of all the other structures with a Root Mean Square
(RMS) smaller than 1.6 Å (Fig.30.B). Otherwise, the folding of the SH2-domains of
Src and STAT SH2-domains did not match. Only STAT1 presented additional
conserved residues with STAT3. These amino acids were involved in interactions at
the binding site for the phosphotyrosine and its C-terminal sequence. Some of the
interactions, however, were specific for each STAT protein, and were only found in
STAT1 or STAT3 (Fig.31)

Fig.31. Overview of the interactions of the phosphotyrosine containing sequences of STAT1
and STAT3 with the corresponding SH2-domain. The sequences in the center correspond to the
phosphotyrosine-containing sequences of STAT3 (top), and STAT1 (bottom). Residues listed above
(for STAT3), or below (for STAT1) each residue of the phosphotyrosine-containing sequence,
represent the interaction partners in the SH2-domain that interact at a distance of up to 4Å. Residues
highlighted in green indicate polar interactions conserved in all SH2-domains, in red interactions
conserved in STAT1 and STAT3, in blue interactions important only in STAT3, and in pink interactions
important only in STAT1.

This structural analysis indicated that most of the interactions at the SH2-domain of
STAT1 and STAT3 were different, but that both molecules shared some important
interactions, especially at close proximity of the phosphotyrosine-binding site.
Expanding the pharmacophore C-terminally of this region should enable specific
inhibition of STAT3.
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In conclusion, STAT1 turned out to be the protein sharing the highest similarity with
STAT3 at the sequence and structure level. Still, it presented some distinct features
that could permit the development of specific inhibitors.

5.2.2 STAT3 dimerization assay: ELISA
Next, a dimerization assay for STAT3 was required to test compounds with medium
throughput. In order to test for compounds that specifically block the SH2-domain, so
far, two assays are described in the literature:
1. A pull-down assay, involving the binding of non-phosphorylated STAT3 to
bead-coupled, phosphorylated, STAT3-specific peptides (Turkson et al. 2001),
2. An EMSA-based assay, which detects the binding of phosphorylated,
dimerized STAT3 to the DNA (Turkson et al. 2001).
Both assays can be used to test small amounts of molecules, but they are hardly
applicable for medium- or high-throughput purposes. The second assay can be used
as an ELISA-type assay, as described in Materials and Methods. Yet, like the EMSA
assay, it has the drawback of not being able to discern dimerization blockers from
DNA-binding inhibitors. Attempts to establish assays using the purified SH2-domain
to perform ELISA type assays (Haan et al. 1999), or Biacore assays (unpublished
data) only functioned at acidic pH. Under these conditions the folding and binding
properties could differ from the ones that take place physiologically. Therefore, a new
assay was developed.
5.2.2.1 Streptavidin-based ELISA
Initially, the assay was conceived as follows (Fig.32):
1. Coating of streptavidin coated 96-well plates with biotinylated, phosphorylated
STAT3-specific peptides
2. Binding of non-phosphorylated, human, recombinant STAT3 protein
3. Detection of STAT3 protein with STAT3-specific antibodies
4. Binding of HRP-labeled secondary antibody
5. Development of the signal using colorimetric reagents
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Fig.32. Streptavidin-based STAT3 dimerization
assay
principle:
Biotinylated-STAT3-specific
phosphopeptide bound on streptavidin-coated plates
is recognized by monomeric STAT3. Detection is
achieved by a STAT3 specific antibody, and the
signal is provided by a horseradish-peroxidaselabeled secondary antibody.

For the assay, human recombinant STAT3 and c-Src were produced in insect cells
(kindly provided by Dr. Uwe Hofmann, Merck Darmstadt), and whole cell lysates were
prepared. The levels of expression of the proteins were validated by Western blotting
(Fig.33).

Fig.33. STAT3 and c-Src expression in SF9 cells. A) High expression of STAT3 in Sf9 cells is
achieved 48 h after infection. A suspension culture of Sf9 cells was infected with STAT3 baculoviruses
at the indicated MOI, harvested at the indicated time points, and lysed in 1% NP40 lysis buffer.
Uninfected cells were used as negative control. Expression of STAT3 was tested by Western blotting
using the Penta-His antibody B) C-Src expression in c-Src infected Sf9 cells. Sf9 cells were infected
with c-Src baculovirus, harvested 48 h after infection, and treated as described in A). C-Src was
detected using a Src specific antibody (controls: uninfected cells, and STAT3 expressing cells).

Next, C-terminally-biotinylated phospho-STAT3-specific peptides, derived from the
phosphotyrosine sequence as described before, were coated on streptavidin-coated
96-well plates. The coating of the biotinylated peptides (AAPY*LKTKFK-biotin and
PY*LKTKK-biotin; FKTKLYPAAK-biotin as negative control) was verified with an antiphospho-STAT3-antibody, and it was found that using 5 ng of peptide sufficed to
saturate the surface (Fig.34A).
Once the coating of streptavidin-coated plates with biotinylated phospho-STAT3
peptides had been achieved, the insect cell lysates were tested in the ELISA. C-Src
and non-infected Sf9 cell lysates were used as a control. However, both gave similar
signals to the STAT3 extracts. Additionally, no difference in the binding to the specific
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and irrelevant peptides could be obtained. Altogether indicated that the assay was
not measuring the STAT3-SH2-domain interaction with the phospho-peptide, and that
the background of the assay under these conditions was very high. Different blocking
reagents, such as milk, casein, BSA, and some commercial solutions were tested,
but none decreased the background sufficiently.

Fig.34. No specific signal of STAT3 binding to phosphotyrosine peptides using the biotinstreptavidin based ELISA. A) Using 5 ng of biotinylated-phospho-STAT3-specific peptide per well is
sufficient to saturate the coating capacity of streptavidin-coated plates. Biotinylated PY*LKTK peptide
was coated on the plates, and detected with phospho-STAT3 specific antibody. B) Testing of different
STAT3 specific detection antibodies. Cell lysates of Sf9 cells infected with STAT3-, Src- expressing
baculovirus, and uninfected Sf9 cells were tested in the streptavidin based ELISA as described in
Fig.32. Peptides PY*LKTK or FKTKLYPAA, the latter as control, were coated on the plates, and
detection antibodies used in each case are indicated.

5.2.2.2 Flag-tag based ELISA
It was found that STAT3 could be pulled down by streptavidin-coated peptide beads
(personal communication of James Turkson and Ralph Buettner). Since streptavidin
seemed to be presenting affinity for STAT3, it was decided to tag the peptides with
the Flag-tag peptide (DYKDDDDK), and the assay was performed as follows:
1. Coating of 96-well plates with anti-Flag-tag antibody
2. Capture of Flag-tagged, phosphorylated STAT3-specific peptides
3. Binding of non-phosphorylated, human, recombinant STAT3 protein
4. Detection of STAT3 protein with STAT3-specific antibodies
5. Binding of HRP-labeled secondary antibody
6. Development of signal using colorimetric reagents
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Fig.35. Flag-tagged based STAT3 dimerization
assay principle: FLAG-tagged-STAT3-specific
phospho-peptide bound on anti-Flag antibodycoated plates, is recognized by monomeric
STAT3. Detection is achieved by a STAT3
specific antibody, and a horseradish-peroxidaselabeled secondary antibody provides signal.

5.2.2.2.1 STAT3 binds to phosphorylated STAT3 peptide

Under these conditions, only STAT3 gave a significant signal, whereas with the
negative control (c-Src containing cell-lysates) no signal was obtained. Furthermore,
STAT3 only bound to the phosphopeptide, not to the control (Fig.36).

Fig.36. Specific detection of STAT3 bound to phosphorylated STAT3 peptide. Human STAT3
and c-Src were expressed in Sf9 cells, and whole cell lysates were prepared and tested in the Flag-tag
based ELISA. C-Src, and the scrambled peptide (KFPYKTL) were used as negative controls.

Once a specific signal had been achieved, the assay conditions were optimised in
order to get the best signal to noise ratio. Different blocking agents, buffers, and
antibodies were tested in order to diminish the background. The optimal conditions
established for this assay are described in Materials and Methods.
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5.2.2.2.2 Soluble STAT3 specific peptides compete with Flag-tagged peptides for
STAT3 binding, non-related peptides do not

The phosphotyrosine-peptide/SH2-domain interaction is highly precise, and this
selectivity is very important in biological systems in order to enable binding only to
specific signaling molecules. The sequence C-terminal of phosphotyrosines mediates
very specific interactions which allow the many SH2-domain containing proteins in a
cell to discern and bind to a single, or a few tyrosine-phosphorylated proteins
(Cantley and Songyang 1994;Williams et al. 1991;Zvelebil et al. 1995).

Fig.37.
Competition
assay
principle:
preincubation
of
monomeric STAT3 with peptides or
small molecules that bind to the
SH2-domain should inhibit the signal
obtained in the Flag-tagged based
dimerization assay.

Proper folding of non-phosphorylated STAT3 could not be verified through a Western
blot analysis, but only through structure-elucidating studies using nuclear magnetic
resonance, or mass-spectroscopy of its crystals, both of which were not feasible at
this point of the study. Instead, an indirect test, based on competition experiments
(Fig.37), was performed to verify that the specificity of the interaction was tight.
STAT3 specific and non-specific peptides derived from different proteins, such as
SMAC, a caspase activator, TIE2, a tyrosine kinase, and other STAT3-dimerizationirrelevant sequences were preincubated with recombinant STAT3, before adding the
STAT3-Flag-tagged peptide. The ELISA was then continued as described in
Materials and Methods. Only phosphorylated, STAT3-specific peptides were able to
disrupt the binding to the Flag-tagged peptide (Fig.38).

78

RESULTS

Fig.38. Only phosphorylated STAT3 specific peptides are able to disrupt binding of monomeric
STAT3 to Flag-tagged phospho-STAT3 peptide coated plates. STAT3 containing Sf9 cell lysates
were preincubated with the indicated peptides at 1 mM, and then tested in the FLAG-tag based
ELISA.

5.2.2.2.3 The Flag-tag based ELISA enables relative quantification of nonphosphorylated STAT3, and of the potency of SH2 inhibitors

Since ELISAs are quantitative assays, the capacity of the present assay to reflect
different amounts of STAT3 was evaluated. This was verified using 1 to 50 µl insect
cell lysates, which had a total protein concentration of 5.7 µg/µl. The signal obtained
formed a sigmoid curve (Fig.39A), with a detection limit and a saturation point, typical
of quantitative signals. In this case, the detection limit was reflecting the smallest
amounts of STAT3 capable of giving a measurable signal, and, at saturation, the antiFlag-tag binding sites on the plate had maximal occupancy. Surprisingly, using too
much of the protein extracts decreased the signal. This was repeatedly observed,
and might reflect the presence of 1% NP40 detergent in the lysates, which, when not
diluted enough, could be washing away the bound proteins from the assay.
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Fig.39. Flag-tag based ELISA as an assay for STAT3 dimerization inhibitors. A) Determination of
relative amounts of recombinant STAT3 in cell lysates. Different amounts of Sf9-STAT3 cell lysates
were tested in the Flag-tag ELISA. B) Determination of the IC50 of dimerization inhibitors. 15 µl of nonphosphorylated Sf9-STAT3 cell lysates were preincubated with different amounts of peptide PY*LKTK
for 30 min, and then tested in the Flag-tag based ELISA. The concentration of peptide was calculated
for the final assay volume, i.e. 100 µl.

As presented above, the STAT3 signal could be competed with peptides. The
capacity to titrate this inhibition was of importance, since this would allow quantifying
the potency of SH2-binders. For competition, concentrations of 10 to 1000 µM of
peptide PY*LKTK were tested. Again, the characteristic sigmoid curve was obtained,
confirming the quantification ability of this assay (Fig.39B).
5.2.2.2.4 Robustness of Flag-tag ELISA

In order to use an assay for the comparison of many compounds it is necessary to
assess its stability and robustness, i.e. that the signals obtained in replicates and in
repeated experiments are statistically equivalent. In order to confirm to confirm that
this was the case with the established STAT3 dimerization assay, a z-test was
performed. In three separate experiments performed on different days, the signal
obtained with 15 µl STAT3 lysate (positive control), and by competition with 500 µM
PY*LKTK were measured in eight repeats. The standard deviations (SD), the mean
values (Mean) and the Z-value (formula follows) were calculated for each separate
experiment.
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Z=1-(3XSDPosCon + 3XSDNegCon)/(MeanPosCon - Mean NegCon)
Z-factors between 0.5 and 1.0 indicate excellent assay quality. 0.671, 0.555 and
0.663 were obtained for the three tests. Consequently, this ELISA was giving
significant and reproducible results, and was suitable for compound screenings.

Fig.40. Statistical significance of inhibition of STAT3 binding to Flag-tagged peptides, by
competition with soluble peptides. Untreated STAT3 Sf9 cell extracts, and the same extracts
pretreated for 30 min with peptide PY*LKTK were tested in the Flag-tag based ELISA. Each group was
tested in eight repeats, and the same experiment was repeated three different days. The z-value,
which is a measure of the signal to noise ratio, was calculated by Z=1 - (3XSDPosCon +
3XSDNegCon)/(MeanPosCon - Mean NegCon). The assay was considered robust when Z>0.5. The obtained
values in the three repeated experiments were 0.671, 0.555 and 0.663.

5.2.3 Evaluation of structural observations and predictions
Using the established STAT3 dimerization assay, it was possible to test the
relevance of the observed interactions taking place between the phosphotyrosine
containing sequence and the STAT3 SH2-domain.
5.2.3.1 Peptide predictions
First, a number of STAT3-specific phosphotyrosine containing peptides, varying in
length and including some Ala-mutants, were tested in this assay (Table 1). In the
crystal structure of dimeric STAT3, residues 702 to 712, which are surrounding the
phosphotyrosine 705, are not very far from the SH2-domain. But a closer analysis
revealed that the amino acids, which are N-terminal of the phosphotyrosine (Ala702,
Ala703 and Pro704), did not undergo any direct interactions with the SH2-domain. Two
other studies using STAT3-specific peptides have been published. The work done by
(Turkson et al. 2001) indicated that occupation of position –1 of the phosphotyrosine
was necessary for the binding of phosphopeptides to the SH2-domain. However, the
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peptides tested by Ren et al. (2003), and the observation made in the present work,
indicated that Pro704 did not interact directly with the SH2-domain in the dimer
(Fig.31). Therefore, different peptides with and without the Pro were tested in the
dimerization assay. Peptides Y*L, Y*LK, Y*LKT, and Y*LKTK all bound to STAT3,
with IC50 values of 66, 63, 40 and 31 µM, respectively. However, peptide PY* did not
show inhibition at the tested concentrations (i.e. up to 1 mM). These results did not
confirm the essential role of position –1, nonetheless, peptides PY*L, PY*LK,
PY*LKT, and PY*LKTK, generally showed a slightly increase in affinity (68, 45, <14,
and 15 µM, respectively), as compared to the non-Pro containing ones. Altogether
indicated that position –1 was not essential for the binding of phospho-peptides to
STAT3, but that residues occupying this position could interact with the SH2-domain,
which increased the affinity of the peptides slightly. In the dimer, the Pro at this
position might not be undergoing interactions with the SH2-domain, not only because
the pocket at this site is not very profound, but maybe due to the structural
constraints at the phosphotyrosine containing sequence, which in STAT3 dimers is
part of a long protein chain. In a STAT3 protein, the phosphotyrosine containing
sequence certainly must have some flexibility, but might not be able to move as freely
as peptides. One could argue accordingly about positions –2 and –3, but elongation
of peptide PY*LKTK (IC50 15 µM) at these positions did not increase affinity (peptide
APY*LKTK and AAPY*LKTK 27 and 21 µM, respectively). This might be reflecting
the presence of a pocket at the Pro-binding site that is not optimally occupied in the
dimer, as opposed to further N-terminal positions, where no binding sites seem to be
able to contribute to binding.
The

analysis

of

the

crystal

structure

revealed

interactions

between

the

phosphotyrosine containing sequence and the SH2-domain, starting at the
phosphotyrosine and up to Thr710. Turkson et al. (2001) reported the critical role of
Leu706, and according to the studies published by Ren et al. (2003) this amino acid
enables optimal binding to the SH2-domain. In the present work, the pocket involved
in the binding of Leu706 was defined as formed by Trp623, Gln635, Ser636, Val637, and
Glu638 (Fig.31). As opposed to Pro705, Leu706 contributes to the affinity of the
interaction in a significant way. This observation was confirmed by the results
obtained with the peptides: Y*L was the minimal peptide showing inhibition in the
dimerization assay, with an IC50 of 66 µM, and substitution of this amino acid by an
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Ala in peptide Y*LKT, decreased the affinity significantly (Y*LKT 40 µM, vs. Y*AKT
490 µM).
It was observed that after Leu706 only every second residue bound with its side
chains to the SH2-domain. Lys707 only interacted with its backbone to Glu638, and it
did not bind to a pocket, rather, the binding to the SH2-domain was superficial. In this
case, this would be in line with the findings of Turkson et al. (2001), which indicated
that this position is not essential for binding. Indeed, adding this residue to peptide
Y*L did not increase the affinity significantly (Y*L 66 µM vs. Y*LK 63 µM), and
mutation of this residue in peptide Y*LKT (40 µM) did even slightly increase the
affinity (Y*LAT 21 µM).
According to the interactions studied in the crystal structure, Thr708 contributed
significantly to the binding of the phosphotyrosine containing sequence. Turkson et
al. (2001) did not study positions downstream of Y+ 2. In the dimerization assay,
addition of position + 2 to peptide Y*L did not change affinity, and position + 3
increased the affinity slightly (Y*L 66 µM, and Y*LK 63 µM vs. Y*LKT 40 µM).
However, substitution of this amino acid by an Ala in peptide Y*LKT did not affect
binding significantly (Y*LKT 40 µM vs. Y*LKA 31 µM). The structural analysis had
revealed that Thr708 only bound to two amino acids (Val637 and Tyr640), while Leu706
bound to a pocket involving five residues (Fig. 35).
These results would support the model that only Leu706 was binding optimally in
STAT3 dimers, and that Thr708 contributed to dimerization only weakly. Ren et al.
(2003) published the sequence of a high-affinity STAT3 peptide, which has a Gln
instead of a Thr at position + 3, but a Gln. This supports that the pocket at position +
3 is not optimally occupied by a Thr, and that this position could be leveraged to
improve the affinity of peptides to the SH2-domain.
Altogether, the studies performed with the peptides confirmed the importance of
position + 1 of the phosphotyrosine to interactions with the SH2-domain, and showed
that binding at position –1 is not essential, but enables interactions that can increase
the peptide affinity. Finally, position + 3 was shown to be contributing to binding.
Accordingly, out of the tested compounds, peptide PY*LKT had the best affinity <14
µM. However, it could be expected that substitution of the Thr by a Gln could still
improve the binding.
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Table 1. Affinity comparison of STAT3 phosphotyrosine-sequence derived peptides. The
peptides were tested in the Flag-tag based STAT3 dimerization assay after preincubation of the
peptides with monomeric STAT3. The percentage inhibition was calculated as: % inhibition=(signal in
the presence of peptide - background)x100/(signal in the absence of peptide - background). This was
only determined at the highest concentration tested (i.e. 1 mM). The IC50 was determined by nonlinear
regression using the RS1 software.

5.2.3.2 Peptidomimetics
Substitution of the –1 position with benzyl-, pyridyl-, or pyrazinyl-derivatives, and in
particular with a 4-cyanobenzoat, has been shown to increase the affinity of peptide
PY*L Turkson et al. (2004). However, using the Flag-ELISA assay described here, no
increase, but rather a decrease in affinity was measured in comparison to peptides
PY*L or Y*L, when this position was substituted. This is in line with the observations
made in the crystal structure, and the results obtained with the tested peptides (Table
1), which did not show an important contribution to binding by this position. The
finding that the affinity of the peptidomimetics showed decreased values, could be
due to the fact that (Turkson et al. 2004) tested them in the EMSA described before,
which measures the capacity of compounds to disrupt preformed STAT3 dimers,
while in this work the inhibition was measured in the Flag-ELISA, which measures
binding to the SH2-domain directly.
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Table
2.
Affinity
comparison
of
peptidomimetics derived from STAT3phospho-tyrosine-sequence.
The
structural formula of compounds: R’Y*L,
where R’ is defined as shown. The
peptidomimetics were tested in the Flag-tag
based STAT3 dimerization assay after
preincubation with monomeric STAT3. The
percentage inhibition was calculated by %
control= (signal in the presence of peptide background)x100/(signal in the absence of
peptide - background). This was only
determined at the highest concentration
tested (i.e. 1 mM). The IC50 was determined
by nonlinear regression using the RS1
software.

5.2.3.3 Small molecules
Docking of 5474 compounds of the Emmanuel Merck Darmstadt (EMD) compound
pool onto the phosphotyrosine binding site of STAT3 using Virtual Ligand Screening
(VLS) with FlexX and FLO+ programs resulted in the selection of 78 compounds
(done by Ulrich Rester, Merck Darmstadt), which were tested in the STAT3 Flag-tagbased dimerization assay. All compounds were tested at 150 µM and in duplicates.
The IC50 values were only determined for compounds that presented an inhibition
higher than 40% at 150 µM. Out of the tested substances, 22 showed inhibition at
150 µM. From the chemical entities that could be validated by HPLC and mass
spectroscopy, only one showed significant inhibition, with an IC50 value of around
15 µM (Fig. 39A).
STAT3 is predominantly dimerized in tumor cells, and it is therefore of interest to
study the capacity of compounds to inhibit the activity of preformed dimers. Whole
cell lysates of NIH3T3-TKS3 cells, which contain high amounts of activated STAT3,
were preincubated with the dimerization inhibitor and tested for their capacity to bind
DNA. The compound showed inhibition also under these conditions, in this case with
an IC50 of 245 µM (Fig. 39B).
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RESULTS

Fig.41. Compound 1 has an IC50 of 15 µM for dimerization inhibition, and an IC50 of 245 µM for
disruption of dimerization. Compound 1 was dissolved in DMSO, preincubated for 30 min A) with
STAT3-containing Sf9 cell lysates, and tested in the Flag-tag based ELISA, or B) with NIH3T3-TKS3
nuclear extracts, and tested in the DNA-binding ELISA. Black dots indicate the values obtained with
the DMSO control.
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6 DISCUSSION

6.1 Role of STAT3 in transformation of human cells
6.1.1 STAT3 oncogenic function in human cells
Activation of STAT3 has been observed in a broad variety of human tumors. It is
constitutively activated in approximately 80% of human breast tumors, 70% of
prostate cancers, 70% of ovarian cancers, 70% of nasopharingeal carcinomas, and
in many head and neck cancers (Garcia et al. 2001;Savarese et al. 2002;Huang et al.
2000;Hsiao et al. 2003;Song and Grandis 2000). Additionally, it has been shown that
STAT3 is involved in the transformation by different oncogenes, such as soluble
tyrosine kinases like Src or the nucleophosmin-anaplastic lymphoma kinase (NPMALK) (Garcia et al. 1997;Cao et al. 1996;Zamo et al. 2002), and epidermal growth
factor receptor family members, such as ErbB2 (Fernandes et al. 1999).
Furthermore, the fact that STAT3 induces genes such as cyclin D1, c-myc, and bcl-xl,
which promote growth and inhibit apoptosis, indicates a direct role for this
transcription factor in cancer development. Different studies have further shown an
essential role played by STAT3 in the transformation by many of these oncogenes
(Bromberg et al. 1998;Turkson et al. 1998;Amin et al. 2004;Rubin et al. 2000).
Furthermore, in vivo inhibition of STAT3 in tumor xenografts of human squamous cell
cancers of the head and neck (SCCHN) induces apoptosis in the tumor tissue
(Grandis et al. 2000). Altogether, these studies suggest that STAT3 activation is
essential for human tumor development. In the mouse, in vivo inhibition of STAT3 in
melanomas has also been reported to induce tumor regression (Niu et al. 1999).
Furthermore, it has been shown that fibroblasts (NIH3T3 cells) can be transformed by
a constitutively activated artificial mutant of STAT3 (STAT3C), and NIH3T3-STAT3C
cells produce tumors in nude mice (Bromberg et al. 1999). However, the transforming
capacity of activated STAT3 has not been shown in human cells.
In the present work, MCF10A cells were selected as a model system to study the
transforming potency of active STAT3. This cell line is immortalized, but considered
as not transformed, and it is commonly used to investigate molecular changes
involved in the progression of human breast neoplasia. Full transformation of these
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cells is difficult to achieve. For example, introduction of ErbB2 into these cells has
been shown to induce preneoplastic properties, but not full transformation
(Muthuswamy et al. 2001). Interestingly, it has been reported that c-Src is involved in
the attachment independent growth of the MCFA-ErbB2 cells (Sheffield 1998). Since
Src can directly phosphorylate STAT3, this kinase was chosen in this thesis to induce
constitutive activation of STAT3 in MCF10A cells. In fact, MCF10A-v-Src cells
showed persistent STAT3 phosphorylation, and, under growth factor deprivation,
these cells showed increased proliferation and resistance to apoptosis. They also
displayed anchorage independence, all of which indicated some degree of
transformation. However, compared to NIH3T3-v-Src-TKS3 cells, which are NIH3T3
cells

transformed

by

v-Src,

and

which

also

present

constitutive

STAT3

phosphorylation (Turkson et al. 1999), the oncogenic phenotype was less developed.
NIH3T3-v-Src-TKS3 generated more and bigger colonies in soft agar than MCF10Av-Src (Fig.6), and only NIH3T3-v-Src-TKS3 produced tumors in nude mice (Fig.12). It
was somewhat surprising that MCF10A-v-Src cells were only weakly transformed,
especially since v-Src is generally accepted as a strongly transforming oncogene
(Frame 2004).
The different results observed in NIH3T3 and MCF10A cells might also reflect the
fact that mouse cells can be transformed more easily than human cells, but it might
also only be a specific property of these two cell lines. Many different reports show
full transformation of NIH3T3 cells through introduction of diverse oncogenes, such
as different viral oncogenes, Ras, AKT, c-kit, small GTPases, or fibroblast growth
factor. However, the data available in the literature indicate that it seems to be more
difficult to transform MCF10A cells. Various oncogenes have been studied in this cell
line to test their tumorigenic capacity, but in fact only activated c-Ha-Ras has been
shown to transform MCF10A cells sufficiently to induce tumor generation in nude
mice (Wang et al. 1997). A number of the oncogenes studied in MCF10A cells induce
only some of the typical properties of cancer cells, nonetheless these cells usually do
not grow in soft agar, and should consequently not form tumors in nude mice. For
example, studies using three-dimensional basement membrane cultures of MCF10A
cells have shown that overexpression of cyclin D1 or inactivation of the
retinoblastoma (Rb) protein by the introduction of human papillomavirus E7 in
mammary epithelial acini results in excessive proliferation in the acinar structures, but
it does not inhibit apoptosis, and hence does not transform the cells (Debnath et al.
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2002). Furthermore, introduction of ErbB2 oncoprotein into MCF10A cells induces
increased proliferation, protection from apoptosis, and changes in the apicobasal
polarization of these cells. This results in the formation of multiacinar structures,
which reflect a premalignant stage of breast cancer in vivo, the carcinoma in situ, but
these cells retain their epithelial properties and do not form colonies in soft agar.
These findings indicate that the ErbB2 transfected cells acquired a certain degree of
preneoplastic changes, but not sufficient for full transformation (Muthuswamy et al.
2001).
Src introduction into MCF10A has not been reported yet, and the results of this thesis
indicate that, similarly to ErbB2, this kinase can induce at least a preneoplastic
transformation of these cells, which is reflected by their increased proliferation,
resistance to apoptosis, and their anchorage independence (Fig.10 and 11). These
cells acquired constitutive phosphorylation of STAT3 through the introduction of v-Src
(Fig.9). Thus, the phenotypic changes observed in these cells might be due to STAT3
activity, but could also reflect v-Src-induced events that are not dependent on
STAT3. It would be therefore interesting to study if STAT3 is essential for this
preneoplastic transformation. Specific inhibition of STAT3 in these cells, using either
DN-STAT3 or RNAi were attempted in the present work, but failed probably due to a
poor transfection efficiency.
It should be expected that MCF10A-v-Src cells form multiacinar structures in threedimensional basement membrane cultures like those obtained with ErbB2 transfected
MCF10A cells. It would be of interest to know if coexpression of both Src and ErbB2
in MCF10A cells induced maximal activity of STAT3, for example through induction of
its Ser-phosphorylation, known to be required for maximal activity of STAT3. This
might enable the full transformation of these cells. Similar has been described for
ErbB2 and TGFß, which have been reported to cooperate in the induction of
migration and invasion (Seton-Rogers et al. 2004).

6.1.2 STAT3 inhibition for cancer treatment
Because STAT3 is often activated in many human cancers, inhibition of this molecule
has been proposed to be a promising target for cancer treatment (Buettner et al.
2002). Inhibition of STAT3 activation has been shown to cause tumor regression in
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two different tumor models: autologous mouse tumors grown in immunocompetent
mice, and human tumor xenografts on athymic nude mice (Niu et al. 1999;Grandis et
al. 2000). Niu et al. (1999) employed DN-STAT3 (STAT3β) injected directly into B16
murine melanomas by electroporation. The studies done by Grandis et al. (2000)
were done with antisense STAT3.
The goal of this part of the present work was to generate a system in which one could
specifically interfere with STAT3 signaling, to be used both in tissue culture and in
human tumor xenografts. Hence, different inducible vectors expressing STAT3β were
stably incorporated in tumor cells. DU145, a prostate cell line shown to be STAT3dependent for survival (Mora et al. 2002), and which grows tumors in
immunosuppressed mice, was chosen to study the effects of STAT3 inhibition in vivo.
However, the levels of STAT3β induced in DU145 cells with the ecdysone system
were shown to be very low, clearly under the levels of endogenous STAT3α (Fig.14),
and no effects in proliferation or apoptosis could be measured upon expression of
STAT3β (Fig.15).
Since STAT3β needs to heterodimerize with STAT3α to function as an inhibitor, this
might explain the lack of effects observed in this study. STAT3β has to be present in
stoichiometric majority in order to bind all STAT3α molecules, and inhibit STAT3
function completely. Using COS cells transfected with STAT3α and different amounts
of the β isoform, it has been demonstrated that the transcriptional activity of STAT3α
is partially inhibited using low amounts of STAT3β, but for complete inhibition,
STAT3β needs to be transfected at higher levels than STAT3α, confirming that the wt
molecule remains active in the case of insufficient expression of the DN
(Caldenhoven et al. 1996).
Stronger expression was achieved using a tetracycline-inducible (Tet-On) system. In
this case, even in full medium, 293-STAT3β cells treated with tetracycline showed a
significant reduction of proliferation and induction of apoptosis. This is in line with the
results reported by Rubin et al. (2000) and Buettner et al. (2002). Rubin et al.
(2000)used SCCHN cells stably transfected with DN- or antisense STAT3 constructs,
and studied apoptosis under starvation conditions. Buettner et al. (2002) showed that
inhibition of STAT3 using antisense STAT3 oligonucleotides induced apoptosis in
DU145 cells. In the present work it was also attempted to establish a STAT3βinducible system in these cells, but stable introduction of the tetracycline repressor
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(pcDNA6/TR), necessary to generate the Tet-On cell line, was not achieved. This
was probably due to a poor transfection efficiency.
To control the effects observed in the established tetracycline-inducible system,
knockdown of STAT3 was also attempted using STAT3 RNAi oligonucleotides. In
human astrocytoma cells, introduction of STAT3 RNAi has been reported to induce
apoptosis (Konnikova et al. 2003). In the current study, STAT3 RNAi did not
decrease the levels of STAT3 in MCF10A-v-Src-B3 nor DU145 cells, most probably
due a poor transfection rate, but it did so in 293. The 293 cells showed inhibition of
proliferation and activation of apoptosis upon STAT3 RNAi treatment.
The inducible STAT3β expression system generated in this work provides an
excellent tool to test the consequences of STAT3 inhibition on growth of developed
human xenografts in nude mice: Induction of STAT3β through in vivo administration
of doxycycline would lead to inhibtion of the hyperactivated STAT3, and thereby
mimic pharmacological treatment with STAT3 inhibitors.

6.2 Rational design of STAT3 inhibitors
In the last decade, many drug discovery approaches have focused on targeting
specific signal transduction pathways. In fact, small molecule inhibitors of receptor
tyrosine kinases, farnesyltransferase, Raf and MEK are currently in clinical trials.
Some inhibitors, such as the monoclonal antibodies against EGFR (cetuximab), and
a small molecule inhibitor of the Bcr-Abl tyrosine kinase (STI-571), have already been
approved for the treatment of certain tumors. No specific inhibitors of STAT3 with
drug-like characteristics have been described so far.
The current knowledge of STAT3 allows envisioning different strategies to disrupt
STAT3 activity: inhibition of the receptor ligand complexes or the kinases involved in
STAT3 activation, or direct targeting of STAT3. For example, since STAT3 is
constitutively activated by EGFR in HNSCC (Rubin et al. 2000), it can be expected
that cetuximab could efficiently inhibit STAT3 phosphorylation and induce apoptosis
in these cancers. Similarly, the EGFR specific compound ZD1839, and different
tyrosine kinase inhibitors, such as the JAK blocker AG490, the Bcr-Abl inhibitor
PD180970 and the Src inhibitor SU6656, can block the constitutive phosphorylation
of STAT3, and inhibit the proliferation of diverse tumor cells (Li et al. 2003;Garcia et
al. 2001;Laird et al. 2003). Furthermore, inhibition of STAT3 serine phosphorylation
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with PD98059, a MAPK-pathway inhibitor, has been reported to block transformation
induced by v-Src (Turkson et al. 1999).
The kinases that phosphorylate STAT3, such as Src, JAKs, EGFR, and PKC are
known to affect many different pathways in the cell. Hence, one drawback of their
inhibition would be the risk of unselective effects. However, STAT3 lies at the
convergence point of different signaling pathways that stimulate growth-promoting
genes, such as cyclin D1, c-myc, and bcl-xl, all of which play a role in tumor cell
growth. Additionally, since STAT3 can be phosphorylated by many different kinases,
to cover all different cells and tumors, many different receptor/ligand and kinase
inhibitors would be required to inhibit STAT3 effectively. So, direct inhibition of
STAT3 seems to be very promising for a highly selective treatment of many cancers.
A lot of information about the structure and activity of STAT3 has been published,
importantly, its crystal structure (Becker et al. 1998). This enables a detailed analysis
of the different domains, and allows a rational approach for the development of
inhibitors.

6.2.1 Target site selection
The crystal structure of STAT3 was studied in the present work, and a precise
pharmacophore was selected prior to screening compounds. Based on the function
and on the physicochemical properties of different domains of STAT3, the SH2domain was selected as the most promising target site. SH2-domains are modules of
~100 amino acids that bind to specific phosphotyrosine-containing peptide motifs.
Compared to the DNA-binding domain, which also plays an essential role for the
function of STATs and could therefore be another potential target site, the SH2domain has a more moderate polarity and a more profound pocket. Both features are
favorable for the design of small molecule inhibitors for intracellular targets.
In order to confirm the importance of the SH2-domain for the function of STAT3,
peptides designed to block this site were tested and shown to disrupt STAT3
activation, which validated the selection of the SH2-domain as a good target site
(Fig.26). This result was also observed by others, using similar phosphotyrosine
peptides (Turkson et al. 2001). These experiments served as proof of principle for the
selection of this site.
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6.2.2 The similarity between STAT1 and STAT3 could hamper the
selectivity of potential drugs
All STAT family members share a very similar structure, and some of them can form
heterodimers, which indicates that their phosphotyrosine containing sequences and
SH2-domains are very much alike. STAT3 can heterodimerize with STAT1. This
explains why the STAT3-based peptides also inhibited STAT1 (Fig.26), however it is
an undesirable feature, since STAT1 is considered to be a growth suppressor rather
than a molecule involved in tumor development (Levy and Darnell, Jr. 2002).
By sequence comparison it has been shown in this work that within the STAT family,
STAT1 shows the highest sequence homology in the SH2-domain, with 59%
homology to STAT3 (Fig.27). However, the comparison of STAT1 and STAT3 SH2domains in the crystal structures revealed structural differences that could be
exploited to design specific STAT3 inhibitors (Fig.28 and 34). Furthermore, some
conserved,

but

also

some

different

interactions

were

identified

at

the

phosphotyrosine-binding site in STAT1 and STAT3 dimers (Fig.31).
In the present work the characteristics of STAT SH2-domains were compared with
SH2-domains of other crystallized proteins. At a sequence level, the SH2-domains of
STATs are quite divergent from other SH2-containing proteins (Fig.27 and 33).
However, the mechanism for recognizing the phosphotyrosine sequence is
fundamentally the same as that for other SH2-domains (Kuriyan and Cowburn 1997):
an antiparallel β sheet flanked by two α helices forms the core of the domain, and
phosphorylated peptides bind perpendicular to the direction of the strands of the
sheet (Fig.30A).
Interestingly, while the overall homology between Src and STAT3 SH2-domain is
very low, they share around 40% homology at the core of the phosphotyrosineinteracting region, along a sequence of around 35 residues, starting at residue 582 of
STAT3 (Fig.29). Two different pockets have been described for the binding of
phosphotyrosine binding peptides on Src SH2-domain: one positively charged at the
phosphotyrosine binding site, and a hydrophobic pocket that binds amino acid + 3
(Sawyer et al. 2001). By superimposition of the Src and STAT crystal structures it
was found that the phosphotyrosine-binding site was highly conserved in all the
structures, but not the hydrophobic pocket. The highly conserved Arg residue, which
is conserved in all known SH2-domains, and which coordinates the phosphate
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oxygens, superimposed very well in all the studied structures. In the present study, all
the superimposed structures had three conserved phosphotyrosine binding partners
(Arg609, Ser611, and Ser613 for STAT3). However, more variable residues contributed
to specific recognition of residues that are C-terminal of the phosphotyrosine in
STAT1 and STAT3 (Fig.30B and 31). Altogether, these results indicated that in order
to design STAT3 specific inhibitors, not only the phosphotyrosine-binding site needed
to be included in the target site, but also the pocket C-terminal of this site. STAT3
and Src SH2-domains differ sufficiently to allow for STAT3 inhibitors that should not
bind to Src. However, the high structural similarity between STAT3 and STAT1 in this
region might be an issue in terms of selectivity of potential inhibitors.

6.2.3 Assay development
Although the crystal structure provides important information that can help for the
design of drugs, it is very important to validate in assays the observations made and
the predictions deduced from the structure. Such assays need to allow for mediumthroughput, and need to be sensitive enough to detect a high range of potencies of
inhibitors. The assay established in the present work measured STAT3 dimerization,
and showed to be specific, robust, stable and highly sensitive.

6.2.4 In vitro validation of structural predictions
The importance of specific residues in the SH2-domain for phosphopeptide binding
was deduced from STAT3 dimeric crystal structure, which comprises the interaction
of the phosphotyrosine sequence with the SH2-domain (Becker et al. 1998). The
analysis revealed that residues - 1 to - 3 N-terminal of the phosphotyrosine (Ala702,
Ala703 and Pro704), do not undergo any direct interactions with the SH2-domain, they
rather protrude out of the interaction site. However, the residues C-terminal of the
phosphotyrosine contribute to binding, especially the first three, which undergo close
interactions with the SH2-domain, and also amino acid + 5. The side chains at
positions + 1 (Leu706), + 3 (Thr708), and + 5 (Phe710) penetrate into the SH2-domain,
while those of positions + 2 and + 4 stick out of the binding site. Leu706 binds to a
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pocket formed by Trp623, Gln635, Ser636, Val637, and Gln638; Thr708 to Val637 and Tyr640;
and Phe710 to Tyr640 and Asn647 (Fig.31).
All published data (Turkson et al. 2001), and the results presented here point to a
critical role of position + 1. Importantly, in the present work it was found that the
minimal sequence showing inhibition in the dimerization assay was Y*L, further
confirming the importance of Leu706 for binding to STAT3 SH2-domain.
The role of position –1 is less clear. Based on experimental testing of different
phosphotyrosine peptides, Turkson et al. (2001) deduced an essential role for
interactions at position –1. However, in the present work no specific interaction could
be found at this site in the crystal structure, and no major difference in affinity was
observed when this position was omitted in the peptides. Furthermore, peptide, PY*
did not show inhibition, whereas different peptides lacking the Pro704 did.
Nonetheless, it was observed that peptides that had Pro704 had a slightly increased
affinity, as compared to peptides of the same length without the Pro704 (Table 1).
The difference between the role of Pro704 deduced from the crystal structure versus
the results obtained with the peptides might reflect that the binding of the
phosphotyrosine containing sequence is restricted in the dimer, because it is part of a
long protein chain that could be constraining the conformations at this site, while
peptides can bind more freely.
Addition of Ala702 and Ala703 to peptide PY*LKTK did not increase affinity, which was
in accordance with the observations made in the crystal structure. In this case,
possible structural constraints imposed by the protein chain did not seem to apply.
Based on the assumption that position - 1 was important, Turkson et al. (2004)
developed peptidomimetics through substitution of Pro704 by benzyl-, pyridyl-, or
pyrazinyl-derivatives. In particular, this group found that a 4-cyanobenzoat had
increased affinity compared to peptide PY*L. However, using the Flag-ELISA assay
these results could not be reproduced. Some of the peptidomimetics tested here
showed inhibition of STAT3 dimerization, and among them, the 4-cyanobenzoat
substitute showed the best affinity, as it did in the published work. However,
compared to peptides PY*L or Y*L the binding was almost three times less potent in
the dimerization assay (Table 2). This is in line with the observations made in the
crystal structure, and with the results obtained with the tested peptides (Table 1),
which did not show an important contribution to binding by this position.
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The fact that the experiments made by Turkson et al. (2004) were made using
EMSA, which measures the DNA-binding, but not directly the dimerization of STAT3,
could be of relevance. The effects on DNA-binding require that the peptides disrupt
preformed STAT3 dimers, which is different from blocking directly the free SH2domain. The dimerization assay performed in the present work measures more
directly the binding to the SH2-domain, which should account for more precise
results. Molecules that inhibit the SH2-domain weakly might only be detected in the
dimerization assay; however, potent SH2-inhibitors should also be able to disrupt
preformed dimers.
The work presented here indicated that Thr708 and Phe710 were undergoing close
interactions with the SH2-domain, although these were clearly not as important as
the interaction at Leu706. The results obtained with the Ala mutants confirmed that
positions + 3 (Thr708) contributes to binding, but less significantly than Leu706 (Table
1).
Not all the C-teminal residues of the phosphotyrosine undergo important interactions.
In our studies, substitution of position + 2 with Ala did not prompt any decrease in the
affinity, which is consistent with the observation that this amino acid interacts only
with its backbone. In a recently published high-affinity peptide, position + 2 is
occupied by a Pro704 (Ren et al. 2003). This group tested many substitutions for
Lys707 but did not include an Ala. According to the observation made here, it should
be expected that substitution of the Pro by an Ala in Y*LPQTV should not decrease
the affinity of this peptide. However, position + 5 might have a more important role.
The fact that the high-affinity peptide has an appropriate length to bind up to the
binding site for Phe710 (Ren et al. 2003) is in accordance with the interactions
observed at the binding site for Phe710 (i.e Tyr640 and Asn647), indicating that the SH2domain contains pockets in this region that can be used to optimize binding of
compounds.
The peptides tested by Ren et al. (2003) included one phosphotyrosine peptide
derived from STAT3 phosphotyrosine sequence, and the others were derived from
the recruitment site for STAT3 at gp130. Studying the phosphotyrosine sequences of
different cytokine receptors it has been reported that the pTyr-X-X-Gln is essential for
STAT3 recruitment to the membrane (Stahl et al. 1995). Interestingly, the high-affinity
peptide reported by Ren et al. (2003) has a Gln instead of a Thr708 at position + 3. It
would therefore be expected that this amino acid maximizes the interactions at the
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pocket that binds to the side chains of Thr708. However, the side chain of Gln+ 3 does
not seem to be appropriate to bind to the residues in the disposition they show in the
crystal structure (Ren et al. 2003). Although the study of the crystal structure allowed
to made predictions that are consistent with the experimental data obtained with the
peptides, it is important to keep in mind that proteins are dynamic structures, and that
crystal structures only provide a static view of their conformation. It might be that the
SH2-domain can bind Gln+ 3 in the peptide through induced fitting by displacing some
of the amino acids.

6.2.5 Virtual ligand screening (VLS) of small molecule inhibitors
Although high-throughput screening (HTS) is useful to find novel leads, screening of
compound libraries by VLS is a promising alternative, when the structure of the
protein is available. Structure-based drug design has already contributed to the
discovery of a number of drugs that are presently in the market, among which some
inhibitors of HIV-protease (nelfinavir, saquinavir, ritonavir, indinavir, amprenavir, and
lopinavir), neuraminidase (zanamivir, oseltamivir), and carbonic anhydrase II
(dorzolamide).
The structural analysis and the results obtained with the peptides and
peptidomimetics encouraged the selection of the binding sites for Tyr705 through
Thr708. In the last decade, a lot of effort has been done to find SH2-inhibitors.
Peptidomimetic and nonpeptide SH2-inhibitors of Src, Lck, Grb2, PI3-Kinase and
Zap70 have been identified, which are active in vivo (Sawyer et al. 2002). Since it
was found in the present work that the phosphotyrosine-binding site of STAT3 and
Src is very similar, structures that have been successful in mimicking the
phosphotyrosine were included in the compound pool. 5474 compounds were
screened by the VLS, out of which 78 were tested in the dimerization assay. Out of
these, one compound showed to inhibit dimerization with an IC50 of 15 µM, and was
also able to disrupt preformed dimers. This is the first non-peptidic small molecule
inhibitor of STAT3 identified so far, and might serve to study structure activity
relationships (SAR) to optimize the structure and find more potent and bioavailable
compounds.
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