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Abstract 
4-(4-Pyridinyl methylene) curcumin (C1206) is a new derivative of curcumin that is more active than curcumin in inhibition of heat 
shock protein 90 (Hsp90) and antitumor action. In this study we investigated the relationship between C1206-induced inhibition 
of Hsp90 and its anti-leukemic effects. The fluorescence quenching experiments showed that C1206 seemed to bind the middle 
dimerization domain of Hsp90. The interaction between C1206 and Hsp90 was driven mainly by electrostatic interaction. In in vitro 
enzyme activity assay, C1206 dose-dependently inhibited Hsp90 ATPase activity with an IC50 value of 4.17 μmol/L. In both imatinib-
sensitive K562 chronic myeloid leukemia cells and imatinib-resistant K562/G01 chronic myeloid leukemia cells, C1206 (0.4–3.2 
μmol/L) dose-dependently caused the degradation of Hsp90 client proteins and downstream proteins (AKT, MEK, ERK, C-RAF, P-AKT, 
P-MEK and P-ERK). Furthermore, C1206 (0.4–3.2 μmol/L) dose-dependently induced apoptosis of K562 and K562/G01 cells through 
triggering mitochondrial pathway. Consistent with this result, C1206 inhibited the proliferation of K562 and K562/G01 cells with IC50 
values of 1.10 and 0.60 μmol/L, respectively. These results suggest that C1206 is a novel Hsp90 inhibitor and a promising therapeutic 
agent for chronic myeloid leukemia.
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Introduction 
Heat shock protein 90 (Hsp90) is a highly conserved molecu-
lar chaperone involved in the maturation and stabilization of 
over 200 oncogenic client proteins[1, 2].  Most Hsp90 client pro-
teins, such as epidermal growth factor receptor (EGFR), AKT, 
C-Raf (also called Raf-1), Cdk4, Bcr-Abl, and p53, are essential 
for tumor growth, proliferation and survival[3-5].  Therefore, 
Hsp90 is a key protein in oncogenesis and malignancy and has 
recently become an emerging target for cancer therapeutics[6].  
Hence, Hsp90 inhibitors have significant potential as antitu-
mor compounds.  Hsp90 inhibitors can cause chaperone com-
plexes to dissociate and can lead to the degradation of Hsp90 
client proteins by stimulating their presentation to proteins 
involved in the degradation pathway.

Curcumin is an active ingredient of the plant turmeric (Cur-
cuma longa).  In our previous work[7], we found that curcumin 
is a lead compound of Hsp90 inhibitors.  We thus synthesized 
a series of derivatives, some of which showed lead-like prop-
erties and were shown to be more active than curcumin in 
Hsp90 inhibition and antitumor action[8, 9].  In this study, we 
investigate a novel curcumin derivative, 4-(4-pyridinyl methy-
lene) curcumin (C1206), for its interaction with Hsp90 and its 
anti-leukemia effects.  Our results show that C1206 signifi-
cantly inhibits proliferation and induces apoptosis in K562 and 
K562/G01, which may be related to the C1206-induced effects 
on the molecular chaperone functions of Hsp90 and its down-
regulation of Hsp90 client proteins.  These data suggest that 
C1206 is a potent Hsp90 inhibitor with anti-leukemic effects.

Materials and methods
Materials and reagents
The bacterial strains and plasmids were obtained from the 
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School of Life Science of Xiamen University, China.  C1206 
was designed and synthesized by our laboratory (Figure 1A).  
Ni2+-nitrilotriacetic acid (NTA) agarose was purchased from 
General Electric (Little Chalfont, Buckinghamshire, UK).  Gel-
danamycin (GA) was purchased from Shanghai Sangon Bio-
logical Engineering (Lot No XP0806132012J, Shanghai, China).  
ATP was purchased from Sigma–Aldrich (St Louis, MO, USA).  
The stock solution of Hsp90, which was expressed and puri-
fied by our laboratory, was prepared in a 10 mmol/L PBS 
buffer at pH 7.4, and the applied concentration was fixed at 
5.0 μmol/L.  C1206 was dissolved in 5% DMSO for fluores-
cence measurements.  Anti-Akt, anti-p-Akt, anti-Mek, anti-
P-Mek, anti-Erk, anti-P-Erk, anti-C-Raf, anti-P-C-Raf, anti-
Hsp90, anti-Hsp70, anti-Hop, anti-P23, anti-β-Actin, anti-Bax, 
anti-Bcl-2 (an apoptosis suppression protein) and the Apopto-
sis Antibody Sampler Kit (#9915, caspase-3, cleaved caspase-3, 

caspase-9, cleaved caspase-9, caspase-7, cleaved caspase-7) 
were purchased from Cell Signaling Technology, Inc (Danvers, 
MA, USA).  The water used in the experiments was thrice-
distilled using Milli-Q Biocel systern (Millipore, Biocel, MA, 
USA).  All other reagents were of analytical reagent grade.

Cloning, expression, and purification of Hsp90
The cloning, expression and purification of the various con-
structs of Hsp90, including the histidine (his)-tagged yeast 
full-length Hsp90 (1-732, 90 kDa), the N-terminal domain of 
Hsp90 (N-Hsp90, 1-236, 25 kDa), the middle domain of Hsp90 
(M-Hsp90, 272-617, 40 kDa), and the C-terminal domain of Hsp90 
(C-Hsp90, 629-732, 15 kDa), have been previously described[10].

Fluorescent measurements
Samples were excited at 280 nm, and fluorescence intensi-

Figure 1.  C1206 physically binds to the Hsp90 and inhibits Hsp90 ATPase activity.  (A) Chemical structure of C1206.  The molecular weight of C1206 
is 458.15.  (B) Quenching effect of C1206 (0–50 μmol/L) on Hsp90 endogenous fluorescent in a concentration-dependent manner.  The vertical and 
horizontal axes represent the fluorescent intensity and emission wavelength, respectively.  The excitation wavelength is 280 nm, whereas the Hsp90 
emission peak is at 337 nm.  (C–E) C1206 dock to N-terminal Hsp90.  (F–I) C1206 dock to C-terminal Hsp90.  (J) Synchronous fluorescence spectra 
of C1206 (0–50 μmol/L) with Hsp90 (a) Δλ=15 nm, (b) Δλ=60 nm.  The vertical and horizontal axes represent the fluorescent intensity and emission 
wavelength, respectively.  (K) The inhibition rate of Hsp90 ATPase activity under the different concentration of GA and C1206 (0–10 μmol/L).  The 
results represent the mean±SEM of triplicate experiments.
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ties were recorded in the range of 290–500 nm at 293 K, 303 K 
and 310 K using a Cary Eclipse spectrofluorometer (Varian, 
Palo Alto, CA, USA).  The fluorometric titration experiments 
were performed in 2.0 mL of 5.0 μmol/L Hsp90 solution (10 
mmol/L PBS buffer, pH 7.6) with successive additions of 
C1206 solution (in 0.2% DMSO) from 5 to 50 μmol/L.  All tests 
were performed in triplicate[11].

Hsp90 ATPase activity assay
The experiments were incubated in 100 μL of 0.4 μmol/L 
Hsp90 and 1 mmol/L ATP and different concentrations of 
C1206, GA or vehicle (DMSO) in assay buffer (6 mmol/L 

MgCl2, 20 mmol/L KCl and 100 mmol/L Tris-HCl, pH 7.4) at 
310 K for 3 h.  At the end of the incubation, the ATPase activ-
ity of Hsp90 was assessed by malachite green reagent (w/v, 
0.0812% malachite green, 2.32% polyvinyl alcohol, 5.72% 
ammonium molybdate in 6 mol/L HCl and argon water 
mixed in a ratio of 2:1:1:2).  Cultures were analyzed in tripli-
cate at an absorbance of 620 nm[10].  Kinetic analysis of Hsp90 
ATPase activity was carried out using a nonlinear regression 
fit of the experimental points to the Michaelis–Menten equa-
tion.  To obtain Km and V values, the Eadie–Hofstee linear 
transformation (V against V/[s]) was used, with the slope=-Km 
and the intercept on the x-axis=V/Km

[10].

Cell culture
Human K562 leukemia cells were cultured in RPMI-1640 
medium containing 10% heat-inactivated fetal bovine 
serum, 100 U/mL penicillin, and 100 mg/mL streptomycin 
(medium A) at 37°C in a 5% CO2 atmosphere.  K562/G01 
cells were maintained in medium A containing 4 µmol/L ima-
tinib.

Cell proliferation assays
MTT assays
Exponentially growing cells were incubated in triplicate in 
96-well plates at a final concentration of 5×104 cells/mL in the 
presence or absence of C1206 for 24 h at 37 °C.  Cell prolifera-
tion was measured using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT; Sigma Chemical 
Company, St Louis, MO, USA) colorimetric dye reduction 
method.  The inhibitory effect of C1206 on cell growth was 
expressed as an IC50

 value.

CFSE staining assays
Exponentially growing cells were resuspended in the CFSE 
staining solution at 37 °C for 10 min.  After washing with cold 
RPMI-1640 medium containing 10% heat-inactivated fetal 
bovine serum, cells were grown in 12-well plates at a final 
concentration of 3×105 cells/mL in the presence or absence of 
C1206 for 72 h at 37 °C.  The cells were resuspended in PBS 
and then analyzed by flow cytometry.

Apoptosis assessment by annexin-V staining
Following the drug treatments, the cells were resuspended in 
100 µL of staining solution containing annexin-V-FITC/PI in 

HEPES buffer (10 mmol/L HEPES, pH 7.4, 150 mmol/L NaCl, 
5 mmol/L KCl, 1 mmol/L MgCl2, and 2 mmol/L CaCl2).  
These reagents were supplied with the Annexin-V-FITC/PI 
Double Staining Kit (F Hoffmann-La Roche, Ltd, Basel, Basel-
Stadt, Switzerland) and were used according to the manu-
facturer’s instructions.  After incubation at RT for 15 min in 
the dark, the cells were analyzed using a flow cytometer (BD 
FACSCanto II, BD Biosciences, Franklin, NJ, USA).  Annexin-V 
bound to cells that expressed phosphatidylserine on the outer 
layer of the cell membrane.  Cells that stained positive for 
Annexin-V were scored as apoptotic cells[12].  

JC-1 mitochondrial membrane potential (MMP) assay
Following the drug treatments, the cells were resuspended in 
the staining solution provided with the JC-1 Mitochondrial 
Membrane Potential Assay Kit (KeyGEN Biotech, Nanjing, 
China) according to the manufacturer’s instructions.  After 
incubation at RT for 10 min in the dark, the cells were ana-
lyzed using a flow cytometer.  

Cell cycle assessment by PI staining
Following the drug treatments, the cells were resuspended 
in PBS and fixed with 70% ethanol overnight at -20 °C.  After 
washing with cold PBS, cells were incubated with DNase-free 
RNase and propidium iodide (PI) at 37 °C for 30 min.  Cells 
were then analyzed by flow cytometry.

Western blot analysis
Total protein extracts were resolved by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE).  After 
electrophoresis, the proteins were transferred to a PVDF 
membrane (150 mA, 4 °C) for 1.5 h.  The membranes were 
blocked in blocking buffer (1% BSA, Tris-HCl 20 mmol/L, pH 
7.5, NaCl 150 mmol/L, and 0.05% Tween-20) for 1 h at RT, 
followed by incubation with the relevant antibody overnight 
at 4 °C.  The membranes were then incubated with anti-rabbit 
peroxidase-conjugated secondary IgG antibodies and devel-
oped with an enhanced chemiluminescence (ECL) substrate.  
The membranes were scanned on a Carestream Image Station 
System to visualize the bands.

Down-regulation of Hsp90 with siRNA
K562 and K562/G01 cells were seeded in antibiotic-free nor-
mal growth medium supplemented with fetal bovine serum.  
Single-strand siRNA oligonucleotides targeting human 
Hsp90α/β (sc-35608, Santa Cruz Biotechnology, Dallas, TX, 
USA) and control siRNA (sc-37007) were diluted in siRNA 
transfection medium (sc-36868) and mixed with siRNA trans-
fection reagent (sc-29528) according to the manufacturer’s pro-
tocol.  K562 and K562/G01 cells were incubated with the trans-
fection complexes for 6 h and in the normal growth medium 
for 24 h.  The cells were allowed to grow for an additional 96 
h to test cell proliferation, and the cell number of the siRNA-
treated group was compared with that of the control group to 
calculate the inhibition rate.  The knockdown of Hsp90 was 
confirmed by Western blotting.
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Statistical analysis
All data were analyzed with two-sided unpaired t-tests using 
the GraphPad software package for Windows (Prism version 
5.0) and Origin 8.5 software.  Values are expressed as the mean 
values of triplicate or duplicate experiments.

Results
C1206 interacts physically with Hsp90
The binding of C1206 to Hsp90 was characterized by fluores-
cence quenching experiments.  At an excitation wavelength 
280 nm, the interaction was examined with a fluorescence 
spectrum from 290 nm to 510 nm.  His-tagged Hsp90 dis-
played maximal fluorescence at 337 nm.  When Hsp90 was 
incubated with increasing concentrations of C1206, the fluores-
cence intensity gradually decreased with a slight blueshift of 
λem (Figure 1B).  We then determined which domain of Hsp90 
is involved in binding C1206 by constructing three trunca-
tion segments of Hsp90: the N-terminal domain (N-Hsp90), 
the middle domain (M-Hsp90) and the C-terminal domain 
(C-Hsp90), corresponding to its ATP-binding domain, its co-
chaperone binding domain and its dimerization domain, 
respectively.  The fluorescence intensity of M-Hsp90, but not 
N-Hsp90 or C-Hsp90, was most obviously quenched with 
increasing concentrations of C1206, indicating that C1206 
interacts with the middle domain.

Using the equation previously described[10], the titration 
curves for Hsp90 and M-Hsp90 yielded estimated dissocia-
tion constants (KD) of C1206 of 15.226±0.714 μmol/L  and 
5.838±1.070 μmol/L, respectively, indicating that there was a 
binding interaction between them and that C1206 quenched 
the intrinsic fluorescence of Hsp90[13].

The quenching process can be analyzed by Stern-Volmer 
equation, which has been previously described[14].  Values of 
the quenching constant (Ksv) and the quenching rate constant 
(Kq) were obtained from their respective slopes.  For all types 
of quenching agents acting on biological macromolecules, the 
maximum diffusion-controlled dynamic collision quenching 
rate has a constant value of 2.0×1010 L·mol-1·s-1.  The quenching 
rate constant Kq value of C1206 ((25.383±2.078)×1012 L·mol-1·s-1) 
was greater than 2.0×1010 L·mol-1·s-1, which indicated that the 
quenching effect of C1206 on Hsp90 intrinsic fluorescence was 
not due to molecules colliding by dynamic quenching but to 
the formation of the complex by static quenching[15].

Static quenching complies with the Lineweaver-Burk equa-
tion, which has been previously described[16].  Values of the 
apparent binding constant (KA) of C1206 (2.523×107 L/mol) 

and the binding site (n) of C1206 (1.475±0.041) were obtained 
from their intercept and slope, respectively.

The thermodynamic enthalpy change (ΔHθ), entropy change 
(ΔSθ) and free energy change (ΔGθ) of C1206-Hsp90 binding 
were also calculated from the fluorescent spectrum, yielding 
-5.50±2.08 kJ/mol, 74.5±6.86 J·mol-1·k-1 and -28.00±0.13 kJ/mol, 
respectively.  The negative enthalpy change and positive 
entropy change suggest that electrostatic interactions predom-
inate in stabilizing the C1206-Hsp90 complex[17].

We investigated the predicted binding of C1206 to N-Hsp90 

and C-Hsp90 with structural modeling.  In the model of the 
binding of C1206 with the N-terminus of Hsp90 (Figure 1C), 
hydrogen bonds were formed between C1206 and residue 
GLU205 in N-Hsp90 (Figure 1D).  Hydrophobic packing inter-
actions were formed between C1206 and residues LEU220, 
LYS204, VAL207, LYS208, ILE218 and ARG201 of N-Hsp90 
(Figure 1E).  In comparison, in the model of the binding of 
C1206 with the C-terminus of Hsp90 (Figure 1F), hydrogen 
bonds were formed between C1206 and residues GLU439, 
TYR466 and ASP479 in C-Hsp90 (Figure 1G).  Hydrophobic 
packing interactions were predicted between C1206 and resi-
dues LYS435, ARG464, MET474 and VAL475 in C-Hsp90 (Fig-
ure 1H).  Specifically, van der Waals contacts formed between 
C1206 and residue LYS435 in C-Hsp90 (Figure 1I).

Tyrosine and tryptophan are the main sources of protein 
fluorescence.  When the D-value (Δλ) between excitation and 
emission wavelengths was stabilized at 15 or 60 nm, the char-
acteristic patterns in the synchronous fluorescence spectra can 
provide information on the Tyr or Trp residues[18].  When Δλ 
was 15 nm, increasing concentrations of C1206 did not cause 
the fluorescence peak position of Tyr residues to shift (Figure 
1J), which meant that the microenvironment of Tyr residues 
did not change after binding and that microenvironment 
hydrophobicity did not obviously decrease.  The conformation 
of the Tyr residue of Hsp90 did not change.  As shown in Fig-
ure 1J, the addition of C1206 led to a dramatic decrease in fluo-
rescence intensity with a slight blueshift of λem.  The blueshift 
indicated that the polarity around the tryptophan residues 
decreased and that hydrophobicity increased.

C1206 inhibits the ATPase activity of Hsp90
To characterize the inhibition of Hsp90 by C1206 binding, a 
colorimetric assay for inorganic phosphate based on the for-
mation of a phosphomolybdate complex and subsequent reac-
tion with malachite green were used to measure the inhibitory 
effects of C1206 on the ATPase activity of Hsp90[10].  When 
the concentration of ATP was 1 mmol/L, the inhibition of 
Hsp90 ATPase activity of C1206 with the IC50 values was 4.17 
μmol/L.  C1206 inhibits Hsp90 ATPase activity potently (Fig-
ure 1K).

C1206 damages the molecular chaperone functions of Hsp90 
and down-regulates Hsp90 client proteins in K562 and K562/G01 
cells
C1206 inhibited the molecular chaperone functions of Hsp90 
and induced the degradation of Hsp90 client proteins, as 
shown by Western blotting.  The results presented in Figure 
2A and 2B indicate that C1206 altered the composition of 
molecular chaperone complexes associated with Hsp90 (Fig-
ure 2A) and that increasing concentrations of C1206 reduced 
the levels of Hsp90 client proteins, such as AKT, Raf, MEK, 
and ERK, in both imatinib-sensitive K562 cells and imatinib-
resistant K562/G01 cells.  Their phosphorylated forms also 
decreased in a similar manner with increasing doses of C1206 
(Figure 2B).  Interestingly, the inhibition efficiency of C1206 is 
of the same order of magnitude as that of GA, as measured by 
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the degradation of a majority of client proteins.

C1206 induces apoptosis in K562 and K562/G01 cells by 
triggering the mitochondrial pathway
To determine whether the growth inhibition of imatinib-
sensitive and imatinib-resistant leukemic cells by C1206 is 
associated with the induction of apoptosis, we used annexin-
V–FITC/PI staining and quantified the number of C1206-
induced apoptotic K562 and K562/G01 cells.  Consistent with 
the cellular proliferation assay results, apoptosis was induced 
in a concentration-dependent manner in both the imatinib-
sensitive K562 cells and imatinib-resistant K562/G01 cells (Fig-
ure 3).

The mitochondrial pathway of apoptosis functions in 
response to various types of stress.  A variety of chemothera-
peutic agents trigger apoptosis in susceptible cells by inducing 
MMP disruption, followed by the release of cytochrome c, 
which interacts with cytosolic docking proteins[19-21], thereby 

facilitating the activation of procaspase-9 and the subsequent 
proteolytic processing of procaspase-3 and procaspase-7.  Once 
activated, these caspases cleave and activate downstream 
effector caspases, including caspases 3, 6 and 7, which in turn 
cleave nuclear proteins, such as PARP, and induce apoptosis.  

MMP is an important parameter of mitochondrial function, 
which is used as an indicator of cell health.  JC-1 selectively 
enters mitochondria and reversibly changes color from green 
to red as the MMP increases in healthy cells.  By contrast, in 
apoptotic or unhealthy cells with a low MMP, JC-1 remains in 
the monomeric form, which only fluoresces green.  The ratio 
of red to green represents the number of healthy cells[22].

These experiments demonstrated that treatment with C1206 
led to a significant reduction in MMP, as demonstrated by 
an increase in the green color of JC-1 and a decrease in the 
red color of JC-1 (Figure 4A).  Therefore, the red/green ratio 
significantly decreased after C1206 treatment (Figure 4B).  A 
decrease in the MMP promotes the release of cytochrome c, 
which in turn cleaves procaspases 9, 7, and 3 to produce the 
activate caspases 9, 7, and 3 (Figure 4C).  These active caspases 
then cleave PARP and induce apoptosis.  

C1206 inhibits proliferation and induces cell cycle arrest in both 
imatinib-sensitive K562 and imatinib-resistant K562/G01 cells
To evaluate its effect on cell proliferation, C1206 was admin-
istered to K562 or K562/G01 cells for 24 h, after which the cells 
were subjected to an MTT assay.  A significant inhibition of 
cell proliferation was observed in a concentration-dependent 

Figure 2.  C1206 affected the molecular chaperone functions of Hsp90 and down-regulated client proteins level of Hsp90 in imatinib-sensitive or 
imatinib-resistant CML cells.  K562 and K562/G01 cells were treated with indicated concentrations of C1206 for 24 h.  The expression levels of (A) 
molecular chaperone of Hsp90 and (B) client proteins of Hsp90 were monitored by Western blot analysis.  RNA interference in CML cells.  (C) siRNA 
reduced the expression of Hsp90 in K562 and K562/G01.  (D) Effects of siRNA on cell proliferation.  Viable cells were counted by typan blue exclusion 
assays.  The inhibition rate was calculated by comparing the cell number of the siRNA-treated group with that of the control group.  The results represent 
the mean±SEM of triplicate experiments.
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manner (Figure 5A).  The IC50 values of C1206 for the K562 
and K562/G01 cell lines were 1.10 μmol/L and 0.60 μmol/L, 
respectively.  The dose-dependent inhibition of K562 or 
K562/G01 cell proliferation by C1206 was also shown by CFSE 
staining assay (Figure 5B and 5C).  These results indicated that 
imatinib-resistant K562/G01 cells were also sensitive to C1206.

To gain further insight into the effects of C1206 on cell pro-
liferation, we next studied the effects of C1206 on cell cycle dis-
tribution.  When compared to vehicle controls, C1206-treated 
cells displayed marked S phase arrest after 24 h of treatment.  
The increase in the S phase cell population induced by C1206 
was accompanied by a concomitant decrease in cells in the G1 
and G2/M phases.  These results indicated that C1206-treated 
cells were more efficient at inducing S arrest both in K562 and 
K562/G01 cells (Figure 6).

Down-regulation of Hsp90 with siRNA confirms the essential role 
of Hsp90 targets in CML cell survival
To further validate the essential role of Hsp90 in CML cell 
survival, we transfected siRNAs targeting Hsp90 into K562 or 
K562/G01 cells.  The expression of transgenes was confirmed 
by Western blotting (Figure 2C).  Down-regulation of Hsp90 
expression significantly inhibited the growth of CML cells 
(Figure 2D).  These results along with data from the C1206 
experiments confirmed the essential role of Hsp90 in the anti-

leukemia effects of C1206.

Discussion
Hsp90 is required for the proper folding and maturation of 
most oncogenic proteins, which can then aberrantly activate 
multiple signaling pathways[23-25].  Therefore, the molecular 
chaperone Hsp90 is an attractive target for cancer therapy.  
Most Hsp90 inhibitors have been developed to inhibit Hsp90 
chaperone function by binding to Hsp90[26].  Benzoquinone 
ansamycin antibiotics, such as geldanamycin (GA) and its 
derivative 17-allylamino-geldanamycin (17AAG), were the 
first identified Hsp90 inhibitors[27].  Although GA and its 
derivatives have exhibited potent anticancer effects, severe 
hepatotoxicity has prevented their clinical development[28].  
Curcumin showed protective effects against liver injury, 
could obviously improve the hepatic function and protect 
the liver[29, 30].  Further investigation is required to determine 
whether C1206 can protect the liver as its parent compound 
does.

In our previous work[7, 31], we found that curcumin inhibited 
the proliferation of K562 and K562/G01 cells especially and 
specifically targeted P210bcr/abl, which initiates several signal 
pathways that are responsible for the resistance of CML cells 
to several chemotherapeutic agents.  Curcumin inhibited the 
proliferation of K562 and K562/G01 cells and the inhibitory 

Figure 3.  Effect of C1206 on the induction of apoptosis in imatinib-sensitive or imatinib-resistant CML cells.  K562 and K562/G01 cells were cultured 
in the presence of C1206 at the indicated concentrations for 24 h, harvested, double stained with annexin V and PI and subsequently analysed by flow 
cytometry.  The results represent the mean±SEM of triplicate experiments.  (n=3, *P<0.05, **P<0.01).
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effect was correlated with down-regulation of P210bcr/abl by 
curcumin involves disrupting the molecular chaperone func-
tions of Hsp90.  Although the parent compound curcumin is 
a multitargeted anticancer agent, interfering with the effects 
of tumor necrosis factor, HER2, EGFR, and Bcr-abl, the poor 
bioavailability of curcumin has limited its clinical applica-
tion[32, 33].  To improve the solubility and activity of curcumin, 
we designed and synthesized C1206.  However, further inves-
tigation is required to determine whether C1206 inhibits mul-
tiple signaling pathways as its parent compound does.

Compared with the known Hsp90 inhibitors, this study 
showed that C1206 is a novel scaffold unrelated to that of 
any Hsp90 inhibitor published to date.  In the present study, 
we have shown a strong interaction between C1206 and full-
length Hsp90, N-Hsp90, M-Hsp90 and C-Hsp90.  From the 

binding energy and dissociation constants, we deduce that 
C1206 is an inhibitor of Hsp90 and is able to bind to the 
middle domain co-chaperone binding domain of Hsp90.  The 
quenching effect of C1206 on Hsp90 intrinsic fluorescence 
shows static quenching[34].  The thermodynamic parameters 
and the pattern of synchronous fluorescence suggest that elec-
trostatic interactions predominate in stabilizing the C1206-
Hsp90 complex.  C1206 inhibits the ATPase activity of Hsp90, 
the binding of C1206 inhibits the catalysis of ATP hydrolysis.

The wide-ranging functions of Hsp90 require a series of co-
chaperones to drive the chaperone cycle to completion[26].  We 
have shown that C1206 is an Hsp90 inhibitor that directly 
binds to the middle domain of Hsp90 and inhibits the ATPase 
activity of Hsp90.  This leads to the degradation of multiple 
Hsp90 client proteins, which may be the primary mechanism 

Figure 4.  C1206 triggers the mitochondrial pathway of apoptosis in imatinib-sensitive or imatinib-resistant CML cells.  (A) Treatment of K562 or 
K562/G01 cells with C1206 at the indicated concentrations for 24 h significantly reduced the MMP as demonstrated by JC-1 staining.  (B) Quantification 
of the JC-1 red/green ratio.  The results represent the mean±SEM of triplicate experiments.  (n=3, *P<0.05, **P<0.01).  (C) Treatment of imatinib-
sensitive or imatinib-resistant K562 cells with C1206 for 24 h activated caspases 9, 7, and 3 and the PARP pathway as determined by Western blot.  
β-Actin served as the protein loading control.
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mediating the anticancer effects of C1206.  Hsp90 and co-
chaperone proteins interact with client proteins in an ordered 
pathway that involves sequential ATP-dependent interactions 
of the client proteins.  The patterns of interacting co-chaper-
ones is likely client protein specific[35, 36].

Hsp90 affects the activity of client proteins critical for mul-
tiple steps of tumor progression, and it is an important target 
of cancer therapeutics[37, 38].  Hsp90 client proteins have vary-
ing sensitivity to Hsp90 inhibitors.  Hsp90 inhibitors are able 
to induce degradation of multiple Hsp90 client proteins.  For 
example, proteins levels of the Hsp90 client protein Akt are 
known to be decreased by Hsp90 inhibition[39].  The antagonis-
tic efficacy of C1206 against chronic myeloid leukemia (CML) 
lines has been investigated at both the molecular and cellular 
levels.  It has been demonstrated that C1206 inhibits CML cell 
lines K562 and K562/G01 in a dose-dependent manner.  Com-
pared with curcumin, which has IC50 values of 11.67 μmol/L 
and 6.50 μmol/L for K562 and K562/G01 cell lines, respec-
tively, C1206 has the advantage.  C1206 only slightly inhibited 
the proliferation of human peripheral blood mononuclear 
cells (PBMCs).  The inhibition rate of PBMCs treated with 100 
μmol/L C1206 for 24 h was only 47.32%.  K562 and K562/G01 
cells treated with different concentrations of C1206 clearly 

showed that the levels of Akt, P-Akt, Raf, Mek, P-Mek, Erk 
and P-Erk (Figure 2B) decreased in response to C1206.  C1206 
was shown to inhibit the proliferation of K562 and K562/G01 
cells through the down-regulation of AKT and Raf/MEK/ERK 
signal transduction pathway[31].  Hsp90 is able to inhibit apop-
tosis, which aids in tumor cell maintenance.  Hsp90 inhibitors 
targeted to the mitochondria can selectively kill tumor cells[40].  
C1206 triggers activation of the mitochondrial pathway of 
apoptosis in K562 and K562/G01 cells (Figure 4).  Moreover, it 
was shown that C1206 arrests cell cycle progression.

In conclusion, as a novel Hsp90 inhibitor, C1206 binds to the 
middle domain of Hsp90 and inhibits Hsp90 ATPase activity, 
resulting in the degradation of Hsp90 client proteins.  C1206 
displays promising antitumor activity against cancer cells in 
vitro.  Our observations provide a basis for the further devel-
opment of Hsp90-targeted therapy for patients with CML.
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