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Abstract

Heat shock protein 90 (Hsp90) is differentially expressed in tumor cells including melanoma and 

involved in proper folding, stabilization and regulation of cellular proteins. We investigated a 

novobiocin-derived Hsp90 C-terminal inhibitor, KU135, for anti-proliferative effects in melanoma 

cells. The results indicate that KU135 reduced cell viability and cell proliferation in melanoma 

cells and IC50 values for A735(DRO), M14(NPA), B16F10 and SKMEL28 cells were 0.82, 0.92, 

1.33 and 1.30 M respectively. KU135 induced a more potent anti-proliferative effect in most 

melanoma cells versus N-terminal Hsp90 inhibitor 17AAG. KU135 induced apoptosis in 

melanoma cells, as indicated by annexin V/PI staining, reduction in the mitochondrial membrane 

potential, mitochondrial cytochrome C release and caspase 3 activation. KU135 reduced levels of 

Hsp90 client proteins Akt, BRAF, RAF-1, cyclin B and cdc25 proteins. Additionally, it reduced 

Hsp70, Hsp90 paralog, GRP94 and HSF1 levels. KU135 induced strong G2/M cell cycle arrest, 

associated with decreased expression of cdc25c, cyclin B and increased phosphorylation of 

cdc25c. These finding show that KU135 reduced cell survival, proliferation, and induces apoptosis 

in melanoma cells. We suggest that KU135 may be a potential candidate for cancer therapy against 

melanoma.
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1. Introduction

Melanoma is the most aggressive type of skin cancer and the fifth and sixth most common 

cancer in men and women in United States, respectively [1]. The life time risk of developing 

melanoma is estimated to be 1 in 75 [2]. Skin cancer is the third most common human 

malignancy worldwide and the global incidence of melanoma is rising at an alarming rate 

[1]. Cancer therapy is most successful when molecules are designed to interfere with the 

growth and metastasis of cancer cells. The term “oncogenic addiction” is used to explain 

that cancer cells more heavily rely on key hyperactivated signaling pathway(s) than normal 

cells do for their abnormal growth. BRAF mutations are present in 50–70% of human skin 

melanomas [3]. The most common mutation observed in melanoma is BRAFV600E, leading 

to activation of the RAS-RAF-MEK1/2-ERK1/2 pathway. Although early success was 

observed with small molecules inhibiting RAF kinase, however, recent findings show that 

BRAF inhibitors may induce ERK activation in melanoma cells and unsatisfactory results 

obtained from recent RAF inhibitors phase I clinical trials have pointed to the importance of 

exploring novel targets for the treatment of melanoma [4,5].

Hsp90 is a chaperone involved in proper folding of several “client” proteins in melanoma 

cells. BRAF, RAF-1 Akt and MEK which are known to be activated in melanoma are 

considered Hsp90 client proteins (http://www.picard.ch/downloads/Hsp90interactors.pdf). 

Furthermore, Hsp90 expression is increased in melanoma cancer when compared to nevi, 

and this expression has been associated with disease progression [6]. Therefore Hsp90 

inhibition may be an effective tool in the treatment of melanoma cancer. Several in vitro 
studies involving agents that target Hsp90 have been reported [7–9]. Recent human clinical 

trials involving Hsp90 N-terminal inhibitors revealed that most suffer from limiting side 

effects [9–11]. Therefore, introduction of novel Hsp90 inhibitors may be an alternative and 

effective therapy against melanoma. In recent years C-terminal Hsp90 inhibitors have been 

investigated in several cancer models [12,13]. A novobiocin-derived C-terminal Hsp90 

inhibitor, KU135, has recently been investigated for anti-proliferative activity against human 

leukemic cells [14].

The aim of the present study is to investigate the efficacy of KU135 against melanoma 

cancer. KU135 induced anti-proliferative activity against several melanoma cells lines. 

Moreover, KU135 did not change Hsp90, Hsp90, Hsp27 and (TNF) receptor-associated 

protein 1 (TRAP-1/HSP75) levels. In contrast, KU135 reduced expression of Hsp70 and 

endoplasmic reticulum Hsp90 paralog glucose-regulated protein 94 (Grp94) in a 

concentration-dependent manner, which is opposite from the effect of N-terminal Hsp90 

inhibitor, 17AAG. KU135 also reduced total and phosphorylated levels of Heat shock 

factor-1 (HSF1) in melanoma cells. Furthermore, treatment with KU135 was noted to induce 

apoptosis and G2/M cell cycle arrest in melanoma cells.

2. Materials and methods

2.1. Cell lines and cell culture

A375(DRO) and M14(NPA) cells were provided by Dr. G.J. Juillard (University of 

California at Los Angeles, Los Angeles CA). DRO and NPA cells were previously thought 
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to be derived from an anaplastic thyroid cancer. However it has been shown that these cell 

lines are genetically identical to the melanoma A375 and M14 cell lines respectively so they 

are designated as subtypes of A375, A375(DRO) and M14, M14(NPA) [15]. These cells are 

known to harbor BRAFV600E genetic alterations. A375(DRO) and M14(NPA) were grown 

in RPMI 1640 (Sigma-Aldrich, St. Louis, MO), supplemented with 10% fetal bovine serum 

(FBS; Sigma-Aldrich, St. Louis, MO) and 1% penicillin/streptomycin (Sigma-Aldrich, St. 

Louis, MO). The human melanoma cell line SKMEL28 and murine melanoma cell line 

B16F10 were purchased from ATCC (Manassas, VA). These cell were grown in DMEM 

media (Sigma-Aldrich, St. Louis, MO) with 2 mM L-glutamine and 10% (w/v) FBS, 

supplemented with 1% penicillin/streptomycin. Cells were incubated at 37°C in humidified 

atmosphere containing 5% CO2. Cells were seeded and incubated overnight to reach 50–

60% confluence during each experiment. Cells were treated with KU135 from a 20 mM 

stock solution (dissolved in DMSO; control cells received DMSO and DMSO levels did not 

exceed 0.1%).

2.2. Reagents and antibodies

The rabbit polyclonal antibodies against caspase-3 (#9662; 1:1000), Caspase 8 (#9746; 

1:1000), Caspase 9 (#9508, 1:1000), poly(ADP-ribose) polymerase (PARP)(#9542; 1:1000), 

phospho-Akt (Ser473)(#4058, 1:1000), Akt (#9272;1:1000), BRAF (#9434; 1:1000), 

phospho-ERK1/2(Tyr202/Tyr204) (#4377; 1:1000), cyclin B1 (#4138; 1:1000), phospho-

cdc25c(Ser216) (#4901;1:1000), cdc25c (#4688; 1:1000), and cytochrome C (#4280; 

1:1000) were purchased from Cell Signaling (Beverly, MA). Rabbit polyclonal antibodies 

against Hsp27 and mouse monoclonal antibodies against Hsp90 (#SPA840; 1:1000), Hsp90 

(#SPA843; 1:1000), Grp94 (#SPA850; 1:1000), HSF-1 (#SPA950; 1:2000) and Hsp70 

(#SPA810; 1:1000) were purchased from StressGen (Victoria, BC, Canada). Mouse 

monoclonal antibody against TRAP1 (#MIA010, 1:1000) was purchased from Affinity 

Bioreagent – Thermo Scientific, Rockford, IL). Mouse monoclonal antibody against -Actin 

(#sc1616; 1:1000), polyclonal antibodies against RAF-1 (#sc-227, 1:1000), total ERK2 

(#sc-154; 1:5000), and anti-rabbit, and anti-mouse secondary antibodies were purchased 

from Santa Cruz Biotechnology (Santa Cruz, CA). Annexin V and propidium iodide were 

obtained from BD Bioscience (San Jose, CA).

2.3. Cell proliferation and viability assays

Cells were plated in 96-well microtiter plates (2×103 cells/well) in growth media. After 

overnight incubation, cells were treated with varying concentration of KU135 for 72 h. After 

treatment, the number of viable cells was determined using a colorimetric Cell Proliferation 

Assay (CellTiter96 Aqueous Nonradioactive Cell Proliferation assay; Promega, Madison 

WI, USA) according to manufacturer’s instruction. All studies were performed in triplicate. 

Data was plotted as a function of percent cell viability based upon controls vs. drug 

concentration (x-axis). The concentration of drug at which cell growth was inhibited by 50% 

(IC50) was estimated using GraphPad Prism5 software (La Jolla, CA).

2.4. Mitochondrial membrane potential (ΔΨm) measurements

The changes in mitochondrial membrane potential, ΔΨm, were detected by flow cytometry 

using the fluorescent cationic dye, JC-1 (mitoProbe™, Invitrogen, Carlsbad, CA). In control 
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cells, an intact ΔΨm allows JC-1, bearing a delocalized positive charge, to accumulate and 

aggregate in the mitochondrial matrix, where it fluoresces red. In cell undergoing apoptosis, 

the collapse of ΔΨm causes JC-1 to remain in the cytoplasm in a green fluorescent 

monomeric form. Therefore, mitochondrial depolarization can be detected by a decrease in 

the red-to-green fluorescence intensity ratio, that is, fluorescence emission shift from red 

(590 nm) to green (525 nm). Apoptotic cells, as characterized by decreased ΔΨm, exhibited 

low red-to-fluorescence ratio. A735(DRO) and M14(NPA) cells were treated with 5 and 10 

M KU135 for 24 h. As a positive control, untreated control cells were incubated for 5 min, 

previous to the addition of JC-1, with 5.0 µM uncoupler carbonylcyanide 3-

chlorophenylhydrazone (CCCP). Camptothecin was used as a positive drug agent because it 

is known to reduce mitochondrial membrane potential. Cells were collected and incubated 

with 5 g/ml of JC-1 at 37°C in a 5% CO2 incubator for 20 min. After washing, cells were 

analyzed on a FACS Calibur flow cytometer (Becton Dickinson, San Diego, CA).

2.5. Cell Lysis and Western blot analysis of KU135 treated cells

Cells were washed twice with ice-cold 1× PBS and lysed in ice-cold RIPA buffer (50 mM 

Tris-HCl pH 7.4, 150 mM NaCl, 1% (v/v) Nonidet NP-40, 0.5% (w/v) sodium 

deoxycholate, 10 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM PMSF, 10 mM 

sodium pyrophosphate, 0.1% (w/v), SDS supplemented with 1× protease inhibitor solution 

(Calbiochem, San Diego, CA)). Protein levels were determined using Protein Assay Reagent 

(Pierce Rockford, IL). Equal amounts of proteins (15–30 g) were separated by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and electrotransfered onto 

a Hybond nitrocellulose membrane (Amersham, Piscataway, NJ). Membranes were blocked 

with 3% (w/v) non-fat dry milk (Bio-Rad Laboratories, Hercules, CA), and probed with the 

appropriate dilutions of primary antibodies overnight at 4°C. The blots were incubated with 

1:10,000 dilution of secondary antibody and the proteins were visualized by enhanced 

chemiluminescence West Pico (Pierce Biotechnology, Rockford, IL), then captured on 

Kodak XAR-5 film (Eastman Kodak, Rochester, NY). Where indicated, the blots were 

reprobed with antibody against -actin to ensure equal loading and transfer of proteins.

2.6. Mitochondrial fractionation

After treatment, cells were washed with 1× PBS and removed from culture plates by 

trypsinization. Suspended cells were washed twice with 1× PBS and lysed in buffer A (250 

mM sucrose, 20 mM HEPES (pH 7.4), 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM 

EGTA, 1 mM DTT and protease inhibitor (1:500 dilution) and incubated on ice for 20 min. 

Nuclear faction was removed by centrifugation (750 ×g; 5 min). Supernatant was 

centrifuged again (10,000 ×g 10 min). The supernatant (cytoplasmic faction) was removed. 

The pellet was washed once with buffer A and resuspendend in the RIPA buffer.

2.7. Fluorescence-activated cell sorting analysis

Cells were grown overnight, and after KU135 treatment, trypsinized and washed with 0.9% 

NaCl and fixed with 70% cold ethanol for 30 min at room temperature. Then they were 

collected by centrifugation (700 ×g, 5 min) and stained with propidium iodide (50 mg/mL in 

PBS) for 30 min. They were treated with DNAse free RNAse (1 mg/mL) for 30 min and 

analyzed by flow cytometry. Preliminary studies to evaluate for induction of apoptosis were 
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also performed including annexin V-propidium iodide (PI) co-staining with flow cytometry. 

An analysis of phosphatidylserine (PS) on the outer leaflet of apoptotic cell membranes was 

performed using annexin V-FITC and PI to distinguish between apoptotic and necrotic cells. 

After treatment, cells (1×105 cells/mL) were washed with 1× PBS and trypsinized. Cells 

were washed and stained with Annexin-V / PI according to the manufacturer’s instruction 

(BD Pharmingen; San Diego, CA), and the cells were analyzed by flow cytometry (BD 

LSRII; Becton Dickerson, San Diego, CA).

2.8. Luciferase assays

HSE promoter induction study was carried out using HeLa cells stably expressing the 

hsp70.1pr-luciferase plasmid (kindly provided by Dr. Sandy Westerheide University of 

South Florida). The cells were plated at 1.0 × 104 cells/well in 96-well plates overnight 

before treatment with KU135. For heat treatment, cells were heated at 43°C for 1 h and 

luciferase activity was measured 24 h after heat treatment. Cells were treated with Bright-

Glo reagent (Promega, Madison, WI) and luciferase activity was quantified using Synergy 2 

Alpha microplate reader (BioTek, Winooski, VT) according to the manufacturer’s 

instruction.

2.9. Statistical Analysis

Data were presented as mean values ± standard deviation. Statistical comparisons among 

groups were performed by Student's t-test. These analyses were run using GraphPad 

Software (GraphPad Inc., San Diego, CA).

3. Results

3.1. KU135 reduces cell viability and cell proliferation in melanoma cells

KU135 is a small molecule C-terminal Hsp90 inhibitor, derived from the antibiotic 

novobiocin, which has been structurally optimized to convert KU135 into a potent Hsp90 

inhibitor [14] (Fig. 1A, structure of novobiocin and KU135). To investigate the biological 

effect of Hsp90 inhibition by KU135 in melanoma cells, we incubated melanoma cells with 

increasing concentrations of KU135 and DMSO (0.1% final concentration), and viability 

was determined using the MTS assay. KU135 inhibited cell viability in a dose-dependent 

manner in A735(DRO), M14(NPA), B16F10 and SKMEL28 cells (Fig. 1B). The IC50 of 

KU135 was determined to be 0.82 M, 0.93 M, 1.33 M and 1.30 M against A735(DRO), 

M14(NPA), B16F10 and SKMEL28 cells, respectively after 72 h of treatment. KU135 was 

shown to be a more potent drug to reduce cell viability in A375(DRO), M14(NPA) and 

SKMEL28 cells compared to Hsp90 N-terminal inhibitor 17AAG and novobiocin. However, 

17AAG was more potent reducing cell viability in B16F10 murine melanoma cells 

compared to KU135. Trypan blue staining was also used to investigate cell proliferation and 

cell death in cell. B16F10 and SKMEL28 cells were treated with different concentrations of 

KU135. KU135 reduced cell proliferation and induced cell death in B16F10 and SKMEL28 

cells in a concentration-dependent manner (Fig. 1C). Treatment of B16F10 and SKMEL28 

cells with KU135 reduced cell proliferation by 3- and 6-fold at 1 M and 3 M, respectively. In 

addition, the percentage of trypan blue positive cells increased from 4–5% in untreated cells 

to approximately 30% and 65% in melanoma cells treated with 1 M and 3 M KU135, 
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respectively. Similar results were obtained in A735(DRO) and M14(NPA) cells (data not 

shown).

3.2. KU135 induces mitochondrial membrane potential change and cytochrome C release

In order to confirm the cell viability and proliferation results, we performed mitochondrial 

membrane potential and cytochrome C assay. KU135 reduced mitochondrial membrane 

potential in a concentration-dependent manner (Fig. 2A). These results indicate that 

M14(NPA) cells were more responsive to mitochondrial membrane changes compared to 

A735(DRO) cells upon KU135 treatment. Furthermore, treatment of melanoma cells with 

KU135 resulted in mitochondrial cytochrome C release in a concentration-dependent 

manner (Fig. 2B). These results showed that mitochondrial cytochrome C release occurred at 

lower KU135 concentration (1.0 M) than mitochondrial membrane potential change.

3.3. KU135 induces melanoma cell death

The effects of KU135 on induction of apoptosis were examined using the annexin V/PI 

assay and Western blot analysis of caspase activation. These data showed that KU135 (24 h 

treatment) increased cell death at 2.5 M in B16F10 cells, at which 11.4% of cells were 

stained with annexin V and 14.5% of cells were stained with PI, characteristic of necrosis 

only (Fig. 2C). Treatment of B16F10 cells with higher concentrations of KU135 increased 

the number of cells at late stages of apoptosis leading to annexin V staining of 22.7%. 

Treatment of SKMEL28 human melanoma cells with KU135 increased apoptosis (Fig. 2C) 

from basal level of 2.2% for untreated cells to 9.4% for cells treated with 2.5 M and 21% for 

cells treated with 5.0 M of KU135. The efficacy of KU135-mediated induction of apoptosis 

was compared to treatment with 17AAG, in a time-dependent manner. KU135 (5.0 M) 

exhibited a more potent cytotoxic effect when compared to 17AAG (5.0 M) at 24, 48 and 72 

h time points (Fig. 2D) against melanoma cells.

We next examined the activation of caspase 3 upon treatment of melanoma cells with 

KU135. Melanoma cells were treated with increasing concentrations of KU135 and the 

activation of caspase was assessed by examining increasing levels of cleaved endogenous 

caspase 3 substrate PARP and reduction in the level of uncleaved caspase 3 (Fig. 2E). 

KU135-mediated PARP cleavage was detected at 5 and 10 M after 24 h of melanoma 

treatment while PARP cleavage was detected at 1, 5 and 10 M of KU135 after 48 h 

treatment. Caspase 3 activation pattern indicated that KU135 may not induce apoptosis at 

concentrations close to its IC50 when treated for a short period of time, however longer 

treatment induced apoptosis in melanoma cells. These results show that caspase 3 activation 

was detectable after 24 h of treatment, whereas long-term treatment with KU135 increased 

caspase 3 activation. Furthermore, when comparing the time required for mitochondrial 

membrane potential change and cytochrome C release with that for caspase 3 activation, 

KU135 induced mitochondrial membrane potential change and cytochrome C release at a 

faster rate (after 24 h treatment). These results indicate that the C-terminal Hsp90 inhibitor, 

KU135, reduced cell viability and cell proliferation in melanoma cells, and these events 

were accompanied with mitochondrial membrane changes, cytochrome C release, and 

caspase 3 activation. Furthermore, Caspase 3 upstream effectors caspase 8 and caspase 9 

were activated in KU135-treated cells. KU135 induced activation of caspase 8 which 
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indicates that KU135 activates extrinsic apoptotic pathway (Fig. 2E). Caspase 8 cleavage 

was observed at low KU135 (1.0 M) concentration after 24 h and 48 h treatment. 

Furthermore, KU135 induced cleavage of caspase 9 in a concentration- and time-dependent 

manner (Fig. 2E). These studies indicated that KU135 induced apoptosis in melanoma cells 

by inducing mitochondrial membrane potential change, release of mitochondrial cytochrome 

C, activation of caspase 8, caspase 9 and caspase 3.

3.4. KU135 inhibits Akt and ERK1/2 MAP kinase activation and reduces Hsp90 client 
proteins

We next examined the effect of KU135 on proliferative pathways PI3Kinase/Akt and 

ERK1/2 MAP kinase signaling. Melanoma cells carry the BRAF(V600E) mutation, [3,15] 

resulting in activation of the RAF/MEK/ERK signaling pathway. KU135 reduced Akt 

phosphorylation (Ser473) and total Akt levels in melanoma cells. Short KU135 treatment 

increased Akt phosphorylation while long treatment time (48 h) reduced Akt 

phosphorylation (Fig. 3A). KU135 did not significantly alter phosphorylation of ERK1/2 

after 24 h treatment, whereas it reduced ERK activation after 48 h. Total ERK levels were 

unchanged at either time points. Moreover, treatment of melanoma cells with KU135 

reduced BRAF and Raf-1 levels. BRAF and Raf-1 are Hsp90 client proteins. KU135 

reduced BRAF and Raf-1 levels in a concentration and time-dependent manner in melanoma 

cells (Fig. 3A).

3.5. KU135 reduces levels of heat shock proteins

We next examined KU135-mediated changes in the levels of heat shock proteins. KU135 did 

not alter Hsp90 and Hsp90 levels in melanoma cells (Fig. 3B). Furthermore, levels of 

TRAP1, the mitochondrial Prolag of Hsp90 did not significantly change upon KU135 

treatment. However, KU135 reduced the endoplasmic reticulum Hsp90 Prolag, Grp94, levels 

in melanoma cells, which is the opposite of the effect of treatment with 17AAG. Hsp27 

levels remained unchanged upon KU135 treatment, which is in contrast to treatment with 

17AAG which significantly induced Hsp27 expression in melanoma cells (Fig. 3B). Hsp90 

inhibition is often compensated for by increased expression of Hsp90 and Hsp70 as well as 

other heat shock proteins. KU135 slightly increased Hsp70 expression at 1 M whereas, at 

higher concentrations, Hsp70 expression was reduced (Fig. 3B). In contrast, 17AAG 

treatment of melanoma cells substantially induced Hsp70 expression in melanoma cells. 

Expression of heat shock proteins is primarily controlled by transcription factor heat shock 

factor 1 (HSF1). Upon stress signaling, HSF1 is released from the Hsp90-Hsp70 

multiprotein complex in the cytoplasm, whereupon it then trimmerizes, translocates into the 

nucleus. It is phosphorylated and binds to cognate heat shock response element (HSRE) on 

the promoter region of HSF1 regulated proteins. Similar to N-terminal Hsp90 inhibitors, 

KU135 decreased the level of HSF1 phosphorylation in a concentration-dependent manner, 

whereas, less potent C-terminal Hsp90 inhibitor, novobiocin, did not significantly change 

HSF1 phosphorylation (Fig. 3B).

To confirm that KU135 did not significantly induced Hsp70 levels in treated cells, HeLa 

cells stably expressing hsp70.1pr-luciferase plasmid were employed. This experiment is an 

accurate representation of HSF1 transcriptional activity in KU135-treated cells since it 
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measures binding of HSF1 and induction of RNA polymerase activity in the cell. As a 

positive control, cells were heat shocked for 1 hr to induce HSF1 activation. Results showed 

that KU135 did not induced luciferase activity and, therefore did not affect induction of 

Hsp70 expression (Fig. 3C). Overall these results show that KU135 decreased Hsp70, Grp94 

and HSF1 protein levels, while expression of other heat shock proteins did not significantly 

change. Furthermore, KU135 did not affect Hsp70 promoter activation.

3.6. KU135 induces G2/M cell cycle arrest in melanoma cells

Melanoma cells were treated with increasing concentration of KU135 for 24 h and the 

distribution of cell cycle was detected by flow cytometry. KU135 shifted G2/M cell cycle 

from 25.4% and 26.1% in untreated cells to 78.9% and 37.8% at 1.0 M and 81.4% and 

84.9% at 3.0 M of treatment with KU135 for B16F10 and SKMEL28 cells, respectively 

(Fig. 4A). Figure 4B illustrates the strong shift from G0/G1 to G2/M cell cycle shift upon 

KU135 treatment. These data show that KU135 induced G2/M cell cycle arrest at 

concentrations below the IC50 for KU135 (Fig. 4B). To further investigate molecular 

mechanism involved in KU135-mediated cell cycle regulation, melanoma cells were treated 

with increasing concentrations of KU135 as well as novobiocin and 17AAG. We first 

examined the activation levels of cdc25C phosphatase in KU135-treated cells. KU135 

treatment increased phosphorylation of cdc25c phosphatase, decreased cellular cdc25c levels 

and reduced cyclin B levels in a concentration dependent manner (Fig. 4C). These results 

indicate that KU135 promoted strong G2/M cell cycle arrest in melanoma cells by increased 

phosphorylation of cdc25c, reduction of cdc25c and cyclin B levels.

4. Discussion

Small molecule kinase-targeting drugs have emerged as a promising class of cancer 

therapeutics. However, cancer cells invariably display drug resistance to these single-

targeted therapies and therefore it is important to identify novel targets. Targets that regulate 

multiple proteins and signal transduction pathways are especially promising in the pursuit of 

anti-cancer agents. Hsp90 is a molecular chaperone that promotes proper folding and 

stability of several classes of proteins. Hsp90 expression is increased in several cancer types 

including melanoma [6,16]. N-terminal Hsp90 inhibitors have been used to target melanoma 

cells [17,18]. However, clinical trials with N-terminal Hsp90 inhibitors have been associated 

with severe side effects highlighted the need for novel Hsp90 inhibitors cancer therapy 

[5,12]. The present study investigated the effect of a novel novobiocin-derived C-terminal 

Hsp90 inhibitor in melanoma cells. KU135 offers a distinct mechanism of Hsp90 inhibition 

[14]. KU135 binds to Hsp90 C-terminus and inhibits Hsp90 chaperone activity. KU135 

reduced cell viability and proliferation in melanoma cells, and reduced mitochondrial 

membrane potential as well as release of mitochondrial cytochrome C. KU135 induced 

apoptosis through caspase 8, 9 and 3 activation. Additionally, KU135 exerts its anti-

proliferative activity by reducing Hsp70 expression as well as reduction of total and 

phosphorylated HSF1. KU135 failed to activate Hsp70 promoter activity. Furthermore, heat 

shock proteins Hsp90 Hsp90 and TRAP1 expression were unaffected upon KU135 

treatment.
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Additionally, KU135 shifted melanoma cells into the G2/M phase. Several proteins are 

involved in regulation of the cell cycle. Recent investigation has highlighted an important 

role for cdc25 phosphatase in G2/M cell progression [19,20]. Cdc25c phosphatase is 

required for the assembly of Ckd1/cyclin B and the transition out of the G2/M phase. In 

eukaryotic cells, progression through different stage of cell cycle is regulated by cyclin-

dependent kinases (Cdks). Activation of cdk1 is required for the progression of cells through 

mitosis [21]. Cdk1 is activated by cdc25c phosphatase activity. Phosphorylation of cdc25c 

(Ser216) during the interphase and G2/M cell cycle arrest increases cytoplasmic localization 

and inactivation of cdc25c phosphatase activity. We have shown that KU135 increased 

Ser216 cdc25c phosphorylation in a concentration-dependent manner, while reducing total 

cdc25c and cyclin B protein levels. Previous reports showed that Hsp90 is involved in proper 

localization of cyclin B during mitosis [22]. However, the mechanism of KU135-mediated 

phosphorylation and cdc25c inactivation is not known at this point and requires further 

investigation. Additionally a recent report indicates that N-terminal Hsp90 inhibitors reduce 

cdc25 levels in cancer cells [23,24], therefore KU135 may destabilized cdc25c through 

Hsp90 inhibition.

KU135, a novel C-terminal Hsp90 inhibitor [14] exhibited potent anticancer activity against 

melanoma cells. These results indicate that KU135 is a chemotherapeutic alternative to N-

terminal Hsp90 inhibitors. These data indicated that KU135 modulates cell proliferation and 

cell cycle progression. Ongoing studies seek to characterize KU135-induced cell cycle 

progression and the mechanism by which it activates caspase 3.
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Highlights

> Novel c-terminal Hsp90 inhibitor, KU135 is an effective drug against 

melanoma.

> It inhibited proliferation and induced G2/M cell cycle arrest, and apoptosis.

> KU135 reduced Hsp90 client proteins Akt, BRAF, RAF-1, cyclin B and 

cdc25 proteins.
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Fig. 1. 
KU135 reduces cell viability and proliferation in melanoma cells. (A) Chemical structure of 

novobiocin and active analogue KU135. (B) Cytotoxic effect of KU135 on melanoma cells. 

Melanoma cells (2×103) were seeded in 96 well plates and incubated for 24 h. After 

treatment for 72 h, cell viability was determined by MTS viability assay. Results are 

expressed as percentage of cell viability compared to control. (C), Cell proliferation was 

carried out using trypan blue staining. Cells (3×104) were incubated overnight in 60 mm 

culture plates and treated with KU135 for 24 h. Cells were stained with trypan blue and 

counted using hemocytometer. All experiments were carried out in triplicate and performed 

three times. KU135 reduces cell proliferation and induces cell death. Data are presented as 

mean±SD of viable cells and % of dead cells (trypan blue stained). * p<0.05 and **p<0.001
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Fig. 2. 
KU135 induces apoptosis in melanoma cells. (A) A735(DRO) and M14(NPA) cells (1×105) 

were treated with KU135 and then treated with JC-1 according to the manufacturer’s 

instruction (see Methods and material section). Stained cells were analyzed by flow 

cytometry. All experiments were carried out in triplicates and presented as mean±SD. 

KU135 reduced mitochondrial membrane potential in a concentration-dependent manner. 

(B) M14(NPA) cells were treated with increasing concentration of KU135 for 24 h. Treated 

cells were removed from plates by trypsinization and cytoplasmic and mitochondrial 
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fractions were separated. Western blot analysis was carried out to examine cytoplasmic and 

mitochondrial cytochrome c levels. Additionally, KU135 induced cytoplasmic release of 

cytochrome C. (C) KU135 increased annexin V/PI staining in melanoma cells in a 

concentration-dependent manner. Melanoma cells (SKMEL28 and B16F10) were incubated 

overnight and treated with different concentrations of KU135. Cells (1×105) were washed 

and stained with annexin V/PI. Apoptotic cells were counted by flow cytometry. All 

experiments were carried out in triplicate. (D) KU135 a stronger inducer of apoptosis 

measured by annexin V/PI staining compared to the N-terminal Hsp90 inhibitor 17AAG in a 

time-dependent manner. B16F10 cells were treated 5.0 M KU135 and 5.0 M 17AAG for 24, 

48 and 72 h. Each experiment was carried in triplicate. (E) SKMEL28 cell were treated with 

increasing concentration of KU135 for 24 and 48 h. Cell lysates were analyzed by Western 

blotting and probed for caspase 3, PARP caspase 8 and caspase 9. -Actin was used as a 

loading control. KU135 increase activation of caspase 8, 9. Furthermore KU135 induced 

caspase 3 activation which is signified by reduction of uncleaved caspase 3 and cleavage of 

PARP in melanoma cells. * p<0.05 and **p<0.001
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Fig. 3. 
KU135 modulates proliferative signaling and heat shock proteins. (A) SKMEL28 melanoma 

cells were treated with increasing concentration of KU135 for 24 and 48 h. Cell lysates were 

prepared and probed for phospho-Akt (Ser473), total Akt, phospho-ERK2(Tyr 204), total 

ERK2, RAF-1 and BRAF. (B) KU135-mediated modulation of heat shock proteins were 

examined by Western blotting. (C) KU135-mediated HSE promoter activity was analysed 

using Hela cells stably expressing hsp70.1pr-luciferase plasmid. Hela cells were plated at 

1.0×104 cells/well in 96-well plates overnight before treatment with KU135. Cell were 

treated for 24 h with increased concentration of KU135 or heat-treated at 43°C for 1 h and 

luciferase activity was measured 24 h after heat treatment. Luciferase activity was measured 

by Bright-Glo reagent. KU135-mediated luciferase activity was compared to heat- induced 

luciferase activity (100%). All experiments were carried in triplicate.
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Fig. 4. 
KU135 strongly induces G2/M cell cycle arrest in melanoma cells. (A) Cells were treated 

with increasing concentration of KU135 and stained with propidium iodide. (B) The level of 

G2/M cell cycle arrest was shown when SKMEL28 and B16F10 cells were treated with 1.0 

and 3.0 M KU135. (C) KU135-mediated modulation of G2/M proteins phospho-cdc25c, 

cdc25c and cyclin B were probed using Western blotting.
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