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ABSTRACT 
 

Heat shock protein 90 (HSP90), which is implicated in post-translational folding, stability, 

and maturation of proteins, controls several key cell cycle regulators. Thus, the hypothesis 

was raised that geldanamycin, a specific and potent inhibitor of HSP90 function, may have 

pronounced effects on cell cycle progression. The objective of this study was to test this 

hypothesis in normal and cancer cells of human origin. 

 

The experiments performed on human lymphocytes mitogenically stimulated by 

phytohemagglutinin (PHA) indicated that 100 nM or 150 nM geldanamycin induces 

transition of cells to the G0 state of cell cycle. This was documented utilizing acridine 

orange, a metachromatic dye which differentially stains DNA versus RNA. The same 

experimental protocol allowed demonstration that geldanamycin is a potent inducer of 

apoptosis in PHA-activated cells. Importantly, both the block in G0 and induction of 

apoptosis were reversible and returned to control values upon removal of geldanamycin. 

Similar conclusions were reached when cell number in cultures was analyzed, excluding 

the possibility that a relevant fraction of cells was disintegrated during the incubation 

period.  

 

Experiments on Jurkat line of acute T-cell leukemia were performed next. Jurkat cells were 

used here as a model system in which the cytostatic and cytotoxic properties of 

geldanamycin on cancer cells can be tested. Initial experiments determined the time 

course and concentration-dependence of geldanamycin-induced alterations in cell cycle 

distribution and apoptosis. In contrast to human lymphocytes, geldanamycin did not 

induce G0 arrest in Jurkat cells, but inhibited them initially in the G2 phase, and at later 

time points in the G1 phase. The G2 was distinguished from mitosis by the absence of 

phosphorylation of histone H3, a specific marker of mitotic cells. The inhibition of Jurkat 

cells in G1 was linked to a decrease in phosphorylation of retinoblastoma protein. Finally, 

the exposure of Jurkat cells to geldanamycin resulted in induction of apoptosis, 

predominantly in cells being arrested in G1 and G2/M phases of the cell cycle. 

 

Finally, to address the possibility that stimulation of nuclear factor kappa-B (NF-kB), 

downstream of HSP90, modulates the effects of geldanamycin on cancer cells, Jurkat 

IkBaM line was employed. These cells cannot activate their NF-kB-mediated responses 
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because of the mutation in its inhibitory protein, IkB. In the absence of functional NF-kB, 

geldanamycin-mediated induction of apoptosis and loss of cycling cells were markedly 

higher than when NF-kB was functional. These results were further corroborated by 

experiments in which parthenolide, a plant-derived inhibitor of NF-kB was employed. 

Geldanamycin-treated Jurkat cells responded to the parthenolide challenge by partial 

arrest in S phase and increased cell death by apoptosis. 

 

In conclusion, inhibition of HSP90 by geldanamycin blocks cell cycle progression and 

induces apoptosis of Jurkat cells, and NF-kB mediates these effects. The newly identified 

network of interactions may facilitate understanding of the mechanism of cytostatic and 

cytotoxic action of geldanamycin derivatives used currently in clinical trials. 
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ABBREVIATIONS 
AO: acridine orange  
AHBA: 3-amino-5-hydroxybenzoic acid  
bcr-Abl: breakpoint cluster region - Abelson 
BSA: bovine serum albumin 
Cdk: cyclin-dependent kinase 
CTD: C-terminal domain  
DAPI: 4’,6-diamidino-2-phenylindole 
DMSO: dimethyl sulfoxide 
EGFR: epidermal growth factor receptor 
ErbB: erythroblastic leukemia viral oncogene B 
FITC: fluorescein isothiocyanate 
Grp94: glucose-regulated protein 
HBSS: Hanks’ balanced salt solution 
HSP: Heat shock protein 
HER-2: human epidermal growth factor receptor 2 
IGF1R: insulin-like growth factor 1 receptor  
I-κB: inhibitor of NF-κB 
IKK: I-κB kinase 
MMP2: matrix metalloproteinase 2  
MHC: major histocompatibility complex 
MD: middle domain 
Myt1: myelin transcription factor 1 
NF-κB: nuclear factor κB 
NTD: N-terminal domain 
PBS: phosphate buffered saline 
PDGFR: platelet-derived growth factor receptor 
PHA: phytohaemagglutinin 
PI: propidium iodide 
PKS: polyketide synthase 
pRb: hyperphosphorylated retinoblastoma protein 
PTEN: phosphatase and tensin homolog 
Rb: retinoblastoma protein 
Trap1: TNF Receptor-Associated Protein 1 
Wee1: nuclear protein kinase belonging to the Ser/Thr family  
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INTRODUCTION 
Structure and synthesis of geldanamycin 
Geldanamycin is a benzoquinoid ansamycin antibiotic which has profound effects on 

eukaryotic cells. It was isolated for the first time from the actinomycete, Streptomyces 

hygroscopicus var. geldanus var. nova in 1970 [DeBoer et al. 1970]. Similarly to other 

ansamycins, geldanamycin is composed of an aromatic moiety bridged by an aliphatic 

chain. The structure of geldanamycin is illustrated in Figure 1. 
 
Figure 1. The molecule of geldanamycin. The aromatic part 
is shown in red, while the aliphatic bridge is depicted in blue. 
The numbering of carbon atoms is indicated. Molecular weight 
of geldanamycin is 561. 
 

The biosynthesis of ansamycins begins with the assembly 

of 3-amino-5-hydroxybenzoic acid [He et al.,2006; Lee et 

al., 2006; Chang et al.,2014; Li et al., 2015]. Next, a set of 

polyketide synthases catalyzes the sequential addition of 

extender units: acetate, propionate, and glycolate, resulting in the formation of 

progeldanamycin (Figure 2). This 

initial product is subsequently 

processed to form geldanamycin by 

a series of addition reactions: C-17 

hydroxylation, C-17 O-methylation, 

C-21 oxidation, C-7 carbamoyla-

tion, and C-4,5 oxidation (Figure 2).  
 

Figure 2. Geldanamycin synthesis 
pathway. Multiple steps leading to the 
formation of geldanamycin are 
illustrated. AHBA: 3-amino-5-
hydroxybenzoic acid; PKSs: polyketide 
synthases. For the numbering of 
carbon atoms see Figure 1. Adapted 
from [Lee et al., 2006]. 
 

Geldanamycin is a potent antibiotic 

and antifungal agent [Piper and 

Millson, 2012; Hill et al., 2013]. 

However, it was only after the 
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demonstration of its interaction with the heat shock protein 90 (HSP90) that a great interest 

in geldanamycin has developed.   

 
HSP 90 
Heat shock proteins (HSPs) were so named because they were observed for the first time 

in cells exposed to elevated temperature. The evidence of heat shock response was 

initially documented by Ferruccio Ritossa in puffs of the salivary glands of Drosophila 

[Ritossa, 1962; Ritossa, 1996] after the temperature of an incubator housing the flies was 

incidentally increased. To date, multiple HSPs have been identified; they differ in size and 

are named according to their molecular weight. The HSP superfamily comprises five well-

conserved families of proteins: HSP33, HSP60, HSP70, HSP90, and HSP100, the names 

are derived from their molecular weights, which are 33, 60, 70, 90 and 100 kDa, 

respectively [Erlejman et al., 2014, Wu et al., 2017]. 

 
The 90 kDa member of the HSPs family, HSP90, is a protein that was highly conserved in 

the evolution. There is approximately 50% similarity of the protein chain sequence 

between Escherichia coli, yeast, fruit fly, trypanosomes, and mammals, including humans 

[Borkovich et al., 1989].  Most organisms contain two cytosolic isoforms of HSP90, which 

exhibit 85% homology in mammalian cells [Chen et al., 2006]. They correspond to a 

stress-inducible isoform HSP90α and a constitutively expressed isoform HSP90β [Hickey 

et al., 1989]. Additionally, a mitochondrial form of HSP90, Trap1, and a form localizing to 

the endoplasmic reticulum, Grp94, are expressed in mammals [Sreedhar and Csermely, 

2004]. 

  

HSP90 is ubiquitously expressed in the cytosol of eukaryotic and prokaryotic cells 

[Erlejman et al., 2014]. In unstressed cells, HSP90 accounts for 1-2% of all cell proteins, 

while induction of stress increases its cellular content to 4-6% [Messaoudi et al., 2011]. A 

small fraction of this protein, 2-3%, exhibits nuclear localization [Sawarkar and Paro, 

2013], and this fraction can also increase under stressful conditions [Katschinski et al., 

2002; Lamoth et al., 2012]. There are only two known exceptions to the intracellular 

localization of HSP90. The isoform HSP90α, which is typically present in the cytoplasm, 

was also identified as an extracellular chaperone of matrix metalloproteinase 2 (MMP2) 

[Eustace et al., 2004]. It also serves extracellularly as a chaperone of HER-2, a member 

of the ErbB family of receptor tyrosine kinases [Sidera et al., 2008]. Given these 
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extracellular functions, it was not a surprise that HSP90 could be found on the external 

surface of the cell membrane [Sidera and Patsavoudi, 2008]. The association of HSP90 

with receptors affecting cytoskeletal rearrangements implicates its involvement in cell 

motility, invasion, and metastasis, essential features of cancer cells [Sidera et al., 2008; 

Sidera and Patsavoudi, 2008; Tsutsumi et al., 2008, Jurczyszyn et al., 2014]. 

 

The structural and functional studies of HSP90 have proven to be an arduous endeavor.  

One of the reasons for this complexity is the broad range of cellular processes in which 

HSP90 is involved. Moreover, the function of HSP90 often relies on binding of various co-

chaperones at the same time. In unstressed cells, HSP90 takes part in nascent protein 

folding, as well as in maintenance, degradation, and activation of proteins. HSP90 

prevents the formation of protein aggregates, regulates intracellular transport, cell 

signaling, DNA replication and repair, gene transcription, telomere maintenance, and 

antigen processing for presentation by MHC class I and II antigens [Rajagopal et al., 2006; 

Richter et al., 2007; DeZwaan and Freeman, 2008; DeZwaan and Freeman, 2010; Eckl 

and Richter, 2013; Barrott and Haystead., 2013; Hu et al., 2015]. The number of proteins 

with diverse functions for which HSP90 is a molecular chaperone is continuously growing.  

An up-to-date list of molecules with which HSP90 interacts, co-chaperones as well as 

client proteins, is compiled and maintained by D. Picard on his website 

[http://www.picard.ch/downloads/Hsp90interactors.pdf]. As of now (December 2017), this 

list comprises over 700 entries.  

 
Structure of HSP90 and its interaction with geldanamycin 
At physiologic temperatures, HSP90 exhibits a structure of a homodimer [Wandinger et 

al., 2008] with each protomer comprised of three domains, N-terminal (NTD), middle (MD) 

and C-terminal domain (CTD) (Figure 3). The N-terminal domain contains an ATP binding 

site, while the C-terminal domain is responsible for dimerization of the chaperone and also 

serves as a binding site for co-chaperons containing a tetratricopeptide repeat (TPR) 

structural motifs. TPRs consist of a sequence of 34 amino acids; this sequence is 

conserved between proteins and across the species. TPRs are found in tandem arrays of 

3–16 motifs which provide the structural basis for protein-protein interactions including the 

formation of multiprotein complexes, such as chaperone/co-chaperone/client protein 

[Spelt et al., 2015]. 
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The middle domain is believed to be the 

binding site of client substrates. Analysis of 

HSP90 interactions with its client 

substrates through small-angle X-ray 

scattering [Street et al., 2011], crystal 

structure analysis [Pearl and Prodromou, 

2006], electron microscopy and cryo-EM 

[Southworth and Agard, 2011] revealed 

client-induced changes in the conformation 

of the complex and its structural flexibility. 

Specifically, it has been proposed that 

binding of the client protein to HSP90 

induces conformational changes in this 

molecule by bringing the NTDs closer 

together [Street et al., 2011; Krukenberg et 

al., 2011].  
Figure 3. Three-dimensional structure of an HSP90 dimer. The two monomers are illustrated 
by blue and red color, respectively. The location of the three major domains of HSP90 is also 
indicated. Modified from [Pearl and Prodromou, 2006].    
 
Additionally, dramatic changes in the conformation of dimerized HSP90 occur upon 

binding the molecule of ATP, and following hydrolysis of this nucleotide (Figure 4). These 

conformational changes in HSP90 are believed to be relevant in the process of activation 

and stabilization of the client proteins [Pearl and Prodromou, 2006; Southworth and Agard, 

2011; Krukenberg et al., 2011; Seo, 2015; Flynn et al., 2015]. 
Figure 4. Conformational changes 
of HSP 90. During the ATP-dependent 
conformational cycle, binding of the 
nucleotide alters the conformation 
from an open structure of dimerized 
HSP90 (1) to more closed 
configuration (2). Hydrolysis of ATP 
and release of Pi results in a further 
compaction of the protein (3). 
Dissociation of ADP restores the open 
conformation and restarts the 
conformational cycle. The two 
monomers are illustrated by blue and 
red color, respectively. Modified from 
[Krukenberg et al., 2011]. 
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A crucial feature of the ATP binding site, which is located in a hydrophobic pocket within 

the NTD, is its ability to bind geldanamycin with high affinity despite the structural 

differences between this antibiotic and ATP. Mechanistically, binding of geldanamycin to 

HSP90 prevents ATP-mediated conformational changes in the protein, disrupting the 

complexes between the chaperone and its client proteins [An et al., 2000, Seo, 2015]. This 

mode of action is consistent with the result of the classic experiment of Whitesell and 

collaborators on the effect of geldanamycin on 3T3 fibroblasts expressing v-src kinase 

[Whitesell et al., 1994]. They noted a stark contrast between the ability of geldanamycin to 

inhibit v-src kinase activity in intact cells and its inability to act as an inhibitor of the kinase 

in an in vitro assay. In the search for the reason for this discrepancy, the crucial role of 

HSP90 in cancer cell signaling was established for the first time [Dai and Whitesell, 2005; 

Cullinan and Whitesell, 2006; Whitesell and Lin, 2012].  

 
HSP90, the cell cycle, and cancer 
Several lines of evidence point to the critical role of HSP90 in cell cycle progression 

[reviewed in Burrows et al., 2004; Sankhala et al., 2011; Jackson, 2013]. The mRNA 

encoding HSP90 is markedly upregulated at the G1-S phase transition [Jérôme et al., 

1993]. Moreover, specific blockade of HSP90 mRNA by the introduction of an expression 

vector containing anti-sense cDNA for HSP90 results in a decreased proliferation in 

human cells in vitro [Galea-Lauri et al., 1996]. Consistent with the role of HSP90 in the 

control of cell cycle, a small but measurable fraction of this protein is compartmentalized 

in the nucleus, and during mitosis remains associated with centromeres [Lange et al., 

2000; Sawarkar and Paro, 2013].  

 

HSP90, as a molecular chaperone, is implicated in post-translational folding, stability, and 

maturation of hundreds of different proteins. It is therefore conceivable that HSP90 may 

affect the progression through the cell cycle by interacting with cell cycle-regulating client 

proteins. In fact, it is well recognized that, in addition to upstream effects, HSP90 directly 

controls many critical cell cycle regulators [Neckers and Ivy, 2003, Zhang and Burrows, 

2004; Burrows et al., 2004]. Table I lists the most important examples in this category. 
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In addition to cell cycle regulators, the clientele of HSP90 involves bona fide oncoproteins 

implicated in several types of cancers [Workman et al., 2007; Neckers and Workman, 

2012; Chatterjee et al., 2016]. These targets include a wide range of oncogenic kinases, 

such as ErbB2 (Her2) [Jeong et al., 2017], EGFR [Yang et al., 2016], B-Raf [Eckl et al., 

2016], c-Raf [Mitra et al., 2016], Akt [Ke et al., 2017], Met [Karkoulis et al., 2013], and Bcr-

Abl [Kancha et al., 2013]. HSP90 interacts with the estrogen receptor, a transcription factor 

essential for the development of breast cancer [Chang et al., 2014], and with the androgen 

receptor, a transcription factor essential for the development of prostate cancer [ Uo et al., 

2017]. Other transcription factors implicated in oncogenesis, such as p53 and HIF-1α, 

require HSP90 for the maintenance of their stability [Li and Marchenko, 2017; Zhang et 

al., 2017]. Finally, HSP90 activates the catalytic subunit of telomerase [DeZwaan and 

Freeman, 2010], permitting unlimited proliferation of cells and their evolution into a fully 

transformed cancerous state [Martínez and Blasco 2017].    

 
Geldanamycin and the cell cycle 
The ability of HSP90 to function as a chaperone of multiple cell cycle-related proteins 

strongly suggests that geldanamycin, a potent inhibitor of HSP90, can have significant 

consequences on cell cycle progression. Surprisingly, in spite of numerous clinical trials 

testing geldanamycin and its derivatives as anti-cancer drugs [Nowakowski et al., 2006; 

Lancet et al., 2010; Vaishampayan et al., 2010; Siegel et al., 2011; Gartner et al., 2012; 

Iyer et al., 2012; Barrott and Haystead, 2013; Kim et al., 2013; Modi et al., 2013; Wagner 
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et al., 2013; Saif et al., 2013; Schenk et al., 2013; Walker et al., 2013; Bhat et al., 2014; 

Pedersen et al., 2015; see also unpublished trials listed at ClinicalTrials.gov: 

NCT00079404, NCT00088374, NCT00093405, NCT00098423, NCT00118092, 

NCT00118248, NCT01228435, NCT01427946], the information available on the impact 

of geldanamycin on cell growth and death is manifestly scant. 

 

Short-term studies indicated a reduction in the proportion of cells in S phase in one line of 

urinary bladder cancer cells, but not in another [Karkoulis et al., 2013]. Human gastric 

carcinoma MGC803 cells responded to the geldanamycin treatment by a decrease in 

proliferation rate, but whether this was due to cell cycle inhibition or activation of cell death 

remains unknown [Wang et al., 2014]. Similar results were obtained in a study of U266 

myeloma cell line [Jurczyszyn et al., 2014], but again the distinction between the effect of 

geldanamycin on cell cycle and cell death could not be established. Malignant cells of the 

small cell lung cancer were reported to experience inhibition of proliferation at low doses 

of geldanamycin, and cell death at high doses, but the latter outcome was considered an 

off-target effect, unrelated to inhibition of HSP90 [Restall and Lorimer, 2010]. Another 

study, which utilized human hepatocellular carcinoma cells grown in vitro and in vivo has 

shown that geldanamycin induced cell cycle arrest in G2 or mitosis, and a claim was made 

that the mitotic block might be responsible for triggering apoptosis. However, apoptosis 

was not observed in the in vivo setting, raising doubts on the relevance of this form of cell 

death [Watanabe et al., 2009]. The paucity of basic research on the impact of 

geldanamycin on cancer-related cellular activities necessitates further research in this 

area.  

 

Nuclear factor-κB and HSP90 
Attenuation of HSP90 function has been shown to induce apoptosis in various types of 

cancer cells: breast cancer cells [Huang et al., 2014], colorectal cancer cells [Kinzel et al., 

2016], T-cell acute lymphoblastic leukemia [Akahane et al., 2016], thyroid cancer cells 

[Belalcazar et al., 2017], ovarian cancer cells [Lee et al., 2017], nasopharyngeal 

carcinoma [Ye et al., 2017], and Burkitt lymphoma [Walter et al., 2017]. This property 

appears to be mediated by the interaction of the chaperone with nuclear factor-κB (NF-

κB) [Chen et al., 2002; Bai et al., 2011, Wang et al., 2013]. NF-κB, originally identified as 

a regulator of expression of immunoglobulin κ-light chain in B lymphocytes [Sen and 

Baltimore, 1986], is a eukaryotic transcription factor controlling a large number of normal 
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cellular processes, including proliferation [Wan and Leonardo, 2010; Lorenz et al., 2016], 

and apoptosis [Baldwin, 2012; Gasparini et al., 2014].  

 

The regulation of the activity of 

NF-κB is illustrated in Figure 5. 

Cytoplasmic NF-κB binds its 

inhibitor, I-κB, forming an 

inactive complex that can only 

be disrupted when I-κB kinase, 

IKK, is activated. When the 

phosphorylated I-κB is marked 

by ubiquitination for 

degradation in the proteasome 

pathway, the active molecule 

of NF-κB translocates to the 

nucleus where it acts as a 

transcription factor. 
 

Figure 5. NF-kB signaling pathway. See text for description. 
 

 

The transcription factor NF-κB was shown to be activated in a wide range of human 

cancers [Karin and Greten, 2005; Jin et al., 2008; Prasad et al., 2010; Arkan and Greten, 

2011; Wu et al., 2015; Cahill et al., 2016; Durand and Baldwin, 2017]. Moreover, it is well-

established that NF-κB functions to block cell death through transcriptional induction of 

genes encoding anti-apoptotic and anti-oxidant proteins [ Baldwin, 2012]. The mechanism 

by which HSP90 promotes the pro-survival action of NF-κB has been elucidated in recent 

years [Neckers, 2007; Baldwin, 2012]. Specifically, IKK, a molecule critical for the 

activation of NF-κB [Napetschnig and Wu, 2013], is degraded upon inhibition of HSP90 

[Broemer et al., 2004]; loss of IKK inactivates NF-κB and inhibits NF- κB-dependent pro-

survival pathways [Lewis et al., 2000; Wang et al., 2006; Baldwin, 2012].  

  

The role of NF-κB in the HSP90 function can be studied by employing Jurkat-IκBαM cells 

which are stably transfected with a dominant-negative IκB gene, IκBαM. Its protein product 
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cannot be phosphorylated by IKK and marked for degradation and, therefore, remains 

permanently attached to NF-κB, blocking its function [Duckett et al., 1993]. Thus, although 

Jurkat-IκBαM cells express normal amounts of NF-κB, its role as a transcription factor is 

abolished, and NF-κB-dependent signaling pathways are inhibited.  

  

An alternative approach to probing the function of NF-κB in HSP90 signaling is the use of 

pharmacologic inhibitors of this transcription factor. An example of such a drug is 

parthenolide (Figure 6), a sesquiterpene lactone which occurs naturally in the plant 

feverfew (Tanacetum parthenium). Parthenolide is 

a specific inhibitor of NF-κB [Wen et al., 2002; 

Pozarowski et al., 2003; Sun et al., 2007]. 

However, notably when present at higher 

concentrations, it may induce necrosis in an NF-

κB-independent manner [Pozarowski et al., 2003], 

requiring simultaneous determination of apoptosis 

and necrosis.  
Figure 6. Molecular structure of parthenolide. 

 

Jurkat-IκBαM cells and parthenolide were utilized as two independent strategies to 

elucidate the role of NF-κB in downstream events of HSP90 signaling.  
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MATERIALS AND METHODS 
Cells and cell treatment 
All experiments were performed utilizing phytohaemagglutinin (PHA)-stimulated human 

peripheral blood lymphocytes, immortalized human T-cell leukemia cell line Jurkat, and 

Jurkat IkBaM cells. 

 

Lymphocyte cultures 

Human peripheral blood lymphocytes were obtained from healthy male volunteers by 

venipuncture and isolated by density gradient centrifugation using Ficol-Hypaque as 

previously described [Halicka et al., 2002]. The cells were washed twice with Hanks’ 

Balanced Salt Solution with calcium and magnesium (HBSS) and resuspended in RPMI-

1640 medium. The medium was supplemented with 10% fetal bovine serum, 100 units/ml 

penicillin, 100 µg/ml streptomycin and 2mM L-glutamine (all from GIBCO/BRL Life 

Technologies, Inc., Grand Island, NY). Cells were maintained at a density approximately 

5x105 cells/ml. Except for control conditions, the cells were cultured in the presence of 

10µg/ml PHA (Sigma Chemical, St. Louis, MO).  The cell cultures were incubated at 

37.5°C in 25 ml (12.5 cm2) Falcon flasks placed vertically, or in 48 multi-well trays (both 

from Becton Dickinson Co., Franklin, LA) in a mixture of 95% air and 5% carbon dioxide.  

 

Jurkat and Jurkat IkBaM cell cultures. 

Parental Jurkat cell line and Jurkat IkBaM cells [Van Antwerp et al., 1996] were kindly 

provided by Dr. Douglas R. Green of La Jolla Institute for Allergy and Immunology, San 

Diego, CA. The cells were grown in RPMI-1640 medium supplemented with 10% fetal 

bovine serum, 100 units/ml penicillin, 100 µg/ml streptomycin and 2mM L-glutamine (all 

from GIBCO/BRL Life Technologies, Inc., Grand Island, NY). Twenty-five ml (12.5 cm2) 

Falcon flasks or in 48 multi-well trays (both from Becton Dickinson Co., Franklin, LA) were 

used for the cultures. At the beginning of experiments, the cells density was adjusted to 

approximately 3x105 cells/ml. During the assays, the cells were in an exponential and 

asynchronous phase of growth. 

 
Treatment with geldanamycin 

Cultures of lymphocytes, Jurkat and Jurkat IkBaM cell were treated with various 

concentrations of geldanamycin derived from Streptomyces hygroscopicus (Sigma 
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Chemical, St. Louis, MO). Geldanamycin was administered at concentrations from 5nM to 

250nM for different periods of time: 8h, 12h, 24h, 36h, 48h, 72h, and 96h, as indicated in 

the Results section. The stock solution of geldanamycin (1mM) was prepared in dimethyl 

sulfoxide (DMSO; Sigma Chemical, St. Louis, MO) and stored at -20°C. The working 

solution was prepared freshly before treatment of the culture by diluting the stock solution 

with the culture medium. Control cultures were treated with corresponding concentrations 

of DMSO alone.  

 

Evaluation of cell cycle distribution and induction of apoptosis 
Acridine Orange 

Staining of permeabilized cells with metachromatic dye acridine orange (AO) allowed the   

quantification of apoptotic cells, characterized by fragmented DNA, and simultaneously 

measure the cell cycle distribution based on bivariate differential staining of cellular DNA 

and RNA. Simultaneous differential staining of DNA versus RNA with AO was performed 

according to the procedure developed by Dr. Darzynkiewicz [Darzynkiewicz et al., 2004]. 

Briefly, 0.2 ml of cell suspension in culture medium was transferred to a 5 ml Falcon tube, 

placed on ice, and gently mixed with 0.4 ml of ice-cold Solution A containing 0.1% Triton 

X-100 (Sigma), 0.08 M HCl and 0.15 M NaCl. After 15 seconds of incubation on ice, 1.2 

ml of ice-cold Solution B, containing 6µg/ml of AO (Invitrogen, Eugene, OR), 1 mM EDTA-

Na, and 0.15 M NaCl in the phosphate-citric acid buffer, pH 6.0, was gently dispensed into 

each tube. Incubation was then continued under darkness on ice for 10 minutes. Under 

these conditions, cultured cells are permeabilized by the action of the non-ionic detergent 

at low pH. In permeabilized cells, the DNA stains with AO orthochromatically, i.e., 

preserving the color of the dye, emitting green fluorescence (~530 nm), while double-

stranded RNA undergoes denaturation to single-stranded RNA, which stains with AO by 

precipitation, emitting red fluorescence (630-644 nm). A FACScan flow cytometer (Becton 

Dickinson, San Jose, CA), equipped with 488 nm argon-ion laser and with standard 

settings for detecting green fluorescence in FL1 and red fluorescence in FL3 channels, 

was used to measure the intensity of green and red AO signals. 

 

Propidium Iodide 

Propidium iodide (PI) is an intercalating dye binding specifically to double-stranded nucleic 

acids. It is used for staining of DNA in fixed, permeabilized cells. An enzymatic removal of 

RNA is necessary during staining process prior to DNA analysis. PI can be used as a 
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single staining agent allowing univariate analysis of cellular DNA and detection of 

apoptotic cells, or in combination with fluorochrome-labeled antibodies directed against 

cellular proteins, especially cell cycle and apoptosis-associated proteins [Juan and 

Darzynkiewicz, 2001; Darzynkiewicz et al., 2001a; Pozarowski et al., 2004]. When 

indicated in staining protocols, cellular DNA was counterstained with 10 µg/ml PI 

(Invitrogen-Molecular Probes, Eugene, OR) in a solution of PBS containing 100 µg/ml of 

DNase-free RNase A (Sigma Chemical Co., St. Louis, MO). The staining was performed 

for 30 minutes at room temperature in the dark. Cell analysis was accomplished using 

FACScan flow cytometer equipped with an argon-ion laser. 

 

DAPI 

4’,6-diamidino-2-phenylindol (DAPI) is a DNA-specific fluorochrome that requires UV 

excitation [Darzynkiewicz et al.,  2001a]. Because DAPI binds externally to the double 

helix and does not require unwinding of the DNA, staining by DAPI is - among all DNA 

staining fluorochromes - the least affected by chromatin structure [Darzynkiewicz et al., 

1984]. Therefore DAPI is a preferred DNA stain for quantitative analysis. The cells were 

incubated in the dark for 15 minutes at room temperature with DAPI solution containing 2 

µg/ml of DAPI in a PIPES/Triton X-100 buffer. The pattern of staining was evaluated by 

epifluorescence microscopy. 

 
Activation of caspase 3 

During activation of apoptosis, pro-caspase 3 is proteolytically cleaved to yield the active 

enzyme, caspase 3 [Shalini et al., 2015]. Cleaved caspase 3 was detected following 

fixation of 5 x 105 cells/ml in 1% formaldehyde for 15 minutes on ice. Subsequently, cells 

were stored until use in 70% ethanol at -20°C. For staining, cells were washed twice to 

remove ethanol and incubated for 2 hours at room temperature with an antibody against 

cleaved caspase 3-Asp 175 (Cell Signaling Technology, Beverly, MA), diluted 1:100 in 

PBS containing 1% BSA  [Pozarowski et al., 2003]. FITC-conjugated swine polyclonal 

anti-rabbit IgG (DAKO, Carpinteria, CA), diluted 1:30 in PBS was used as a secondary 

antibody. DNA content was detected by incubation with PI and RNase for 30 minutes at 

room temperature. Cell analysis was performed using FACScan flow cytometer equipped 

with an argon-ion laser. 
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Phospho-histone H3 

The effect of geldanamycin on mitotic sub-population of cells was evaluated by 

measurement of phosphorylated histone H3. Phosphorylation of a highly conserved serine 

residue (Ser10) in histone H3 is required for the entry of cells into mitosis [Xie et al., 2013], 

making it a highly specific marker of this phase of the cell cycle. Phospho-histone H3 was 

detected following fixation of 5 x 105 cells/ml in 1% formaldehyde for 15 minutes on ice 

and storage in 70% ethanol at -20°C. For staining, cells were washed twice to remove 

ethanol and incubated for 2 hours at room temperature with an antibody against phospho-

histone H3 (Cell Signaling Technology, Beverly, MA) [Juan et al., 1998]. FITC-conjugated 

goat polyclonal anti-mouse IgG (DAKO, Carpinteria, CA) diluted 1:30 was used as a 

secondary antibody. To measure the DNA content, cells were incubated with PI and 

RNase for 30 minutes at room temperature. Cell analysis was performed using FACScan 

flow cytometer equipped with an argon-ion laser. 

 

Retinoblastoma protein 

The detection of hyper-phosphorylated retinoblastoma protein (pRb) was performed since 

this posttranslational modification of Rb is a characteristic feature of cycling cells. pRb was 

detected by fixation of cells (5 x 105 cells/ml) in 1% formaldehyde for 15 minutes on ice. 

Fixed cells were stored in 70% ethanol at -20°C. For staining, cells were washed twice to 

remove ethanol and incubated for 2 hours room temperature with an antibody against 

phospho-retinoblastoma (Cell Signaling Technology, Beverly, MA) [Juan et al., 1998]. 

FITC-conjugated swine polyclonal anti-rabbit IgG (DAKO, Carpinteria, CA), diluted 1:30 in 

PBS, was used as a secondary antibody. DNA content was detected by incubation with 

PI and RNase for 30 minutes at room temperature. Cell analysis was performed using 

FACScan flow cytometer equipped with an argon-ion laser. 

 

Cell number calculation 
The time, T, necessary to run a sample is directly proportional to the number of events to 

be acquired, NE, and the volume of cell suspension, V, and is inversely proportional to the 

rate of flow, R, and the number of cells, NC: 

    T = (NE x V) / (R x NC). 

Thus,  

     NC = (NE x V) / (R x T). 
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If the variables NE, V, and R are kept constant, NC is inversely related to T: 

     NC = k / T. 

The relative change in cell number between time 1 and time 2, NC2 / NC1, can be derived 

from 

     NC1 = k / T1 

and 

     NC2 = k / T2 

to yield  

           NC2 / NC1 = T1 /T2.    (equation 1) 

Therefore, in measurements aiming at the determination of the rate of cell growth, the 

number of events, volume of cell suspension, and rate of flow were kept constant, and the 

change in cell number was calculated from equation 1. 

 

Flow cytometric analysis 
Cellular fluorescence was measured using the FACScan flow cytometer (Becton 

Dickinson, San Jose, CA) equipped with a 488nm argon-ion laser. The green and red 

emissions from each cell were divided optically and quantitated by separate 

photomultipliers. Background fluorescence was subtracted automatically. The 

measurements were filed by computer for further analysis. The histograms were 

deconvoluted using CellQuest (Becton Dickinson) software. 

 

Statistics 
The number of replicates for each experiment is listed in the Results section.  The 

significance (P<0.05) of differences in quantitative results among multiple groups was 

calculated by analysis of variance with Bonferroni correction.   
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RESULTS 
Geldanamycin affects the cell cycle of human lymphocytes 
The objective of this initial study was to determine the time course and dose-dependency 

of the impact of geldanamycin on cell cycle progression. Experiments were performed 

utilizing human lymphocytes; quiescent cells served as a negative control, and 

phytohemagglutinin (PHA)-stimulated cells as a positive control. The distribution of cells 

between G0, G1, S and G2/M phases was probed with the use of acridine orange (AO). 

AO is a cell-permeable, nucleic acid-selective, metachromatic dye. Under stringent 

conditions of pH and high ionic strength, AO intercalates into DNA and also binds to RNA 

by electrostatic forces. When bound to DNA, it emits green light at 525 nm, while in 

association with RNA it fluoresces in red with maximum emission at 650 nm. Bivariate 

analysis of the fluorescence spectra permits the distinction between G0 and G1 cell 

populations. Both populations exhibit the same DNA content (green fluorescence) but 

differ in RNA content (red fluorescence); the G1 cells possess dramatically higher RNA 

levels than G0 cells withdrawn from the cell cycle. This difference is due to the fact that 

transition of cells from G0 to G1 is associated with a many-fold increase in cellular RNA, 

primarily rRNA, content (Darzynkiewicz et al., 1976). An example of this assay and its 

interpretation is shown in Figure 7.  

 
Figure 7. Bivariate analysis of AO staining of non-stimulated (A) and PHA-stimulated (B) 
human lymphocytes. The PHA stimulation lasted 48 hours. FL1-H represents the green 
fluorescence and FL3-A represents the red fluorescence. Red dots in gate R1 correspond to cells 
with diploid DNA content and low RNA level, i.e., G0 cells. Green events in gate R2 correspond to 
cells with diploid DNA content and high RNA level, i.e., G1 cells. Blue (gate R3) and magenta (gate 
R4) dots reflect cells in S and G2/M, respectively. Black dots in gate R5 indicate sub-G0/G1 DNA 
content and correspond to cells undergoing apoptosis. Note the decrease in quiescent G0 cells 
and a corresponding increase in cycling G1, S, and G2/M cells upon PHA stimulation (B). 
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In order to analyze the impact of geldanamycin on the distribution of human lymphocytes 

in the cell cycle, the cells were exposed to PHA, and at the same time the drug was 

administered at concentrations 5, 10, 25, 50, 100, and 150 nM. Lymphocytes were 

analyzed by flow cytometry at 24, 48, and 72 hours after initiation of the treatment. The 

results of these experiments are summarized in Figure 8.  

 
Figure 8. Time- and dose-dependent impact of geldanamycin on cell cycle progression in 
human lymphocytes. A-D illustrate examples of bivariate analysis (left panels) of AO staining at 
72 hours of treatment of control lymphocytes (A), and lymphocytes stimulated by PHA in the 
absence (B) and the presence of 50 nM (C) and 150 nM (D) geldanamycin. Right panels in A-D 
show corresponding frequency histograms of DNA content distribution. Bar graphs depict the 
impact of increasing concentrations of geldanamycin on the distribution of cells in each phase of 
the cell cycle at 24 hours (E), 48 hours (F), and 72 hours (G). ■ and ■■ indicate, respectively, 
statistically significant (P<0.05) difference versus non-stimulated lymphocytes and lymphocytes 
stimulated by PHA only. LY, lymphocytes; GA, geldanamycin. 
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As expected, stimulation of cells with PHA for 72 hours resulted in an 11-fold decrease in 

G0 population, and a 6-fold, 20-fold, and 85-fold increase in G1, S and G2/M populations, 

respectively. The effect of geldanamycin on PHA-stimulated cells was rather modest at 24 

hours (Figure 8E) but was visibly pronounced at 48 and 72 hours of incubation (Figure 
8F, G). Specifically, in comparison with lymphocytes treated with PHA only, 150 nM 

geldanamycin at 72 hours resulted in a 10-fold increase in the frequency of G0 cells, and 

a 12-fold, 4-fold, and 1.5-fold decrease in frequency of G1, S, and G2/M lymphocytes, 

respectively. Comparable values were noted in the presence of 100 nM geldanamycin. 

The drug had no significant impact on cell cycle distribution at 5 and 10 nM, and 

intermediate effects were observed at 25 and 50 nM concentrations. Thus, geldanamycin 

inhibits the cell cycle traverse of human lymphocytes by blocking the recruitment of cells 

from G0 into the cell cycle. 

  

Simultaneous detection of apoptotic cells by counting nuclei with sub-G0/G1 DNA content, 

representing cells with fragmented DNA, (see gate R5 in Figure 7) allowed the 

assessment of the magnitude of apoptosis 

induced by geldanamycin (Figure 9). It 

should be emphasized that the methodology 

employed in this work did not involve any of 

the steps (trypsinization, density gradient 

separation, centrifugation) that commonly 

contribute to cell loss-related errors in 

quantitation of apoptosis by flow cytometry, 

[Darzynkiewicz et al., 2001b]. In this 

quantitative analysis, the pool of cells in G0 

was excluded since quiescent cells are not 

susceptible to apoptotic stimuli [Helbing et 

al., 1998; Naderi et al., 2003]. Stimulation by 

PHA did not affect the baseline magnitude of 

apoptosis at any time interval examined. 

Additionally, there was no increase in this 

parameter at any concentration of 

geldanamycin at 24 hours. However, at 48 

and 72 hours, a 3-5-fold increase in the 
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incidence of cell death was present at the 

highest geldanamycin concentrations, i.e., 

100 and 150 nM (Figure 9). A less 

pronounced activation of cell death was 

seen at 50 nM geldanamycin, and it 

reached statistical significance only at the 

longest time interval examined. 
Figure 9. Time- and dose-dependent impact 
of geldanamycin on apoptosis of human 
lymphocytes. Bar graphs depict the effect of 
increasing concentrations of geldanamycin on 

the fraction of cycling and apoptotic cells at 24 hours (A), 48 hours (B), and 72 hours (C). ■ and ■■ 
indicate, respectively, statistically significant (P<0.05) difference versus non-stimulated 
lymphocytes and lymphocytes stimulated by PHA only. LY, lymphocytes; GA, geldanamycin. 
  

The presence of apoptosis was also observed morphologically. Figure 10 shows 

shrinkage of nuclei and condensation of chromatin; these structural alterations are typical 

of apoptosis. This image corresponds to human lymphocytes exposed to 150 nM 

geldanamycin for 72 hours.  
 
 
Figure 10. Morphology of 
nuclei of apoptotic human 
lymphocytes. Nuclei were 
stained with DAPI. Nuclei of 
remaining 5 live lymphocytes 
are indicated by arrowheads. 
Chromatin condensation, 
indicative of apoptosis, is 
evident in the remaining cells.  
  

 

 

 
 

The question was then whether the observed actions of geldanamycin were related to the 

recruitment of lymphocytes into the cell cycle by PHA, or could be reproduced in already 

actively cycling cells. This is a relevant issue, since forcing the entry of quiescent cells into 

the cell cycle can itself result in the initiation of the apoptotic pathway [Agah et al., 1997]. 

To address this problem, human lymphocytes were first treated with PHA for 72 hours to 

promote their exit from G0 (as shown in Figure 8E-G) and then exposed to geldanamycin 
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for an additional interval of 8 and 24 hours. PHA was present throughout the experiment. 

Figure 11 shows that already at 8 hours of incubation with geldanamycin the fraction of 

lymphocytes in S phase was decreased significantly. The impact of geldanamycin on 

cycling lymphocytes became more evident at 24 hours. The fraction of cells in G0 

increased by 66-70%, while the population in the S phase decreased by 59-67% and in 

G2/M by 23-38%. These changes were independent of geldanamycin concentration, 

which ranged from 100nM to 250nM. A small but statistically significant increase, 9%, in 

G1 lymphocytes was noted, possibly reflecting a slow-down in the rate of the cell cycle 

traverse.  
 

  
 
Figure 11. Impact of geldanamycin on cell cycle progression in human lymphocytes pre-
activated by PHA. A and B illustrate examples of bivariate analysis (left panels) of AO staining of 
lymphocytes stimulated by PHA for 96 hours (A) and PHA-stimulated lymphocytes exposed for 24 
hours to 250 nM geldanamycin (B). Right panels in A and B show corresponding frequency 
histograms of DNA content distribution. Bar graphs depict the impact of increasing concentrations 
of geldanamycin on the distribution of cells in each part of the cell cycle at 8 hours (C) and 24 hours 
(D). ■ Indicates statistically significant (P<0.05) difference versus lymphocytes stimulated by PHA 
only. LY, lymphocytes; GA, geldanamycin. 
 
 Analysis of lymphocytes with sub-G1 DNA content provided information on the 

extent of apoptosis in cycling lymphocytes exposed to geldanamycin. As explained 

previously, only the non-G0 population of cells was included in the quantitation. 
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Geldanamycin did not affect cell death at 8 hours, but its impact became apparent at 24 

hours, when an average 76% increase in frequency of apoptosis occurred (Figure 12). 

Again, this change did not depend on the geldanamycin concentration in the range 

examined, from 100 to 250nM. 

 
Figure 12. Impact of geldanamycin on apoptosis in human lymphocytes activated by PHA. 
Bar graphs depict the impact of increasing concentrations of geldanamycin on the fraction of 
apoptotic cells at 8 hours (A) and 24 hours (B). ■ Indicates statistically significant (P<0.05) 
difference versus lymphocytes stimulated by PHA only. LY, lymphocytes; GA, geldanamycin. 
 
Finally, whether the effect of geldanamycin on cell cycle of human lymphocytes is 

reversible was determined. It is a relevant question since an affirmative answer would 

exclude a non-physiological generalized toxic action as the mechanism underlying the 

inhibition of cell cycle progression. To test the reversibility of cell cycle inhibition, 

lymphocytes were incubated with both PHA and geldanamycin for 48, 72 and 96 hours, 

or geldanamycin was present only for initial 24 hours, and the remaining 24, 48 and 72 

hours of incubation were carried out in the presence of PHA only (Figure 13). In these 

experiments, geldanamycin was used at concentrations ranging from 25 to 150 nM.  

 

As expected on the basis of experiments discussed above, geldanamycin, when present 

throughout the incubation period, resulted in a striking decrease in cycling cells in G1 and 

S phase, with a simultaneous increase in non-cycling G0 cells (Figure 13A, C, and E). 

This inhibitory impact of geldanamycin was reversed after the removal of the drug: the 

fraction of lymphocytes in G1 and S phase increased in a time-dependent manner (Figure 
13B, D, and F). For example, with 150 nM geldanamycin, a 1.5-fold, 3.4-fold and 2.7-fold 

increase in S phase cells was seen, respectively, at 24, 48, and 72 hours after the removal 

of the drug from the incubation medium. Corresponding increases for G1 lymphocytes 
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were 4.3-fold, 6.6-fold and 9.3-fold. Conversely, a decrease in the fraction of G0 

lymphocytes was noted following the withdrawal of geldanamycin after 24 hours; 

subsequent 24, 48, and 72-hour incubations yielded 16%, 50% and 67% reduction in this 

parameter, respectively. Thus, geldanamycin-induced G0 arrest in human lymphocytes is 

reversible. 
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Figure 13. Reversibility of the effect of geldanamycin on cell cycle progression in human 
lymphocytes. A, C, and E depict the impact of continuously present geldanamycin at various 
concentrations on the distribution of cells in each part of the cell cycle at 48 hours (A), 72 hours 
(C), and 96 hours (E). B, D, and F show the results of an analogous experiment, in which 
geldanamycin was present only for the first 24 hours. ■ Indicates statistically significant (P<0.05) 
difference versus lymphocytes exposed continuously to geldanamycin. LY, lymphocytes; GA, 
geldanamycin. 
 

The fraction of lymphocytes with fragmented DNA, the sub-G1 population, was used to 

estimate the magnitude of apoptosis in these experiments. As indicated previously, only 

the non-G0 cells were considered in this analysis. Figure 14 illustrates that the impact of 

geldanamycin was almost entirely reversible. For example, with 150 nM geldanamycin, a 

43%, 63%, and 56% smaller fraction of apoptotic lymphocytes was detected at, 

respectively, 24, 48, and 72 hours after the removal of the drug from the medium. 

 

 



 29 

 
Figure 14. Reversibility of the effect of geldanamycin on apoptosis of human lymphocytes 
activated by PHA. A, C, and E depict the impact of continuously present geldanamycin at various 
concentrations on the fraction of cycling and apoptotic cells at 48 hours (A), 72 hours (C), and 96 
hours (E). B, D, and F show the results of an analogous experiment, in which geldanamycin was 
present only for the first 24 hours. ■ Indicates statistically significant (P<0.05) difference versus 
lymphocytes exposed continuously to geldanamycin. LY, lymphocytes; GA, geldanamycin. 
 

Thus, geldanamycin reversibly blocks PHA-induced cell cycle progression of human 

lymphocytes, inducing their transition into the G0 phase and activating apoptosis.  

 

The knowledge of the rate of data acquisition by the flow cytometer, and of the volume of 

the samples, allowed the computation of the total number of cells arrested in G0, cycling 

cells, and apoptotic cells in the sample. It was essential to complement the data on relative 

fractions with actual counts of cells since it is impossible to exclude a priori the possibility 

that a relevant fraction of cells was lost during the incubation period, or that changes in 

the duration of specific phases of the cell cycle occur under experimental conditions. For 

example, an increase in the fraction of apoptotic cells may reflect a higher rate of cell 

death, but may also be alternatively explained by an elongation of the time necessary for 

the disintegration of apoptotic cells. 

 

The methodology to obtain cell counts was implemented post hoc and therefore the 

experiments did not involve the use of fluorescent microspheres [Schlenke et al., 1998]. 

Admittedly, the inclusion of fluorescent microspheres in the tested sample has the 

advantage of accounting for cell loss during sample preparation and standardizing the 

performance of the instrument [Brando et al., 2000]. However, it has been demonstrated 

that with a constant rate of flow, typical of bench-top flow cytometers, reliable cell counts 

can be obtained despite the above-indicated limitations [Storie et al., 2003]. Moreover, as 
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discussed earlier, loss of cells in the protocols used in the present work is negligible. 

Importantly, any systematic error that might have occurred would have no impact on the 

relative changes in cell number which were the basis for the conclusions reached here.        

 

The quantitative data on cell number are shown in Figures 15 and 16. As expected, upon 

stimulation with PHA the total number of lymphocytes increased 1.8-fold from 48 to 96 

hours. This rate of cell proliferation corresponds to a population doubling time of 56 hours 

and is within the range reported in the literature [Rubini et al., 1990; Zhang et al., 2013]. 

At 96 hours, continuous treatment with 150 nM geldanamycin resulted in a 35-fold 

decrease in the number of lymphocytes in G1, an 8.1-fold decrease in the number of 

lymphocytes in S, and a 2.3-fold decrease in the number of lymphocytes in G2/M. 

Conversely, the number of lymphocytes in G0 increased 5.4-fold, and the number of 

apoptotic lymphocytes increased 1.6-fold (Figures 15 and 16). When geldanamycin was 

removed from the medium at 24 hours, allowing 72 hours of recovery, the number of G1 

lymphocytes increased 14-fold. Corresponding values for S and G2/M cells were 6.9-fold 

and 1.3-fold, respectively. Consequently, the number of lymphocytes arrested in G0 

decreased 2-fold, and the number of apoptotic lymphocytes decreased 2.2-fold after 

geldanamycin removal (Figures 15 and 16).  
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Figure 15. Reversibility of the effect of geldanamycin on the number of human lymphocytes 
traversing the cell cycle. A, C, and E depict the impact of continuously present geldanamycin at 
various concentrations on the number of cells in each phase of the cell cycle at 48 hours (A), 
72hours (C), and 96 hours (E). B, D, and F show the results of an analogous experiment, in which 
geldanamycin was present only for the first 24 hours. ■ Indicates statistically significant (P<0.05) 
difference versus lymphocytes exposed continuously to geldanamycin. LY, lymphocytes; GA, 
geldanamycin. 
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Figure 16. Reversibility of the effect of geldanamycin on the number of cycling and apoptotic 
human lymphocytes activated by PHA. A, C, and E depict the impact of continuously present 
geldanamycin at various concentrations on the number of cycling and apoptotic cells at 48 hours 
(A), 72 hours (C), and 96 hours (E). B, D, and F show the results of an analogous experiment, in 
which geldanamycin was present only for the first 24 hours. ■ Indicates statistically significant 
(P<0.05) difference versus lymphocytes exposed continuously to geldanamycin. LY, lymphocytes; 
GA, geldanamycin. 
 

Together, the accumulated data indicate that the impact of geldanamycin on cell cycle 

progression and apoptosis of human lymphocytes is mostly reversible, with regard to both 

the fraction and the number of cycling, resting, and dying cells. 

 
Geldanamycin affects the cell cycle of Jurkat cells 
The Jurkat cell line (called initially JM) was established in the late 1970s from the 

peripheral blood of a 14 years old boy with T cell leukemia [Schneider et al., 1977]. This 

immortalized cell line has been used to investigate acute T cell leukemia, T cell signaling, 

and the expression of receptors implicated in the entry of viruses, particularly HIV [Du et 

al., 2011; Ren et al., 2014]. The most commonly, however, these cells are used to examine 

the mechanisms of susceptibility of cancer cells to chemotherapeutic compounds 

[Umezawa and Chaicharoenpong, 2002; Elia et al., 2014] and apoptosis-inducing signals 

[Du et al., 2011; Beyer and Pisetsky, 2013]. For these reasons, the Jurkat cells were 

chosen for this study as a model system to test the cytostatic properties of geldanamycin. 

 

Initial experiments consisted of the determination of the time course and concentration-

dependence of geldanamycin-induced alterations in cell cycle distribution and apoptosis. 

Based on the results with human lymphocytes discussed above, the duration of exposure 

to geldanamycin was restricted to 48 hours. This corresponded to the earliest time point 
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at which geldanamycin reached maximal effect. The low, ineffective concentrations of 

geldanamycin were omitted from the protocol, and the drug was administered at 100, 150, 

and 250 nM. 

 

Quantitative analysis of the impact of geldanamycin on Jurkat cells is shown in Figure 17. 

At 8 hours, there was a transient inhibition of cells in G2/M, with a corresponding decrease 

in the G1 subpopulation (Figure 17A). However, four hours later the fraction of G1 cells 

increased while the fraction of cells in S phase decreased (Figure 17C). These changes 

were even more apparent at 24 (Figure 17E) and 48 hours (Figure 17G), so that at the 

latter time point the proportion of G1 cells increased on average by 28%, while the 

proportion of S and G2/M decreased by 30% and 34%, respectively. Even higher were the 

effects of geldanamycin on apoptosis of Jurkat cells. This parameter was found to increase 

by 1.6-fold, 1.7-fold, 3.4-fold, and 12.0-fold at 8, 12, 24, and 48 hours, respectively (Figure 
17B, D, F, and H). All observed effects were largely independent of the concentration of 

geldanamycin in the range tested. Moreover, in control cells all tested parameters 

remained essentially unchanged with time, indicating a stable cell culture system. 
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Figure 17. Time-dependent impact of geldanamycin on cell cycle and apoptosis of Jurkat 
cells. Bar graphs depict the impact of increasing concentrations of geldanamycin on the distribution 
of cells in each phase of the cell cycle (A, C, E, and G) and on apoptotic cell death (B, D, F, and 
H). The measurements were performed at 8 hours (A and B), 12 hours (C and D), 24 hours (E and 
F), and 48 hours (G and H). ■ Indicates statistically significant (P<0.05) difference versus control 
conditions (Cntrl). JK, Jurkat cells; GA, geldanamycin. 
 
To discriminate whether the subpopulation of cells transiently inhibited in G2/M (Figure 
17A and C) experienced a block in the G2 phase of the cell cycle or during mitosis, control 

and geldanamycin-treated cells were stained with an antibody against phospho-histone 

H3. Histone H3 is phosphorylated only at the onset of mitosis and this post-translational 

modification it is not present in cells traversing or inhibited in the G2 phase [Tetzlaff et al., 

2013; Banerjee et al., 2014]. This experiment was performed at 24 hours after 

administration of 250 nM of geldanamycin. As shown in Figure 18, a small but distinct 

population of cells with G2 DNA content and strongly positive for phospho-histone H3 was 

seen both in control cultures and in cells treated with geldanamycin (dots in the green 

oval). Importantly, the size of this subpopulation did not vary markedly with the 

geldanamycin treatment, indicating that the block in the cell cycle occurred actually in the 

G2 phase, and not during mitosis. The presence of G2 arrest in this experiment is 
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confirmed by the presence of a higher G2/M peak in histograms of DNA distribution 

(Figure 18, right panels). 
 
Figure 18. Impact of 
geldanamycin on 
phosphorylation of 
histone H3. Upper 
panels represent control 
conditions, and lower 
panels show cells 
treated with 250 nM 
geldanamycin. Left 
panels show the 
bivariate distribution of 
DNA and 
phosphorylated histone 
H3 (pH3) labeling. The 
mitotic cells with high 
levels of phospho- 
histone H3 are included 
in the green ovals. Right 
panels show respective 
frequency distribution 
histograms of DNA 
content. Cntrl, control 
medium; GA, 
geldanamycin.  
 

 

 

To evaluate whether inhibition of cell cycle was accompanied by changes in 

phosphorylation state of retinoblastoma (Rb) protein, labeling was performed with an 

antibody recognizing its hyperphosphorylated form, pRb. Hyperphosphorylated pRb is 

essential for the transition through each phase of the cell cycle [Dick and Rubin, 2013; 

Indovina et al., 2013], and the observed inhibition of cycling by geldanamycin could be 

associated with a decrease in the level of pRb. Experiments addressing this question were 

performed at 8 and 24 hours after administration of the drug. As illustrated in Figure 19, 

Jurkat cells grown in control conditions showed robust expression of pRb in all phases of 

the cell cycle (green dots). However, exposure of cells to geldanamycin resulted in a time-

dependent loss of hyperphosphorylated pRb and an increase in the subpopulation of cells 

exhibiting hypophosphorylated Rb (red dots). Importantly, changes in the state of 

phosphorylation of Rb correlated in time with alterations in cell cycle distribution (compare 

the timing of changes in Figures 17 and 19). 
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Figure 19. Impact of geldanamycin on phosphorylation of Rb protein. Cells with a high level 
of Rb protein phosphorylation are indicated by green dots, while those with hypophosphorylated 
Rb by red dots. Based on the DNA content, regions R1 and R4 correspond to cells in G1, regions 
R2 and R5 to cells in S, and regions R3 and R6 to cells in G2/M. pRb, hyperphosphorylated 
retinoblastoma protein; cntrl, control medium; GA, geldanamycin.  
  

To obtain further evidence of the activation of apoptotic cell death by geldanamycin, the 

presence of activated caspase-3, a marker of early stages of apoptosis [Lavrik et al., 2005; 

Fang et al., 2006] was determined. The activation of caspase-3 was tested at 8, 12 and 

24 hours after addition of 250 nM geldanamycin (Figure 20). Minimal amounts of caspase-

3-positive cells (green dots) were noted in control conditions at all three time intervals. 

However, a noticeable increase in caspase-3 activation was observed already at 8 hours 

after administration of geldanamycin, and the percentage of these cells increased 

significantly at 12 and 24 hours. Majority of cells with activated caspase-3 had clearly 

defined G1 and G2/M DNA content, without evidently delineated sub-G1 population. The 

absence of the latter population was due to multiple washing steps required in the staining 

protocol; this led to the loss of fragmented or shrunk cells at advanced stages of apoptosis.  
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Figure 20. Effect of geldanamycin on activation of caspase-3. Cells with activated caspase-3 
are indicated by green dots. Cntrl, control medium; GA, geldanamycin.  
 

To determine whether the changes in cell cycle distribution and cell death affected the 

population dynamics, changes in cell number under the various experimental conditions 

were evaluated. Approach identical to that used for lymphocytes, described earlier, was 

employed. The quantitative data are summarized in Figure 21. Jurkat cells cultured under 

control conditions were characterized by a high rate of growth, with an average population 

doubling time of 16.7 hours. From 8 to 48 hours, the number of control cells increased 5.2-

fold, while during the same time interval the number of cells treated with 100 nM, 150 nM, 

and 250 nM geldanamycin decreased by 37%, 38%, and 40%, respectively. The decrease 

in the number of cells in the presence of the drug was the result of two factors: arrest of 

cells in G1 (see Figure 17C, E, and G) and increase in the number of cells dying by 

apoptosis (Figure 21B, D, F, and H). The latter parameter was increasing with time at all 

concentrations and was, on average, 40%, 41%, 56% and 133% higher in the presence 

of geldanamycin than under control conditions at 8, 12, 24, and 48 hours, respectively. 

When the number of cells in each phase of the cell cycle was considered, the data 

indicated that essentially no change occurred in the number of G1 cells (a 6.7% increase), 

but an average 2.3-fold decrease in the number of cells in S phase and a 4.4-fold decrease 

in the number of cells in G2/M took place with geldanamycin (compare Figure 21A with 
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21G). This result further confirms the existence of a geldanamycin-induced block in the 

G1 phase of the cell cycle of Jurkat cells.  
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Figure 21. Time-dependent impact of geldanamycin on number of cycling and apoptotic 
Jurkat cells. Bar graphs depict the effect of increasing concentrations of geldanamycin on the 
number of cells in each phase of the cell cycle (A, C, E, and G) and undergoing apoptosis (B, D, F, 
and H) at 8 (A and B), 12 (C and D), 24 (E and F), and 48 (G and H) hours. ■ Indicates statistically 
significant (P<0.05) difference vs. control conditions (Cntrl). JK, Jurkat cells; GA, geldanamycin. 
 
Geldanamycin and cell cycle and apoptosis in Jurkat IkBaM cells 

As discussed earlier, Jurkat IkBaM cells cannot activate their NF-kB-mediated responses 

because of the mutation in the inhibitory subunit of NF-kB, IkB (see Figure 5 in the 

Introduction).  Therefore, these cells were utilized in experiments aiming at evaluation of 

the role of NF-kB in the response of cells to geldanamycin (Figure 22). All experiments 

were performed under conditions identical to those employed for the parental Jurkat cell 

line, shown in Figures 17 and 18. Importantly, the behavior of these two lines was 

indistinguishable under control conditions without geldanamycin. 

 

The impact of geldanamycin on the distribution of Jurkat IkBaM cells in the cell cycle was, 

in some aspects, comparable to that seen in the parental Jurkat cell line (compare left 

panels in Figure 22 with left panels in Figure 17), but a few essential differences were 

noted. The treatment with geldanamycin increased the fraction of Jurkat IkBaM cells in 

G1 at 24 and 48 hours by 69% and 44% (Figure 22E and G), values comparable to those 

observed for parental Jurkat cells (Figure 17E and G). The early increase in G2/M cells 

was also observed in both cell lines, although it was more apparent in Jurkat IkBaM, where 

it reached 65% and 83% at 8 and 12 hours, respectively (Figure 22A and C). The most 

apparent difference between Jurkat IkBaM cells and their parental line was the dramatic 

reduction in the fraction of cells in the S phase. When compared to control cultures 

untreated with geldanamycin, at 48 hours this fraction decreased 6-fold in Jurkat IkBaM 



 40 

cells (Figure 22G) and only 2-fold in parental cells (Figure 17E and G). This 3-fold 

difference in response to geldanamycin was statistically significant (P<0.0001). 

 

More striking were the differences between the fraction of cycling and apoptotic cells 

(compare right panels in Figure 22 with right panels in Figure 17). The effect of the 

inactivation of NF-κB was most apparent at 48 hours, when the fraction of surviving, 

cycling Jurkat IkBaM was 2-fold, 3-fold and 6-fold lower than that of parental Jurkat cells 

at 100 nM, 150 nM, and 250 nM geldanamycin, respectively (Figure 22H). This decrease 

was accompanied by nearly doubling of the fraction of apoptotic cells. Thus, in the 

absence of activity of NF-κB, geldanamycin-mediated stimulation of apoptosis and loss of 

cycling cells are much more pronounced than when NF-κB is active. This result points to 

the growth-promoting and anti-apoptotic function of NF-κB in Jurkat cells. 
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Figure 22. Time-dependent impact of geldanamycin on cell cycle and apoptosis of Jurkat 
IkBaM cells. Bar graphs depict the impact of increasing concentrations of geldanamycin on 
distribution of cells in each phase of the cell cycle (A, C, E, and G) and apoptotic cell death (B, D, 
F, and H) at 8 hours (A and B), 12 hours (C and D), 24 hours (E and F), and 48 hours (G and H). 
■ Indicates statistically significant (P<0.05) difference versus control conditions (Cntrl). BaM, Jurkat 
IkBaM cells; GA, geldanamycin. 
 

 

The above conclusions were confirmed when the changes in the number of cells were 

analyzed (Figure 23). Under control conditions, i.e., in the absence of geldanamycin, the 

population doubling time of Jurkat IkBaM was 16.9 hours, comparable to that measured 

for the parental line, 16.7 hours. Thus, when not challenged by geldanamycin, the 

population dynamics of both cell lines were comparable. However, an increase in the 

number of apoptotic cells became first apparent at 24 hours of incubation with the drug 

and became even more pronounced at 48 hours. Activation of apoptosis resulted in a 

significant loss of living cells. In comparison with untreated controls, the decrease in the 
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number of cells was 14-fold, 33-fold, and 71-fold after 48 hours of exposure of cells to 100 

nM, 150 nM, and 250 nM geldanamycin, respectively (Figure 23). 
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Figure 23. Time-dependent impact of geldanamycin on the number of cycling and apoptotic 
Jurkat IkBaM cells. Bar graphs depict the effect of increasing concentrations of geldanamycin on 
number of cells in each phase of the cell cycle (A, C, E, and G) and undergoing apoptosis (B, D, F, 
and H) at 8 (A and B), 12 (C and D), 24 (E and F), and 48 (G and H) hours. ■ Indicates statistically 
significant (P<0.05) difference vs. control conditions (Cntrl). BaM, Jurkat IkBaM cells; GA, 
geldanamycin. 
 
Geldanamycin, cell cycle, and apoptosis in parthenolide-treated Jurkat cells 

The work described above, performed with Jurkat IkBaM cells, was complemented by 

experiments in which parthenolide, a plant-derived inhibitor of NF-κB [64, 65], was 

employed. In initial studies, the drug was utilized at concentrations ranging from 5 to 20 

μM. Examples of these results are presented in Figure 24. The illustrated experiment 

corresponds to 8 hours of exposure to parthenolide alone (Figure 24A-D) or parthenolide 

together with geldanamycin (Figure 24E-H). The use of acridine orange in this assay 

permitted visualization of not only apoptotic cells (black points in dot plots) but also 

necrotic or very late apoptotic cells (magenta points in dot plots). The necrotic cells were 

recognized by having a markedly decreased RNA content (red fluorescence of acridine 

orange in channel FL3). The reduction in RNA was most likely the result of loss of integrity 
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of their plasma membrane and consequent outflux of cytoplasmic components 

[Blagosklonny, 2000; Lockshin et al., 2002; Pozarowski et al., 2003].  Of note, in contrast 

to apoptotic cells, the DNA content in necrotic cells (green fluorescence in channel FL1) 

did not change markedly. 

 
Figure 24. Parthenolide, geldanamycin, and apoptotic and necrotic cell death.  Jurkat cells 
were incubated with parthenolide alone (A-D) or parthenolide and 150 nM geldanamycin (E-H) for 
8 hours. A and E: no parthenolide (control); B and F: 5 μM parthenolide; C and G: 10 μM 
parthenolide; D and H: 20 μM parthenolide. In dot plots, green points correspond to cells in G1, 
blue dots to cells in S, red dots to cells in G2/M, black dots to apoptotic cells and magenta dots to 
necrotic cells. FL1: fluorescence channel 1 reflecting green fluorescence of acridine orange, i.e., 
DNA; FL3: fluorescence channel 3 reflecting red fluorescence of acridine orange, i.e., RNA.  
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The quantitative data from experiments with parthenolide are shown in Figure 25. Cells 

dying by necrosis were excluded from this analysis. The impact of parthenolide on Jurkat 

cells was apparent already at 8 hours after administration of the drug. Parthenolide alone 

only modestly affected the relative distribution of cells within the cell cycle (Figure 25A). 

However, it had a significant impact on the magnitude of apoptosis and, by extension, on 

the fraction of live cycling cells (Figure 25B). In comparison with control cultures, 

apoptosis increased 2.3-fold, 5.0-fold, 9.2-fold, and 18-fold in the presence of 5, 7.5, 10, 

and 20 μM parthenolide, respectively (Figure 25B).  

 

Importantly, when parthenolide was administered together with geldanamycin (150 nM), 

its impact on the cell cycle distribution was more apparent. There was a 48%, 55%, 69%, 

and 56% increase in cells in S phase at 5, 7.5, 10, and 20 μM parthenolide, respectively 

(Figure 25C). This was accompanied by a 29%, 46%, 45%, and 51% reduction in cells in 

G2/M at corresponding parthenolide concentrations. Increase in the fraction of apoptotic 

cells and loss of viable cycling cells was also higher in the presence of geldanamycin than 

when parthenolide alone was used (Figure 25D). Thus, geldanamycin-treated cells 

respond rapidly to the parthenolide challenge by inhibition in S phase and increased 

apoptotic cell death. 
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Figure 25. Short-term effects of parthenolide on Jurkat cells. Cells were cultured in the 
absence (A and B) or the presence (C and D) of 150 nM geldanamycin. Bar graphs illustrate the 
distribution of viable cells in the cell cycle (A and C) and the proportion of cells undergoing apoptosis 
(B and D). ■ Indicates statistically significant (P<0.05) difference vs. control conditions (Cntrl). PRT, 
parthenolide; GA, geldanamycin.  
 
Because of high levels of necrosis associated with exposure of cells to 20 μM of 

parthenolide (see Figure 24D and 24H), this dose of the drug was not utilized in 

subsequent protocols. These experiments analyzed the effect of blocking NF-κB on the 

response of Jurkat cells to geldanamycin at later time points, 12 and 24 hours. The 

quantitative results are summarized in Figure 26. Inhibition of NF-κB resulted in an 

accumulation of cells in S-phase at both time intervals (Figure 26A and C). At 24 hours, 

the increase in the fraction of cells in the S phase was 3.1-fold, 4.1-fold, and 3.8-fold with 

5, 7.5, and 10 μM parthenolide, respectively. It was accompanied, respectively, by a 49%, 

47%, and 41% decrease in the fraction of G1 cells (Figure 26C). Increase in the fraction 

of apoptotic cells and loss of viable cycling cells was also apparent (Figure 26B and D). 

  
Figure 26. Long-term effects of parthenolide on Jurkat cells. Cells were cultured in the 
presence of 150 nM geldanamycin. Bar graphs illustrate the distribution of viable cells in the cell 



 47 

cycle (A and C) and the proportion of cells undergoing apoptosis (B and D). ■ Indicates statistically 
significant (P<0.05) difference vs. control conditions (150 nM geldanamycin). PRT, parthenolide; 
GA, geldanamycin. 
  

Similar conclusions were reached when the number of cells was analyzed (Figure 27). 

The number of cells in G1 was decreasing progressively with time and, in comparison to 

control conditions, was diminished 8.1-fold at 24 hours of exposure to 10 μM parthenolide. 

At the same time point, the number of all cycling cells decreased 4.5-fold, and the number 

of apoptotic cells increased 2.4-fold (Figure 27). Because of the diminished total number 

of cells in the presence of parthenolide and geldanamycin, the increase in the fraction of 

cells in S phase did not translate into an increase in their number, which remained 

essentially constant. 

Figure 27. Long-term effects of parthenolide on the number of Jurkat cells. Cells were 
cultured in the presence of 150 nM geldanamycin. Bar graphs illustrate the number of cells in each 
phase of the cell cycle (A and C) and the number of cells undergoing apoptosis (B and D). ■ 
Indicates statistically significant (P<0.05) difference vs. control conditions (150 nM geldanamycin). 
PRT, parthenolide; GA, geldanamycin. 
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Alternative geldanamycin treatment protocols 
Supplementary experiments were performed to ensure that the availability of 

geldanamycin, even at the highest concentrations used, was not a limiting factor in the 

experiments performed. A correct interpretation of the result would be more difficult, if not 

impossible, if geldanamycin were unstable in the culture medium employed, or its amount 

per cell would become a limiting factor in cultures where the number of cells was 

increasing with time. These are relevant issues for the use of ansamycins, since frequently 

for this category of drugs the biological effect is dependent not only on their concentration, 

but also on the number of cells, volume of the medium, and the total amount of the 

compound present [Chiosis et al., 2003]. To address these possibilities, additional 

experiments were carried out, utilizing three different protocols. 

 

Protocol 1: Jurkat and Jurkat IkBaM cells were cultured continuously for 48 hours. Every 

12 hours, a small sample of cell suspension was withdrawn and analyzed. This protocol 

corresponds to the procedure used in all experiments discussed before. 

 

Protocol 2: Jurkat and Jurkat IkBaM cells were cultured for 12 hours. A small sample of 

cell suspension was then withdrawn for analysis. The remaining cells were washed, 

resuspended in fresh medium, and geldanamycin was added to achieve the concentration 

of 150 nM. This procedure was repeated every 12 hours for 48 hours. Control cultures 

were treated identically, but geldanamycin was not added. This protocol minimized the 

possibility of depletion of the drug from the medium by the cells. 

 

Protocol 3: Jurkat and Jurkat IkBaM cells were cultured for 12 hours. A small sample of 

cell suspension was then withdrawn for analysis. The remaining cells were washed, 

counted, and resuspended in a volume of fresh medium that yielded the original 

concentration of cells. Geldanamycin was added to achieve the concentration of 150 nM. 

This procedure was repeated every 12 hours up to 48 hours. Control cultures were treated 

identically, but geldanamycin was not added. This protocol minimized the possibility of 

decreasing the ratio of geldanamycin molecules to the number of cells due to cell 

proliferation during the course of the experiment. 

 

The quantitative results are shown in Figures 28 and 29. The control cells not exposed to 

geldanamycin yielded comparable values with all three protocols and, therefore, were 
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combined in a single average. When the distribution of cells in the cell cycle and the 

fraction of apoptotic cells were compared, essentially no differences were noted between 

the three protocols. In experiments with Jurkat cells, only two groups showed statistically 

significant difference (cells in S phase in protocol 2 at 48 hours, Figure 28G, and apoptotic 

cells in protocol 3 at 36 hours, Figure 28F), and in Jurkat IkBaM statistically significant 

difference was found in seven cases (red symbols in Figure 29). The presence of these 

nine statistically significant differences does not prove the existence of dissimilarities 

between the outcomes of the three protocols; these differences most likely appeared by 

chance. Since a total of 192 comparisons were done in the entire set of data, and since 

the significance level was set at 0.05, it follows that in 5% of the comparisons (5% of 192 

= 9.6) the statistical computation may assert the existence of a difference while, in reality, 

none exists. In qualitative terms, the overall pattern of the response to geldanamycin was 

similar with all three protocols and both types of cells. Thus, the obtained data do not 

support the possibility that altering the protocol by modifying access of cells to 

geldanamycin could affect the results of the experiments.  
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Figure 28. Alternative protocols of geldanamycin treatment: effects on Jurkat cells. Cells 
were cultured according to protocol 1 (1st), protocol 2 (2nd) and protocol 3 (3rd) in the presence of 
150 nM geldanamycin. Bar graphs illustrate the distribution of cells in the cell cycle (A, C, E, G)  
and the proportion live cycling cells and cells undergoing apoptosis (B, D, F, H). ■ Indicates 
statistically significant (P<0.05) difference vs. control conditions (no geldanamycin). ■ Indicates 
statistically significant (P<0.05) difference vs. the two other protocols. JK, Jurkat cells; GA, 
geldanamycin. 
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Figure 29. Alternative protocols of geldanamycin treatment: effects on Jurkat IkBaM cells. 
Cells were cultured according to protocol 1 (1st), protocol 2 (2nd) and protocol 3 (3rd) in the 
presence of 150 nM geldanamycin. Bar graphs illustrate the distribution of cells in the cell cycle (A, 
C, E, G)  and the proportion live cycling cells and cells undergoing apoptosis (B, D, F, H). ■ Indicates 
statistically significant (P<0.05) difference vs. control conditions (no geldanamycin). ■ Indicates 
statistically significant (P<0.05) difference vs. the two other protocols. BaM, Jurkat IkBaM cells; 
GA, geldanamycin. 
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DISCUSSION 
The results of the present study indicate that geldanamycin, an inhibitor of HSP90, induces 

exit from the cell cycle and transition to the G0 state, and, to a lesser extent, apoptosis in 

human lymphocytes. In Jurkat cells, an established cell line of a T cell leukemia, the drug 

induces block of cell cycle progression by arresting the cells in G1, and a significant degree 

of apoptotic cell death. The pro-apoptotic effect of geldanamycin is potentiated by 

simultaneous inhibition of NF-κB activity. These newly identified pathways of 

geldanamycin action are shown schematically in Figure 30. 

 
Figure 30. Schematic representation of the major findings of this study. 

 
HSP90 and cancer 
HSP90 is expressed at high levels in cells of solid tumors [Conroy et al., 1998] and 

hemopoietic malignancies [Yufu et al., 1992; Chant et al., 1995] and its client proteins are 

frequently overexpressed or mutated in cancer cells [Burrows et al., 2004, Whitesell and 

Lindquist, 2005]. Therefore, this chaperone protein attracts increasing attention as a target 

for anticancer drugs [Franke et al., 2013; Garcia-Carbonero et al., 2013; Proia and Bates, 

2014, Chatterjee et al., 2016; Khandelwal et al., 2016; Chatterjee and Burns, 2017]. One 

of the compelling reasons for this interest is the mechanistic link of HSP90 to the so-called 

“six hallmarks of cancer”, which include: 1. self-sufficiency in growth signals; 2. resistance 

to growth-inhibitory signals; 3. lack of sensitivity to apoptotic stimuli; 4. unlimited replicative 

potential; 5. promotion of angiogenesis; and 6. invasion of the surrounding tissue 

[Hanahan and Weinberg, 2000; Maloney and Workman, 2002; Hanahan and Weinberg, 

2011; Miyata et al., 2013; Khandelwal et al., 2016]. The data collected in the last decade 

point to the involvement of HSP90 at several levels of oncogenesis. The increased 
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amounts of HSP90 in cancer cells may reflect the physiological cytoprotective response 

to the hostile milieu of the tumor, which is hypoxic, nutrient-deprived, and acidic [Petrulio 

et al., 2006; Lunt et al., 2009]. Molecularly, the activity of HSP90 may be implicated in the 

ability of tumor cells to overcome the deranged signaling associated with these aspects of 

tumorigenesis. As a result, cancer cells possess the capacity to resist programmed cell 

death that would ensue otherwise [Takayama et al., 2003; Mosser and Morimoto, 2004; 

Whitesell and Lindquist, 2005]. In the discussion below, I will focus on the potential 

interaction of HSP90 with the cell cycle and apoptosis, i.e., the first three of the six 

hallmarks of cancer. 

 

HSP90 and cell cycle 
The cell cycle is a tightly regulated by cyclin-dependent kinases (CDKs), which are 

activated by their associated proteins, cyclins [Deshpande et al., 2005]. CDKs exert their 

function by phosphorylation of multiple substrates, such as retinoblastoma protein (pRb) 

[Giacinti and Giordano, 2006; Dick and Rubin, 2013; Indovina et al., 2013; Uchida, 2016]. 

Two major checkpoints, G1 and G2/M, are present in the cell cycle; they prevent cells with 

DNA damage from undergoing cell division [Kastan and Bartek, 2004; Uchida, 2012; 

Sperka et al., 2012; Maes et al., 2017; Otto and Sicinski, 2017]. Crucial components of 

these checkpoints are deregulated in most types of cancer cells, resulting in loss of normal 

growth properties and evasion of cell cycle controls [Giacinti and Giordano, 2006; Lapenna 

and Giordano, 2009; Otto and Sicinski, 2017].  

 

The tumor suppressor protein p53 is the most researched example of molecules involved 

in cell cycle checkpoints [Merkel et al., 2017; Kastenhuber and Lowe, 2017]. p53 induces 

arrest in the G1 phase of the cell cycle in order to initiate the process of DNA repair [Chen 

et al., 2010; Carvajal and Manfredi, 2013]. The pathway by which p53 can arrest the cell 

cycle in G1 involves pRb. The transition from G1 to S is conditioned by phosphorylation 

of Rb by a complex of CDK4 and cyclin D [Kato et al., 1993; Choi and Anders, 2014]. 

Phosphorylated Rb releases the transcription factor E2F-1, activating transcription of 

several genes involved in S phase progression, one of which is cyclin E. Subsequently, 

cyclin E activates cdk2, which continues to phosphorylate Rb protein, so that it reaches a 

hyperphosphorylated state [Geng et al., 1996; Lundberg and Weinberg, 1998] and allows 

the G1 to S transition [Donnellan and Chetty, 1999; Harbour and Dean, 2000]. Activated 

p53 inhibits this process at its onset by inducing expression of p21, an inhibitor of CDK4. 
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If p53 is inactivated by mutations present in cancer cells, this inhibitory mechanism is not 

triggered by DNA damage and the cell proceeds to S phase regardless of DNA integrity 

[Dick and Rubin, 2013; Indovina et al., 2013; Uchida, 2012; Sperka et al., 2012]. 

 

The question then concerns the mechanism by which HSP90 contributes to the control of 

the G1 cell cycle arrest. This is a relevant issue since the G1 arrest was documented in 

the experiments involving Jurkat cells carried out in the present study. Although the 

information available in the literature is limited, scattered evidence allows suggesting 

potential pathways by which geldanamycin inhibition of HSP90 could block the 

progression of the cell cycle. It is well documented that p53 is a client protein of HSP90 

[Didenko et al., 2012; Calderwood and Gong, 2016]. Inhibition of HSP90 increases the 

stability of the p53 protein and sensitizes cancer cells to therapeutic interventions [Ayrault 

et al., 2009; Vaseva et al., 2011; Roh et al., 2013; McLaughlin et al., 2017]. Thus, the 

ability of geldanamycin to induce the G1 arrest may be due to direct interaction of HSP90 

with p53 (see Figure 31). Alternatively, the arrest could be dependent on the interaction 

of HSP90 with its another client protein, Mdm2, which is a negative regulator of p53 [Karni-

Schmidt et al., 2016]. Since inhibition of HSP90 causes a rapid loss of Mdm2 [Ayrault et 

al., 2009], p53 would be upregulated, and G1 cell cycle arrest could be effectuated.   

 

Consistent with the role of pRb in cell cycle regulation, herbimycin A, an ansamycin 

antibiotic related to geldanamycin, fails to induce the G1 block in cancer cell lines which 

lack a functional Rb protein [Srethapakdi et al., 2000]. Moreover, the drug promotes 

accumulation of hypophosphorylated Rb; this loss of phosphorylation of Rb protein is 

preceded by a rapid decrease in the level of cyclin D and ckd4 [Srethapakdi et al., 2000]. 

These results are consistent with the possibility that HSP90 acts upstream of the Rb 

protein, most likely by downregulation of cyclin D and cdk4, as those proteins belong to 

the clientele of the chaperone (see Table I). Fibroblasts exposed to geldanamycin also 

respond with downregulation of cyclin E and cdk2 [Bedin et al., 2004], which are both 

involved in Rb phosphorylation [Mazumder et al., 2004]. In addition, as shown in colon 

cancer cells, geldanamycin increases the ubiquitination of cyclin E and promotes its 

degradation via the proteasome pathway [Bedin et al., 2009]. Thus, the signaling 

pathways converging on pRb may represent another cluster of effectors mediating the 

impact of geldanamycin on cell cycle progression. 
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The multiple mechanisms by which HSP90 can control the G1 to S transition in Jurkat 

cells are summarized in Figure 31.  
 

 
 
Figure 31. Potential mechanisms of geldanamycin-mediated G1 arrest. See text for detail. Rb, 
pRb, and ppRb denote hypo-phosphorylated, intermediately phosphorylated and hyper-
phosphorylated Rb protein, respectively.  
 

It is noteworthy that in normal human lymphocytes the treatment with geldanamycin 

caused a withdrawal from the cell cycle to G0, as opposed to the G1 block seen in 

leukemia Jurkat cells. The exact mechanism underlying this difference remains unknown, 

but it may be related to the fact that most non-cancerous adult cells assume residence in 

G0 state in the absence of appropriate growth stimulation [Zetterberg and Larson, 1985; 

Pelayo et al., 2006]. In this regard, it is important to emphasize that the mechanisms 

controlling the transition into G0 state are much less understood than those regulating the 

progression of the cell cycle [Yao, 2014; Miles and Breeden, 2017]. Similarly, the 

pathways leading to the activation of quiescent cells are characterized much better than 

those promoting the entry into the G0 state [Cheung and Rando, 2013; Richmond et al., 

2016]. How geldanamycin promotes the transition of lymphocytes to the quiescent G0 

state remains an unanswered question, but it is safe to postulate that HSP90 interacts 

with proteins regulating this process. 

 

A phenomenon that occurred in both normal lymphocytes and Jurkat leukemia cells was 

a transient arrest in G2/M shortly after exposure of cells to geldanamycin. This block is not 
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dependent on pRb since this protein does not contribute to the control of the G2/M 

transition [Hostein et al., 2001]. The mechanism implicated in the G2/M arrest may involve 

any of the several G2 checkpoint kinases, which have been identified as HSP90 client 

proteins [http://www.picard.ch/downloads/Hsp90interactors.pdf]. They include Wee1, a 

protein kinase that regulates the G2 checkpoint in response to DNA damage [Do et al., 

2013], Myt1, which controls the G2 checkpoint by phosphorylating CDK1 [Chow and Poon, 

2013], and Polo-1 kinase [Liu et al., 2012]. The latter is regulated by HSP90 and its co-

chaperone Sgt1 [Martins et al., 2009], and is required for kinetochore assembly, normal 

centrosome maturation, and entry and progression through mitosis [Sumara et al., 2004]. 

Additional work is required to identify which of this potential mechanisms was responsible 

for the transient G2/M arrest in both types of cells studied. 

 

HSP90 and apoptosis 
Programmed cell death is indispensable for the maintenance of a constant number of cells 

in any biological structure and constitutes a natural barrier to the development of cancer. 

However, tumor cells possess a broad spectrum of mechanisms that allow them to bypass 

this control process. This feature is so widespread among cancer cells that it was included 

in the list of the six ‘hallmarks of cancer” [Hanahan and Weinberg, 2000; Hanahan and 

Weinberg, 2011].  

 

A key molecule in the activation of the apoptotic program is tumor suppressor protein p53 

[Brady and Attardi, 2010; Brady et al., 2011; Chen 2016]. The main function of p53 is the 

response to cellular stress such as DNA damage or hypoxia and interrupting the 

progression of cell cycle arrest until the damage is repaired [Kastan et al., 1991; Lane 

1992]. If the injury cannot be appropriately rectified, activation of apoptosis takes place 

[Liebermann et al., 2007; Brown et al., 2007; Lago et al., 2011]. p53 is a non-kinase HSP90 

client protein [Workman, 2004]; HSP90 can form an association with the DNA-binding 

domain of p53 and this interaction is essential for the stability of the tumor suppressor 

protein [Wang and Chen, 2003; Hagn et al., 2011]. HSP90 inhibitors reduce binding of 

p53 to its target DNA sequences, providing further evidence that the heat shock protein is 

necessary to ensure the transcriptionally active structural conformation of p53 [Muller et 

al., 2004; Walerych et al., 2010]. The mechanism by which p53 elicits apoptosis involves 

upregulation of the pro-apoptotic protein Bax [Zheng et al., 2015], thus making HSP90 an 

indispensable component of the initial steps in the apoptotic pathway.  
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The full understanding of the role that HSP90 plays in apoptosis is nevertheless much 

more difficult. The involvement of HSP90 in apoptosis is complicated by the fact that Bcl-

2 and Bcl-xL, two proteins with potent pro-survival properties, are also clients of HSP90 

[Cohen-Saidon et al., 2006; Kurashina et al., 2009; McNamara et al., 2012]. Furthermore, 

the function of the receptor of IGF-1, a crucial pro-survival growth factor, is dependent on 

HSP90 as well [Takata et al., 1997; Ramos et al., 2007]. These apparently inconsistent 

roles of HSP90 in the activation of expression of both pro-apoptotic and anti-apoptotic 

proteins lead to the conclusion that a delicate balance must exist in the recruitment of 

HSP90 into one of these two mutually exclusive signaling pathways. What controls this 

balance, and how it is altered in cancer cells, remains a challenging question for future 

studies.  In this regard, a hypothesis of “HSP90 addiction” exhibited by tumor cells has to 

be mentioned. It was proposed by Neckers [Myiata et al., 2013] and states that HSP90 is 

expressed at permissive levels in both normal and cancer cells. However, since in cancer 

cells pro-growth and pro-survival genes are strongly activated, an inhibition of HSP90 

activity will have a much higher impact on the growth and survival of cancer cells, while 

non-cancer cells may continue to function normally at lower levels of active HSP90. This 

is illustrated schematically in Figure 32. 
Figure 32. Scheme illustrating 
the “HSP90 addiction” of 
cancer cells. For detail see 
text. Modified from [Miyata et 
al., 2013]. 
 

This hypothesis is consistent 

with the observations made 

in the current study. With 

comparable time and 

concentration of 

geldanamycin, leukemia 

Jurkat cells exhibited more 

than 2-fold higher levels of 

apoptosis than normal 

human lymphocytes (compare data included in Figure 17H with those in Figure 8B). 
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In summary, geldanamycin and its analogs may constitute a promising anti-cancer drug 

because of their preferential pro-apoptotic and anti-proliferative action on cancer cells. 

Several clinical trials are currently ongoing [Bhat et al., 2014; Khandelwal et al., 2016; 

Chatterjee and Burns, 2017], and the data presented here may elucidate some of the 

mechanisms of anti-cancer effects of this class of drugs. Additionally, understanding the 

downstream consequences of geldanamycin treatment at the cellular level will help in the 

interpretation of experiments with inhibition of HSP90 [Lilja et al., 2015; Prince et al., 2015; 

Zhang et al., 2015; Lee et al., 2016]. 
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