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Abstract 
Despite its ubiquitous abundance, Hsp90 inhibitors have shown promise in anti-

cancer clinical trials, suggesting that Hsp90 inhibitors selectively target tumor cells while 

exhibiting minimal effects in normal cells. Extracellular expression of heat shock protein 

90 (eHsp90) by tumor cells is strongly correlated with malignancy. Development of 

small molecule probes that can specifically detect eHsp90 in vivo may therefore have 

utility in the early detection of malignancy. We synthesized a fluorescent cell 

impermeable Hsp90 inhibitor, HS-131, to target eHsp90 in vivo. HS-131 was 

characterized biochemically to ensure specificity for eHsp90, and an inactive analog was 

also synthesized to be used as an in vivo control.  

Through confocal microscopy, eHsp90 can be visualized with cell impermeable, 

fluorophore-tagged Hsp90 inhibitors. High resolution confocal and real time lattice light 

sheet microscopy showed that probe-bound eHsp90 accumulates in punctate structures 

on the plasma membrane of breast tumor cells and is subsequently actively internalized. 

This internalization occurs in the presence and absence of inhibitors. The extent of 

internalization correlates with tumor cell aggressiveness, and this process can be 

induced in benign cells by over-expressing p110HER2, leading to malignant 

transformation of these cells. Internalization of eHsp90 is also increased after inhibition 

of Hsp70, suggesting that overcompensation of the heat shock response can also 



 

 

v 

upregulate the eHsp90 trafficking mechanism. Whole body 3D cryo fluorescence 

imaging and histology of flank and spontaneous tumor-bearing mice strongly suggests 

that eHsp90 expression is a unique phenomenon in vivo.   

Taken together, these results suggest that active and differential internalization 

of eHsp90 in aggressive cancer cells contributes to the selectivity observed upon Hsp90 

inhibitor treatment and may provide a novel metastatic biomarker for solid tumors and 

may lead to the development of a tumor-specific drug delivery system.  
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1. Introduction  
One of the most important problems facing oncologists today is the noninvasive 

and early diagnosis of cancer. In most cancers, earlier detection is correlated with higher 

prognosis and easier, less invasive treatment. Mammography is the current clinical 

protocol for early detection of breast cancer in women and identifies 84% of the women 

who are diagnosed with breast cancer (Breast Cancer Surveillance Consortium, 2009); 

however, over a 10 year period, they have a false positive rate of 50-60% (Hubbard et al., 

2011). This false positive rate is particularly high for younger women and those with 

denser breast tissues (Kerlikowske et al., 2013). When a mass is detected, women often 

undergo painful, expensive and invasive biopsies to determine if the mass is malignant. 

False positives leading to biopsies are estimated to cost the United States government $4 

billion a year in healthcare costs (Ong and Mandl, 2015). 

Methods to limit false positives by mammography have been proposed: 1) 

increasing the minimum age at which women receive their first mammogram, thus 

reducing false positives from younger women, 2) providing doctors access to previous 

scans in order to more accurately analyze changes in the breast tissue (Kleit and Ruiz, 

2003), and 3) developing tumor-specific indicators that may help doctors more 

accurately distinguish between malignant tumors and benign cysts. In theory, this last 

method would be the most ideal and should lead to lower false positive rates if an 
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oncologist were able to see, without invasive biopsies and histology, whether a mass 

was malignant.  

Our lab has identified the heat shock protein and molecular chaperone Hsp90 as 

a potential target for breast cancer diagnostics. Within this work, I describe the synthesis 

and characterization of a fluorescent probe that allows us to investigate Hsp90 as a 

diagnostic target in breast cancer and the investigation of this compound in in vitro and 

in vivo systems. However, first, the history behind the discovery of Hsp90 and what is 

known about the role of Hsp90 in cancer will shed light on the various nuances of this 

work and highlight the current gaps in knowledge and how our work aims to fulfill 

these gaps.  

1.1 History of Hsp90 discovery 

Molecular chaperones are proteins that properly fold their client proteins. This is 

an active process (i.e., requires energy) and generally occurs during translation. In 

addition, many chaperones require scaffolding with other proteins to function properly. 

Hsp90 (heat shock protein 90) was first identified as a protein involved in the heat shock 

response in Drosophila. When flies were subjected to heat (30°C from 25°C), scientists 

noted that “puffs” developed in the polytene chromosomes of the fly salivary glands 

after only a few minutes (Ritossa, 1962), suggesting an increase in gene transcription at 

these sites. Further research showed that, among others, a “heat shock” protein that 

traveled at approximately 84,000 Da was encoded by a gene mapped to a heat-activated 
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puff, and expression of this protein was induced shortly after exposure to heat (Schedl et 

al., 1978). In addition, changes in gene expression and induction of these heat shock 

proteins could also be induced through oxidative stress (Compton and McCarthy, 1978), 

suggesting that these proteins were managers of stressed conditions within the 

Drosophila cells. A similar effect was observed for an 89 kDa protein when yeast cells 

were raised from 23°C to 36°C (McAlister et al., 1979).  

In mice, Bensaude and Morange discovered that the 89 kDa and 70 kDa heat 

shock proteins are abundantly expressed at normal temperatures and in the absence of 

stress in mouse embryos (Bensaude and Morange, 1983). Normally, when cells are 

exposed to high temperatures, proteins and nucleic acids are denatured, leading to 

lethality. However, exposure to nonlethal heated temperatures can protect cells from 

lethality at denaturing conditions. This phenomenon is called thermotolerance. 

Experiments in Chinese hamster fibroblasts showed that induction of the heat shock 

response at 37°C increased cell survival and thermotolerance at 45°C compared with 

non-heat shock-induced cells (Li and Werb, 1982). Similarly, a mild heat shock at 35°C 

enhanced survival and decreased heat-induced developmental defects in Drosophila 

embryos (Petersen and Mitchell, 1981). These studies provided evidence for the 

necessity of the heat shock response in survival and proliferation in stressed conditions 

and suggested that heat shock proteins protect the cell from heat- and oxidation-induced 

damage. 
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 In the early 1980’s, evidence on how these heat shock proteins functioned to 

protect the cell from heat-induced lethality began to emerge. The receptor tyrosine 

kinase (RTK) pp60v-src mediates neoplastic transformation by the Rous sarcoma virus 

(RSV) (REF).  Subcellular fraction studies revealed that an 89 kDa protein binds to pp60v-

src in the cytoplasm before arriving at its final destination of the plasma membrane in 

chick embryonic fibroblasts. Once pp60v-src is delivered to the plasma membrane, the 

complex dissociates (Courtneidge and Bishop, 1982).  

To study the effect of this complex and pp60v-src in transformation, the 

temperature sensitive mutant of RSV, tsNY68, was used. Cells infected with tsNY68 

exhibit increase growth foci, a common marker of transformation, at permissive 

temperatures but appear normal at higher temperatures. This transformation is 

reversible in both directions: cells previously kept at permissive temperatures that are 

increased to a restrictive temperature exhibit a decrease in morphological phenotypes 

indicative of transformation, whereas cells previously kept at restrictive temperatures 

exhibit transformation when lowered to permissive temperatures (Kawai and Hanafusa, 

1971).  In cells infected with tsNY68 at restrictive temperatures, more pp60v-src is found in 

the cytoplasm and in complex with the 89-kDa protein than at the membrane, 

suggesting that membrane localization of this RTK may account for some aspects of 

transformation.   
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Furthermore, while pp60v-src is in complex with the 89 kDa protein, it has lowered 

kinase activity (Brugge et al., 1983).  Thus, it was hypothesized that pp60 is a highly 

hydrophobic protein that aggregates in solution, and since it is not secreted through the 

conventional secretion pathway, maybe this 89 kDa protein aided in keeping pp60 

soluble until it could get to the membrane. Because of the temperature sensitive mutant, 

some scientists began hypothesizing that this 89 kDa protein was the same one as that 

overexpressed in the heat shock response and subsequently showed that these two 

proteins were indistinguishable from each other via chromatography and 2D gel 

electrophoresis (Kelley and Schlesinger, 1978; Schuh et al., 1985).  

Thus far, evidence suggested that heat shock proteins were induced with heat 

and could bind and stabilize proteins in the cytoplasm. To investigate if the 

denaturation process as a result of heated conditions was sufficient to induce the heat 

shock response, Ananthan and colleagues injected either denatured or natively-folded 

proteins into frog oocytes along with a plasmid encoding β-galactosidase under the 

hsp70 promoter and observed the treated extracts for β-galactosidase activity. 

Interestingly, they found that not only did heat shock dramatically increase β-

galactosidase activity as expected, but the injection of denatured protein but not native 

protein also induced β-galactosidase activity, suggesting that denatured protein could 

actively promote the expression of heat shock proteins.  In turn, this suggested that the 

induction of heat shock protein expression after exposure to heat was actually due to the 
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presence of denatured proteins as a result of said heat exposure, providing a mechanism 

for the heat shock response (Ananthan et al., 1986).  

Supporting this, two Drosophila mutants with actin mutations in the indirect 

flight muscles exhibited an upregulation of heat shock proteins within this tissue, but 

not within any other tissues. This upregulation in HSPs was not found due to defects in 

the myofibrallar structure, as other structurally similar mutants did not exhibit 

overexpressed HSPs, and it was not likely due to the absence of regular actin, as mutants 

in which actin was missing in this tissue also did not exhibit HSP over-induction. Thus, 

HSP induction was determined to be due to the presence of mutated/abnormally folded 

actin within these cells, supporting the suggested roll of abnormal proteins in HSP 

induction, and the critical functional role of HSPs in protein folding (Hiromi and Hotta, 

1985).  

Similar results were published regarding Grp94, an Hsp90 family member 

protein localized within the ER. Grp94 was also found to be induced upon the 

expression of mutant malfolded forms of hemagglutinin (HA) (Kozutsumi et al., 1988).  

More light was shed on the function of Hsp90 after results were published on its 

role in the transport of steroid receptors. It had been observed that steroid receptors, 

such as the progesterone receptor and estrogen receptor, could be typically found in a 4S 

isoform, able to bind to DNA, and an 8S isoform, able to bind to DNA in vitro but not in 

vivo. Purification of these complexes showed that in five different steroid receptors (PR1, 
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PR2, AR, GR, and ER), the 8S complex contained a 90 kDa protein (Joab et al., 1984), 

which was later determined to be Hsp90 (Catelli et al., 1985). Treatment with receptor 

agonists results in a shift from the 8S form to the 4S form of steroid receptors by 

changing the conformation of the receptor and dislodging it from the complex with 

Hsp90 (Groyer et al., 1987; Sanchez et al., 1987). This transformation can also be induced 

by treatment with ammonium sulfate, which disrupts the hydrostatic interactions by 

which Hsp90 and the steroid receptors bind, and adds to the net negative charge of the 

steroid receptor that prevents it from binding to negatively charged DNA (Sanchez et 

al., 1987). Even though agonists and ammonium sulfate can promote the dissociation of 

steroid receptors from Hsp90, antagonists, such as RU-486, did not induce a shift from 

the 8S complex to the 4S form (Groyer et al., 1987).  

Further studies revealed that the hormone binding domain of steroid receptors 

was required for the repression of steroid receptor DNA binding in an elegant domain-

approach study. The hormone-binding domain regulated the DNA-binding domain in a 

ligand-dependent manner regardless of where in the protein it was located, and in a 

recombined construct, the hormone-binding domain was able to repress an unrelated 

receptor. However, this response could be uncoupled by increasing the size of the 

protein sequence separating the hormone binding and DNA binding domains, 

suggesting that a steric interaction must be present, and hinting at the role of Hsp90 in 

this process (Picard et al., 1988). However, a yeast strain in which the Hsp90 levels could 
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be controlled from wild-type levels to 5% of wild-type levels exhibited decreased 

hormone-dependent steroid receptor function when Hsp90 levels were low, suggesting 

that Hsp90, in addition to directly repressing receptor function, may aid in its function, 

as well (Picard et al., 1990).  

In support of this data, analysis of reticulocytes lysates showed that during 

translation, only full length glucocorticoid receptor (GR) could be pulled down with 

Hsp90, suggesting that Hsp90 binds to GR near the end or shortly after termination of 

the receptor (Dalman et al., 1989). 

In 1992, the first concrete evidence of Hsp90 as a chaperone was published. 

Mitochondrial citrate synthase (a helical protein) aggregates under hydrophilic 

conditions, and Hsp90 was able to reduce this aggregation in a dose-dependent manner; 

however, ATP was not originally found to have any effect on this chaperoning ability. 

Hsp90 was also shown to refold the Fab fragment of a monoclonal antibody (which 

consists primarily of beta sheets linked together by disulfide bonds) (Wiech et al., 1992).  

Contrary to previous results, Hsp90 was later found to bind and catalyze ATP 

and to exhibit autophosphorylation activity (Csermely and Kahn, 1991; Nadeau et al., 

1993). Some results later attributed the ATPase function of Hsp90 to contamination of 

tightly-binding kinases within the purified Hsp90 protein samples (Jakob and Buchner, 

1994; Jakob et al., 1996), and Hsp90 became for a short time thought of as an ATP-

independent chaperone. However, further biochemical analyses revealed an ATP-
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binding site within Hsp90 that also bound geldanamycin, providing a competitive 

system to study ATP-binding and ATPase activity in Hsp90 function (Obermann et al., 

1998; Panaretou et al., 1998) and paving the way for Hsp90 inhibitor development. 

Hsp90 was found to exist in yeast in two isoforms: Hsc82, the constitutively 

active Hsp90 gene known in mammalian cells as Hsp90β, and Hsp82, a stress-induced 

isoform, known in mammalian cells as Hsp90α. and Hsp90. Knockout of both hsp82 and 

hsc82 at the same time results in yeast lethality, but can be rescued with expression of 

either Hsp82 or Hsc82, suggesting similar functions but different roles within the cell 

(Nathan and Lindquist, 1995). Hsp90 was shown to exist as a dimer in vivo in yeast cells. 

Whereas full-length Hsp90 was able to rescue the lethal double mutant yeast cells, an 

Hsp90 mutant with an altered C-terminus that removed the dimerization domain was 

unable to rescue the lethal phenotype (Minami et al., 1994).  

In mammalian cells, the 84-89 kDa heat shock protein has now been termed 

Hsp90, and it is now known to exist within the Hsp90 family that also includes Grp94, 

an Hsp90 analogue that functions within the endoplasmic reticulum, and TRAP1, which 

functions within the mitochondria.  

1.2 Hsp90 induction and activation in human disease 

1.2.1 Overexpression of Hsp90 in cancer cells  

Hsp90 and other heat shock proteins have been found to be upregulated in 

several types of cancer. As heat shock proteins have been found to be upregulated due 
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to not just heat but other forms of stress, including hypoxic stress, oxidative stress, and 

starvation, this is unsurprising given the stressful environments within the tumor.   

To determine what proteins may be overexpressed in breast cancer cells in an 

unbiased approach, Jameel, et al. created a cDNA library of a breast cancer tumor and 

also created polyclonal antibodies raised against purified breast cancer membranes. 

After expressing the cDNAs in E. coli, they isolated cDNA fragments that tested 

immunopositive with the polyclonal antibodies and sequenced them. They found Hsp90 

to be the most prominent of the immunopositive cDNAs, and found that it was 

increased in all breast cancer lines studied but not normal breast tissue (Jameel et al., 

1992). Furthermore, Hsp90α mRNA was shown to be increased in breast cancer cells 

over normal breast tissue, and Hsp90β was induced only in poorly differentiated 

carcinomas rather than well differentiated carcinomas, suggesting that Hsp90β may play 

a larger role in differentiation rather than proliferation and that Hsp90α was more 

strongly correlated with the increased proliferation of cancer tissue (Yano et al., 1996).   

Although Hsp90 has a clear role in breast cancer, it has been investigated in other 

cancer types as well. Northern blot analysis showed the overexpression of Hsp90α, the 

stress-inducible isoform, in both acute myeloid and acute lymphoblastic leukemia cells 

over non heat shock treated peripheral blood mononuclear cells (PBMCs) (Yufu et al., 

1992). In both chronic and acute leukemia patients, PBMCs were found to have 
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increased heat shock protein expression, including Hsp60, Hsp70, and Hsp90, over that 

of normal PBMCs as evidenced by staining and flow cytometry (Chant et al., 1995).  

In addition, Hsp90 overexpression has been shown to lead to poor prognosis in 

cancers. Sera was collected from breast cancer patients, and researchers showed that the 

presence of Hsp90 antibodies in the serum was associated with increased mortality rates 

in breast cancer (Conroy et al., 1998). More recently, Hsp90 was reported to be increased 

in 90% of breast cancer samples, and increased Hsp90 expression was associated with 

decreased survival (Pick et al., 2007).  In addition, Hsp90 expression was shown to be 

increased in several types of ductal carcinoma cancers via histology, but the 

aggressiveness and grade of the tumors were correlated with Hsp90 expression (Zagouri 

et al., 2010). Similar studies have been shown in other cancers. In melanoma, Hsp90 

expression was increased on the surface of tumor cells and appears to stabilize the 

telomerase complex (Becker et al., 2004). In leukemia, Hsp90 overexpression was 

observed in patients whose disease did not achieve full remission and was inversely 

correlated with survival times (Flandrin et al., 2008).  Increased expression of Hsp90 

along with Hsp70 and co-chaperone HOP were found in colon cancer samples (Kubota 

et al., 2010), and Hsp90α was found in the sera of prostate cancer patients and patients 

with non-small cell lung cancer (Burgess et al., 2008; Zhong et al., 2003).  

Taken together, these data support the hypothesis that Hsp90 is overexpressed, 

even over typically and ubiquitously high levels in normal cells, and this overexpression 
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may be inversely correlated with survival and associated with poor prognosis. However, 

although we can speculate that Hsp90 is overexpressed in cancer cells due to the tumor 

microenvironment or to help chaperone mutated and overexpressed oncogenic proteins 

within these cells, the mechanism by which Hsp90 overexpression leads to increased 

cancer aggressiveness and poor drug response, as well as how Hsp90 might be able to be 

targeted for therapeutics of these cancers, is still unknown. However, small slivers of 

evidence are slowly being pieced together.   

1.2.2 Ectopic localization and secretion of Hsp90 in cancer cells  

Hsp90 typically resides intracellularly in normal cells, shuttling between the 

cytoplasm and the nucleus dependent upon its interactions with nuclear receptors and 

kinases. However, in cancer cells, it can be found on the extracellular surface.  

The role of heat shock proteins in cancer was originally discovered as a result of 

cancer immunity experiments. When mice were immunized with irradiated cancer cells, 

they then became resistant to challenges with non-irradiated cancer cells from the same 

tumor. To determine which proteins were responsible for this immunity, fractions were 

taken from the irradiated cancer cell lysates and were tested for the ability to induce 

cancer immunity (Srivastava and Old, 1988). Some of the proteins identified in these 

experiments were heat shock proteins, including Grp94 and Hsp90 (Srivastava et al., 

1998). However, evidence soon followed that reported that smaller peptides within 

seemingly homogenous fractions of heat shock proteins were responsible for this 
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immunity (Peng et al., 1997; Udono and Srivastava, 1993), and in accordance with these 

data, peptide binding domains were discovered for Grp94 (Wearsch and Nicchitta, 

1997), Hsp70 (Zhu et al., 1996) and BiP, the endoplasmic reticulum-localized Hsp70 

analog (Flynn et al., 1989). Thus, complexes of heat shock proteins and small peptides 

were found to be immunogenic, but heat shock proteins or peptides alone, or complexes 

between heat shock proteins and non-binding peptides were not immunogenic, 

suggesting that heat shock proteins may be molecular chaperones (Blachere et al., 1997). 

It was thus hypothesized that heat shock proteins, along with their bound peptides, 

were internalized in antigen-presenting cells, and the properly bound peptide was then 

represented as an epitope on T-lymphocytes (Suto and Srivastava, 1995).  Two groups 

have more recently confirmed this by demonstrating that externally expressed Hsp90 is 

internalized in dendritic antigen presenting cells. Hsp90 may therefore be required for 

antigen cross presentation in these cells (Imai et al., 2011; Murshid et al., 2014). 

Evidence of Hsp90 in particular on the surface of cells was first discovered in 

1986 by Ulrich and colleagues. The mouse tumor-specific transplantation antigen 

MethA, which was present on the surface of tumor cells, was found to be 80% identical 

to the Drosophila and yeast homologs of Hsp90 (Ullrich et al., 1986). However, nearly 20 

years later, externally expressed Hsp90 (eHsp90) was discovered to play a role in 

migration in neurons and Schwann cells. Neurons and astrocytes were found to express 

eHsp90, both the α and β isoforms, and treatment with Hsp90 function-inhibiting 
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antibodies decreased migration rates and distances and decreased lamellipodia 

formations in Schwann cells that are required for their movement and function (Sidera 

et al., 2004). Similarly, melanoma cells were found to express eHsp90 and inhibition of 

eHsp90 with antibodies or Hsp90 inhibitors (Hsp90i) decreased melanoma migration 

rates and also decreased the activity of matrix metalloproteinase 2 (MMP2), a key driver 

in collagen breakdown in the epithelial-to-mesenchymal transition, which is indicative 

of metastasis. However, this study only found the presence of external Hsp90α and not 

that of Hsp90β (Eustace et al., 2004). These data suggest that eHsp90β may play a more 

poignant role in development, whereas eHsp90α may be more involved in tumor 

metastasis and aggressiveness. In addition, this latter group also found that the Hsp90 

co-chaperones HOP and p23 were also secreted into the conditioned media of 

fibrosarcoma cells (Eustace and Jay, 2004). They were also the first to suggest that 

perhaps targeting eHsp90 is a better strategy for Hsp90i treatment of cancers. 

This hypothesis was finally put to the test with the development of a cell 

impermeable Hsp90i derived from the Hsp90i geldanamycin, demethoxygeldanamycin-

N-oxide (DMAG-N-oxide). Treatment with DMAG-N-oxide not only decreased cell 

migration, motility and invasion in vitro but also decreased melanoma metastasis in vivo, 

providing evidence that eHsp90 may be an applicable target for cancer therapeutics 

(Tsutsumi et al., 2008).   
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The mechanism by which Hsp90 is secreted is a curious phenomenon. Hsp90 has 

no known signal sequences that would suggest its secretion through the canonical 

secretion pathway (ER > Golgi > PM). However, Hsp90 has been found in exosomes by 

both our lab and others  (Cheng et al., 2008; McCready et al., 2010). In keratinocytes, 

eHsp90α promotes migration through signaling via the LRP-1 receptor(Cheng et al., 

2008). In addition, adding exosomes purified from conditioned media to fresh cells 

promotes migration in wound-healing assays more than adding purified Hsp90 alone 

(McCready et al., 2010). These data suggest that Hsp90 is secreted via an unconventional 

protein secretion pathway to aid in signaling outside of the cell that then lead to 

cytoskeletal rearrangement and cellular migration. This unconventional protein 

secretion pathway may involve the formation of multivesicular bodies through 

autophagy that then fuse with the plasma membrane and release exosomes, or through 

the pinching off of external vesicles from the plasma membrane in a balloon-like 

manner. However, more data is needed to clarify the exact mechanism of Hsp90 

secretion.  

1.2.3 Altered enzymatic states of Hsp90 in disease 

As discussed below, the reason why Hsp90 can be targeted in cancer cells with 

Hsp90i but rarely affects normal cells is currently unknown. A few hypotheses have 

arisen as to why Hsp90i show selectivity to cancer cells regarding altered enzymatic 

states of Hsp90 in this disease.   
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Co-chaperones are proteins that have been found to bind to molecular 

chaperones and aid them in their chaperoning ability. Some common chaperones of 

Hsp90 are Aha1, HOP, Hip, p23/Sba1, and Hsp70. Aha1 binds via its N-terminus 

directly to the catalytic loop within the middle domain of Hsp90 and creates a 

conformational change in Hsp90 upon ATP-binding as evidenced by crystal structures 

(Meyer et al., 2004). However, further details on how the structure of Hsp90 is related to 

its function were revealed with the publishing of the ATP-bound crystal structure of 

Hsp90 (Ali et al., 2006). It was discovered that in its ATP-bound state, Hsp90 exists in a 

‘closed’ conformation that is stabilized by p23/Sba1. In its non ATP-bound state, it exists 

in an open confirmation. It was suggested that the conformational change is the rate 

limiting step of its chaperoning activity rather than the ATPase function itself. An earlier 

study hypothesized that Hsp90 in cancer cells is in a more active conformation by 

existing in a complex with several co-chaperones. Hsp90 in this “active” conformation 

has a higher affinity for ATP and Hsp90i and is thus more susceptible to inhibition 

(Kamal et al., 2003). In this study, they showed that mouse tumors and regular tissues 

show limited change in Hsp90 expression by Western blotting, but that the Hsp90 in 

tumor tissue exhibited higher ATPase activity and increased affinity for Hsp90i; these 

data suggested that not only must a change in Hsp90 levels be affected for malignancy 

but also so should the enzymatic activity of Hsp90.  
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Previous evidence had also suggested that the ATP-binding regions of Hsp90 are 

required for its in vivo function in S. cerevisiae (Panaretou et al., 1998); in addition, 

p23/Sba1 was shown to only bind to Hsp90 in the ATP-bound state but not the ADP-

bound state in vitro (Obermann et al., 1998). These data support the idea that Hsp90 

exists in a closed, more active state stabilized by co-chaperones.   

In addition, previous work in our lab has shown that in cancer cells, not all 

Hsp90 is “active” (Barrott and Haystead, 2013). Active Hsp90, in this case, binds to an 

Hsp90 capturing resin linked with an Hsp90i. In normal cells, all Hsp90 can eventually 

be captured on the Hsp90 resin, but in tumor cells, there is a small amount of Hsp90 that 

does not bind to the Hsp90 resin regardless of the number of times it is run over virgin 

resin. This suggests that some Hsp90 in the tumor cell is in an “inactive” and possible 

denatured form; this is likely due to the high overexpression of Hsp90 and overshooting 

the stoichiometric ratios of Hsp90 and its co-chaperones.   

That being said, Hsp90 eluted from Hsp90 resin does not appear to pull down 

any co-chaperones or client proteins. This may be due to two possible reasons. Firstly, 

the interactions between Hsp90 and its client proteins may be weak and transient. 

Secondly, the Hsp90 resin, being linked to an Hsp90i, may lock Hsp90 into an inactive 

conformation that dissociates any client proteins or co-chaperones, making it impossible 

to identify any such interactions using this purification method.   



 

18 

1.3 Hsp90 cancer therapies  

Despite the well known overexpression and secretion of Hsp90 in several 

cancers, no known mutations in Hsp90 lead to diseased states (Passarino et al., 2003; 

Urban et al., 2012). How pharmaceuticals could have any effect on cancer cells when 

Hsp90 is so ubiquitously expressed, however, is a question often poised in the face of 

Hsp90 inhibitor development.   

The first Hsp90i discovered was geldanamycin, an ansamycin antibiotic that 

bound to the ATP-binding pocket of Hsp90. However, geldanamycin never entered into 

clinical trials as a cancer therapeutic due to hepatotoxicity and poor solubility. Thus 

began the search for analogs that would have lower toxicities. The first such analog is 

17-N-allylamino-17-demethoxygeldanamycin, or 17-AAG. 17-AAG progressed through 

Phase 1 and Phase 2 of clinical trials but was halted, potentially due to financial 

feasibility. However, nanoparticle-bound 17-AAG is currently in Phase I trials. 17-

DMAG is another geldanamycin analog with similar affinity and anti-tumor activity as 

17-AAG. However, clinical trials for 17-DMAG were halted as well to open resources for 

other clinical trials. Other geldanamycin analogs include retaspimycin/IP-504 and IP-

493; IP-504 is more soluble and bioavailable and was thus chosen to continue through 

clinical trials, but clinical trials were canceled due to high mortality rates in patients 

treated with IP-504.   
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Other inhibitors also bind within the ATP-binding pocket, but are structurally 

more similar to purines. Chiosis et al. has designed PU3 and PU-H71, both purine-like 

Hsp90i. Other purine analogs that inhibit Hsp90 are CNF2024/BIIB021, MPC-3100, and 

Debio 0932 (CUDC-305). Many of these clinical trials were terminated due to the 

occurrence of dose limiting toxicities or the production of a better, more soluble and 

bioavailable analog.  

In tumor cells, Hsp90 inhibition results in the selective degradation of oncogenic 

client proteins and cell growth inhibition. When administered as a monotherapy in 

clinical studies, Hsp90 inhibitors tend to promote tumor growth arrest rather than 

regression (Neckers and Workman, 2012). The molecular mechanisms behind this 

phenomenon are thought to be related to a compensatory induction of Hsp70. However, 

as long as drug surveillance is maintained, responsive patients remain in stable disease 

(Trepel et al., 2010).  

One of the great conundrums of Hsp90 therapy is the molecular mechanism by 

which Hsp90 inhibitors can have any therapeutic efficacy given its abundance and 

ubiquitous expression in vivo. Genetic deletion studies have shown that Hsp90 is 

essential for normal cell function (Whitesell and Lindquist, 2005), yet systemic inhibition 

of Hsp90 is surprisingly well tolerated in humans, with dose-limiting toxicities 

characterized by diarrhea and a reversible night blindness with some Hsp90 inhibitors 

(Jhaveri et al., 2012). 
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1.4 Targeted delivery for cancer diagnostics 

As previously mentioned, one of the biggest conundrums in the oncology field is 

accurate diagnostic tools that allow physicians to diagnose cancers early and accurately. 

Common screening methods, such as mammography, often lead to false positives that 

increase health care costs. Self screening tools are often unreliable, and physiological 

scans, such as PET scans and MRI scans, can be very expensive and hard to book. 

Searching for biomarkers that are correlated with malignancy is a high priority for 

oncology researchers. However, even the discovery of unique biomarkers, such as Ki-67, 

that are associated with malignancy and transformation require the histological 

examination of biopsied samples. To decrease the invasiveness of these methods, the 

development of a fluorescent compound or contrast agent that is exclusively 

internalized and retained in cancer cells would be ideal to diagnose patients without any 

expensive, painful, and invasive biopsies. Furthermore, the development of selective 

targeting strategies to tumor cells could be manipulated to selectively deliver toxins and 

other chemotherapeutic drugs straight into the tumor cells without affecting normal 

healthy cells, thus reducing side effects and toxicities.  

Whereas Hsp90i have not been completely successful in clinical trials as 

therapeutics, we can begin to start thinking of the use of cell impermeable Hsp90i as 

cancer diagnostic tools.  Of interest to us is an extracellularly-expressed form of Hsp90 

(eHsp90) and its association with malignant behavior (Becker et al., 2004; Sidera and 
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Patsavoudi, 2008). In tumor cells, eHsp90 is thought to chaperone external proteins 

responsible for migration and the epithelial-to-mesenchymal transition, such as matrix 

metalloproteinases. Previous work by our group used a fluorophore-tethered Hsp90i, 

HS-27, which was able to confirm trafficking of Hsp90 to the cell surface. However, it 

also revealed a novel phenomenon: Hsp90 internalization. Whereas Hsp90 secretion has 

been often documented in the literature, eHsp90 internalization had not been previously 

shown. Since HS-27 is cell impermeable, its internalization must be active. HS-27 is 

bound to the FITC dye; fluorescence microscopy and in vivo imaging at this wavelength 

are limited by autofluorescence. Thus, to further explore fluorophore-tethered Hsp90i as 

a diagnostic tool, we developed a far red dye-tethered Hsp90i, HS-131, described herein.   

1.5 Conclusion and rationale 

 As previously mentioned, Hsp90i have been and continue to be investigated in 

clinical trials as cancer therapies. Hsp90i have shown a rather surprising selectivity 

towards tumor cells, with dose limiting toxicities being marked by gastric upset and 

reversible night blindness. Given the ubiquitous abundance of Hsp90 in every cell in the 

body, it is surprising that Hsp90i can have so few side effects. However, Hsp90i have 

not to this point been very successful in clinical trials, as inhibition of Hsp90 has been 

evidenced to upregulate Hsp70 as a compensatory effect. The use of Hsp90i as a 

combinatorial therapy is currently being investigated.   
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Hsp90 is overexpressed in breast cancer and exists in a more “active” 

conformation that has a higher affinity for ATP and Hsp90i that bind within the ATP-

binding pocket of Hsp90. In addition, some Hsp90 in tumor cells is secreted into the 

extracellular space. In vivo, it’s thought that this eHsp90 helps chaperone and activate 

proteins involved in the epithelial-to-mesenchymal transition and metastasis, including 

MMP2 and others. Inhibition of eHsp90 with antibodies and cell impermeable inhibitors 

leads to the reduction of cell migration and in vivo metastasis rates.   

Targeting this eHsp90 in cancer therapeutics directly may be a way to further 

limit side effects, at least in fully developed adults, as the only cells known so far to 

express eHsp90 normally are neurons and glia during development.  

To more easily study eHsp90 in tumor cells and its function, we developed cell 

impermeable fluorophore-tethered Hsp90i to label and follow eHsp90. Previous work in 

our lab has shown for the first time that eHsp90 is internalized in tumor cells, and that 

this internalization in breast cancer cells is correlated with malignancy. Furthermore, 

internalization of these probes leads to the degradation of Hsp90 client proteins, like 

HER2. These probes can also be visualized in mice tumors in vivo.   

However, this previous work had its own set of limitations. HS-27, the primary 

drug used in this study, was tethered to a FITC fluorophore, a green fluorescent dye. 

This wavelength range is well known to exhibit high background noise due to 

autofluorescence from cell culture serum, plasma, poryphyrins, and this background 
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noise is exacerbated when trying to see dim drug fluorescence. This low signal to noise 

ratio prohibited any initial attempts at higher resolution microscopy to study these 

probes. In addition, this wavelength permeates soft tissue 10x less than infrared 

wavelengths, making it unusable for in vivo clinical purposes.   

Thus, in this work, we show the development and characterization of HS-131, an 

Hsp90i tethered to a far-red dye. Using this probe, we are in a unique position to be able 

to analyze this external pool of Hsp90, study its internalization, and investigate its in 

vivo effects.  



 

24 

2. Materials and Methods  

2.1 Biochemical Methods  

2.1.1 Silver staining  

Polyacrylamide gels were used to separate out proteins using SDS-PAGE. The 

gel was fixed in 10% methanol and 10% acetic acid for 20 minutes. The gel was washed 

4x with diH2O for 5 min each wash. Then, the gel was sensitized with 2.5 mM Na2S2O3 

for 90 sec, followed by 3x quick washes with diH2O. Then, the gel was impregnated with 

11 mM AgNO3 for 25 min. After another 3 washes with diH2O, the gel was developed 

with 145 mM K2CO3, 0.1 mM Na2S2O3, and 0.02% formaldehyde until bands became 

visible. The developing reaction was then stopped with fixing solution above. Gels were 

stored in fixing solution until mass spectrometry analysis.  

2.1.2 Purification of Hsp90 and ATP-binding proteins  

Hsp90 resin and ATP resin were made as previously described. Hsp90 resin 

contains an Hsp90 inhibitor (HS-10 ligand) bound via a PEG-6 linker to sepharose beads. 

ATP resin consists of ATP attached to sepharose beads and is used to purify ATP-

binding proteins. Resin was washed three times with low stringency wash buffer 

(LSWB, 50 mM Tris-HCl, 60 mM MgCl2, 60 mM KCl, 10 mM Citrate, 1 mM DTT, pH 7.4) 

and diluted to a 50% slurry. Lysates were resuspended with resin for at least 10 minutes 

at room temperature. The resin was spun down either on a 96-well elution plate with a 
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catch plate underneath or in centrifuge tubes. The resin was washed three times with 

LSWB, and proteins were eluted with SDS sample buffer.  

For the elution specificity assay, five confluent 15-cm plates of BT474 cells were 

washed with ice-cold PBS and lysed. The lysates were run over 850 μL of washed ATP 

resin slurry (Hughes et al., 2012). Bound proteins were eluted from 50 μL of bound slurry 

transferred to an elution plate with 80 μL  of specified concentrations of HS-10, HS-131, 

ganetespib, or HS-198. The eluates were separated with SDS-PAGE, and the gel was 

silver stained. The bands were analyzed via MS as previously described (Hughes et al., 

2012). 

2.1.3 Thermal stability assay  

Purified porcine Hsp90 or Grp94 was diluted in thermal shift buffer (25 mM 

HEPES, 5 mM MgCl2, 10 mM KCl, pH=7.5) to 0.04 mg/mL, and SYPRO Orange dye 

(Sigma-Aldrich, St. Louis, MO, USA) was added 1:1000. The compounds of interest 

were diluted in DMSO. Samples were mixed in a 384-well plate (Bio-Rad, Hercules, CA, 

USA) and were run on a CFX384 Touch RT-PCR system (Bio-Rad, Hercules, CA, USA) 

with the following cycle: 25°C with a 0.5°C increase every 30 sec until 95°C is reached. 

Fluorescence data were acquired at each time point, normalized to the highest 

fluorescence, and differentiated, and the melting temperature (Tm) was defined as the 

temperature at which the maximum slope was found.  
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2.2 Cell culture methods  

2.2.1 Cell culture and reagents 

MDA-MB-468 cells were maintained in DMEM containing 10% FBS and 

penicillin/streptomycin. MCF10A cells were maintained in DMEM/F-12 medium 

containing 5% horse serum, 100 ng/mL cholera toxin, 10 μg/mL insulin, 0.5 mg/mL 

hydrocortisone, 20 ng/mL EGF and penicillin/streptomycin. Glioma lines were kept in 

Zinc Option MEM with 10% FBS and penicillin/streptomycin. Other cell lines were kept 

in DMEM, RPMI 1640, or MEM with 10% FBS and penicillin/streptomycin according to 

the ATCC.  

Doxycycline was used at a final concentration of 1 μg/mL. Cells were kept in a 

humidified atmosphere at 37°C and with 5% CO2. All cells were authenticated with 

Short Tandem Repeat profiling and were acquired from the Duke Cancer Institute Cell 

Culture Facility (originally obtained from ATCC: MDA-MB-468, #1619410; MCF-10A, 

#1566190) and have been confirmed negative for mycoplasma contamination; no cell 

lines used in this paper have been reported as commonly misidentified. 

 PUH71 was purchased from APExBIO (#A3739, Houston, TX, USA). PitStop2 

(#ab120687, Abcam, Cambridge, USA) was used at a concentration of 25 μM and was 

used according to the manufacturer’s instructions. All chemicals and other reagents 

were of analytical grade. 
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2.2.2 Antibodies  

The following antibodies were commonly used in Western blotting and 

immunofluorescence: anti-Hsp90 (1:1000, sc-7947, Santa Cruz Biotechnology, Inc., 

Dallas, TX, USA), anti-HER2 (1:1000, 29D8, Cell Signaling Technology, Danvers, MA, 

USA), anti-GAPDH (1:1000, D16H11, Cell Signaling Technology, Danvers, MA, USA), 

anti-rabbit (1:10,000, 7074, Cell Signaling Technology, Danvers, MA, USA), anti-mouse 

(1:10,000, NA931, GE Healthcare Life Sciencs, Chicago, IL, USA).   

2.2.3 HS-131 assay  

Cells were plated on uncoated 18-mm round coverslips in 12 well plates at 

150,000 cells/well and were allowed to adhere overnight in regular growth media. HS-

131, in a stock solution in DMSO, was diluted in serum-free/phenol red-free DMEM. The 

growth media was removed, and the cells were washed once with PBS. The HS-131 

solution was added to the cells, and the cells were incubated at 37°C for the indicated 

time periods. The cells were then placed on ice, washed twice with ice-cold PBS, and 

fixed with 1% formaldehyde solution in PBS for 10 min. Subsequently, the cells were 

washed once and stained with 5 μg/mL wheat germ agglutinin-488 (WGA-488, 

Invitrogen, Waltham, MA) and either Hoescht or DAPI stain for 20 min in the dark at 

room temperature. The coverslips were washed twice with PBS, once with water, and 

were mounted onto microscope slides using FluorSave mounting reagent (Millipore, 

Darmstadt, Germany). Slides were dried overnight in the dark and imaged on a Leica 
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SP5 confocal microscope. Cells that were not clumped and had enough cells per field of 

view were selected in a non-biased manner through the DAPI channel. Three fields of 

view over two slides per treatment were gathered for analysis. 

2.2.4 Microscopy 

2.2.4.1 Static imaging  

Static images were generally taken on an Leica SP5 confocal fluorescence 

microscope. HS-131 and HS-198 were excited using a 633-nm laser, HS-27 was excited 

using a 488-nm laser, and DAPI was excited using a 405-nm laser. For the general HS-

131 assay, a single confocal plane was taken in the middle of the cells. For higher 

resolution images, 0.1-μm slices were taken and reconstructed into a single 3D stack. 

High resolution confocal stacks were deconvolved with Hyugen’s Deconvolution 

Software or AiryScan and were analyzed with Imaris software. 

To calculate HS-131 concentration inside the puncta, a quarter-log dilution of HS-

131 was made in mounting media. Fifteen microliters of mounting reagent was added to 

the slide, and a coverslip was placed on top. After drying, the slides were imaged on the 

same microscope using the same gain and laser power settings as the cells, and a 

standard curve of the linear fluorescence range was constructed.  

2.2.4.2 Live imaging  

Live imaging was performed with a Zeiss 880 or Zeiss 780 confocal microscope 

equipped with a GaAsP detector, and videos were analyzed with Imaris software. Cells 
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were plated on coverslips, treated with HS-131 in serum-free/phenol red-free DMEM, 

washed with PBS, and imaged in serum-free/phenol red-free DMEM with 25 mM 

HEPES. Alternatively, live imaging was performed on a lattice light sheet microscope 

build by Eric Betzig and maintained by Jon Heddleston at the HHMI Janelia Research 

Campus. Cells were plated on 5-mm coverslips and electroporated with mCherry one 

day prior to treatment. The cells were then treated with 10 μM HS-131 for 30 min, 

washed 3 times with PBS and placed in warm serum-free Leibovitz L-15 media for 

imaging. Time lapse images were collected using a custom lattice light sheet microscope 

(Gao et al., 2014). Images deskewed and deconvolved using MatLab were analyzed with 

ImageJ and Imaris.  

2.2.5 Biotin internalization assay  

MDA-MB-468 cells were plated 1.0 x 106 cells/well in a 6-well plate. Biotin 

internalization assay was performed as previously described(Gabriel et al., 2009) with 

freshly made strip buffer. Lysates were collected as previously described and purified 

on streptavidin beads to collect the biotinylated proteins. The biotinylated protein 

fractions were subjected to Western blot analysis as described below. 

2.2.6 MCF10A transformation 

Human HER2 cDNAs for the full-length p185 kDa protein and its carboxyl-

transforming p110 kDa fragment were cloned by PCR of cDNA from the T74D cell line. 

PCR-based site specific mutation was performed to create a p110-kDa kinase 
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inactivation by the K736R ATP-binding side mutation. All HER2 constructs were 

confirmed by sequencing. Constructs were cloned into the doxycycline-inducible 

expression lentivirus plasmids using a modification of a previously described method 

(Shin et al., 2006). Lentiviruses were generated using 3rd generation accessory vectors in 

HEK293 cells. MCF10A cells were infected with viruses for each construct and selected 

for neomycin resistance. The expression of the specific construct was confirmed by anti-

HER2 specific Western blot analysis.  

To confirm transformation, a growth foci assay was performed. Cells were 

trypsinized and plated at 1,000 cells per well in a 6-well plate. Media was replaced every 

3-4 days. After 3 weeks, the cells were washed, fixed with ice cold methanol, rinsed, and 

stained with a 0.4% methylene blue solution. The cells were rinsed several times with 

diH2O and were dried overnight before imaging.  

2.2.7 Viability and cytotoxicity assay 

Cells were plated at 10,000 cells/well in a 96-well plate. Drug treatments were 

applied the next day. At the given time point (6 hr, 24 hr, or 48 hr later), 50 μl of media 

was transferred into another plate and 50 μl of 200 μM AAF-AMC (I-1415.0050, 

BACHEM) in 100 mM HEPES (pH 7.5) was added to detect cytotoxicity. The plate was 

incubated at 37°C for 18 hr, and fluorescence was read with a plate reader at Ex/Em 355 

nm/460 nm. To the plate containing the cells, 50 μl of 200 μM GF-AMC (I-1220, BACHEM) 

in HEPES buffer was added to each well, and the plate was incubated at 37°C for 1 hr. 
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Fluorescence was detected on a plate reader at the same Ex/Em as above to detect viability. After 

reading viability, 50 μl of caspase assay buffer containing 10 mM DTT and 20 μM DEVD-R11 

(sc-391024A, Santa Cruz Biotechnologies) and protease inhibitor cocktail to detect apoptosis. 

The plate was incubating at 37°C for 18 hrs, and fluorescence was detected at Ex/Em 485 nm/535 

nm.  

2.2.8 Western blot analysis 

Lysates were subjected to SDS-PAGE and were subsequently transferred to a 

PVDF membrane. The membrane was blocked with 5% non-fat dry milk in PBS-T (PBS 

with 0.1% Tween), incubated with anti-Hsp90 (1:1000, sc-7947, Santa Cruz 

Biotechnology, Inc., Dallas, TX, USA), anti-HER2 (1:1000, 29D8, Cell Signaling 

Technology, Danvers, MA, USA) or anti-GAPDH (1:1000, D16H11, Cell Signaling 

Technology, Danvers, MA, USA) antibody for 1 hr, washed 3 times in PBS-T, incubated 

with anti-rabbit secondary antibody conjugated with HRP, and washed 3 times in PBS-

T. The membrane was developed using Clarity Western ECL Blotting Substrate (Bio-

Rad, Hercules, CA, USA) and exposure to film.    

2.2.9 Exosome purification 

Confluent MDAMB231 cells were incubated overnight in serum free phenol red 

free MEM in a 10-cm plate. Five mL of media was taken and 1 ml of ExoQuickTC was 

added to the solution in a sterile 15-ml falcon tube. The tube was turned overnight at 

4°C, then spun down at 1500 rpm for 30 minutes. The pellet was redissolved in 150 μl 

extraction buffer with 1 mM DTT and 1 pellet of protease inhibitor (in 10 ml). Samples 
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were loaded onto a minigel and run at 200V, silver stained, and subjected to mass 

spectrometry.  

2.2.10 Immunocytochemistry and flow cytometry  

For immunocytochemistry, MDA-MB-468 cells were grown on coverslips as 

above. The plates were placed on ice for 10 min and were then incubated with an ice-

cold solution of HS-131 in serum-free/phenol red-free DMEM for 30 min on ice. The cells 

were washed once with PBS and fixed as above. The cells were blocked with 5% normal 

goat serum in PBS for 1 hr at room temperature and were incubated with anti-Hsp90 

antibody (1:1000, sc-7947, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) for 1 hr. The 

coverslips were washed three times in PBS and were then incubated with secondary 

anti-rabbit antibody conjugated to AlexaFluor-555. Then, the cells were washed twice 

with PBS before staining with WGA-488, mounting, and imaging as described above.    

For flow cytometry, cells were treated with drug (50 mM HS-72 or DMSO) 

overnight. For surface Hsp90 analysis, cells were dissociated without drug treatment. 

Cells were collected in round-bottomed 96-well plates, stained with a viability dye, and 

fixed with 1% PFA for 10 min on ice. Cells were blocked with 5% normal goat serum 

(NGS) in PBS, stained for 1 hr with antibody against Hsp90 in 5% NGS, washed, and 

stained for 1 hr with anti-rabbit antibody attached to AlexaFluor-555 before washing 

and resuspension in PBS. Flow cytometry was performed, and gating was performed to 
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remove cell debris, non-viable cells, and doublets. Cells were analyzed for median 

counts and arbitrary percent Hsp90-positive counts using FlowJo. 

2.2.11 siRNA screen  

The siRNA screen was composed of 140 SMARTpool Accell siRNAs (Table S1) 

customized by Dharmacon (Layfeyette, CO, USA). MDA-MB-468 cells were plated 5,000 

cells/well in a 96-well plate. After adhering overnight, siRNA was diluted 1:20 in Accel 

Media provided by Dharmacon, and added 100 μl/well. Two days later, the media was 

replaced with standard growth media. The following day, the media was removed and 

25 μM HS-131 was added. After 45 minutes, the drug was removed, cells were washed 

twice with PBS, fixed with 1% PFA for 10 min on ice, and stained with DAPI. Plates 

were imaged on a plate reader for HS-131 fluorescence/well and using an ArrayScan 

microscope for HS-131 fluorescence/cell. The screen was repeated twice in duplicate 

with different plate layouts, and the top 20% of hits were taken from each analysis and 

compared to find hits that showed up in at least three out of the four analyses (i.e., 

showed up in at least one analysis in both experiments).  

2.3 Mouse methods  

All protocols involving the use of mice were approved beforehand by the IACUC 

at Duke University and were strictly adhered to throughout the studies. For flank tumor 

mice, flank xenografts were used by injecting MDA-MB-468 cells subcutaneously in a 
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beige SCID mouse. MMTV-neu mice were acquired from the Mouse Phase 1 Facility at 

University of North Carolina at Chapel Hill.  

2.3.1 Drug treatment  

Mice were injected with 25 nmol of HS-131 or HS-198 in DMSO. After 6 hours, 

injected mice were euthanized. 

2.3.2 Cryosectioning and imaging of mice  

Mice were prepared according to the instructions from BioInVision, Inc. 

(Cleveland, OH, USA) and shipped for Cryo-Imaging and reconstruction. An 

EGFP/mCherry dual band filter set was used for imaging (#59022; Chroma Technology 

Corporation, Bellows Falls, VT, USA), and the mice were imaged both by fluorescence 

and in brightfield by slicing 40-μm thick sections and imaging the top exposed area of 

the mouse.  

2.3.3 Histology  

MMTV-neu mice treated with 10 nmol of HS-131 or HS-198 were euthanized, 

and tumors, eyes, and testes were fixed in neutral-buffered formalin before dehydration 

and embedding in paraffin blocks. Slices of 5-μm thickness were cut and placed on 

slides to dry overnight. Slides were then deparaffinized and either H&E stained or 

rehydrated and stained with DAPI before mounting. Slides were imaged at 20x 

magnification on a Zeiss Axio Imager widefield fluorescence microscope equipped with 

a color camera.  
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2.3.3.1 Hematoxylin and eosin staining   

Slides were deparaffinized in CitriSolv, rehydrated in decreasing concentrations 

of ethanol, stained with hematoxylin, followed by an acid-alcohol rinse, stained with 

eosin, and dehydrated back through increasing concentrations of ethanol. Slides were 

mounted with Cytoseal XL mounting media and covered with a coverslip. 

2.3.3.2 Immunohistochemistry  

Slides were deparaffinized in CitriSolv, rehydrated in decreasing concentrations 

of ethanol, stained with DAPI, and mounted with FluorSave reagent and a coverslip.  

2.4 Analysis and statistics 

2.4.1 Imaris  

For lattice light sheet microscope analysis, ImageJ was used to crop image sets in 

the x, y, and z dimensions to only include one cell, transfer the image to 8-bit, and crop it 

to 15 min in length. Image sets were then loaded into Imaris. Spot creation was used to 

create spots over the Cy5 channel. Spots were tracked over time, and size, distance, 

speed, and displacement data was exported into Excel.  

2.4.2 ImageJ  

For the HS-131 assay, images were analyzed for fluorescence and puncta using 

ImageJ software using a non-biased, high-throughput macro. In brief, cells were selected 

using an expanded selection from the DAPI channel. The regions of interest were then 

masked, a watershed filter was applied to split adjacent cells into separate cells, and the 
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regions of interest were applied to the HS-131 channel to measure fluorescence and 

puncta. High resolution confocal stacks were deconvolved with Hyugen’s 

Deconvolution Software or AiryScan.  

2.4.3 Statistics 

All imaging experiments were performed in duplicate and repeated three times. 

After testing for normalcy, multivariate analysis of variance (ANOVA) was used to 

detect significant differences between experiments with more than one factor, and 

univariate ANOVA was used to detect significant differences between experiments with 

only one factor. ANOVA results were subjected to Bonferroni post-hoc tests to account 

for differences in sample size. A p value of < 0.05 was considered significant. All 

statistical analysis was performed using SPSS software version 20. Data are represented 

as the means ± S.E.M.  
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3. Characterization and Synthesis of HS-131, a 
Fluorescent Hsp90 Inhibitor 

3.1 Introduction 

Previously, we reported on the synthesis and characterization of tethered Hsp90 

inhibitors, HS-69 and HS-27, consisting of a modified Hsp90 inhibitor tethered to a near 

infrared probe and FITC, respectively (Barrott et al., 2013). However, HS-27 was not 

optimized for higher resolution confocal imaging or tissue penetration, and HS-69 was 

tethered to an expensive and proprietary near infrared dye of partially unknown 

structure via a hydrolytically labile amide linker. We thus decided to synthesize a new 

Hsp90 inhibitor, HS-131, tethered to a Cy5 dye that was more stable and inexpensive to 

synthesize.  A complete listing of the compounds used within this work can be found in 

Table 1.  
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Table 1. Compound names and structures referred to within this work. All 
compounds are synthesized by Dr. Philip Hughes. 

Compound Description Structure 

HS-131 Cy5-tethered Hsp90i 

 

HS-198 Inactive Cy5-tethered 
Hsp90i 

 

HS-10 Cell permeable Hsp90i 

 

HS-23 Tethered Hsp90i 

 

HS-27 FITC-tethered Hsp90i 

 

HS-152 Cy5 with short linker 
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3.2 Synthesis of HS-131 and its inactive analog HS-198 

The structures of HS-131, and its inactive analog HS-198, consist of a modified 

Hsp90 inhibitor tethered by a PEG-6 linker to a far-red fluorophore (Fig. 1a). A far-red 

probe, with a peak excitation wavelength of 646 nm and a peak emission wavelength of 

665 nm (Fig. 2) rather than a near infrared dye (emission wavelength > 700 nm) was 

chosen; first, to maintain compatibility with commonly utilized confocal apparatus; and 

second, because of the potential for enhanced image definition due to low background 

emission at 665 nm compared with other optical probes. On HS-198, a critical primary 

amide required for inhibitor binding in the active site of Hsp90 is replaced with a 

dimethyl amide group that precludes the formation of a critical hydrogen bond within 

the ATP-binding pocket of Hsp90 (Fadden et al., 2010).  
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Figure 1. HS-131 and HS-198 synthesis. (a) Structure of far-red fluorescent 
probes, HS-131 and HS-198. (b) Synthesis scheme of HS-131 and HS-198. (c) Simplified 
synthesis scheme of HS-198 precursor 14. Figure and synthesis by Dr. Philip Hughes. 
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Figure 2. Emission and excitation peaks of HS-131. Figure by Dr. Philip 
Hughes. 

 The complete synthesis of HS-131 and HS-198 is shown in Fig. 1b. The 

tethered Hsp90 ligand 5, HS-23 (Hughes et al., 2012), was converted by reductive 

amination to the desired boronic acid 6. An amine linkage was chosen to avoid 

hydrolytic liabilities in intact cells. Suzuki coupling (Lee et al., 2006) with dye 8 (Wycisk 

et al., 2015) gave the desired product, HS-131. The control compound, HS-198, was 

prepared in analogous fashion from amine 13. Amine 13 was prepared from amine 5 as 

shown in Fig. 1c. Amine 5 was first protected as the BOC amide 11. The primary amide 

was then alkylated by treating 11 with sodium t-butoxide in THF followed by slow 

addition of methyl iodide. Chromatography gave the clean dimethyl amide 12 with 45% 

yield. Analysis of the 1H-NMR and COSY spectra of 12 showed the addition of two 

methyl groups, the loss of the primary amide protons, and retention of the aniline and 

BOC amide protons. Deprotection with TFA afforded the desired amine 13, which was 

then converted as described above to HS-198 (Fig. 1c). Complete synthesis details are 

listed in Appendix A. 
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3.3 HS-131 specifically targets Hsp90 

To support the in vitro specificity of HS-131 for Hsp90 compared with HS-10 and 

the well-known Hsp90i ganetespib, lysates of BT474 cells were run over an ATP resin to 

capture all ATP-binding proteins. Increasing concentrations of HS-10, ganetespib, HS-

131 or HS-198 were run over the resin, and the flow-through was collected and analyzed 

for eluate proteins using mass spectrometry (Fig. 3). Whereas HS-10 and ganetespib 

eluted Hsp90 and Grp94, HS-131 eluted only Hsp90, and HS-198 did not elute Hsp90. 

None of the tested drugs eluted TRAP1 from the ATP resin.  

 

Figure 3. Elution of proteins off of ATP resin by increasing concentrations of 
Hsp90i. Experiment by Aaron Smith. 

In a thermal stability test using highly purified porcine Hsp90 (Hughes et al., 

2012), HS-131 stabilized Hsp90 similarly to the free ligand HS-10 (Barrott et al., 2013) (Tm 

= 53.15°C ± 0.37°C vs. 53.55°C ± 0.122°C, respectively, p = 0.37), whereas HS-198 did not 

stabilize Hsp90 over DMSO alone (Tm = 49.75°C vs. 49.95°C ± 0.122°C, respectively, p = 

0.19). Indeed, the melting point of Hsp90 with HS-131 was significantly higher than both 
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DMSO (p < 0.001) and HS-198 (p < 0.001), suggesting a stronger and more stable binding 

of HS-131 to Hsp90 compared with HS-198 (Fig. 4).  

 

Figure 4. HS-131 stabilizes Hsp90 similarly to HS-10. (a) Thermal stability 
assay was performed with purified porcine Hsp90 with all drugs at 1 μM. (b) 

Quantification of melting temperature (Tm), taken as the temperature of the steepest 
point of the curve in (a). 

At higher concentrations, the fluorophore attached to HS-131 interfered with the 

thermal stability assay; because HS-23 mimics the structure of HS-131 without the 

fluorophore, it was used instead of HS-131 to obtain a full concentration curve of 

melting points (Fig. 5). HS-23 exhibited a dose-dependent stabilizing effect for Hsp90 
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but not for GRP94, contrary to HS-10, which exhibited a slight stabilizing effect for 

GRP94 as well as Hsp90.  

 

Figure 5. HS-23 stabilizes Hsp90 but not Grp94 in a thermal stability assay. 
Experiment and figure by Aaron Smith. 

Studies with HS-152, which contains the Cy5 fluorophore and PEG linker but 

lacks the Hsp90 ligand, showed no affinity against purified forms of Hsp90 or GRP94 

either in thermal stability (Fig. 4) or in ATP competition studies (data not shown), ruling 

out any contribution of the fluorophore moiety to non-specific protein binding.  

3.4 Conclusions  

Previous work in our lab has characterized HS-27, a FITC-tethered Hsp90i. HS-27 

was internalized in breast tumor cells, but the high natural background in the 480-500 

nm range both in cells and in vivo drove us to create a fluorescent compound that could 

still shed light into Hsp90 biology but be more feasible to image both through traditional 

fluorescence microscopy and in vivo. We had previously made HS-69, an Hsp90i 
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tethered to another near-infrared dye; however the dye used in this compound was 

proprietary, expensive, and of unknown structure. Thus, we aimed to synthesize and 

characterize HS-131, using a well-known Cy5 dye. The wavelength of this fluorophore 

can be visualized by 633-nm lasers in both confocal and widefield fluorescence 

microscope equipment. In addition, the autofluorescence at this wavelength is much 

lower than at lower wavelengths, and higher wavelengths allow for deeper tissue 

penetration for in vivo imaging. Infrared wavelengths (>750 nm) penetrate tissue even 

deeper, and a fluorophore in this range would be a more ideal fit for in vivo imaging.  

However, most fluorescence microscopes are incapable of imaging at these higher 

wavelengths; thus, the Cy5 dye is a good compromise between adaptability between 

clinical applications and in vitro studies investigating the biology of Hsp90.   

HS-131 consists of an Hsp90 ligand based on HS-10, a previously published 

Hsp90i. HS-10 is small and cell permeable, allowing it to inhibit both extracellular and 

intracellular Hsp90. In addition, it binds to other Hsp90 family members, Grp94 and 

TRAP1. The addition of a tether has been previously shown to increase Hsp90 

specificity. Thus, for HS-131, the fluorophore was attached to the ligand via a PEG 

linker. Evidence supports the specificity and selectivity of HS-131 to Hsp90 over its ER-

dwelling family member, Grp94. HS-131 stabilizes Hsp90 in thermal stability assays and 

selectively elutes cellular Hsp90 from an ATP resin. Furthermore, it does not stabilize 
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Grp94 nor does it elute the Hsp90 family members Grp94 or TRAP1 off of an ATP resin, 

providing evidence for its specificity to Hsp90.  

The low natural background fluorescence at 665 nm and its small molecular size 

(1318 Da) relative to Hsp90 (90 kDa) and compared with antibodies will enable us to 

visualize cellular Hsp90 and investigate its biological mechanisms.   

To be able to analyze HS-131 results in biological experiments, a negative control 

is needed. HS-198 was thus synthesized as an inactive analog. This compound contains 

two methyl groups off a critical amide required for hydrogen bonding within the ATP-

binding pocket of Hsp90. HS-198 did not stabilize Hsp90 in a thermal stability assay or 

elute cellular Hsp90 from an ATP resin. Because HS-198 otherwise is equivalent to HS-

131, it can thusly be used as a negative control for biological experiments using HS-131. 

Another negative control compound is HS-152, which consists of the Cy5 fluorophore 

with a short linker; however, as the size of this compound is much smaller and the 

ligand is completely missing, this compound can only be used to investigate the effects 

of the fluorophore moiety of these compounds.  

We will next investigate Hsp90 internalization using these compounds. 
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4. HS-131 is Actively Internalized in Tumor Cells 

4.1 Introduction 

Heat shock protein 90 (Hsp90) comprises 1-3% of the total cellular protein in 

most cells and acts as a molecular chaperone for more than 200 reported client proteins 

(Moulick et al., 2011; Taipale et al., 2010). Hsp90 requires the binding and subsequent 

hydrolysis of ATP to exert its chaperone functions (Pearl and Prodromou, 2006). Many 

cancer cells upregulate Hsp90 expression and are believed to be “addicted” to the 

protein to maintain proper folding of overexpressed oncoproteins (Whitesell and 

Lindquist, 2005). Because of this function, an impressive armamentarium of 17 distinct 

Hsp90 inhibitors has entered clinical trials as potential cancer treatments (Neckers and 

Workman, 2012). All of these inhibitors bind to the ATP-binding pocket of Hsp90 and its 

paralogs GRP94 and TRAP1, inhibiting chaperone function. In tumor cells, this 

inhibition results in the selective degradation of oncogenic client proteins and arrest of 

cell growth. When administered as a monotherapy in clinical studies, Hsp90 inhibitors 

tend to promote tumor growth arrest rather than regression (Neckers and Workman, 

2012). The molecular mechanisms behind this phenomenon are thought to be related to a 

compensatory induction of Hsp70. However, as long as drug surveillance is maintained, 

responsive patients remain in stable disease (Trepel et al., 2010).  

One of the great conundrums of Hsp90 therapy that has intrigued our laboratory 

is the molecular mechanism by which Hsp90 inhibitors can have any therapeutic 
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efficacy given its abundance and ubiquitous expression in vivo. Genetic deletion studies 

have shown that Hsp90 is essential for normal cell function (Whitesell and Lindquist, 

2005). Compared with even many targeted therapies, systemic inhibition of Hsp90 is 

surprisingly well tolerated in humans, with dose-limiting toxicities characterized by 

diarrhea and a reversible night blindness with some Hsp90 inhibitors (Jhaveri et al., 

2012). The biodistribution of a radio-labeled version of the Hsp90 inhibitor PUH71 was 

studied in mice bearing MDA-MB-468 breast xenografts (Pillarsetty, 2010; Taldone et al., 

2016). Consistent with the freely diffusible nature of PUH71 and broad expression of 

Hsp90, radioactivity was initially detected in all tissues. However, 24 hours post-

injection, the tumor became visible, suggesting that clearance of the drug from the tumor 

is slower than that of normal tissues. An earlier study hypothesized that Hsp90 in cancer 

cells is in a more active conformation by existing in a complex with several co-

chaperones. Hsp90 in this “active” conformation has a higher affinity for ATP and 

Hsp90 inhibitors and is thus more susceptible to inhibition (Kamal et al., 2003). Recently, 

Woodford et al. reported that Hsp90 is phosphorylated on T101 and T115 by the mitotic 

checkpoint kinase Mps1, resulting in increased Hsp90 client association and sensitivity 

to the cell-permeable Hsp90 inhibitors SNX2112 and ganetespib (McCready et al., 2014) 

in renal cancer cells (Murshid et al., 2014; Woodford et al., 2016).  

Of interest to us is a secreted form of ectopically expressed Hsp90 (eHsp90) 

associated with aggressive tumor behavior (Becker et al., 2004; Sidera and Patsavoudi, 
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2008). In tumor cells, this form of Hsp90 is thought to chaperone external proteins 

responsible for migration and the epithelial-to-mesenchymal transition, such as matrix 

metalloproteinases. In previous work, we speculated that reinternalization of eHsp90 

may in part contribute to the selectivity of Hsp90 inhibitors for cancer cells with 

malignant phenotypes (Barrott et al., 2013). Internalization of eHsp90 has been shown to 

occur in a dynamin-independent, Cdc42-dependent process in antigen presenting cells 

and is required for antigen cross presentation (Imai et al., 2011; Murshid et al., 2014). 

 

Figure 6. Schematic of endocytotic pathways. 

Cells sense the external environment through receptors on the outer leaf of their 

lipid bilayer. In endocytosis, the lipid bilayer is internalized to create a new membrane-

bound compartment in which external stimuli and cargo are enveloped.  The cell 

undergoes endocytosis for many reasons, including responding to pathogens, 
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homeostatic mechanisms, and the trafficking of receptors. Endocytosis can be performed 

through several different processes, including but not limited to clathrin-coated pits, 

caveolin-coated pits, phagocytosis, and macropinocytosis (Mayor and Pagano, 2007) 

(Fig. 6). In clathrin-mediated endocytosis, the most common and well-understood form 

of endocytosis, a section of membrane holds specific cargo through adaptor proteins and 

is invaginated through the formation of clathrin-coated pits. Clathrin and epsin family 

proteins, along with BAR domain-containing proteins, interact with the adaptor proteins 

and PIP2 on the membrane to physically bend the membrane inward. Once coated, the 

budded membrane is then pinched off the plasma membrane through a dynamin- and 

GTP-dependent mechanism. The coat then sheds, leaving a naked vesicle for cellular 

trafficking (Sorkin, 2004). Caveolin-mediated endocytosis involves tear-drop shaped 

invaginations in the membrane that hold cargo in a cholesterol/sphingolipid-dependent 

manner (Kirkham and Parton, 2005). Evidence suggests that caveolin molecules stay 

attached to the vesicle until it fuses with larger compartments called caveosomes within 

the cell (Pelkmans et al., 2001). Macropinocytosis and phagocytosis involve actin-

dependent protrusions of the membrane around extracellular fluid or particulates that 

then internalize into the cell (Chimini and Chavrier, 2000; West et al., 2000). Regardless 

of their entry pathway, once inside the cells, these vesicles either enter into the 

endosomal pathway for degradation or recycling or are transported via cytoskeletal 

mechanisms to their target location within the cell (Bonifacino and Glick, 2004). The 
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study of endocytotic mechanisms uses an array of techniques, ranging from RNAi (Al-

Soraj et al., 2010), pharmacological inhibitors (Vercauteren et al., 2010), and electron 

microscopy (Higgins and McMahon, 2002). However, these pathways can be redundant, 

and evidence has shown that when one pathway is blocked, the cell can compensate by 

up-regulating other endocytotic pathways (Doherty and McMahon, 2009). Tumorigenic 

cells have been found to express defects in endocytotic pathways, affecting cell polarity, 

responses to growth factors, and migration (Mosesson et al., 2008).  

4.2 HS-131 internalization in breast cancer cells 

Because HS-131 is not cell permeable, it binds exclusively to eHsp90, providing 

us with specific access to this particular pool of one of the most abundant proteins in the 

cell. HS-131 was internalized to a higher extent in MDA-MB-468 cells (a human triple-

negative breast cancer line) over the more benign epithelial MCF10A cells (Fig. 10). In 

MDA-MB-468 cells, uptake of HS-131 was dose- and time-dependent (Figs. 7 and 8), and 

binding of the probe to eHsp90 was competitive with HS-10 and PUH71 (Fig. 9). In 

contrast, the inactive analog HS-198 was weakly internalized at higher concentrations 

(Fig. 7).  
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Figure 7. Dose-dependent internalization of HS-131 and HS-198 in MDA-MB-
468 cells. 

 

Figure 8. HS-131 is internalized in a time-dependent manner. 



 

53 

 

Figure 9. Fluorescence of HS-131-treated MDA-MB-468 cells (25 μM, 45 min) in 
competition with 1 μM HS-10 or 10 μM PUH71. 

 

Figure 10. Internalization of HS-131 (25 μM, 45 min) in malignant (MDA-MB-
468) and non-malignant (MCF10A) breast cells. 

Higher resolution confocal images of HS-131-treated cells revealed striking 

punctate formations both on the cell surface and within the cell itself, as well as diffuse 

fluorescence throughout the cell (Fig. 11). Accumulation of the puncta intracellularly is 

time-dependent (Fig. 12). HS-152, the tethered fluorophore without the ligand, does not 
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form puncta, and HS-27, a FITC-tethered Hsp90 inhibitor, does form puncta (Figs. 13, 

14), suggesting that the puncta are Hsp90 specific and not due to aggregation of the 

fluorophore moiety of HS-131. Furthermore, an ATP analog of HS-131 that consists of 

ATP tethered via a PEG linker to the same Cy5 dye on HS-131 showed lower uptake 

than HS-131 in MDA-MB-468 cells (Fig. 15). This is likely due to the lower affinity of 

Hsp90 for ATP over HS-131.  

 

Figure 11. Three-dimensional confocal images of MDA-MB-468 cells 
expressing HS-131-positive puncta after a 45 min treatment with 25 μM HS-131. Scale 

bar, 5 μm. 



 

55 

 

Figure 12. Number of puncta/cell of MDA-MB-468 cells treated with 25 μM 
HS-131 at increasing time points. 

 

Figure 13. Incubation of MDA-MB-468 cells with HS-27 also results in puncta 
formation. 
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Figure 14. HS-152 is neither internalized nor puncta-forming after incubation 
with MDA-MB-468 cells. 
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Figure 15. HS-131 is internalized more than its ATP-tethered analog. Cells 
were treated with specified drug amounts for 90 min and imaged via confocal 

microscopy. Fluorescence (a) and puncta (b) were measured. Experiment performed 
by Isaac Lutz. 

The puncta are therefore a natural phenomenon occurring in live cells only that 

has been revealed by the HS-131 probe. Because antibodies highlight all Hsp90 in the 

cell and prevent eHsp90 internalization, we are unable to visually discern if eHsp90 
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naturally aggregates. However, evidence in support of this hypothesis was obtained in 

colocalization experiments using Hsp90 antibodies. Cells were cooled to 4°C to halt 

endocytosis, treated with HS-131, fixed, and stained with Hsp90 antibodies without 

being permeabilized to allow the antibodies to react only with surface eHsp90. HS-131 

co-localized with eHsp90-positive aggregates on the surface of the cell (Fig. 16), 

suggesting that HS-131 is binding to eHsp90 prior to internalization.  

 

Figure 16. HS-131 fluorescence and Hsp90 immunoreactivity on the surface of 
a non-permeabilized MDA-MB-468 cell. Membrane is labeled green. 

Close examination of the larger structures shows that the average size of these 

puncta are 0.95 ± 0.04 μm3 with an average fluorescence intensity of 33.01 ± 10.37 units. 

Using a standard fluorescence curve as described in the Methods section (Fig. 17), we 

estimated the concentration within the puncta of HS-131 to be 4.66 ± 0.05 μM. Based on 

puncta volume and a ratio of 1:1 for HS-131:Hsp90 as each monomer of Hsp90 has a 

single ATP-binding site, we estimate that the larger puncta contain 2659 ± 105 monomers 

of eHsp90. 
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Figure 17. Standard curve for HS-131 concentration in relation to its 
fluorescence under confocal microscopy. 

Live imaging of cells treated with HS-131 with a lattice light sheet microscope 

shows puncta traveling throughout the cell, consistent with active trafficking. Whereas 

some puncta are stationary, others move rapidly through the cell. The finding that the 

puncta can also be seen in live imaging experiments demonstrates the biological 

existence of this phenomenon. In addition, live imaging was performed on cells treated 

with HS-131 alone, HS-198, or HS-131 and HS-10 and spots were tracked over time to 

investigate any differences in puncta movement and size. Although no significant 

difference in puncta size or speed were observed (Fig. 18a-b, data not shown), more 

puncta were detected with HS-131-treated cells than in HS-198 or competed cells (Fig. 

18c).  
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Figure 18. Displacement, speed, and track number of MDA-MB-468 cells 
incubated with designated compounds prior to imaging on a lattice light sheet 

microscope. 

To determine if eHsp90 internalization is dependent on Hsp90 inhibition by HS-

131 or is a natural mechanism characteristic of oncogenic cells, we employed a biotin 

internalization assay (Gabriel et al., 2009). Cells were cooled to 4°C to halt endocytosis 

and treated with amine-reactive biotin to label all extracellular proteins. After labeling, 

the cells were returned to 37°C to allow for endocytosis for 5 or 15 min, cooled again and 

stripped of any extracellular biotin. Internalized proteins were then purified with avidin 

beads. By Western blot, we observed the presence of biotin-labeled Hsp90 in the lysates 

of DMSO-treated cells, suggesting that the external Hsp90 had been biotinylated and 

actively internalized even in the absence of inhibitor (Fig. 19). Furthermore, treating 

with HS-131 decreased Hsp90 internalization compared with DMSO-treated cells at the 

time points tested, suggesting that HS-131 alters the rates of Hsp90 endocytosis. Given 

that less internalized Hsp90 is observed from 5 min to 15 min, HS-131 may increase the 

rate at which Hsp90 enters either into reducing environments where biotin could be 

cleaved from the protein or into lysosomes for degradation.  
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Figure 19. Biotinylated eHsp90 is detected via Western blot. BT, total 
biotinylated lysate from non-stripped cells kept at 4°C, and  BS, biotinylated lysate 

from stripped cells kept at 4°C. Top band represents biotinylated Hsp90 purified with 
avidin beads. Bottom 

4.3 Mechanisms of internalization 

To determine the potential mechanism of eHsp90 re-internalization, we adopted 

an unbiased approach by investigating the impact of several small molecule inhibitors 

known to selectively interfere with various known mechanisms of protein trafficking in 

and out of cells. Included were cytochalasin D (CytoD), an actin inhibitor; 5-(N-Ethyl-N-

isopropyl)amiloride (EIPA), a macropinocytosis inhibitor; PitStop2, a clathrin inhibitor; 

and Filipin III, an inhibitor of caveolin-dependent endocytosis. Of the 5 inhibitors tested, 

cytochalasin D (CytoD, actin inhibitor) inhibited HS-131 uptake by MDA-MB-468 cells, 

whereas PitStop2 (clathrin inhibitor) was found to dramatically increase HS-131 

fluorescence (Fig. 20). Upon further investigation of the PitStop2-treated cells by 

confocal microscopy, we found that the clathrin inhibitor led to permeabilization and 

thus non-specific entry of HS-131 (data not shown), and several other pharmacological 

clathrin inhibitors were unable to produce a dose-dependent decrease in HS-131 

internalization (Fig. 21). However, the decrease in HS-131 internalization upon CytoD 
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treatment suggests that eHsp90 internalization is an active endocytotic process reliant 

upon actin dynamics.  

 

Figure 20. Fluorescence of HS-131 internalization (25 μM, 45 min incubation) 
after treatment with endocytotic inhibitors. CytoD, cytochalasin D, 2 μM; EIPA, 5-(N-

Ethyl-N-isopropyl)amiloride, 25 μM; PitStop2, 25 μM; Filipin III, 5.0 μg/mL. 
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Figure 21. Fluorescence of HS-131 internalization (25 μM, 45 min incubation) 
after treatment with various clathrin inhibitors. MβCD, methyl-β-cyclodextrin, 1 mM, 

3 mM, 10 mM; chloroquine, 30 μM, 100 μM, 300 μM; Dynasore, 10 μM, 30 μM, 100 
μM; PS2, PitStop2, 25 μM 

We further investigated the mechanism of HS-131 internalization using an 

siRNA screen containing 140 siRNAs against various endocytosis-related proteins and 

investigated the siRNA-treated cells for HS-131 internalization (Fig. 22). Among the top 

repeatable hits as measured from two replicates of the screen and two different analysis 

measures each were MAPK8IP2, ATG12, ITSN2, GAF1, NEDD4, NSF, and VPS4A (Table 

2). ATG12, NSF, and VPS4A may be involved in the unconventional secretion of Hsp90 

via autophagosomes (Duran et al., 2010), and thus lower HS-131 internalization by 



 

64 

reducing the pool of available eHsp90. However, the variety of pathways that the other 

hits represent may suggest that eHsp90 is internalized through multiple pathways.  

 

Figure 22. siRNA screen reveals endocytotic pathways involved in Hsp90 
internalization. (a) Experimental schematic of siRNA screen. (b) HS-131 
internalization of all 140 screen targets arranged from highest to lowest. 

Previous reports have provided evidence on the secretion of Hsp90α in exosomes 

in melanoma; we thus tested the secretion of Hsp90 in exosomes in MDA-MB-468 cells. 

Purified exosomes were lysed and subjected to SDS-PAGE. Subsequent silver staining 

and mass spectrometry analysis of the gel supported the conclusion that breast cancer 

cells also secrete eHsp90 via exosomes (Fig. 23), providing further evidence for an 

unconventional mechanism of eHsp90 secretion.   
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Table 2. Top hits from endocytosis siRNA screen. 

siRNA 
% 

Internalization 
± SEM 

(ArrayScan) 
Function 

MAPK8IP2 67.84±5.53 

Interacts with LRP1, a known interactor of Hsp90 (3); 
also regulates AMPA/NMDA recpetors at glutamate 

synapses (4) and interacts with JNK-pathway 
proteins.  

ATG12 65.59±3.90 
Ubiquitin-like protein that localizes to and is 

necessary for autophagy (1); also plays role in 
controlling late endosome function (9)  

ITSN2 61.75±1.22 SH3-domain containing protein that regulates 
maturation of clathrin-coated vesicles (5)  

GAF1 59.66±4.58 
Also known as RAB11FIP5 and RIP11; interacts with 

RAB11A and kinesin II to regulate recycling 
endosomes (2)  

NEDD4 56.66±2.51 E3 ubiquitin ligase involved in receptor endocytosis 
(7)  

NSF 56.44±1.85 
AAA ATPase that interacts with SNARES to promote 
vesicle fusion (8); involved in fusion of MVBs with the 

membrane  
VPS4A 56.13±2.00 Strips ESCRT-III components from membrane (6) 1 

 

                                                      

(1) 1 Geng et al. EMBO Rep. 2008 Sep 
(2) Schonteich et al. J Cell Sci. 2015 Mar  
(3)  Gotthardt et al. J Biol Chem.  2000 Aug 
(4) Giza et al. J Neurosci. 2010.   
(5) Mettlen et al. Mol Biol Cell. 2009 Jul 
(6) Adell and Teis. FEBS. 2011 Oct 
(7) Rotin et al. J Membr Biol. 2000  Jul 
(8) Zhao et al . FEBS Lett. 2008 May 
(9) Murrow and Debnath. Autophagy 2015 May 
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Figure 23. Hsp90 is found in purified exosomes. 

Previous work in our lab has shown that tumor cells express both a pool of 

“active” Hsp90 as well as a pool of “inactive” Hsp90. Inactive Hsp90 is defined as Hsp90 

that does not bind to Hsp90i or ATP. It was hypothesized that because tumor cells 

exhibit increased expression of Hsp90, some of the eHsp90 may consist of excess inactive 

Hsp90 that has been shuttled out of the cell. To test this hypothesis, we collected 

conditioned media of cells and passed it over Hsp90 resin several times and analyzed 

each pass along with the flow through. The eHsp90 present in the conditioned media in 

both MDA-MB-468 cells and BT474 cells was entirely active (Fig. 24), thus rejecting this 

hypothesis.  
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Figure 24. Secreted Hsp90 actively binds Hsp90i. 

To analyze the internalization of eHsp90 in transformed cells, we utilized the 4T1 

cell model. The five isogenic cell lines (67NR, 168FARN, 4T07, and 4T1) were isolated 

from a single spontaneous mammary tumor and exhibit varying degrees of metastatic 

disease when injected into mice (Lu et al., 2010). HS-131 was internalized to a higher 

extent in 4T1 cells (the most aggressive of the five lines) over the less metastatic lines 

(Fig. 25). 
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Figure 25. HS-131 is a fluorescent specific small-molecule Hsp90 inhibitor. (a) 
Internalization of HS-131 (25 μM, 45 min) in 67NR, 168FARN, 66cl4, 4T07, and 4T1 
cells, quantified in (b). 

In previous reports, and as shown in Fig. 25, expression of eHsp90 correlates 

with malignant phenotypes in cancer lines (Barrott et al., 2013; Becker et al., 2004; 

Eustace et al., 2004). However, all cancers are derived from the transformation of non-

malignant normally functioning cells. A previous report in human mammary epithelial 

cells (HMECs) showed that overexpression of a truncated isoform of HER2 (p110HER2) 

that lacked the extracellular domain but was still membrane-bound led to enhanced 

migration, invasion, and xenograft formation (Ward et al., 2013). MCF10A cells, benign 

human breast epithelial cells that minimally internalize HS-131 compared with 

malignant breast cells, were transformed through the stable transfection of a 

doxycycline-inducible p110HER2. Upon induction of p110HER2 expression, MCF10A 
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cells exhibited a transformed phenotype as demonstrated by increased growth foci and 

showed a significant increase in HS-131 internalization (Figs. 26-28). Expression of 

p110HER2 also increased Hsp90 expression. Whereas overexpression of a kinase-dead 

version of p110HER2 did increase Hsp90 expression, it did not exhibit a transformed 

phenotype nor did it promote internalization of HS-131. These results, combined with 

evidence that MDA-MB-468 and 4T1 cells, both HER2-independent cancer cells, 

internalize HS-131, suggest that eHsp90 trafficking is a HER2-independent but 

transformation-dependent process.  

 

Figure 26. Representative Western blot of MCF10A clones showing HER2 
expression, and Hsp90 expression. GAPDH was used as an internal loading control. 
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Figure 27. Growth foci in MCF10A cells overexpressing full-length HER2, 
p110HER2, or p110HER2KD induced with doxycycline. Experiment by Dr. David 

Alcorta. 

 

Figure 28. Transformation of MCF10A cells induces eHsp90 internalization. (a) 
Representative fluorescence images of MCF10A mutants treated with 25 μM HS-131 
for 45 min. (b) Quantification of HS-131 fluorescence taken as a ratio of doxycycline-

treated cells to non 

It is well established that inhibiting Hsp90 increases expression of the heat shock 

protein Hsp70, another chaperone. This increase is thought to drive the resistance to 

Hsp90i cancer therapies. We thus sought to investigate if inhibition of Hsp70 also drives 

an increase in eHsp90 expression and internalization. Treatment with the Hsp70 

inhibitor, HS-72, overnight increased HS-131 internalization in MDA-MB-468 cells (Fig. 
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29). In addition, analysis of surface eHsp90 via non-permeabilized immunofluorescence 

and flow cytometry revealed increased surface Hsp90 in HS-72-treated cells (Fig. 30).  

 

Figure 29. Inhibition of Hsp70 increases eHsp90 internalization. (a) Mean 
fluorescence of MDA-MB-468 cells treated with either DMSO or HS-72 overnight, 
then incubated with HS-131 (25 μM, 45 min). (b) Average puncta/cell of MDA-MB-468 
cells treated as previously mentioned.  

 

Figure 30. Inhibiting Hsp70 increases surface eHsp90. 

4.4 HS-131 decreases cell viability and increases cytotoxicity 

Whereas most of the efforts in investigating HS-131 internalization have been for 

diagnostic purposes, we also investigated the effects of HS-131 on cell viability, 

apoptosis and cytotoxicity. After drug treatment for 6, 24, or 48 hours, cells were tested 
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with a fluorescent substrate for GF, a living protease, and DEVD-R11, a fluorescent 

substrate for caspase-3. In addition, the media was tested with fluorescent AAF, a 

substrate for a cytosolic protease, to observe the presence of lysed cells due to 

cytotoxicity. We observed a dose-dependent decrease in viability and increase in 

cytotoxicity, although no changes in apoptosis were observed (Fig. 31). Thus, although 

fluorescent Hsp90i may prove useful for diagnostic purposes, their use in therapeutics in 

combination therapies should be further studied, as well.  

 

Figure 31. HS-131 increases cytotoxicity but decreases viability in MDA-MB-
468 cells 



 

73 

4.5 eHsp90 internalization in other cancer cells  

We next investigated eHsp90 internalization in other cancer cells to analyze its 

efficacy in other clinical diseases. U87MG glioma cells did internalize eHsp90 as 

evidenced by HS-131 fluorescence (Fig. 32). In addition, this internalization was higher 

than that of MDA-MB-468 tumor cells. We also analyzed a panel of melanoma, non-

small cell lung cancer, large cell lung cancer, and adenocarcinoma cell lines. Every cell 

line tested exhibited equivalent or higher HS-131 internalization compared with MDA-

MB-468 cells (Fig. 33). Thus, further investigation into fluorescent Hsp90i and eHsp90 

internalization in other cancer cell lines should be performed, not only for furthering the 

clinical efficacy of these inhibitors, but also for furthering the understanding behind 

Hsp90 biology in transformed cells.  

 

Figure 32. HS-131 internalization is also observed in U87MG glioma cells. 
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Figure 33. HS-131 internalization in a panel of other cancer types. 

4.6 Conclusion 

Because HS-131 does not cross the plasma membrane, when applied to intact live 

cells, it can only bind to the external fraction of Hsp90 (eHsp90). Importantly, expression 

of eHsp90 is correlated with tumor cell malignancy (Barrott et al., 2013; Becker et al., 

2004; Eustace et al., 2004); therefore, HS-131 has potential utility for diagnosing 

metastatic disease in vivo. The low natural background fluorescence at 665 nm and the 

molecular size of HS-131 (1318 Da) relative to Hsp90 (90 kDa), has revealed previously 
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unrecognized biology concerning Hsp90 in the drug-bound state by live cell imaging. 

Treatment with HS-131 showed that eHsp90 is trafficked to the cell surface and forms 

discrete punctate structures containing up to ~2600 Hsp90 molecules (we term these 

structures 90 bodies). Hsp90 is known to undergo conformational changes as it cycles 

between its ATP- and ADP-bound state, altering its affinity for its clients and co-

chaperones (Obermann et al., 1998; Prodromou et al., 1997; Scheibel et al., 1997). The 

drug-bound state may be akin to a locked conformation induced upon drug binding, 

permanently releasing its clients and co-chaperones at the plasma membrane. We argue 

that in this spent state, the protein self aggregates on the membrane to form puncta and 

this signals its reinternalization. Evidence supporting this hypothesis is two-fold. First, 

biotinylation of all surface proteins in the absence of HS-131, followed by 

internalization, enables reinternalized biotinylated-eHsp90 to be recovered from the 

cytosolic fraction. Treatment with HS-131 results in the recovery of less internalized 

eHsp90. While this result could be due to a decreased rate of endocytosis at this time 

point, the decrease in recovered internalized eHsp90 from the 5 min to the 15 min time 

point suggests that internalized eHsp90 is either degraded or is entering into a reducing 

environment within the cell, cleaving the disulfide bond between the biotin and the 

eHsp90 and preventing its recovery. Thus, we hypothesize that HS-131 may actually be 

increasing the rate of eHsp90 internalization compared with untreated cells; however, 

further testing will be needed to confirm this. Second, studies with various inhibitors of 
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active transport either blocked or increased puncta formation. Specifically, 

internalization is blocked with CytoD, an F-actin polymerization inhibitor, suggesting 

that the mechanism of HS-131 internalization is dependent on an active endocytotic 

pathway involving Hsp90, ruling out any contribution from passive diffusion through 

the plasma membrane. Actin polymerization is involved in canonical endocytotic 

pathways, such as macropinocytosis and clathrin- and caveolin-mediated endocytosis, 

as well as the flipping of lipid rafts.  

Furthermore, an siRNA screen revealed that knockdown of MAPK8IP2, ITSN2, 

GAF1, NEDD4, VPS4A, NSF, and ATG12 reduced HS-131 internalization. Interestingly, 

the last three are involved in unconventional protein secretion via autophagosomes. 

Previous work has shown that Hsp90α is secreted via a non-canonical secretion pathway 

and is present in exosomes, supported by evidence that Brefeldin A does not block 

Hsp90α secretion (McCready et al., 2010). This data suggests Hsp90 is secreted by the 

formation of multivesicular bodies formed by autophagy-related proteins. Thus, 

knockdown of these proteins may decrease HS-131 internalization not as a direct result 

of decreasing its internalization but rather as an indirect effect of decreasing Hsp90 

secretion and thus the available pool of eHsp90, although this hypothesis will need to be 

further tested.  MAPK8IP is also an interesting target, as it has been shown previously to 

interact with LRP1, a well-known client of eHsp90 (Gopal et al., 2011).  ITSN2, GAF1, 

and NEDD4 are involved in clathrin-mediated endocytosis and recycling endosomes 
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within the cell. ITSN2 is an SH2-domain containing protein involved in the maturation 

of clathrin-coated vesicles (Mettlen et al., 2009), GAF1 interacts with RAB11A and 

kinesinII to regulate recycling endosomes (Schonteich et al., 2008), and NEDD4 is an E3 

ubiquitin ligase involved in the receptor-mediated internalization of receptor tyrosine 

kinases (Rotin et al., 2000), such as ErbB4, TrkA, and FGFRI. The inability of 

pharmacological inhibitors or the siRNA screen to definitively highlight any one 

endocytic pathway may suggest that eHsp90 is internalized through multiple pathways. 

Given Hsp90’s vast client base, it is not incomprehensible that eHsp90 may bind to client 

proteins and become internalized indiscriminately and purposelessly. However, the 

specificity of eHsp90 internalization in tumor cells as shown via whole mouse sectioning 

studies still highlights its potential usefulness in using Hsp90 inhibitor-tethered drugs to 

selectively target tumor cells. 

Time course studies shown in Figs. 8 and 12 further support the hypothesis that 

the puncta are formed at the plasma membrane, most likely on the extracellular surface, 

and the formation of the puncta may be driven by the presence of the probe, followed by 

subsequent internalization. If eHsp90 puncta were already present before probe 

formation, they would be immediately saturatable as soon as the probe was added. 

Studies with benign MCF10A cells showed that expression of eHsp90 and 

internalization could be induced by transformation. MCF10A mutants that 

overexpressed variants of HER2 in a Tet-repressor inducible system were treated with 
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doxycycline to induce the truncated intracellular domain of HER2, p110HER2. This was 

found to increase Hsp90 expression and uptake of HS-131. Interestingly, expression of a 

kinase-dead version of p110HER2 also increased eHsp90 expression but did not increase 

HS-131 internalization. Thus, overexpressing p110HER2 led to a downstream signaling 

cascade that resulted in a transformed phenotype that can be observed through HS-131 

internalization. Given that HS-131 internalization is still observed in 4T1 and MDA-MB-

468 cells, both of which are HER2-independent tumor lines, eHsp90 internalization is 

not HER2-dependent; rather its internalization is transformation-dependent. 
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5. eHsp90 Internalization In Vivo 

5.1 Introduction 

Our studies in cells suggest that aggressive tumor cell lines, almost exclusively, 

express eHsp90; however, the body is comprised of hundreds of distinct cells with 

specific functions, in specific microenvironments and under constant homeostatic 

surveillance. The majority of cells are fully differentiated and not actively dividing, 

whereas some subpopulations of cells are constantly undergoing division and growth, 

such as the endothelial layer lining the intestinal tract.  

5.2 Cyrosectioning, imaging, and mass spectrometry reveal HS-
131 accumulation in tumor tissue 

To determine if non-tumor cells express/internalize eHsp90, we injected a single 

male mouse bearing an MDA-MB-468 flank tumor with HS-131 (25 nmol), and 

confirmed uptake of the probe into the tumor in a Licor instrument at 6 hours post 

injection. Whereas fluorophore-tethered probes are useful for detecting and following 

uptake of tumors on the skin surface, even with the most sensitive of far red or nIR 

detectors, due to light scattering, detection of emitted fluorescent light is limited to a 

depth of few mm of tissue. However, fluorophore-tethered probes are ideally suited for 

single cell analysis and histology. We therefore sacrificed the animal 6 hours post-drug 

injection cryopreserved it immediately in liquid nitrogen, and performed longitudinal 

cryosectioning with 40-μm slices. Each slice was imaged for fluorescence with an 
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mCherry band filter (excitation 550-590 nm, emission 600-670 nm) as well as bright field 

(all slice image data can be down loaded at DOI:10.7924/G8G44N63). The images were 

reconstructed to create a 3D fluorescence and bright field image of the entire mouse 

anatomy (Fig. 35). This process allowed for the first time a detailed examination of the 

complete biodistribution of HS-131 at the histological level in every organ. A control 

non-treated mouse was also imaged using an EGFP-mCherry dual band filter set (above 

and excitation at 450-490 nm, emission 500-540 nm). As shown in supplementary 

methods, we estimate that our limits of detection of HS-131 by fluorescence to be at <1-2 

pmol. In a parallel study, an MS analysis was conducted on specific fluorescent tissues 

to confirm the presence of HS-131 parent ion (m/z = 660.0 [M+2]2+). Movie S3 shows a 

reconstructed flank tumor-bearing HS-131-treated mouse in 3D, first as a bright field 

image giving gross anatomical reference and then by HS-131 fluorescence. The 

fluorescence movie and static images in Fig. 34 show bright fluorescence associated with 

the gall bladder, bile ducts, and upper intestinal tract. Fluorescence in these regions, 

however, is also observed in the non-injected control mouse. MS analysis of the 

intestines isolated from an animal (6 hr post-drug injection) did not show the presence of 

the parent HS-131 ion. We therefore conclude that the origin of the fluorescence in the 

intestine and gall bladder is due to natural fluorescent compounds within the mouse 

food. Fig. 34 also shows a higher resolution cross section of a representative region of the 

upper intestine. All of the fluorescence is associated with the digested material in the 
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lumen with no evidence of HS-131 in the gut wall or endothelial lining. Diarrhea is a 

dose limiting toxicity associated with many Hsp90 inhibitors in clinical trials and is 

thought to be related to inhibition of cell proliferation of the endothelial wall lining the 

upper and lower intestines (Goldman et al., 2013). The lack of uptake of HS-131 suggests 

that the intestinal endothelium does not express or internalize eHsp90. Other fluorescent 

regions include the Harderian glands behind the eye and a thin layer within the eyes 

(Fig. 34). However, MS analysis of the eyes did not show evidence of the HS-131 parent 

ion. The Harderian glands are found in all rodents (and some other species) and are a 

photo-protective organ that excretes a complex oily fluorescent substance used to preen 

the fur, and this fluorescence can be seen in the control mouse, as well, suggesting 

autofluorescence. Other major organs including heart, lungs, liver, kidney, spleen, brain, 

skeletal muscle, stomach, skin, thyroid, prostate and fur were completely devoid of HS-

131 related fluorescence at the 6 hour time point. Aside from fluorescence that had 

leaked from the injection site, HS-131 was cleared from the entire vasculature by the 6 

hour time point. No uptake of the HS-131 was detected in the any of the skeletal 

structures, including long bones, bone marrow, spine, skull, vertebrae, ribs, pelvis, 

spinal fluid, and synovial fluid within joints. This was also confirmed in MS analysis for 

the presence of the parent ion in many of these tissues.  



 

82 

 

Figure 34. HS-131 can be visualized in tumors in vivo. Left: Mouse with right 
flank xenograft tumor formed from MDA-MB-468 cells. Right: control mouse (no 

tumor or drug treatment). Arrowhead, tumor; 1, injection site; 2, bladder; 3, 
gallbladder; 4, lymph nodes; 5 

Significant fluorescence specifically associated with HS-131 was detected in the 

bladder and flank tumor. Overlay of the bright field image section with the fluorescence 

showed that all of the fluorescence was associated with urine within the bladder and not 

the bladder itself (Fig. 35). This was confirmed by MS analysis of the urine that detected 

the parent ion at a concentration approximately 50 nM. These results suggest HS-131 is 
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primarily eliminated intact through the kidney. Examination of the bright field image of 

the tumor mass as well as a 3D reconstruction of the tumor shows the anatomy of the 

tumor, including the fibrotic wall, necrotic regions, microvasculature and live tumor 

tissue (Fig. 35). When the fluorescence image is overlaid on the bright field image, HS-

131 uptake is shown to be exclusively associated with live tumor tissue and not the 

fibrotic wall or necrotic regions. MS analysis confirmed the presence of the intact parent 

HS-131 molecule at a concentration of ~325 nM (w.w.). Faint fluorescence was also 

detected in the testes. Finally, more discrete inspection of the 3D movies suggests uptake 

of HS-131 into the lymph nodes in several places around the animal. Readily visible 

nodes include the superficial parotid node in the neck region, the proper axillary node, 

and the subiliac and sciatic nodes in the forelimb and hindlimb regions, respectively. 

Higher magnification of the individual lymph nodes shows discrete staining within the 

node itself confined to a few cellular structures in the hilum. Although Hsp90 inhibition 

has repressive effects on T lymphocytes (Bae et al., 2013), the uptake of HS-131 into the 

lymph nodes is unlikely to involve T cells because our study used a SCID mouse. 
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Figure 35. HS-131 fluorescence in vivo. Fluorescence and brightfield images in 
representative 40-μm section of tumor and other organs; LN, lymph node. 
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5.3 A spontaneous tumor mouse model exhibits heterogeneous 
HS-131 uptake in tumor epithelium  

Flank tumors, due to their homogeneity, do not accurately reflect the physiology 

of human tumors. To investigate the tumor specificity and eHsp90 internalization in a 

more relevant model of human breast cancer, we turned to the MMTV-neu spontaneous 

mammary tumor mouse model (Fig. 36). Two MMTV-neu mice bearing equal sized 

mammary tumors (~150 mm3) were injected in parallel (i.v.) with 25 nmol of HS-131 or 

the inactive analog HS-198, and after 6 hours the animals were cryopreserved as 

previously described. Following the aforementioned cryoslicing method (40-μm slices), 

each slice was imaged for fluorescence and brightfield. Fig. 37 also show that the HS-131 

uptake is confined to the tumor in comparison to HS-198, confirming that probe uptake 

is eHsp90-dependent. Importantly, HS-131 shows the same biodistribution as observed 

with the flank tumor animal shown in Fig. 37. Interestingly, HS-131 uptake in the 

MMTV tumor mass is more discrete than the more homogenous uptake in the flank 

tumor. Closer inspection via histology revealed that HS-131 fluorescence within the 

MMTV tumor is confined to select areas of ductal epithelial cells (Fig. 38). Based on 

studies with isolated breast cell lines, these findings suggest that the cells discretely 

stained within HS-131 exhibit a malignant phenotype and may be analogous to ductal 

carcinoma in situ (DCIS) in human breast cancer. No uptake was observed in these cells 

within the tumor isolated from the HS-198-treated animal, again supporting the 

hypothesis that HS-131 is eHsp90 dependent. In addition, comparison with tissues from 
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the HS-198-treated mice revealed that the previously observed fluorescence within the 

rod and cone layer of the eyes and the Leydig cells of the testes were due to 

autofluorescence (Fig. 38). Previous studies have reported the autofluorescence of 

Leydig cells in the testes due to the presence of a lipophilic pigment (Yang and 

Honaramooz, 2012).   

 

Figure 36. Cy5 fluorescence in MMTV-neu spontaneous tumor model. Top: 
HS-131-treated MMTV-neu mouse with spontaneous tumor near left rear leg. Bottom: 
HS-198-treated MMTV-neu mouse with spontaneous tumor on bottom right 
abdomen. Arrowheads indicate tumor location. 
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Figure 37. Cross-section of MMTV-neu tumors with drug fluorescence. 
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Figure 38. Histology of fluorescent tissues reveals tumor specificity. Serial 
sections of various organs were imaged, either with H&E staining or with DAPI/Cy5 

(drug) fluorescence. Specific drug fluorescence is observed in duct epithelium of 
tumor cells in the HS 

5.4 Conclusions 

One of the most remarkable results from our studies was the finding that 

expression of eHsp90 is a rare cellular event in the body and does not occur in normal 

fully differentiated tissues. Although expensive, the cryosectioned mouse is an ideal 

model to evaluate the complete in vivo biodistribution to the cellular level of chemical 
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probes such as HS-131. Unlike other alternate technologies such as PET/CT or SPECT, 

one can derive histological resolution by imaging with a microscope. Following drug 

injection and cryopreservation, 40-μm-thick longitudinal cryosections were made for 

each mouse, and bright field and fluorescence images were compiled. All sections can be 

examined in fine detail at DOI:10.7924/G8G44N63. Both the mouse and the human body 

are composed of over 200 distinct cell types with discrete functions. Complex organs, 

such as the kidney, are thought to have 20 different cell types arranged into discrete 

functional structures and have distinct microenvironments. It is possible, therefore, that 

any one tissue could have a single endothelial layer that expresses eHsp90, but uptake of 

HS-131 would be missed by other imaging methods due to the dominating mass of other 

cells comprising the organ. The sensitivity of the approach was illustrated with the 

detail shown in Figs. 34-35 and more so upon close inspection of the archived 

longitudinal images. Analysis of the tumor mass shows uptake on HS-131 is confined to 

living tumor tissue and not the walled off or necrotic regions. Moreover, while this 

experiment shed light on the biodistribution of HS-131 throughout the body, flank 

tumors are often criticized for their unrealistic homogeneity. In vivo tumors exhibit vast 

heterogeneity and a much more complex anatomy than a flank tumor. However, the 

MMTV-neu mouse model develops spontaneous mammary tumors that are more 

indicative of real patient tumors. Importantly, cryosectioning revealed small clusters of 

HS-131-positive cells within the tumor tissue, which was further confirmed in higher 
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resolution histological analysis which showed that HS-131 fluorescence was confined 

within the epithelial ducts.  
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6. Conclusions and Future Directions 

6.1 Conclusions  

In this work, we’ve shown the synthesis and characterization of HS-131, a far-red 

dye-tethered cell impermeable Hsp90i. The specificity of HS-131 for Hsp90 was shown 

in several ways. First, HS-131 elutes only Hsp90 from lysates bound on an ATP resin. 

Second, HS-131 stabilizes Hsp90 similar to the standalone ligand HS-10 in a thermal 

stability assay. Thirdly, HS-131 does not stabilize Grp94 in a thermal stability assay, 

although HS-10 did slightly stabilize Grp94. Lastly, an HS-131 analog, HS-198, was 

created that has two methyl groups that inhibit hydrogen bonding of a critical amine 

within the ATP-binding pocket of Hsp90. HS-198 does not elute Hsp90 from lysates and 

is used as a negative control in most of our in vivo and in vitro studies. 

HS-131 also is internalized in cancer cells in a dose- and time-dependent manner, 

similar to HS-27. However, due to the higher signal-to-noise ratio using a far-red dye vs. 

FITC, we were able to show for the first time that eHsp90 is internalized into punctate 

structures via an active, actin-dependent mechanism. These puncta can be competed 

with other Hsp90i, proving that their internalization is Hsp90 dependent. In addition, 

the puncta can be visualized even in live imaging microscopy, providing evidence that 

these puncta are not fixation induced artifacts. The puncta are also not a drug induced 

artifact as evidenced by puncta formation with HS-27, which contains a different 

fluorophore, and the lack of puncta formation with HS-152, which contains the same 
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Cy5 fluorophore as HS-131 and a linker but is missing the Hsp90i ligand. Furthermore, 

HS-131 on the surface of Hsp90 colocalizes with antibodies against Hsp90, suggesting 

that it is binding to Hsp90 aggregates on the surface of cells.  

We then questioned whether this internalization was drug-dependent. A biotin 

internalization assay shows that Hsp90 is internalized even in the absence of inhibitor, 

although the presence of inhibitor may alter the rate of Hsp90 internalization. However, 

these data suggest that Hsp90 internalization is a natural phenomenon exhibited by 

these cells. This evidence then probes us to ask the question of why a cell would need to 

reinternalize Hsp90 when it produces so much Hsp90 to begin with. Although we do 

not yet have a direct answer to this question, we attempted to find evidence to support a 

dedicated role of Hsp90 internalization by investigating the mechanism by which it is 

internalized. However, both pharmacological and genetic approaches to identify a 

specific mechanism of endocytosis were unable to provide any support for the role of 

one pathway over any other pathway in its internalization; the only definitive evidence 

we found was that the internalization is actin dependent and is an active process (HS-

131 does not internalize in cells cooled to 4°C to halt endocytotic pathways).  

Hsp90 has hundreds of reported client proteins. It is thus plausible that eHsp90 

could be entering the cells through several pathways based on interactions with other 

proteins. Its role could be to chaperone or stabilize these proteins as they enter into the 

cell; alternatively, internalizing eHsp90 could have no benefit to the cell whatsoever, and 
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it may simply be a result of overactive endocytotic mechanisms found in cancer cells 

(Mosesson et al., 2008). Either way, at this point not enough information is known to be 

able to test the functional role of eHsp90 internalization. To block internalization would 

mean to block eHsp90’s function via antibodies, and even if a single pathway did exist 

by which eHsp90 internalized, blocking it would certainly have a number of other off 

target effects due to the lack of internalization of other cellular needs.  

Some may also suggest that if eHsp90 is being reinternalized and eventually 

ends up in lysosomes, which is a potential outcome based on the results of the biotin 

internalization assay, that eHsp90 internalization is not worth studying or investigating. 

However, we argue that eHsp90 internalization, regardless of functional role or 

mechanism, can be utilized to specifically target cancer cells with diagnostic or 

therapeutic compounds. We have shown sufficient evidence that eHsp90 internalization 

is a cancer-specific mechanism; thus, by targeting eHsp90, we can selectively target 

drugs for accumulation and retention in tumor cells.  

Evidence for the specificity of HS-131 internalization in cancer cells is multifold. 

In the 4T1 model of breast cancer cells, only the most aggressive cell line internalized 

eHsp90 as visualized by HS-131 internalization. Second, benign MCF10A breast 

epithelial cells transformed with the overexpression of truncated HER2 isoforms 

internalize HS-131, but benign parent MCF10A cells do not internalize HS-131.  
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Most importantly, HS-131 is internalized in tumor cells in vivo. As an aside, the 

Cy5 fluorophore used in HS-131 is not a useful dye for in vivo non-invasive diagnostic 

imaging, as wavelengths in the infrared wavelengths are necessary to penetrate into 

tissue. However, we used a cryosectioned mouse model to investigate the selectivity of 

HS-131 for cancer cells versus other cells in the body. Rather than testing dozens of cell 

lines in vitro, we argue that testing the compound fluorescence in vivo gives us access to 

true Hsp90 biology and the opportunity to observe eHsp90 in a physiological setting. 

Prior to these studies, it was unclear if eHsp90 was internalized in cancer cells due to 

malignant transformation or simply an increase in proliferation. In the body, there are 

several cell types that have increased proliferation but are not transformed, namely 

epithelial cells of the skin, keratinocytes of the hair, and bone marrow cells that 

proliferate into our basic immune and cardiovascular system components. Thus, 

investigating if HS-131 internalization was transformation specific or simply 

proliferation dependent was important.   

First, we tested a xenograft model with a flank tumor of triple negative MDA-

MB-468 cells. We found fluorescence in the eye, intestine, and testes that were all 

discovered to be autofluorescence. However, fluorescence in the tumor was specific to 

HS-131 fluorescence. The limitation of a xenograft model is that all of the cells are of the 

same lineage and the tumors that develop as a result are often quite homogenous, very 

much unlike tumors that present in human patients. Thus, we verified these findings in 
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a spontaneous tumor model, the MMTV-neu mice. In addition, we also treated a mouse 

with the inactive analog HS-198 to verify that the fluorescence we were seeing was 

indeed Hsp90 dependent. We show via cryosectioned slices and via histology that select 

cell populations, namely those in the ductal cells of the breast, internalized HS-131, 

providing further evidence that these drugs are specific for cancer in vivo.   

In summary, our research has shown multiple new facets of eHsp90 biology: 1) it 

can be targeted specifically with cell impermeable inhibitors; 2) it is internalized in 

tumor cells in a transformation-dependent manner and through an active endocytotic 

process; and 3) targeting eHsp90 with the use of cell impermeable inhibitors leads to the 

selective internalization of these drugs in cancer cells in vivo. A schematic of these 

findings is shown in Fig. 39.  
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Figure 39. Graphical representation of Hsp90 internalization model 

6.2 Future Directions 

This work has several implications in both basic science and human disease and 

leaves several questions unanswered.   

First, we still do not know the exact mechanism(s) by which eHsp90 is 

internalized or whether its internalization has any functional biological meaning. While 

we do know that its internalization is via an active endocytotic process, as it does not 

diffuse across the membrane and as actin polymerization inhibitor CytoD blocks this 

internalization, it would be useful to know and understand a) how transformation leads 
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to the secretion and reinternalization of eHsp90 and b) through what mechanisms it is 

being internalized.   

Endocytosis is upregulated in tumor cells as a result of increased signaling 

pathways and an increased dependence on environmental factors. Thus it may be that 

because endocytotic pathways are upregulated in general, HS-131 is internalized more 

in these cells due to higher concentrations of eHsp90 and higher endocytotic rates. It has 

previously been reported that while cells with high metastatic potential have increase 

endocytotic rates, benign cells in colonies generally do not, with the exception of cells 

around the edges of the colonies (Gal et al., 2015). We have previously reported that in a 

co-culture system, less malignant cells do not internalize HS-27 even in the presence of 

malignant cells that do secrete and internalize eHsp90, suggesting that it is not the 

presence of eHsp90 alone that is responsible for its internalization (Barrott et al., 2013). 

Thus, it is plausible that in this endocytosis model, the cells on the periphery of the 

colony may internalize HS-131 more than those in the middle provided eHsp90 was 

supplemented, suggesting that it is a function of endocytotic rate. However, if this does 

not occur, then we could with more certainty say that this is a transformation-dependent 

mechanism.  

Regarding the exact mechanism of eHsp90 internalization, HS-131 is a great tool 

for its study. An HS-131 internalization assay is simple and quick to run and analyze 

based on fluorescence. While we performed a simple siRNA screen for various genes 
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found to play a role in endocytotic pathways, no clear pathway emerged from the 

results. These results suggest that eHsp90 may be internalized in multiple pathways, or 

knocking down only one gene in the pathway is not enough to fully inhibit 

internalization through that pathway. Thus, a combination screen of either multiple 

siRNAs within a single pathway or multiple pharmacological compounds that inhibit 

various pathways may shed light on specific pathways involved.   

One question that this work did not address is any post-translational 

modifications of eHsp90 that may set it apart from internal Hsp90. While we have 

successfully isolated eHsp90 with a biotinylated Hsp90i, we have been unable to 

reproducibly detect any changes in post-translational modifications between the two 

forms.   

We briefly investigated the effects of HS-131 on cell viability, apoptosis, and 

cytotoxicity. In clinical trials, Hsp90i have not been successful as monotherapies; this is 

thought to be due to the overexpression of co-chaperone Hsp70 as a compensatory effect 

for the lack of Hsp90 activity. We did, however, show that the inverse is also true; 

inhibition of Hsp70 increases eHsp90 expression and internalization. Previous 

unpublished studies in our lab and others have suggested that combination therapies 

between Hsp70 and Hsp90 increase cell death in most populations studied. However, it 

has not been tested whether inhibition of Hsp70 in combination with a cell impermeable 

Hsp90i may increase cancer-specific cell death.   
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In addition to combination therapies, another avenue of therapeutic value from 

this work is the ability to target cancer cells with specific compounds. In the case of HS-

131, the targeting compound was a fluorophore that was used to provide us with the 

unique ability to observe only the external pool of Hsp90. However, it is plausible that 

other compounds could be linked onto tethered Hsp90i in a cell-impermeable manner. 

These compounds could include further dyes and contrast agents for diagnostic 

purposes (PET contrast agent-linked Hsp90i are currently being developed in the lab) or 

chemotherapeutics known to kill cancer cells that are too toxic to use in vivo on their 

own. In addition, Hsp90i could be linked to photodynamic molecules to induce cellular 

stress within cancer cells while reducing the sensitivity to light commonly observed in 

other tissues using photodynamic therapy. 
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Appendix A: Compound Synthesis 

Synthesis of HS-131 and other relevant compounds 

The active substance of HS-131 (1) is best described by its chemical structure as shown 

below. 
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The formal name (generated by ChemDraw) is: 

4-(2-((1E,3Z)-3-(4-(21-((2-carbamoyl-5-(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-

indazol-1-yl)phenyl)amino)-6,9,12,15,18-pentaoxa-2-azahenicosyl)phenyl)-5-((Z)-3,3-
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dimethyl-1-(4-sulfobutyl)indolin-2-ylidene)penta-1,3-dien-1-yl)-3,3-dimethyl-3H-indol-

1-ium-1-yl)butane-1-sulfonate 

Synthetic scheme for HS-131 (1). 

O O

F

F

N

O O

O

NH

F

N

H2N

N
N

O

N

F

N
N

O

N
H

H2N
O

R

+
3

4

2

5  
R = -(CH2)3-O-(CH2CH2O)2-(CH2)3-NH2

N
N

O

N
H

H2N O

O
O

O
O

O N
H

B
OH

OH
6

 



 

102 

N
N

O

N
H

H2N O

O
O

O
O

O N
H

1
N+

N SO3H

SO3
-

O

Br
Br

HO
O

NH2
H
N N

Br HBr

N

-
O3S

N-
O3S N SO3H

Br
8

7

6

 

Reagents were obtained from commercial sources and used without further purification. 

1,19-Diamino-4,7,10,13,16-pentaoxanonadecane was obtained from Berry and Associates 

(http://www.berryassoc.com/). Proton NMR spectra were obtained on Varian 400 and 

500 MHz spectrometers. LC/MS were obtained on an Agilent ion-trap LC/MS system. 

HRMS results were obtained on an Agilent 6224 LCMS-TOF and are reported as an 

average of four runs. Chromatography was performed using an ISCO CombiFlash® Rf+ 

instrument. The synthesis of compound 5 has been previously reported14. 
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(4-(21-((2-carbamoyl-5-(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-

yl)phenyl)amino)-6,9,12,15,18-pentaoxa-2-azahenicosyl)phenyl)boronic acid (6). A 

solution of amine 5 (291 mg, 482 μmol) and 4-formylphenylboronic acid (74.5 mg. 496 

μmol) in dichloroethane (2 mL) was treated with acetic acid (30 μL) followed by solid 

sodium triacetoxyborohydride (235 mg, 1.1 mmol). After 1 d, the mixture was 

concentrated, dissolved in DMSO (1.3 mL) and water (some needed to clear solution) 

and purified by prep HPLC (30 to 100% methanol, 20 mL/m, Agilent C-18, 21.1 x 25 cm) 

to give 6 (233 mg. 65%) as a clear oil. 1H NMR (CD3OD) δ 8.5 (s, 1H formic acid), 7.74 (v 

br s, 2H), 7.73 (d, J = 8.4 Hz, 1H), 7.44 (br d, J = 8.1 Hz, 2H), 6.86 (d, J = 2 Hz, 1H), 6.71 

(dd, J = 2, 8.4 Hz, 1H), 4.23 (s, 2H), 3.56-3.71 (m, 16H), 3.5-3.56 (m, 4H), 3.45-3.50 (m, 2H), 

3.25 (t, J = 6.6 Hz, 2H), 2.93 (s, 2H), 2.50 (s, 3H), 2.44 (s, 2H), 2.00 (m, 2H), 1.94 (m, 2H), 

1.11 (s, 6H); 13C NMR (CDCl3) δ; 193.46, 171.63, 167.99, 150.85, 149.53, 149.09, 142.26, 

129.97, 128.55, 116.93, 112.75, 108.75, 105.89, 70.33, 70.27, 70.13, 69.98, 69.67, 68.88, 68.71, 

52.20, 51.01, 45.61, 39.99, 37.30, 35.64, 28.86, 28.22, 25.42, 13.27; HRMS (ESI) [M+H]+ calcd. 

for C38H56BN5O9 738.4244; found 738.4245. 
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The procedure as disclosed in the literature (Simonis, H. Ber. Deut. Chem. Ges. 1901, 34, 

509; U.S. Pat. No. 6,747,159) is used as described in United States Patent US8481752. 

N-((1Z,3E)-2-bromo-3-(phenylimino)prop-1-en-1-yl)aniline hydrobromide (7). Aniline 

(3.61 g, 38.8 mmol) was dissolved ethanol (15 mL) and cooled in an ice bath. 

Mucobromic acid (5 g, 19.4 mmol) in ethanol (15 mL) was added dropwise. The mixture 

was then heated to reflux for a 10 minutes, then allowed to cool and concentrated by 

about half. A small aliquot was removed and plunged into water to give some solid. 

This was added to the salt/ice cooled reaction mixture to effect crystallization. The 

orange solid was filtered off and air dried to give 7 (3.11 g, 42%) as an orange powder. 
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The procedure is similar to that disclosed in United States Patent US8481752. 

4-(2-((1E,3Z)-3-bromo-5-((E)-3,3-dimethyl-1-(4-sulfobutyl)indolin-2-ylidene)penta-1,3-

dien-1-yl)-3,3-dimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate (8). N-((1Z,3E)-2-bromo-

3-(phenylimino)prop-1-en-1-yl)aniline hydrobromide (7) (3 g, 7.85 mmol) and 

2,3,3-Trimethyl-1-(4-sulfo-butyl)-indolium, inner salt (from Adipogen, 5.33 g, 18.2 mmol) 
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were dissolved in pyridine (16 mL), diluted with acetic anhydride (163 mL) and heated 

under nitrogen to 115 ºC for 2 h. The reaction mixture was concentrated then dissolved 

in 9/1: CH2Cl2/MeOH, added to a column and chromatographed (silica gel, 5 x 20 cm, 

CH2Cl2/MeOH : 9/1 (500 mL), 4/1 (500 mL), 3/1 (500 mL), 2/1 (500 mL) and 1/1 (1 L)). The 

active fractions were concentrated to give 8 (4.9 g, 96%) as a blue solid. TLC (4/0.9/0.1 : 

CH2Cl2/MeOH/NH3) gave product with Rf = 0.5. LC/MS gave a base peak at m/z = 707.2. 

1H NMR (dmso-d6) δ 8.50 (d, J = 13 Hz, 2H), 7.68 (d, J = 8 Hz, 2H), 7.56 (d, J = 8 Hz, 2H), 

7.43 (t, J = 8 Hz, 2H), 7.31 (t, J = 8 Hz, 2H), 6.34 (d, J = 13 Hz, 2H), 4.19 (br t, 4H), 2.50 (m, 

4H), 1.86 (m, 4H), 1.71 (s, 12H), 1.69 (m, 4H). 
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4-(2-((1E,3Z)-3-(4-(21-((2-carbamoyl-5-(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-

indazol-1-yl)phenyl)amino)-6,9,12,15,18-pentaoxa-2-azahenicosyl)phenyl)-5-((Z)-3,3-

dimethyl-1-(4-sulfobutyl)indolin-2-ylidene)penta-1,3-dien-1-yl)-3,3-dimethyl-3H-indol-

1-ium-1-yl)butane-1-sulfonate (1). Compound 6 (50 mg, 68 μmol), compound 7 (48 mg, 

68 μmol), tetrakis(triphenylphosphine)palladium(0) (8 mg, 6.8 μmol) and potassium 
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carbonate (19 mg, 136 μmol) were combined in dioxane/water (1 mL and 1 mL), bubbled 

with N2 and heated to 100ºC. After 1 h, the reaction mixture was cooled and 

concentrated and chromatographed (2.5 x 25 cm. with CH2Cl2 (25 mL), then 19/0.9/0.1, 

9/0.9/0.1, 6/0.9/0.1, 4/0.9/0.1 : CH2Cl2/MeOH/NH3 (100 mL ea.)) to give 1 (61 mg, 68%) as 

a blue iridescent solid. LC/MS shows a major peak at m/z =659.9, [M+2H]2+ with minor 

impurities. The sample was dissolved in DMSO (~1 mL) and loaded onto a Grace C-18 

flash column and chromatographed (40 g column, 0 to 100% methanol over 1.5 h, 4 

mL/min, 5%/5 min manual gradient) using a Waters HPLC and manual fraction 

collection. The blue material started moving at 65% and was fully eluted at 90%. The 

blue band was concentrated to give 1 (45 mg, 50%) as a blue solid. LC/MS gave a single 

peak with m/z = 659.9, [M+2H]2+. 1H NMR (dmso-d6) δ 9.19 (br s, 2H), 8.48 (d, J = 14 Hz, 

2H), 8.41 ( br t, J = 5 Hz, 1H), 7.94 ( br s, 1H), 7.75 (d, J = 8 Hz, 1H), 7.68 (d, J = 8 Hz, 2H), 

7.63 (d, J = 8 Hz, 2H), 7.41 (t, J = 8 Hz, 2H), 7.36 (d, J = 7 Hz, 2H), 7.35 (d, J = 7 Hz, 2H), 

7.24 (t, J = 8 Hz, 2H), 6.77 (d, J = 2 Hz, 1H), 6.67 (dd, J = 2, 8 Hz, 1H), 5.59 (d, J = 14 Hz, 

2H), 4.31(br s, 2H), 3.69 (br m, 4H), 3.56-3.46 (m, 20H), 3.2 (m, 2H), 3.07 (m, 2H), 2.92 (s, 

2H), 2.39 (s, 3H), 2.32 (s, 2H), 2.27 (m, 4H), 2.02 (m, 2H), 1.80 (m, 2H), 1.73 (s, 12H), 1.51 

(m, 8H), 1.01 (s, 6H). 
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Synthetic scheme for HS-152 (10). 
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(4-(((3-ethoxypropyl)amino)methyl)phenyl)boronic acid (9). A solution of 4-

formylphenylboronic acid (250 mg, 1.7 μmol) and 4-3-ethoxypropylamine (344 mg. 3.3 

mmol) in dichloroethane (4 mL) was treated with acetic acid (95 μL) followed by solid 

sodium triacetoxyborohydride (706 mg, 3.3 mmol). After one day, the reaction mixture 

was concentrated, dissolved in DMSO and purified by prep HPLC (0 to 100% methanol 

w/0.2% formic acid, 20 mL/m, Agilent C-18, 21.1 x 25 cm). The product was concentrated 

to give 9 (407 mg, 86% as a formate) as a clear oil. LC/MS gave a single peak with m/z = 

238.2, [M+1]+. 
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4-(2-((1E,3Z)-5-((E)-3,3-dimethyl-1-(4-sulfobutyl)indolin-2-ylidene)-3-(4-(((3-

ethoxypropyl)amino)methyl)phenyl)penta-1,3-dien-1-yl)-3,3-dimethyl-3H-indol-1-ium-

1-yl)butane-1-sulfonate (10). Borate 9 (formate salt, 30 mg, 105 μM), Cy5 dye 8 (37 mg, 52 

μM), tetrakis(triphenylphosphine)palladium(0) (3.7 mg, 3.2 μmol) and potassium 

carbonate (14 mg, 100 μmol) were combined in dioxane/water (1 mL and 1 mL), bubbled 

with N2 and heated to 100ºC. After 1.5 h, the reaction mixture was concentrated and 

chromatographed (silica gel, 0 to 20% 9/1:MeOH/NH4OH in CH2Cl2 gradient) to give 10 

(15 mg, 35 %) as a deep blue solid. LC/MS gave a single peak with m/z = 818.4, [M+1]+. 
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Synthetic scheme for HS-198 (15). 
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tert-Butyl (19-((2-carbamoyl-5-(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-

yl)phenyl)amino)-4,7,10,13,16-pentaoxanonadecyl)carbamate (11). Amine 5 was 

dissolved in methylene chloride (50 mL) and treated with BOCOBOC (940 mg, 1.04 mL, 
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4.5 mmol). After 30 minutes the reaction mixture was concentrated and 

chromatographed (silica gel, 0 to 2.5% MeOH in CH2Cl2) to give the product 11 (1.52 g, 

50%) as a clear viscous oil. LC/MS gave a single peak with m/z = 704.4, 1H NMR (dmso-

d6) δ 8.41 (br t, J = 6 Hz, 1H), 7.92 (br s, 1H), 7.74 (d, J = 8 Hz, 1H), 7.27 (br s, 1 H) 6.77 (d, J 

= 2 Hz, 1H), 6.75 (br t, J = 6 Hz, 1H), 6.68 (dd, J = 2, 8 Hz, 1H), 3.46-5.53 (m, 18H), 3.44 (m, 

2H), 3.35 (t, J = 6 Hz, 2H), 3.2 (q, J = 6 Hz, 2H), 2.94 (q, J = 6 Hz, 2H), 2.92 (s, 2H), 2.40 (s, 

3H), 2.33 (s, 2H), 1.81 (p, J = 6 Hz, 2H), 1.57 (p, J = 6 Hz, 2H), 1.36 (s, 9H), 1.01 (s, 6H). 

Arcs show coupling seen in COSY  
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tert-butyl (19-((2-(dimethylcarbamoyl)-5-(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-

indazol-1-yl)phenyl)amino)-4,7,10,13,16-pentaoxanonadecyl)carbamate (12). BOCamide 

11 (893 mg, 1.27 mmol) was dissolved in THF (20 mL) and treated with potassium t-

butoxide (142 mg, 1.27 mL of 1N solution in THF, 1.27 mmol) followed by slow addition 

of methyl iodide (180 mg, 79 μL, 1.27 mmol). After 1 h, the reaction mixture was again 

treated with potassium t-butoxide (142 mg, 1.27 mL of 1N solution in THF, 1.27 mmol) 

followed by slow addition of methyl iodide (180 mg, 79 μL, 1.27 mmol). After an hour, 

the entire reaction mixture was added to silica gel (7 g) and concentrated and flashed 

(silica gel, 0 to 30% MeOH in EtOAc) to give 12 (397 mg, 43%) as a viscous yellow oil. 

LC/MS gave a single peak (>95%) with m/z = 732.5. 1H NMR (dmso-d6) δ 7.17 (d, J = 8 

Hz, 1H), 6.77 (d, J = 2 Hz, 1H), 6.75 (br t, 1H), 6.73 (dd, J = 2, 8 Hz, 1H) ), 5.67 (br t, J = 6 

Hz,1H), 3.46-3.53 (m, 18H), 3.44 (m, 2H), 3.36 (t, J = 6 Hz, 2H), 3.18 (q, J = 6 Hz, 2H), 2.95 

(br s, 6H), (2.94 (q, J = 6 Hz, 2H), 2.90 (s, 2H), 2.39 (s, 3H), 2.33 (s, 2H), 1.78 (p, J = 6 Hz, 

2H), 1.58 (p, J = 6 Hz, 2H), 1.36 (s, 9H), 1.02 (s, 6H). 

Arcs show coupling seen in COSY  
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2-((19-amino-4,7,10,13,16-pentaoxanonadecyl)amino)-N,N-dimethyl-4-(3,6,6-trimethyl-4-

oxo-4,5,6,7-tetrahydro-1H-indazol-1-yl)benzamide (13). BOCamide 12 (332 mg, 453 

μmol) was treated with TFA (1 mL) in CH2Cl2 (3 mL). This sample was concentrated and 

purified by prep HPLC (0 to 100% methanol, 20 mL/m, Agilent C-18, 21.1 x 25 cm) to 

give 13 (137 mg, 47%) as a clear oil. LC/MS gave a single peak with m/z = 632.4. 
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(4-(21-((2-(dimethylcarbamoyl)-5-(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-

yl)phenyl)amino)-6,9,12,15,18-pentaoxa-2-azahenicosyl)phenyl)boronic acid 14. Amine 

13 (137 mg, 217 μmol), 4-formylphenylboronic acid (65 mg, 434 μmol) and acetic acid (25 

μL), were dissolved in 1/1: MeOH/CH2Cl2 (2 mL) and concentrated. The glassy residue 

was dissolved in methylene chloride (2 mL) and treated with again with acetic acid 

followed by solid sodium triacetoxyborohydride (114 mg, 542 μmol). After 2 h, the 

mixture was treated with MeOH to stop reaction and stirred overnight. The reaction 

mixture was chromatographed by prep HPLC (0 to 100% methanol, 20 mL/m, Agilent C-

18, 21.1 x 25 cm) to give pure borate 14 (114 mg, 71%) as a clear glass. LC/MS gave a 

single peak with m/z = 766.4 [M + 1]+. 
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4-(2-((1E,3Z)-5-((E)-3,3-dimethyl-1-(4-sulfobutyl)indolin-2-ylidene)-3-(4-(21-((2-

(dimethylcarbamoyl)-5-(3,6,6-trimethyl-4-oxo-4,5,6,7-tetrahydro-1H-indazol-1-

yl)phenyl)amino)-6,9,12,15,18-pentaoxa-2-azahenicosyl)phenyl)penta-1,3-dien-1-yl)-3,3-

dimethyl-3H-indol-1-ium-1-yl)butane-1-sulfonate (15). Compound 14 (52 mg, 68 μmol), 

compound 8 (48 mg, 68 μmol), tetrakis(triphenylphosphine)palladium(0) (8 mg, 6.8 

μmol) and potassium carbonate (19 mg, 136 μmol) were combined in dioxane/water (1 

mL each), bubbled with N2 and heated to 100ºC for 1 hour. The reaction mixture was 

then concentrated, dissolved in DMSO and chromatographed by prep HPLC (0 to 100% 

methanol, 20 mL/m, Agilent C-18, 21.1 x 25 cm). The product was concentrated then 

concentrated twice from methanol to give 15 (49.2 mg, 54%) as a dark blue solid. LC/MS 

shows a 95+% peak with m/z = 1346.6 [M + 1]+.   
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Appendix B: siRNA Screen Results 

siRNA #  Gene Name Accession# Normalized 
Fluorescence SD N 

53 RAC1 NM_006908 156.75 20.45 2 
1 ADAM10 NM_001110 139.88 2.61 2 

51 MAP4K2 NM_004579 136.31 33.24 2 
96 ARPC5 NM_005717 120.03 6.04 2 
52 RAB5C NM_004583 117.48 9.95 2 
56 ITSN1 NM_001001132 109.42 28.27 2 

106 CIB1 NM_006384 107.46 12.56 2 
101 ACTR2 NM_005722 105.42 13.41 2 
116 ARFIP2 NM_012402 103.97 3.00 2 
111 MAPK8IP3 NM_001040439 103.71 11.21 2 

59 STAU NM_017454 102.71 9.78 2 
105 CIB2 NM_006383 101.51 3.63 2 
100 ACTR3 NM_005721 101.40 4.99 2 

141 
HS-131 
alone n/a 100.00 20.33 44 

102 ARPC2 NM_005731 99.23 32.84 2 
75 DDEF2 NM_003887 98.51 27.99 2 
98 ARPC3 NM_005719 97.37 1.25 2 
61 VAMP2 NM_014232 95.52 6.56 2 
60 VAMP1 NM_014231 95.16 28.82 2 
71 EEA1 NM_003566 94.73 21.45 2 
3 AP2A2 NM_012305 94.64 2.03 2 

62 SYT1 NM_005639 93.86 37.47 2 
66 VIL2 NM_001111077 91.57 15.29 2 
55 SEC13L1 NM_183352 90.13 19.09 2 
58 SNX2 NM_003100 89.26 12.02 2 

126 SH3GLB1 NM_016009 88.53 13.47 2 
103 WASF2 NM_006990 88.01 19.91 2 

57 SNX1 NM_148955 86.68 30.58 2 
2 AP2A1 NM_014203 85.78 11.78 2 

74 RAB11A NM_004663 84.50 21.29 2 
63 TSG101 NM_006292 84.40 4.41 2 
65 VCP NM_007126 84.12 12.01 2 

121 PACSIN3 NM_016223 83.88 18.57 2 
99 ARPC1B NM_005720 83.71 0.82 2 
97 ARPC4 NM_001024960 82.95 14.23 2 
20 CDC42 NM_044472 82.72 24.93 2 

136 RAB3C NM_138453 82.64 14.23 2 
70 PIP5K1A NM_003557 82.24 5.82 2 
80 WASF1 NM_001024936 81.71 2.30 2 
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5 AP2B1 NM_001282 81.03 6.99 2 
110 ELKS NM_015064 79.77 32.88 2 

54 ROCK1 NM_005406 79.50 2.76 2 
91 RAB3D NM_004283 79.25 2.12 2 

104 EFS NM_005864 79.03 13.07 2 
7 BIN1 NM_004305 78.69 23.28 2 
4 AP1B1 NM_001127 78.29 3.97 2 

78 AP1M1 NM_032493 77.91 1.26 2 
109 TNIK NM_015028 76.88 7.83 2 
132 SH3GLB2 NM_020145 76.81 11.13 2 

64 VAV2 NM_003371 76.03 1.72 2 
131 SARA1 NM_020150 75.79 5.21 2 

15 CAV1 NM_001753 75.61 21.86 2 
67 WAS NM_000377 75.08 14.35 2 

115 CBLC NM_012116 73.71 27.07 2 
140 RAB7B NM_177403 73.57 10.98 2 

16 CAV2 NM_001233 73.47 11.22 2 
11 ARRB1 NM_020251 72.94 12.56 2 

114 MAPK8IP2 NM_016431 72.59 11.06 2 
133 EPS15L1 NM_021235 72.57 10.88 2 
112 NEDD4L NM_015277 71.98 10.99 2 

76 SYNJ1 NM_003895 71.92 13.87 2 
68 CLTCL1 NM_007098 71.86 28.27 2 
85 VAPB NM_004738 71.84 0.39 2 
6 AMPH NM_001635 71.71 14.53 2 

73 BECN1 NM_003766 71.49 6.75 2 
92 ENTH NM_014666 71.45 3.37 2 

108 EPN2 NM_001102664 71.45 26.68 2 
79 RAB7L1 NM_003929 71.35 16.84 2 

107 WASF3 NM_006646 71.30 8.90 2 
25 CLTC NM_004859 70.54 31.21 2 

125 C13ORF9 NM_016075 68.75 18.28 2 
90 MAPK8IP1 NM_005456 68.55 13.61 2 
87 RAB11B NM_004218 68.46 5.96 2 

137 IHPK3 NM_054111 67.72 15.26 2 
135 MAP1LC3A NM_032514 67.40 25.78 2 

9 ARF6 NM_001663 66.81 5.27 2 
24 CLTB NM_001834 66.35 21.30 2 
69 PICALM NM_001008660 65.92 12.70 2 

117 DNM3 NM_015569 65.91 0.22 2 
82 HIP1R NM_003959 65.79 7.57 2 
94 PDCD6IP NM_013374 65.43 7.25 2 
88 PSCD3 NM_004227 64.78 1.71 2 

134 GORASP1 NM_031899 64.75 8.43 2 
130 EPN3 NM_017957 64.71 4.04 2 
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35 LIMK1 NM_002314 64.67 17.52 2 
72 CAMK1 NM_003656 63.99 0.48 2 

128 RAB8B NM_016530 63.83 4.33 2 
89 ROCK2 NM_004850 63.78 4.46 2 
84 HGS NM_004712 63.52 4.51 2 
8 ARF1 NM_001658 63.31 6.10 2 

46 RAB3B NM_002867 63.27 11.39 2 
83 ATG12 NM_004707 63.27 4.23 2 
40 PIK3C2G NM_004570 63.21 21.35 2 
81 AP3D1 NM_001077523 62.80 14.38 2 
10 RHOA NM_001664 62.27 9.34 2 
47 RAB4A NM_004578 61.96 0.25 2 
95 AP1M2 NM_005498 61.59 13.49 2 

127 RAB6B NM_016577 60.08 2.30 2 
139 SYT2 NM_177402 59.51 19.27 2 
113 AP4E1 NM_007347 59.18 7.34 2 
118 GAF1 NM_015470 58.85 8.94 2 

12 ARRB2 NM_004313 58.65 6.39 2 
21 CFL1 NM_005507 58.34 6.98 2 
77 SYNJ2 NM_003898 58.01 6.05 2 
17 CAV3 NM_001234 57.72 7.24 2 

124 ITSN2 NM_006277 57.63 2.37 2 
123 PACSIN1 NM_020804 57.05 3.93 2 

93 SNAP91 NM_014841 56.77 14.69 2 
122 EPN1 NM_013333 56.56 9.07 2 
120 GIT1 NM_014030 56.37 28.65 2 

86 VAPA NM_194434 56.06 1.04 2 
36 RAB8A NM_005370 55.50 3.68 2 
32 FYN NM_153048 55.40 8.49 2 
13 ATM NM_138292 54.99 7.17 2 
30 DNM2 NM_004945 54.19 19.37 2 
22 AP2M1 NM_001025205 53.64 6.64 2 
14 ATP6V0A1 NM_005177 53.38 4.05 2 
31 EPS15 NM_001981 52.03 5.54 2 

138 CIB3 NM_054113 51.89 5.67 2 
34 HIP1 NM_005338 50.99 0.95 2 
33 GRB2 NM_002086 50.84 10.73 2 
26 COPA NM_004371 49.92 0.24 2 
42 PIK4CA NM_002650 48.85 6.43 2 

119 VPS4A NM_013245 48.82 3.76 2 
129 RAB4B NM_016154 48.77 12.02 2 

18 CBL NM_005188 48.72 3.09 2 
41 PIK3CG NM_002649 48.02 2.08 2 
23 CLTA NM_001833 47.50 8.15 2 
48 RAB5A NM_004162 47.31 5.00 2 
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28 DIAPH1 NM_001079812 47.28 4.02 2 
37 NEDD4 NM_006154 47.16 4.93 2 
19 CBLB NM_170662 46.89 5.23 2 
50 RAB6A NM_002869 46.81 11.00 2 
43 RAB1A NM_004161 46.44 10.87 2 
49 RAB5B NM_002868 44.94 9.02 2 
38 NSF NM_006178 44.86 3.53 2 
29 DNM1 NM_004408 44.41 6.64 2 
44 RAB2 NM_002865 43.89 7.77 2 
39 PAK1 NM_002576 43.09 4.51 2 
45 RAB3A NM_002866 41.86 1.14 2 
27 DAB2 NM_001343 41.77 0.94 2 
0 no HS-131 n/a 23.62 10.36 12 
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