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ABSTRACT 

THE ROLE OF HEAT SHOCK PROTEINS (HSP) IN RIFT VALLEY FEVER VIRUS 

INFECTION 

Ashwini Benedict, M.S. 

George Mason University, 2013 

Thesis Director: Dr. Ramin Hakami 

 

Rift Valley Fever Virus (RVFV) in the family Bunyaviridae is an emerging infectious 

pathogen and the causative agent of Rift Valley Fever, a zoonotic arthropod-borne 

disease characterized by potentially fatal hemorrhagic fever in humans and high abortion 

rate in pregnant ruminants.  RVFV is a negative-sense tripartite RNA virus that encodes a 

complement of several proteins, including the structural protein N, the RNA-dependent 

RNA polymerase L, and an essential non-structural virulence factor NSs. RVFV is a 

category A priority pathogen for which there are currently no approved vaccines or 

therapeutics. Therefore, it is imperative to understand the range of critical host-pathogen 

interactions that occur. In this research, the importance of host HSPs in RVFV infection 

is demonstrated. Proteomic profiling showed that host HSPs are among the over-

represented protein families within the RVFV virions. Time-of-addition studies with 

HSP90 inhibitor 17-AAG, HSP70 inhibitor KNK437 and general HSP inhibitor BAPTA-

AM demonstrated that the HSP effects occur early, manifesting within hours after 
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infection. Consistent with these results, real-time studies by monitoring luciferase signal 

from cells treated with HSP inhibitors and subsequently infected with luciferase-

expressing virus, showed that 17-AAG causes a significant decrease in viral load in early 

infection (4 and 8 hours p.i.). These findings suggest HSP effects on viral replication 

and/or transcription. Specific effects of 17-AAG on RVFV RNA levels were also 

demonstrated using qRT-PCR analysis. Treatment with 17-AAG caused a reduction of 

viral RNA levels at the following p.i. times: 4hr, 6hr, 8hr, 10hr, and 24hr. Specific effects 

of HSP inhibitors on RVFV protein levels were also demonstrated using Western blot 

analysis. Interestingly, while 17-AAG significantly decreased both viral NSs and N-

protein levels, KNK437 caused a significant decrease only in NSs, indicating that the 

HSPs act through distinct functional mechanisms. For 17-AAG, the time course of its 

effect on the levels of N, L, and NSs were measured by Western blot analysis matching 

the time-points analyzed with qRT-PCR. A reduction in the protein levels were observed 

at the earliest time of detection (4hr p.i. for L and NSs, and 8hr p.i. for N). Confocal 

imaging of HSP90 with N-Protein did not show colocalization, suggesting that this pair 

of viral-host proteins do not form a complex with each other. Treatment with the 

proteasome inhibitor MG-132 showed that at least part of HSP90 mechanism is by 

stabilizing RVFV proteins and preventing their rapid degradation. The HSP effects on 

viral infection were observed in different cells types (Vero cells and HepG2 cells) and 

also with both the attenuated strain of RVFV (MP-12) and the fully virulent strain (ZH-

501). These studies provide much-needed insight into RVFV-host interactions. As 17-

AAG and several other HSP90 inhibitors are already in clinical trials for cancer 
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treatment, there is the exciting potential of repurposing them to treat RVF. Given the 

demonstrated role of HSP90 for other RNA viruses, the strategy of targeting HSP90 also 

presents broad spectrum therapeutic options for other RNA viruses. 
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CHAPTER ONE: INTRODUCTION 

Rift Valley Fever Virus 
 

Background and Significance 
 

Rift Valley Fever Virus (RVFV) is a RNA virus of the family Bunyaviridae in the 

genus Phlebovirus. It is a zoonotic arbovirus that uses a mosquito vector to infect a 

number of animal hosts including humans as well as livestock, resulting in a condition 

known as Rift Valley Fever (Narayanan et al., 2012). The virus was first identified in 

1930, during an outbreak of sudden deaths and abortions among sheep along the shores 

of Lake Naivasha in the greater Rift Valley of Kenya (Pepin et al., 2010). In pregnant 

ruminants (cattle, goats, sheep) the classic hallmark of RVF is the nearly 100% abortion 

rate, where the abortion events occur simultaneously; a term referred to as an “abortion 

storm” (Pepin et al., 2010). In addition to the mortality, there is a major economic burden 

to the livestock industries in endemic countries. 

In humans, infection with RVFV, either through a mosquito bite or through 

contact with infected animal tissue/fluids, usually results in an acute self-clearing febrile 

illness accompanied by headache and myalgia. In about 1% of documented human cases, 

the illness can progress to include severe or fatal conditions and lead to ocular damage, 

liver damage, hemorrhagic fever and encephalitis (Flick and Bouloy, 2005). Incidentally, 

humans are dead-end hosts (Amraoui et al., 2012).  
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Until 1977, RVFV was confined to Sub-Saharan African countries. However, 

subsequent major outbreaks in Egypt and parts of the Arabian peninsulas have provided 

evidence of three separate introductions of RVFV across significant natural geographic 

barriers (Pepin et al., 2010). These sporadic outbreaks are typically experienced 

following heavy rains (von Teichman et al., 2011). The largest RVFV epidemic-epizootic 

outbreak affected Egypt along the Nile River (1977–1979), afflicting approximately 

200,000 persons with 594 deaths (Bouloy and Flick, 2009). Due to the fact that the 

United States has a high number of competent mosquito vector species (Turell et al., 

2008) and the steady increase of international trade and globalization and the potential 

effects of climate change, RVFV has been classified as a risk group 3 pathogen, Category 

A pathogen and an overlap select agent by the CDC/USDA, with the potential to be used 

as a biological weapon (Head et al., 2012).   

Molecular Biology 
 

 RVFV is an enveloped negative-sense single-stranded RNA virus consisting of a 

tripartite genome (Narayanan et al., 2012), referred to as the S- (Small) segment, the M- 

(Medium) segment and the L- (Large) segment. The S segment encodes for the structural 

nucleoprotein N in antisense and for the non-structural protein NSs in sense orientation. 

NSs acts as a viral virulence factor, facilitating transcriptional repression by inhibiting 

host basal transcription factor (TF) IIH (Lihoradova et al., 2013). NSs also inhibits the 

activation of interferon (IFN)-β promoter by interacting with Sin3A-associated protein 

(SAP30) and recruiting repressor complex containing histone deacetylase-3 (HDAC-3), 

while promoting the degradation of dsRNA-dependent protein kinase, PKR (Lihoradova 
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et al., 2013) through a ubiquitin-proteasome pathway (Ikegami et al., 2009). Both M and 

L segments are of negative polarity. The M segment encodes for precursors to the 

glycoproteins Gn and Gc as well as NSm, another non-structural protein that has been 

shown to have an anti-apoptotic function in infected cells, while the L segment encodes 

for the RNA dependent RNA polymerase L Protein. Bunyaviral RNA polymerases have 

been previously shown to utilize a “cap-snatching” mechanism for mRNA transcription. 

Specifically, RVFV utilizes the endonuclease activity associated with L protein to obtain 

5’-capped RNA, which can then be used as primers for viral mRNA transcription (Boshra 

et al., 2011). When assembled, the RVFV particles possess a lipid-bilayered enveloped 

virion, with the surface of each particle composed of subunits of Gn and Gc 

heterodimers, forming an ordered icosahedral shell. Within the inner envelope of the 

virion, ribonucleoprotein complexes are layered proximal to the inner envelope (Boshra 

et al., 2011). 

Vaccines 
 

Several modified live attenuated vaccines against Rift Valley fever have been 

tested for safety and efficacy in young calves. The Smithburn vaccine was produced in 

South Africa and was used successfully to prevent and control the disease of sheep, goats 

and cattle in endemic sub-Saharan countries, however it has been found to cause damage 

to neural tissue in some instances, thus preventing its approval for use by the FDA. A 

second vaccine, RVF Clone 13, is a natural live attenuated mutant carrying a large 

deletion in the non-structural protein NSs, isolated from a non-fatal human case of RVF 
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(von Teichman et al., 2011) and shown to induce protection in sheep following virulent 

challenge.  

MP-12 is an attenuated strain of RVFV that originated from the virulent Egyptian 

strain ZH548, which was isolated from a human patient. It was created following 12 

passages in the presence of the mutagen 5-fluorouracil at the United States Army Medical 

Research Institute for Infectious Diseases (USAMRIID) and was found to have mutations 

in all three segments. MP-12 was shown to be effective at protecting sheep and cattle 

from virulent challenge; however, it has also been shown to cause fetal malformations, 

thereby raising some of the same safety concerns as those associated with the Smithburn 

strain (Morrill and Peters, 2011). 

Unfortunately there are currently no FDA-approved therapies or vaccines for RVF 

patients, which calls for a dire need for more research involving this pathogen, in order to 

develop and design safe and effective therapeutics and vaccines to curtail outbreaks and 

treat infected patients.  

Heat Shock Proteins 
 

Heat shock proteins (HSPs) were first discovered in Drosophila in 1962 as a set of 

proteins that accumulates in the cells after a heat shock and has thermo-resistance 

properties. Later studies demonstrated that HSPs are expressed in all living organisms 

and are the most conserved proteins present both in prokaryotes and eukaryotes. HSPs are 

not only induced by temperature, but also in response to a wide variety of physiological 

and environmental stimuli. Inappropriate activation of signaling pathways occurs during 

acute or chronic stress as a result of protein misfolding, protein aggregation or disruption 
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of regulatory complexes (Lanneau et al., 2008). HSPs have a cytoprotective function and 

act as molecular chaperones by assisting the folding of nascent or misfolded proteins and 

thus preventing their aggregation. Mammalian HSPs have been classified into 5 families 

according to their molecular weight: HSP110, HSP90, HSP70, HSP60 and the family of 

small HSPs (Joly et al., 2010). The high-molecular weight HSPs are ATP-dependent 

chaperones and require co-chaperones to modulate their conformation and ATP binding. 

Among the different HSPs, the ATP-dependent chaperone families HSP70 and 

HSP90 are the most studied mainly because of their involvement in cancer, with recent 

studies having them shown to contribute to tumorigenicity and cancer cell resistance, 

both by their role in apoptosis and by their chaperone function, stabilizing many kinases 

involved in cancer cell signaling.  

HSP70 is hardly expressed at the basal level in non-stressed ‘normal’ (non-

transformed) cells, but its expression is strongly and transitorily induced after many 

different stresses, including oxidative stress or anticancer chemotherapy, thus allowing 

the cell to survive under lethal conditions. The HSP90 protein family includes HSP90α 

and HSP90β. The two HSP90 isoforms are very abundant cytosolic proteins representing 

more than 1% of total proteins, and this expression can also be further stimulated by 

certain stresses (Joly et al., 2010). HSP90 associates with a number of signaling proteins 

including ligand-dependent transcription factors, such as steroid receptors, ligand-

independent transcription factors, such as MyoD, tyrosine kinases, such as v-Src, and 

serine/threonine kinases, such as Raf-1. The stability of these HSP90-binding proteins, 

called HSP90 client proteins, is ensured by HSP90. The inhibition of the chaperone 
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induces their degradation by the proteasome. HSP90 binds ATP and undergoes a 

conformational change upon ATP binding that is needed for its chaperone function. Co-

chaperones of HSP90 include Cdc37, p23, Aha1, PP5, HOP and CHIP (Lanneau et al., 

2008). 

The ability of cells to respond to stress by increasing their HSP levels depends on 

the activity of a unique transcription factor, called heat shock factor 1 (HSF1), that can 

bind to the 5’ promoter regions of all HSP genes and trigger instantaneous and massive 

transcription of these stress proteins. Transient activation of heat shock factor 1 (HSF1) 

by diverse environmental and physiological stress is a multistep process that involves 

constitutive expression of an inert HSF1 monomer, conversion of the monomer to a 

DNA–binding competent trimer, increased phosphorylation of HSF1 at serine residues, 

enhanced transcription, and attenuation of HSF1 DNA binding and transcriptional 

activity (Westerheide et al., 2009). A ribonucleoprotein complex containing eukaryotic 

elongation factor 1A (eEF1A) and a non-coding RNA, heat shock RNA-1 (HSR-1), has 

been reported to possess a thermosensing capacity. According to the proposed model, 

HSR-1 undergoes a conformational change in response to heat stress and together with 

eEF1A facilitates trimerization of HSF1 (Akerfelt et al., 2010). HSF1 activation is also 

accompanied by SUMOylation (Small Ubiquitin Related Modifier) (Geiss-Friedlander 

and Melchior, 2007; Hietakangas et al., 2003). SUMOylation (a covalent attachment of a 

short, ubiquitin-like peptide) to a specific Lys residue (Lys298) of HSF1, requires prior 

phosphorylation of the nearby Ser303 residue. Although the role of SUMOylation in 

HSF1 regulation is obscure, some reports suggest it modulates HSF1 DNA binding and 
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transcriptional activity (Hong et al., 2001). Phosphorylation and SUMOylation of HSF1 

occur rapidly upon heat shock, whereas the kinetics of acetylation are delayed and 

coincide with the attenuation phase of the HSF1 activation cycle (Akerfelt et al., 2010) 

HSP90 and Viruses 
 

Recently, HSP90 was shown to be an important host factor for the replication of 

negative-strand viruses. In addition, the inhibition of HSP90 has been shown to block 

vaccinia virus replication by interaction with the viral core protein 4a in the cytoplasm. In 

the hepatitis C virus life cycle, HSP90 is needed for proper cleavage of newly 

synthesized hepatitis C NSP2/3 protein and activity of hepatitis B reverse transcriptase 

(Smith et al., 2010). In polio virus, HSP90 is required for proper folding of the viral 

capsid protein and HSP90 inhibitors showed antiviral activity (Smith et al., 2010). HSP90 

has been shown to control viral polymerase function for several viruses. For influenza 

virus, HSP90 binds to the PB2 subunit of the RNA polymerase and stimulates its activity 

(Smith et al., 2010). In herpes viruses, blocking HSP90 significantly inhibits viral 

replication presumably due to improper localization of the viral polymerase (Smith et al., 

2010). In flock house virus, HSP90 activity has proved to be important for stability and 

localization of the RNA polymerase (Smith et al., 2010).  

Recently, it was reported that HSP90 inhibitors impaired the replication of several 

prototype negative-strand RNA viruses [(vesicular stomatitis virus), Paramyxovirus 

(SV5, HPIV-2 & 3, SV41), and a bunyavirus (La Crosse)] by destabilization of the L 

protein of the viral RNA-Dependent RNA Polymerase (RDRP). It is thought that viruses 



19 

 

have evolved to require the use of HSP90 for proper folding of their RDRPs (Smith et al., 

2010). 

17-allylamino-17-demethoxygeldanamycin 
 

17-allylamino-17-demethoxygeldanamycin (17-AAG) is a derivative of 

Geldanamycin (GA), an HSP90 inhibitor that binds to HSP90 and disrupts the interaction 

between HSP90 and its client proteins (Zheng et al., 2011). 17-AAG mimics the unusual 

ATP structure adopted in the chaperone’s N-terminal nucleotide-binding pocket and 

causes potent and selective blockade of ATP binding/hydrolysis and thus inhibiting 

chaperone function (Neckers and Workman, 2012) and possibly depleting viral protein 

clients through ubiquitin-mediated proteasomal degradation. 

A first-in-class HSP90 inhibitor, 17-AAG (tanespimycin), entered clinical trial in 

1999. 17-AAG has proven effective at driving cancer cells into apoptosis by preventing 

the proper folding of oncogenes required for promoting cancer cell growth. Because of 

this, several HSP90 inhibitors are now in phase I and II clinical trials (Smith et al., 2010). 

17-AAG has since been evaluated in patients with papillary and clear cell renal cell 

carcinoma, in patients with metastatic melanoma, and in patients with hormone refractory 

metastatic prostate cancer (Kim et al., 2009).This creates an exciting potential to 

repurpose 17-AAG in order to obtain a broad-spectrum treatment for viral infections 

including Rift Valley Fever. 
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CHAPTER TWO: MATERIALS AND METHODS 

Cell Culture, Viral Infection and Extract Preparation 
 

 Vero cells were grown in Dulbecco’s Modified Minimum Essential Medium 

(DMEM) supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS), 1% 

penicillin/streptomycin and 1% L-glutamine. HepG2 cells were grown in a 1:1 ratio 

mixture of DMEM and Ham’s F12 medium supplemented with 10% heat-inactivated 

FBS, 1% penicillin/streptomycin and 1% L-glutamine. Cells were grown at 37°C in 5% 

CO2. 

 For experiments using RVFV MP-12 strain, 105 cells were cultured in 6-well 

plates, 2.5 × 105 cells were cultured in 12-well plates, and 1 × 104 cells were cultured in 

96-well plates. 

Western Blots  

Cultured cells were infected with MP-12 or the NSs-FLAG, L-V5 mutants (NSs-FLAG 

has its NSs gene associated with a FLAG tag-encoding segment and L-V5 has its L gene 

associated with a V5 tag-encoding segment) at an MOI of 3 by overlaying a 400 µL 

suspension of virus in a 6-well plate and a 200 µL suspension of virus in a 12-well plate. 

Cells were then incubated for 1 hour at 37°C in 5% CO2. The infectious culture media 

was then removed, the cells washed with Phosphate Buffer Saline (PBS) and replaced 

with supplemented DMEM until the specified time point.  
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After the time point was reached, the growth media was removed, cells washed with 

PBS, lysed with Blue Lysis Buffer and boiled for 10 min. 

Blue Lysis Buffer content: 1:1 mixture of T-PER reagent (Pierce, IL), 2× Tris-glycine 

SDS sample buffer (Novex, Invitrogen), 33 mM DTT, and protease and phosphatase 

inhibitor cocktail (1× Halt cocktail, Pierce). 

Luciferase assays  

Cultured cells were infected with RVFV MP-12 ΔNSs-Luc mutant strain (ΔNSs-Luc 

lacks the NSs gene which is replaced by a Renilla Luciferase-encoding gene) at an MOI 

of 0.1 by overlaying a 50 µL suspension of virus in a 96-well plate. Cells were then 

incubated for 1 hour at 37°C in 5% CO2. The infectious culture media was then removed, 

the cells washed with Phosphate Buffer Saline (PBS) and replaced with supplemented 

DMEM until the specified time point. After the time point was reached, the Renilla-

Glo™ Luciferase Assay System (Promega) was applied as per vendor’s protocol. 

qRT-PCR 

Cultured cells were infected with RVFV MP-12 L-V5 at an MOI of 0.1 and followed a 

similar infection protocol to the Luciferase assays. At the specified time point, 

intracellular RNA extraction was performed using the RNEasy kit (QIAGEN) as per 

manufacturer’s instructions. 

Western Blot Analysis 
 

Either 25 µL or 30 µL of cell lystate in Blue Lysis Buffer per sample were 

separated on NuPAGE 4-12% Bis-Tris gels (Invitrogen) and the proteins were transferred 
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either using an overnight wet transfer at 70 mA, or a 2 hour wet transfer at 250 mA at 

4°C according to a wet transfer protocol: 

Wet transfer protocol: An Immobilon PVDF membrane was cut to the appropriate size 

and placed on top of the protein gel. This was placed between 3M paper and sponges on 

both sides and placed within the X Cell II Blot Module (Invitrogen) wet transfer 

apparatus. The module was placed in transfer buffer consisting of 20% methanol and 

10% Transblot buffer (Quality Biological) in diH2O and run at the specified conditions.  

The membrane was then blocked in a boiled 3% dehydrated milk solution in 

1×PBS + 0.1% Tween-20 (PBS-T) for at least an hour at room temperature. The primary 

antibodies were diluted in 3% boiled milk solution in PBS-T at a ratio of 1:1000 in which 

the membrane incubated overnight at room temperature (β-Actin antibody was diluted at 

a ratio of 1:10,000 and the membrane was incubated for 30 minutes at room temperature). 

The membrane was then washed 4 times with PBS-T and incubated in secondary HRP-

coupled goat anti-mouse at a 1:1000 ratio in 3% boiled milk solution in PBS-T for 2 

hours. The membrane was then washed 4 times with PBS-T with soak times of 5 minutes 

each. The western blots were imaged by chemiluminescence using SuperSignal West 

Femto Maximum Sensitivity Substrate kit (ThermoScientific) in a Bio-Rad Molecular 

Imager ChemiDoc XRS System (Bio-Rad). 

The primary antibodies used were: RVFV N-Protein, Mouse (A gracious gift from 

Dr. Connie Schmaljohn, USAMRIID), HRP conjugated β-actin (Cat# ab49900-100, 

Abcam), FLAG (Cat# F1804, Sigma), V5 (Cat# MCA1360, Serotec), PKR D-20 (Cat# 

sc-708, Santa Cruz). 
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Quantitative RT-PCR 
 

 Extracted RNA was converted to cDNA using the High Capacity RNA-to-cDNA 

kit (Invitrogen) according to manufacturer’s protocol. For q-PCR, the template cDNA 

was added to a 20 µL reaction with SYBR® GREEN PCR master mix (Invitrogen) and 

0.2 µM primer. cDNA was amplified (1 cycle -95°C for 10min, 40 cycles- 95°C for 

15sec and 60°C for 1min) using the ABI Prism 7000.  Fold changes were calculated 

relative to β-actin using the ∆∆Ct method. 

 Primer sequences: [RVFV L Polymerase Forward: GGT GGC ATG TTC AAT 

CCT TT ; Tm = 53.6°C] [RVFV L Polymerase Reverse: GCA TTC TGG GAA GTT 

CTG GA; Tm = 54.8°C] [RVFV NSs Forward: TCT GAA AGA AGC CAT ATC CT; 

Tm = 50.6°C] [RVFV NSs Reverse: CTC GCT ATC ATC CTG TGT AA; Tm = 51.6°C] 

[RVFV N Forward: CAT GGT GGA TCC TTC TCT AC; Tm = 52°C] [RVFV N 

Reverse: CTA TTC ACT GCT GCA TTC AT; Tm = 50.5°C] [RVFV Gn Forward: AAA 

GGA ACA ATG GAC TCT GGT CA; Tm = 56.3°C] [RVFV Gn Reverse: CAC TTC 

TTA CTA CCA TGT CCT CCA AT; Tm = 56.2°C] 

Plaque Assay 
 

 Cell supernatants were collected at the specified time post-infection and stored at 

-80°C. Vero cells were plated in 6-well plates with 5 × 105 cells per well in order to 

achieve 90% to 100% confluency in 24 hours. Viral supernatant were serially diluted in a 

1:10 ratio in DMEM ranging from 10-1 to 10-10 dilutions. 400 µL of each dilution was 

used to infect the plated Vero cells. Each infection was carried out in duplicate per 

dilution. The cells were then incubated for 1 hour at 37°C in 5% CO2. After the infection 
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period, an overlay of 3 ml of a 1:1 solution of 0.5% agarose in diH20 with 2× EMEM for 

plaque assays, containing 5% FBS, 1% L-Glutamine, 2% penicillin/streptomycin, 1% 

nonessential amino acids, and 1% sodium pyruvate was added to each well, allowed to 

solidify and incubated at 37°C, 5% CO2 for 72 hours. After 72 hours, the cells were fixed 

by adding a 10% formaldehyde solution in diH20 and left at room temperature for 2 

hours. The agarose plugs were then gently removed and discarded and a 1% crystal 

violet, 20% methanol solution in diH20 was added to each well and left for 30 minutes at 

room temperature in order to make the plaques visible. Average counts of the duplicates 

were taken (wells with fewer than 5 plaques or greater than 100 plaques were not 

counted) and applied to the following equation in order to generate the viral titer in 

pfu/ml: titer (pfu/ml) = Average count of duplicates × dilution × 2.5 

Cell Viability Assay 
 

 At the specified time point, a cell viability assay was performed on treated cells 

using CellTiter-Glo Cell Luminescent Viability Assay (Promega) according to vendor’s 

instructions. The culture plate was left at room temperature and allowed to adapt. An 

equal volume of room temperature culture media and CellTiter-Glo reagent was added to 

the cells. The plate was then shaken on an orbital plate shaker for 2 minutes and then 

incubated at room temperature for 10 minutes. Viability was detected via luminescence 

detection using the DTX 880 multimode detector (Beckman Coulter). 

Luciferase Assay 
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At the specified time point, a luciferase assay was performed on treated cells 

using Renilla Luciferase Assay System (Promega) according to vendor’s instructions. 

The growth medium was removed from the wells and the cells were washed once with 

PBS. 20 µL Renilla Luciferase Assay lysis buffer was added per well and then shaken on 

an orbital plate shaker for 15 minutes at room temperature in order for cell lysis to occur. 

Luminescence detection was performed using the DTX 880 multimode detector 

(Beckman Coulter).  

Immunofluorescent Staining 
 

Vero cells were cultured on coverslips in a 6-well plate, infected and washed with 

ice cold PBS (without calcium and magnesium), then fixed with 4% formaldehyde.  Cells 

were permeabilized with 0.5% Triton X-100 in PBS for 20min and then washed 2x in 

PBS and blocked in 3% BSA in PBS for 10 min at room temp.  Primary antibody was 

incubated in fresh blocking buffer at 37°C for 1 hr then washed using three 3-min washes 

with 300mM NaCl containing 0.1% Triton X-100.  Secondary antibody, dilution 1:200, 

was used as described for the primary antibody.  DAPI, dilution 1:1000, was used to 

visualize nuclei. Fluorescence microscopy was carried out using a Nikon Eclipse 90i 

microscope. 

HSP Inhibitor Time-of-Addition Studies (MP-12) 
 

The HSP90 inhibitor 17-AAG was obtained from LC Laboratories. The HSP70 

inhibitor KNK437 was obtained from EMD Millipore. The general HSP inhibitor 

BAPTA-AM was obtained from Sigma Aldrich.  
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Stock solution of 17-AAG was prepared by resuspending it at 1 mM in DMSO. 

Stock solution of KNK437 was prepared by resuspending it at 10 mM in DMSO. Stock 

solution of BAPTA-AM was prepared by resuspending it at 500 μM in DMSO. These 

were divided into aliquots and stored at -20 °C prior to use. Dilutions of each compound 

were prepared in supplemented culture medium with final concentrations of 1 μM 17-

AAG, 5 μM BAPTA-AM and 10 μM KNK437. 

The existing media was removed from cell culture plates and then replaced with 

compound-containing medium at the indicated times relative to infection and maintained 

for the duration of the experiment. MP-12 was diluted in culture medium to yield an MOI 

of 0.1. Prior to infection, the existing cell culture medium was removed from the cells 

and then replaced with virus-containing medium. In cultures pretreated with compounds 

prior to infection, these compounds were also added to the inocula. Infections were 

allowed to proceed for 1 hr at 37 °C, and then the inocula were removed and fresh 

medium was added (either with or without compounds). 

100 μl of supernatant from each sample was used to perform plaque assays. 100 

μl of supernatant from each sample was also used to extract viral RNA in order to 

perform qRT-PCR. 

HSP Inhibitor Time-of-Addition Studies (ZH-501) 
 

Acknowledgements: Drs. Louis Altamura, Jeffrey Smith, and Connie 

Schmaljohn; United States Army Medical Research Institute of Infectious Diseases, Fort 

Detrick, MD 
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Cells and viruses: Human liver hepatocellular carcinoma cell line HepG2 was 

maintained in Eagle’s Minimum Essential Medium (EMEM; Lonza) supplemented with 

10% heat-inactivated fetal bovine serum (FBS; Life Technologies) and 100 U/ml 

penicillin-streptomycin (Life Technologies). For infection studies in the presence of 

HSP90 inhibitors, HepG2 cells were seeded at a density of 7.5x103 cells per well in 

black, clear-bottom 96-well plates (Greiner Bio-One), incubated at 37 °C with 5% CO2, 

and then used for experiments one day later. Rift Valley fever virus, strain ZH-501, was 

propagated in Vero cell monolayers and infected cell culture supernatant was clarified by 

centrifugation, divided into aliquots, and stored at -80 °C prior to use. All infections 

utilizing RVFV ZH-501 were performed in a biosafety level 3 (BSL-3) laboratory at 

USAMRIID. 

HSP90 inhibitor studies: The HSP90 inhibitors 17-AAG and radicicol were both 

obtained from Tocris Bioscience whereas dimethyl sulfoxide (DMSO) was purchased 

from Sigma-Aldrich. Stock solutions of 17-AAG and radicicol were prepared by 

resuspending them at 10 mM in DMSO. These were divided into aliquots and stored at -

20 °C prior to use. Dilution series of each compound were prepared in EMEM 

supplemented with 10% FBS and 100 U/ml penicillin-streptomycin. The existing media 

was removed from cell culture plates and then replaced with compound-containing 

medium at the indicated times relative to infection and maintained for the duration of the 

experiment. RVFV was diluted in HepG2 culture medium to yield multiplicities of 

infection of 5 or 1. Prior to infection, the existing cell culture medium was removed from 

the cells and then replaced with virus-containing medium. In cultures pretreated with 
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compounds prior to infection, these compounds were also added to the inocula. Infections 

were allowed to proceed for 1 hr at 37 °C, and then the inocula were removed and fresh 

medium was added (either with or without compounds). 

Measurement of RVFV infection by immunofluorescence microscopy and high 

content imaging: At approximately 20 hrs postinfection with RVFV, the medium was 

removed from HepG2 cell cultures and the plates were submerged in 10% buffered 

formalin for at least 24 hrs to fix the cell monolayers and to inactivate RVFV prior to 

removal from BSL-3. The plates were rinsed with phosphate buffered saline (PBS; Life 

Technologies) and then the cell monolayers were permeabilized with 0.1% Triton X-100 

(Sigma-Aldrich) in PBS for 15 min. After further rinsing with PBS, the monolayers were 

blocked with 3% bovine serum albumin (BSA; Sigma-Aldrich) for 1 hr. Anti-RVFV N 

monoclonal antibody R3-1D8-1-1 was diluted in blocking buffer 1:1000 and then added 

to the cell monolayers for 1 hr. Unbound primary antibody was then rinsed away with 

PBS. Anti-mouse Alexa Fluor 488 secondary antibody (Life Technologies) was diluted in 

blocking buffer 1:2000 and then added to the cell monolayers for 1 hr in the dark. 

Unbound secondary antibody was rinsed away with PBS and then the cells were 

counterstained with Hoechst 33342 and HCS Cell Mask Red (Life Technologies). High-

content quantitative imaging data were acquired and analyzed on an Opera confocal 

reader (model 3842-Quadruple Excitation High Sensitivity (QEHS), Perkin Elmer), at 

two exposures using a 20x air objective. Analysis of the images was accomplished using 

Columbus software (Perkin Elmer). 
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CHAPTER THREE: RESULTS 

HSP Inhibitor Time-of-Addition Analysis 
 

In a recent study, we performed LC/MS/MS on highly purified RVFV virions. 

The results of this study indicated that heat shock proteins were among the family of host 

proteins that were highly represented within the virions (Hakami et al., under revision for 

resubmission to PLoS ONE). In addition, siRNA knockdowns on chaperones were 

performed and revealed that constructs that down-regulated HSPA5, HSP90AB1, CCT6a 

and CCT2 resulted in decreased RVFV infection. These siRNA knockdowns did not 

cause cytotoxicity.  

In order to determine whether heat shock proteins played a role in RVFV 

infection, we performed time-of-addition analysis on MP-12-infected HepG2 cells using 

established heat shock protein inhibitors. 17-AAG is a highly characterized and specific 

HSP90 inhibitor, KNK437 is a HSP70 inhibitor and BAPTA-AM is more of a general 

HSP inhibitor. 

Our results show that most of the inhibitors we used were able to significantly 

reduce the level of viral genomic copies produced as compared to the DMSO-treated 

control, particularly when they were applied early on during infection (Figure 1A). In 

order to demonstrate the inhibition of virus through a more functional assay, a plaque 

assay was performed on the samples in which we observed the most inhibition. Samples 
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where the drug was added at 2 hours and 4 hours post-infection were chosen. We 

observed a distinct reduction in virus replication with most of the HSP inhibitors at these 

early time points (Figure 1B). These results indicate that heat shock proteins do in fact 

play a role in RVFV infection and suggest that they have an early effect during infection. 

Figure 1C demonstrates the toxicity of 17-AAG, the HSP90 inhibitor that was 

most successful at reducing viral titers at all time points. Toxicity is shown both in Vero 

cells and in HepG2 cells, with 17-AAG having a CC50 of about 18 μM in Vero cells and 

about 20 μM in HepG2 cells. 

Viral Inhibition in Real Time by HSP Inhibitor treatment 
 

Since the time-of-addition experiment samples were collected and analyzed at 24 

hours post-infection, we were unable to gather from those results whether the inhibitory 

effects occurred in real time or not. In order to determine whether we could indeed see 

the inhibitory effects of the inhibitors in real time, we performed a Luciferase assay on 

MP-12-Luc-infected HepG2 cells. The cells were pre-treated for 1 hour with DMSO 

(drug vehicle control). The cells were then infected with MP-12-Luc and then post-

treated with the compounds until the samples were analyzed at either 4 hours post-

infection (Figure 2A) or 8 hours post-infection (Figure 2B). 

We observed a decrease in viral replication as early as 4 hours post-infection 

using a combination of 17-AAG and BAPTA-AM and also at 8 hours post-infection with 

17-AAG alone or in combination with BAPTA-AM. These results indicate that the 

inhibitory effect observed in our time-of-addition experiment does indeed occur during 

early post-infection times (within 4-8 hours p.i.). 
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Analysis of 17-AAG Effect on Viral RNA 
 

Considering the effects of HSP Inhibitors on the overall viral titers, we also 

analyzed the effects of heat shock protein inhibitors on RVFV RNA production. Vero 

cells were plated in 96-well plates and pre-treated with 17-AAG for 1 hour. They were 

then infected with MP-12 and post-treated with 17-AAG. Samples were collected at 4 

hours, 6 hours, 8 hours, 10 hours and 24 hours post-infection and whole cell RNA was 

extracted. cDNA templates were then created from the extracted RNA and qRT-PCR was 

perfomed on the samples. 

Figure 3 shows that 17-AAG was able to significantly reduce levels of N, L, NSs 

and M viral genomic copies compared to the DMSO-treated control as early as 8 hours 

post-infection. This reduction in viral genomic copies is most drastically seen at 24 hours 

post-infection.  

Analysis of HSP Inhibitor Effect on Viral Proteins 
 

We next wanted to determine whether this reduction of viral RNA production 

with inhibitor treatment could result in a reduction in viral protein production. In order to 

determine this, we pre-treated Vero cells with the inhibitors for 1 hour, infected them 

with MP-12-NSsFLAG for 1 hour and then post-treated the cells with the inhibitors. The 

lysates were collected at 24 hours and subjected to Western blot analysis.  

Based on data from Figure 4, 17-AAG was most effective at reducing the levels 

of both viral NSs and N-Protein compared to the DMSO-treated control, while BAPTA-

AM and KNK437 differentially targeted the viral proteins, with the former significantly 

reducing the levels of N-Protein and the latter significantly reducing levels of NSs. All 
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bands were normalized to the signal obtained from β-Actin bands on the same membrane 

in order to generate intensity percentage graphs for comparison. 

We next determined the time course of 17-AAG inhibition of RVFV proteins. We 

pre-treated Vero cells with 17-AAG for 1 hour, infected them with MP-12-NSsFLAG-

LV5 for 1 hour, and then post-treated the cells with 17-AAG. Total cell lysates were 

collected at 4 hours, 6 hours, 8 hours, 10 hours and 24 hours post-infection and compared 

by Western blot analysis. 

Figure 5 demonstrates that 17-AAG was capable of significantly inhibiting viral 

N, NSs and L proteins at all the indicated time points. 

Collectively, these results together with the time of addition studies, the real-time 

luciferase experiments, and HSP inhibitor effects on viral RNA suggest that host heat 

shock proteins play a very important role during the RVFV life cycle. Based on our 

results, we suggest a model in which HSP90 is an important factor involved during 

RVFV replication and/or transcription processes. 

Immunofluorescent staining of host HSP90 and N-Protein 
 

The effects of HSP inhibitors on viral proteins presented above, suggested the 

possibility of interaction between host heat shock proteins and viral proteins. To address 

this, we used confocal microscopy imaging to look for colocalization of HSP90 and N-

Protein, for which assay reagents were available at the time. Infected Vero cells were 

analyzed 24 hours post-infection via immunofluorescent staining for either viral N-

protein and host HSP90 or viral NSs and host HSP70. Results from Figure 6 show that 

there is minimal colocalization between HSP90 and N-Protein at 24 hrs p.i., suggesting 
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that at least HSP90 and N-Protein may not interact as part of a complex at the indicated 

time point. We definitely plan to also analyze possible colocalization of HSP90 and the L 

protein, given that L is critical during the replication phase and the association of other 

viral polymerases with HSP90 has been reported (Smith et al., 2010). 

Viral protein degradation through the proteasome pathway 
 

In order to get a grasp of the mechanism by which the levels of viral proteins are 

reduced after treatment with HSP90 inhibitors, we hypothesized that the proteins would 

be subject to degradation through the proteasome pathway (Figure 7). In order to test this 

hypothesis, the proteasome pathway inhibitor MG-132 was used in conjunction with 17-

AAG treatment in order to determine whether we could rescue the viral proteins. In order 

to test whether our proteasome inhibitor MG-132 was in fact effective, we probed our 

Western blots for host PKR. Studies have shown that viral NSs targets host PKR for 

degradation through the proteasome pathway (Ikegami et al., 2009). Thus, if MG-132 is 

effective, it would be able to rescue PKR from being degraded in an RVFV-infected 

sample. Our results show that MG-132 was able to rescue viral proteins from degradation 

at 16 hours and 24 hours post-infection (Figure 8). 

HSP Inhibitor Time-of-Addition Effects on Fully Virulent Strain ZH-501 
 

We performed time-of-addition experiments on ZH-501 using 17-AAG and 

radicicol (another will-known HSP90 inhibitor) to demonstrate that the reduction in the 

levels of the vaccine strain MP-12 by HSP inhibitor treatment can also be observed when 

applied to the fully virulent Rift Valley Fever Virus strain ZH-501. 
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For this analysis, 17-AAG or radicicol were added at either 2 hours pre-infection, 

or 4 hours post-infection or 8 hours post-infection with ZH-501, and were kept on during 

the course of the experiment. Analysis of N Protein with immunofluorescence 

microscopy and high content imaging yielded results very similar to those achieved using 

the MP-12 strain. Figure 9 shows that the inhibition of viral N-Protein was most effective 

when the HSP inhibitors were added at 2 hours pre-infection as compared to addition at 4 

hours post-infection or 8 hours-post infection. A less concentrated dose of each of the 

HSP Inhibitors could be used to achieve the same degree of viral inhibition if added 

earlier. As anticipated, this inhibitory effect was more pronounced at MOI 0.5 compared 

to MOI 5. These results indicate that the inhibitory effect of HSP90 inhibitors also 

extends to the fully virulent Rift Valley Fever virus strain ZH-501 and, similar to MP-12 

observations, takes place during early phases of infection. 
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Figure 1 : HSP Inhibitor Time-of-Addition Analysis 

Vero cells were treated with HSP inhibitors (1 µM 17-AAG, 5 µM BAPTA-AM, 10 

µM KNK437) or with vehicle only (DMSO) at various times relative to MP-12 

infection (MOI 0.1). A) HSP inhibitors were added at the indicated time points and 

were kept on during the course of the experiment. qRT-PCR was performed on the 

samples at 24h post-infection to measure viral titers. B) HSP inhibitors were added at 

the indicated time points and were kept on during the course of the experiment. 

Sample supernatants were collected 24h post-infection and functional viral titers were 

measured by plaque assay. C) Toxicity of HSP90 Inhibitor 17-AAG is demonstrated 

in Vero cells and HepG2 cells with the Cell Titer-Glo Luminescence Assay 

Figure 1 

CHAPTER FOUR: FIGURES  
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Figure 2 : Viral Inhibition in Real Time by HSP Inhibitor Treatment 

HepG2 cells were treated with HSP inhibitors (1 µM 17-AAG, 5 µM BAPTA-AM, 10 

µM KNK437) or with vehicle only (DMSO) 1 hour pre-MP-12 Luc infection (MOI 

0.1) and the drugs were kept in the wells until the samples were analyzed using the 

Renilla Luciferase assay. In order to determine the effect of HSP inhibitors on virus 

levels in real time, Luciferase luminescence was detected. 

* P-value ≤ 0.05 
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Figure 3 : Analysis of 17-AAG Effect on Viral RNA over time 

Vero cells were treated with 17-AAG both pre- and post-infection with MP-12 L-V5 

NSs-FLAG (MOI 0.1). Samples were collected at 4, 6, 8, 10 and 24 hours post-

infection and intracellular RNA was extracted. qRT-PCR was then performed on the 

samples to determine the relative number of genomic copies of viral N, L, NSs and M 

to cellular β-Actin. Fold changes are relative to the DMSO treated samples at 4 hours 

post infection. 

* P-value ≤ 0.05 

 

Figure 4 
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Figure 4 : Analysis of HSP Inhibitor Effect on Viral Proteins 

Vero cells were treated with HSP inhibitors (1 µM 17-AAG, 5 µM BAPTA-AM, 10 

µM KNK437) or with vehicle only (DMSO) both pre- and post-infection with MP-12 

NSs-Flag (MOI 3).  

Cell lysates were collected at 24 hours post-infection and analyzed by Western blot to 

determine the level of viral proteins present. 

 

  



39 

 

 

 

  

Figure 5 : Analysis of 17-AAG Effect on Viral Proteins over Time 

Vero cells were treated with 1 µM 17-AAG or with vehicle only (DMSO) both pre- 

and post-infection with MP-12 L-V5 NSs-FLAG (MOI 3). Cell lysates were 

collected at 4, 6, 8, 10 and 24 hours post-infection and analyzed by Western blot to 

determine the level of viral proteins. Anti-V5 antibody was used for detection of the 

L protein and anti-FLAG antibody was used for detection of NSs. N protein levels 

were assessed directly using anti-N antibody. 

Figure 5 
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Figure 6 : Immunofluorescent staining of viral/host proteins 

Vero cells were infected with MP-12 NSs-FLAG (MOI 3). Samples were collected at 

24 hours post-infection and analyzed by immunofluorescent staining for N and 

HSP90. Nuclei were visualized with DAPI stain. 

  

Figure 6 
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Figure 7: 17-AAG Leads to Degradation of Viral Proteins through the 

Proteasome Pathway (Theory) 

Model showing the instances when HSP90 potentially stabilizes RVFV 

proteins, when HSP90 is inhibited and potentially causes RVFV proteins to be 

degraded via ubiquitin-proteasome pathway, when HSP90 is inhibited and 

proteasome pathway is inhibited and whether RVFV proteins are rescued. 

 

 

 

 

Figure 7 
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Figure 8 : 17-AAG Leads to Degradation of Viral Proteins through the 

Proteasome Pathway 

Vero cells were treated both pre- and post-infection with MP-12 L-V5 NSs-

FLAG (MOI 0.1) using the following conditions. 17-AAG and MG-132; 17-

AAG only; MG-132 only; DMSO (vehicle) control. Cell lysates were 

collected at 16 and 24 hours post-infection and the levels of PKR protein, N-

protein, L-protein and NSs protein were assessed by Western blot. All signals 

were normalized to beta-Actin. 

  

Figure 8 
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Figure 9 : HSP Inhibitor Time of Addition Effect on ZH-501 

HepG2 cells were treated with HSP Inhibitors 17-AAG or Radicicol at the indicated 

times relative to infection and kept on during the course of the experiment. DMSO was 

used as a control treatment. Cells were infected with RVFV ZH-501 at either MOI 0.5 

or MOI 5. At 20 hrs p.i., measurement of RVFV infection was achieved by 

immunofluorescence microscopy and high content imaging (Altamura et. al) and 

normalized to DMSO signal. 

 

Figure 9 
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CHAPTER FIVE: DISCUSSION 

All viruses utilize host cell machinery and integrate themselves into the host cell 

networks in order to allow the virus to propagate. For this reason, it is of utmost 

importance to consider host-cell factors necessary for successful viral infectivity. This 

gives us the opportunity to target these factors with the purpose of developing anti-virals 

that are effective, have minimal chance of the virus developing resistance and have the 

potential to become broad-spectrum therapeutics.  

In a recent study done by our group, highly purified RVFV virions were analyzed 

for their protein content. Results of this study revealed that the proteins that were among 

the most highly represented within the virions belonged to the Heat Shock Protein family 

of proteins. HSPs are ubiquitous across multiple species and could serve as a useful target 

for antivirals against RVFV for livestock as well as for human infections. 

As a starting point, our time of addition studies using MP-12 and a variety of 

established HSP inhibitor treatments showed that the addition of the inhibitors at earlier 

times relative to infection were able to reduce the viral titers most dramatically. This 

suggested that the mechanism may be based on the inhibition of the transcription and/or 

replication machinery of the virus, and not associated with viral entry or budding. 

The samples from the time-of-addition experiment were collected at 24 hours 

post-infection, thus the exact window of the inhibition effects were not known from these 
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studies. Hence, as a follow up experiment, we performed real-time luciferase assays, in 

which the viral activity was measured at exactly 4 hours and 8 hours post-infection times 

under a pre-treatment and post-infection treatment regimen with HSP inhibitors. The 

results of this experiment confirmed that the inhibitory effect of the drugs was mainly 

confined to the early time points after infection. This further supported our hypothesis 

that the effects of the HSP inhibitors manifest themselves during the 

replication/transcription phase of the RVFV life cycle. 

To probe further into the effect of HSPs on viral infection, we determined whether 

the inhibitors had any effect on the levels of specific viral proteins that are essential for 

its life cycle as well as the NSs protein that serves as a virulence factor, improving the 

chance for the virus to survive and proliferate. Western blot results indicated that some 

the HSP inhibitors were able to significantly reduce the quantity of viral N and NSs 

proteins, with 17-AAG being the most effective, and BAPTA-AM and KNK437 

differentially targeting each of the viral proteins that were measured. Based on these 

results we can infer that the different HSP inhibitors may operate under distinct 

mechanisms of viral protein inhibition, with BAPTA-AM effectively targeting N-Protein 

and KNK437 effectively targeting NSs, while 17-AAG strongly reduces the levels of 

both. Furthermore, since 17-AAG was the most effective at reducing viral proteins in 

these samples collected at 24 hours post-infection, we analyzed the time course of this 

inhibition. To this end, we saw that viral protein inhibition occurs starting at the earliest 

time point at which the respective viral protein could be detected (4 hr p.i. for L and NSs 

and 8 hr p.i. for N), lending further support to our early effect hypothesis.  
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We also analyzed whether a 17-AAG treatment regimen led to reduction in viral 

RNA levels as well. Our time course analysis of infected whole-cell RNA by qRT-PCR 

shows a trend in reduction of viral RNA, that is similar to the Western analysis results. 

Significant reduction in RNA levels occurs at early post-infection time points for all 

tested segments (4-6 hrs p.i.) and is most pronounced at 24 hours post-infection. Since 

viral mRNA is a precursor to viral proteins, it would seem logical that the trends in their 

decline would match. Our RNA analysis result is consistent with our time-of-addition and 

Western blot studies, confirming further our early effect model. 

To begin addressing the mechanism of HSP inhibition, we tested for whether the 

viral N-protein colocalizes with the host heat shock protein HSP90, which would suggest 

that they interact as part of the same protein complex. In order to test this, we performed 

immunofluorescent (IF) staining on infected cells, analyzing potential HSP90 – N protein 

pair interactions given the Western blot data and the importance of N during the 

replication/transcription phase. Our results indicated that there was very minimal 

colocalization of HSP90 and N-protein. Further study of additional HSP – viral protein 

pairs is warranted to observe whether other pairs may show interaction. As a 

complementary approach to IF studies, we also plan to perform immunoprecipitation 

studies to analyze if any protein-protein interactions exist. 

Given the suggested mechanism of HSP90 function during other negative strand 

virus infections and the established roles of HSPs in protein folding and stability, we 

analyzed whether the reduction in RVFV protein levels following 17-AAG treatment was 

the result of targeting the proteins for degradation by the ubiquitin-proteasome pathway. 
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To test this hypothesis, we used MG-132, an established proteasome pathway inhibitor 

(Ikegami et al., 2009). If the viral proteins are degraded through the proteasome pathway, 

treatment with MG-132 would reverse the HSP inhibitor effect and rescue the levels of 

viral proteins by preventing their degradation. As a control to test whether MG-132 was 

effective as a proteasome pathway inhibitor, we tested the levels of host PKR on our 

Western blots, since PKR has been shown to be targeted for degradation through the 

proteasome pathway by viral NSs (Ikegami et al., 2009). Rescue of PKR in infected cells 

treated with MG-132 would therefore indicate that the drug was effective at blocking the 

proteasome pathway. Our results showed that MG-132 was able to rescue the levels of 

viral proteins L and NSs during treatment with 17-AAG, lending evidence that the 

mechanism of HSP90 function during RVFV infection involves stabilizing viral proteins 

to prevent their degradation via the ubiquitin-proteasome pathway. An alternative 

hypothesis is that HSP90 allows for the viral L polymerase to be stabilized even before 

additional RVFV proteins can be made. If this is the case, the inhibition of HSP90 would 

cause the inhibition of the L polymerase and downstream transcription and translation of 

addition RVFV proteins would be stopped. Further experiments are necessary to be able 

to distinguish between the two hypotheses. 

In future experiments, we will perform pulse chase studies to complement these 

results. We will also analyze the upstream mechanisms of HSP90 activation by 

measuring HSP90 levels during RVFV infection and analyzing the state of activation of 

Heat Shock Factor 1 (HSF1). 
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Given the antiviral efficacy of HSP inhibitors on the attenuated RVFV strain MP-

12, we wanted to find out if the inhibitory effect is observed for the fully virulent RVFV 

as well. Therefore, time of addition studies with 17-AAG and a naturally occurring 

HSP90 inhibitor called Radicicol were performed using ZH-501-infected HepG2 cells. 

Data from these experiments exhibited trends consistent with those observed with the 

attenuated strain and showed that both HSP90 inhibitors were able to strongly reduce 

viral protein levels early during the course of infection. We can conclude from this 

experiment that the therapeutic effects of HSP90 inhibitors on infected cells are not 

solely observed when using the attenuated strain, but can also be effective against the 

fully virulent version of RVFV. 

The overall conclusion of this research points to a significant role of Heat Shock 

Proteins in Rift Valley Fever Virus infection. The effects of the HSP inhibitors were 

demonstrated in multiple cell-types and using both an attenuated and fully virulent 

version of RVFV. Further research is necessary to elucidate further the details of the 

mechanism by which HSPs effect viral propagation and animal studies need to be 

performed to determine the effect of HSPs in vivo. We also intend to analyze upstream 

factors of HSP90. HSF1 acts as a transcription factor for HSP90, inducing HSP90 

expression once activated (Ciocca et al., 2013). We will analyze both the levels of HSF1 

and the state of its activation, which is measured by analyzing phosphorylation at the 

residue Serine 303. For this analysis, we will compare infected and uninfected samples at 

4hrs, 6hrs, 8hrs, 10hrs and 24hrs post-infection. 
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As 17-AAG and several other HSP90 inhibitors are already in clinical trials for 

cancer treatment, there is the exciting potential of repurposing them to treat RVF. Given 

the demonstrated role of HSP90 for other RNA viruses the strategy of targeting HSP90 

also presents broad-spectrum therapeutic options for other RNA viruses. 
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