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ABSTRACT 

CHARACTERIZING THE EFFECT OF BORTEZOMIB ON RIFT VALLEY FEVER 

VIRUS MULTIPLICATION 

Forrest David Keck, M.S. 

George Mason University, 2015 

Thesis Director: Dr. Aarthi Narayanan 

 

This thesis investigates the FDA-approved cancer drug Bortezomib; characterizing its use 

as a novel application in Bunyavirus antiviral therapy. Rift Valley Fever virus (RVFV) 

belongs to the family Bunyaviridae and is a known cause of epizootics and epidemics in 

Africa and the Middle East. With no FDA approved therapeutics available to treat RVFV 

infection, understanding the interactions between the virus and the infected host is crucial 

to developing novel therapeutic strategies. Here, we investigated the requirement of the 

ubiquitin-proteasome system (UPS) for the establishment of a productive RVFV 

infection. It was previously shown that the UPS plays a central role in RVFV 

multiplication involving degradation of PKR and p62 subunit of TFIIH. Using the FDA-

approved proteasomal inhibitor Bortezomib, we observed robust inhibition of 

intracellular and extracellular viral loads. Bortezomib treatment did not affect the 

nuclear/cytoplasmic distribution of the non-structural protein NSs; however, the ability of 
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NSs to form nuclear filaments was abolished as a result of Bortezomib treatment. In 

silico ubiquitination prediction analysis predicted that known NSs interactors (SAP30, 

YY1, and mSin3A) have multiple putative ubiquitination sites, while NSs itself was not 

predicted to be ubiquitinated. Immunoprecipitation studies indicated a decrease in 

interaction between SAP30 – NSs, and mSin3A – NSs in the context of Bortezomib 

treatment. This decrease in association between SAP30 - NSs also correlated with a 

decrease in the ubiquitination status of SAP30 with Bortezomib treatment.  Bortezomib 

treatment, however; resulted in increased ubiquitination of mSin3A, suggesting that 

Bortezomib dynamically affects the ubiquitination status of host proteins that interact 

with NSs. Finally, we observed that expression of interferon beta (IFN-β) was increased 

in Bortezomib treated cells which indicated that the cellular antiviral mechanism was 

revived as a result of treatment and may contribute to control of viral multiplication.
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CHAPTER ONE: INTRODUCTION 

Rift Valley Fever Virus 
Rift Valley Fever Virus (RVFV) is a bunyavirus and considered to be an 

emerging pathogen of health relevance worldwide (Ikegami and Makino, 2011). RVFV is 

a zoonotic, mosquito-borne virus which causes epizootics and associated human 

epidemics in sub-Saharan Africa and the Arabian Peninsula (Indran and Ikegami, 2012; 

Pepin et al., 2010). Transmitted primarily by the Aedes and Culex species of mosquito, if 

bitten, human hosts typically display mild flu-like symptoms (Pepin et al., 2010). 

Additional clinical signs can develop, including: hepatitis, retinitis, and delayed-onset 

encephalitis (Pepin et al., 2010). In the most severe cases of RVFV, hemorrhagic fever 

may develop, although case fatality rates in humans is only estimated to be 2% (Pepin et 

al., 2010). In livestock, RVFV infections result in high mortality in young animals, and 

high rates of abortion (Pepin et al., 2010). As the mosquito vectors necessary for 

transmitting RVFV are already present in the United States, RVFV is classified as an 

overlap priority agent by the Centers for Disease Control and Prevention and the US 

Department of Agriculture (Indran and Ikegami, 2012). There are no FDA approved 

therapeutics for the treatment of RVFV infections; however, MP-12, a live attenuated 

form of the virulent ZH548 strain of RVFV is provided as a vaccine to at risk personnel 

(Pepin et al., 2010). 
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RVFV is a negative-stranded RNA virus, with a tripartite, single-stranded genome 

divided into the S, M, and L segments (Bouloy and Weber, 2010). The ambisense S 

segment encodes the N protein (NP) and the NSs nonstructural protein (Vialat et al., 

2000). The M segment encodes the Gn and Gc envelope glycoproteins, a 78kD minor 

structural protein, and the NSm nonstructural protein (Pepin et al., 2010). The L segment 

encodes the viral RNA-dependent RNA polymerase (Pepin et al., 2010). 

RVFV NSs protein, although dispensable to viral replication, has been 

demonstrated to be a critical virulence factor that enables the establishment of a 

productive infection by multiple mechanisms (Bird et al., 2008; Vialat et al., 2000). NSs 

suppressed transcription of host mRNA via the transcription factor IIH (TFIIH) subunit 

p44 and degradation of subunit p62 (Billecocq et al., 2004; Kainulainen et al., 2014; 

Kalveram et al., 2011; Le May et al., 2004). NSs also down regulated IFN-β expression 

in infected cells. This has been demonstrated to involve host chromatin remodeling 

factors and the assembly of NSs as characteristic filaments on the interferon promoter 

(Billecocq et al., 2004; Mansuroglu et al., 2010). Additionally, NSs induced the 

degradation of the double-stranded RNA-dependent protein kinase (PKR) (Habjan et al., 

2009; Ikegami et al., 2009a, 2009b). 

NSs is unique among bunyaviral proteins in its ability to form filamentous 

structures in the nucleus, interacting specifically with clusters of pericentromeric γ-

satellite sequence (Mansuroglu et al., 2010; Struthers and Swanepoel, 1982; Swanepoel 

and Blackburn, 1977). NSs filaments are formed on DNA not by direct interaction of NSs 

with DNA, but via protein:protein interactions between NSs and chromatin remodeling 
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components (Mansuroglu et al., 2010). Specifically on the interferon promoter, NSs 

blocked IFN-β gene expression via its interactions with the IFN-β co-repressor complex. 

This complex, comprised of SAP30, YY1, HDAC3, NCoR, and mSin3A, blocked the co-

activator, CREB binding protein (CBP) from binding the IFN-β promoter and facilitating 

transcriptional repression (Le May et al., 2008). Transcription repression by NSs has also 

been shown to involve NSs interaction with the p44 subunit of TFIIH, sequestering it and 

repressing cellular transcriptional activity (Ikegami et al., 2009a). 

Repurposing FDA Approved Drugs 
There are no FDA-approved therapies to treat RVFV infection; however, recent 

research has indicated the importance of host factors to RVFV multiplication and 

provided proof of concept evidence of the efficacy of host-based inhibitors against RVFV 

infections (Baer et al., 2012; Narayanan et al., 2012; Nuss et al., 2014; Popova et al., 

2010). Bortezomib is an FDA-approved inhibitor of the 26S subunit of the proteasome, 

which has shown antiviral activity against multiple viruses (Adams and Kauffman, 2004; 

Bandi et al., 2010; Dudek et al., 2010; Raaben et al., 2010; Teale et al., 2009; Wang et al., 

2010). In the light of multiple lines of evidence that the host proteasomal machinery is 

likely to be of importance to RVFV multiplication (Habjan et al., 2009; Ikegami et al., 

2009a; Kainulainen et al., 2014; Kalveram et al., 2011), we hypothesized that Bortezomib 

will be a potent inhibitor of RVFV multiplication and the mechanism of inhibition will 

likely involve loss of NSs function. 

We have determined that Bortezomib inhibits extracellular and intracellular viral 

titers. We demonstrate that Bortezomib treatment interfered with the ability of NSs to 
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form nuclear filaments in infected cells although this outcome is not the result of 

compromised NSs nuclear/cytoplasmic distribution. As such, we hypothesized that 

ubiquitination of host proteins will be necessary for assembly of NSs nuclear filaments. 

In silico analysis indicated that the known NSs interactors, mSin3A, YY1, and SAP30 

could be ubiquitinated. We determined that Bortezomib altered the interaction between 

NSs-SAP30, and NSs- mSin3A, but not NSs-YY1. We also noticed a decrease in the 

ubiquitination status of SAP30 with Bortezomib treatment while it increased with 

mSin3A. Additionally, with Bortezomib treatment, we noted a recovery of IFN-β, which 

probably sets up an antiviral phenotype in treated cells and hence inhibits viral 

multiplication.  
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CHAPTER TWO: MATERIALS AND METHODS 

Viruses and Cell Lines 
The MP-12 strain of RVFV, was obtained as the result of 12 serial passages of the 

virulent ZH548 strain in the presence of 5-fluorouracil (Caplen et al., 1985; Vialat et al., 

1997). The other strain used in this study, Flag-NSs, has a C-terminal Flag-tagged NSs 

inserted in place of NSs in the MP-12 backbone (Ikegami et al., 2009b). Human small 

airway epithelial cells (HSAECs) were maintained in Ham’s F-12, 10% Fetal Bovine 

Serum (FBS), 1% Penicillin/Streptomycin, 1% Sodium Pyruvate, 1% L-Glutamine, 1% 

Non-essential amino acids, and 0.1% β-Mercaptoethanol at 37
o
C, 5% CO2. Vero cells 

were maintained in DMEM containing 10% FBS, 1% Penicillin/Streptomycin, and 1% L-

Glutamine at 37
o
C, 5% CO2. 

Cell Viability Assay 
Viability for HSAECs was determined using Promega’s CellTiter Glo assay, as 

previously described (Narayanan et al., 2012). This assay quantitates ATP levels, which 

directly reflects the level of cellular metabolic activity (“CellTiter-Glo Luminescent Cell 

Viability Assay,” 2012). 

Plaque Assay 
Infectious particles from culture supernatants were quantified by plaque assay. 

Vero cells were seeded in a 12-well plate format. The next day, dilutions of culture 

supernatants were made in DMEM, and applied to wells. Plates were incubated at 37
o
C, 
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5% CO2 for 1 hour with rocking every 20 minutes. A 1 ml overlay comprising of 2X E-

MEM and 0.6% agarose (1:1) was added to each well. The plates were incubated for an 

additional 72 hours at 37
o
C, 5% CO2. Following incubation, cells were fixed by applying 

a 10% Formaldehyde solution for 1 hour at room temperature. The agarose plugs were 

removed by rinsing with diH2O. A 1% crystal violet solution was added to each well for 

30 minutes at room temperature. The plates were rinsed with diH2O and visible plaques 

were counted to determine viral titers as PFU/mL. 

Immunoprecipitation 
HSAECs were infected with Flag-NSs-MP-12 virus (MOI: 5) and maintained at 

37
o
C, 5% CO2 for 24 hours. Cells were pelleted and lysed in a buffer containing Tris-

HCL (pH 7.5), NaCl (120mM), EDTA (5 mM), NP-40 (0.5%), NaF (50 mM), Na3VO4 

(0.2 mM), and one tablet complete proteasome inhibitor cocktail per 50ml. Lysis was 

performed on ice for 20 minutes. Cells were centrifuged at 4
o
C for 10 minutes at 10,000 

rpm. Total protein was quantified via Bradford assay (BioRad). Whole cell extract (2 mg) 

was pre-cleared and incubated overnight, rotating, at 4
o
C with α-IgG, or α-Flag antibody 

(Sigma Aldrich, Cat# F3165). 50μl of Protein A+G beads were added to the 

immunoprecipitates (IPs) and incubated for 2 hours, rotating, at 4
o
C. The IPs were 

centrifuged at 4
o
C at 7000 rpm, and beads were washed 1x with TNE150+0.1% NP-40, 

followed by 2x washes with TNE50+0.1% NP-40. 

Nuclear Cytoplasmic Fractionation 
HSAECs were lysed with 200μL of lysis buffer (50mM Tris-HCl pH 7.5, 0.5% 

Triton X-100, 137.5mM NaCl, 10% Glycerol, 1mM NaVaO4, 50 mM NaF, 10 mM 
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sodium pyrophosphate, 5mM EDTA, and protease inhibitor cocktail tablet). Cells were 

gently pipetted until the solution was homogenous prior to a 15 minute incubation on ice. 

Insoluble nuclei were separated via centrifugation at 3,000rpm for 5 min at 4
o
C. The 

supernatant (cytoplasmic fraction) was transferred to a new centrifuge tube. The nuclear 

pellet was washed once with lysis buffer prior to re-suspension and homogenization in 

200μL of lysis buffer. The nuclear fraction was isolated by centrifugation for 15 min at 

13,000rpm and 4
o
C. Fractions were analyzed via Western Blot for proteins of interest. 

Immunofluorescence 
Immunofluorescence studies were performed as previously described (Amaya et 

al., 2014). HSAECs were probed with anti-Flag antibodies, prior to incubation with 

Alexa-Fluor 488. The cells were stained with DAPI to observe the nuclei. Images were 

taken using a Nikon Eclipse TE2000-U with a 60X objective. 

Western Blot Analysis 
Western blot analysis for whole cell or fractionated lysates was carried out as 

previously described (Narayanan et al., 2014). Immunoprecipitated lysates were 

separated on a 14% Tris-Glycine gel for optimal resolution of proteins of interest. 

Primary antibodies to Flag (Sigma Aldrich), YY1 (Abcam, Cat# ab12132), mSin3A 

(Abcam, Cat# ab3479), SAP30 (Abcam, Cat# ab16047), GAPDH (Cell Signaling, Cat# 

5174S), Lamin A/C (Cell Signaling, Cat# 4777S), Ubiquitin (Abcam, Cat# ab7780), and 

HRP-conjugated β-actin (Abcam, Cat# ab49900), were used according to manufacturer’s 

instructions. 
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Quantitative RT-PCR for Viral RNA 
RNA extraction was performed with Ambion’s MagMax 96-well Viral RNA 

extraction kit (Life Technologies) according to the manufacturer’s instructions. To 

determine the number of viral genomic copies produced, M-segment specific primers 

were used in conjunction with RNA UltraSense One-Step Quantitative RT-PCR System 

(Life Technologies) and a standardized protocol as previously described (Shafagati et al., 

2013). 

Quantitative RT-PCR for Host RNA 
Cells were lysed using Ambion’s MagMax 96-well Total RNA extraction kit 

(Life Technologies) according to the manufacturer’s instructions. To determine the 

quantity of IFN-β produced, qRT-PCR with host specific IFN-β primers was performed 

using Superscript III Platinum Sybr Green One Step qPCR Kit with ROX (Life 

Technologies). The experiment was performed according to a standardized protocol using 

20 μl of master mix containing SuperScript III RT/Platinum Taq mix, 2X SYBR Green 

Reaction Mix with ROX, 10 μM forward IFN-β primer 

(AAACTCATGAGCAGTCTGCA), and 10 μM reverse IFN-β primer 

(AGGAGATCTTCAGTTTCGGAGG), added to 5 ng/μl of extracted RNA. The samples 

were heated at 50
o
C for 3 minutes, 95

o
C for 5 minutes; and at 95

o
C for 15 seconds and 

60
o
C for 30 seconds for 40 cycles. IFN-β results were quantitated using the ΔΔCt method 

against the β-actin endogenous control. 

Statistical Analysis 
All individual experiments were performed in triplicate, unless otherwise noted. 

Data points were averaged and the mean was graphed. Error bars represent standard 
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deviations calculated from the three independent experiments. Comparisons between 

treatment groups were carried out using the unpaired, two-tailed Students t-test, where P 

values were calculated using GraphPad’s QuickCalcs software. Statistical significance 

was set at P<0.05. All significant results are indicated with an asterisk (*). 
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CHAPTER THREE: RESULTS AND DISCUSSION 

Bortezomib treatment decreases RVFV viral titers in HSAECs 
Bortezomib is a FDA approved specific, reversible inhibitor of the human 

proteasome (Adams and Kauffman, 2004). In order to evaluate the therapeutic potential 

of Bortezomib for the treatment of RVFV infections, we first determined its toxicity in 

HSAECs, a cell line that has been demonstrated to be a useful model for the study of 

RVFV infections (Baer et al., 2012; Narayanan et al., 2012, 2011; Popova et al., 2010). 

HSAECs were treated with 0.01 or 0.1μM, concentrations of Bortezomib for 24 hours 

after which survival was measured using the CellTiter Glo assay. The results indicated 

that with 0.01μM Bortezomib concentration, 90% of the treated cells survived when 

compared to the DMSO control (Figure 1A). For all of the subsequent experiments, 

Bortezomib was used at a final concentration of 0.01 μM unless indicated otherwise. The 

efficacy of Bortezomib to inhibit rMP-12 (MOI 0.1) multiplication was evaluated. 

Bortezomib was added 2 hours prior to infection for all experiments unless otherwise 

noted. Bortezomib treatment resulted in a statistically significant 2 log decrease in 

extracellular viral titers (Figure 1B). The ability of Bortezomib to inhibit viral 

multiplication was independent of viral titers as high MOIs of infection (MOI:1 and 

MOI:5) also produced a robust inhibition of viral multiplication (Figure 1C).  
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As a next step, we quantified the viral replication kinetics of rMP-12 in the 

presence of Bortezomib. HSAECs were pre-treated with DMSO or Bortezomib, infected 

with rMP-12 (MOI: 0.1), supernatants collected at specified intervals post infection and 

infectious titers determined by plaque assays (Figure 2A). The results indicated a strong 

decrease in infectious viral titers at all time points analyzed with significant drops in viral 

titers recorded between 16 and 30 hours post infection (hpi). In order to determine if the 

Figure 1: Toxicity and efficacy of Bortezomib in HSAECs. (A). HSAECs treated with 0.1% DMSO, 

0.01μM or 0.1μM Bortezomib, in triplicate, and incubated for 24 hours. Cells were then analyzed for 

survival via CellTiter Glo assay. The graph represents the average of 3 independent experiments with each 

experiment conducted as biological triplicates. (B). HSAECs were either pre-treated with 0.1% DMSO, 

0.01μM or 0.1μM Bortezomib for 2 hours. The conditioned media were removed prior to infection with 

rMP-12 (MOI 0.1) for 1 hour. Supernatants were collected at 24 hours and infectious viral titers 

(PFU/mL) determined. Results are an average of 2 independent experiments with biological triplicates. 

Standard deviations were calculated from 2 independent experiments. (C). HSAECs were pre-treated with 

0.1% DMSO (control) or 0.01μM Bortezomib, for 2 hours. Cells were infected with rMP-12 (MOI 0.1, 1, 

or 5). Supernatants were collected 24hpi, and infectious viral titers determined. Standard deviations were 

calculated from 3 independent experiments. * indicates P<0.05. 



12 

 

drop in extracellular infectious virus titers correlated with a decrease in intracellular viral 

RNA load, HSAECs from the same time points were lysed, viral RNA extracted and 

analyzed by qRT-PCR. The intracellular viral genomic copies in Bortezomib treated cells 

followed the same decreasing trend as we observed with the extracellular virions (Figure 

2B). 
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Figure 2: Bortezomib decreases viral load in an intracellular and extracellular manner. (A). HSAECs 

were pre-treated with DMSO or Bortezomib and cells were infected with rMP-12 (MOI 0.1) for 1 hour. 

Supernatants were collected at defined intervals from 0hpi to 30hpi to be analyzed via plaque assay. Results 

are an average of 2 independent experiments with biological triplicates. (B). Pretreated HSAECs were 

infected with rMP-12 (MOI 0.1). Supernatants were removed at defined intervals, cells were lysed and total 

RNA isolated. Levels of viral RNA were quantified by qRT-PCR using M-segment specific primers. 

Results are representative of 2 independent experiments with biological triplicates. * indicates P<0.05. 
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Next, we determined post exposure efficacy of Bortezomib in inhibiting MP-12 

multiplication. HSAECs were infected with rMP-12 without pretreatment, and then 

treated with Bortezomib at 2, 4, 6 and 8 hpi. Supernatants were collected at 24 hours and 

infectious viral titers determined. Our results indicated that treatment with Bortezomib up 

to 6 hpi resulted in at least a 1 log decrease in extracellular viral titers (Figure 3A).  

Cumulatively, our data indicated that at nontoxic concentrations, Bortezomib was capable 

of inhibiting MP-12 multiplication in infected cells. 

Figure 3: Bortezomib treatment most effective during early stages of viral infection. (A). HSAEC 

were infected with rMP-12 (MOI 0.1) for 1 hour. Viral inoculum was then removed and replaced with 

either 0.1% DMSO treated or untreated HSAEC media. At 2 hour intervals, media were replaced with 

media containing 0.01μM Bortezomib. Representative schematic of the assay is provided. Supernatants 

were collected at 24hpi and analyzed for infectious viral particles. Results are representative of 3 

independent experiments with biological triplicates. (B). HSAECs were pre-treated followed by infection 

with Flag-NSs-rMP-12 (MOI 5). At defined intervals, cells were collected, lysed, and analyzed by western 

blot. Uninfected, untreated HSAECs were lysed at 6h as a negative control. Results are representative of 3 

independent experiments. * indicates P<0.05. 
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The inhibitory effect of Bortezomib involved the viral virulence factor 
NSs 

NSs is a critical virulence factor that is important for establishing a productive 

infection (Billecocq et al., 2004; Bird et al., 2008; Habjan et al., 2009; Ikegami et al., 

2009a; Le May et al., 2008; Narayanan et al., 2012; Vialat et al., 2000). We hypothesized 

that the inhibitory potential of Bortezomib may, in part, involve an interference with 

known NSs-dependent phenomena in MP-12 infected cells. Before we ascribed any 

consequences to NSs-dependent phenomena, we wanted to determine if Bortezomib 

treatment resulted in any changes in NSs expression levels during the time course of 

infection. HSAECs were pre-treated with either DMSO or 0.01μM Bortezomib, infected 

with Flag-NSs-rMP-12, and total protein lysates obtained 6, 16, and 24hpi (Figure 3B). 

While a lag was noticed in NSs level at the 6 hour time point in the context of 

Bortezomib treatment, NSs levels became more comparable between DMSO and 

Bortezomib treated cells at the later time points tested (Figure 3B, compare lanes 4-7). 

We quantified the comparable NSs levels between DMSO and Bortezomib treated cells at 

the time points tested by measuring and averaging band intensities obtained from three 

independent biological repeats (Figure 3C).  
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Figure 4: Bortezomib robustly inhibits nuclear filament formation without affecting NSs 

distribution. (A). HSAECs were pre-treated with DMSO or Bortezomib. Conditioned media were removed 

prior to infection with Flag-NSs-rMP-12 (MOI 5). Cells were fixed and processed at 6hpi, 16hpi, and 24hpi 

for immunofluorescence. Results are representative of 3 independent experiments with biological 

triplicates. (B). Total counts for defined NSs phenotype (filaments or non-filamentous dots) were combined 

from 3 independent experiments. (C). HSAECs were untreated (mock) or pre-treated with DMSO or 

Bortezomib. The cells were infected with Flag-NSs-rMP-12 (MOI 5) or left as uninfected controls. At 

16hpi, cells were collected and fractionated into cytoplasmic and nuclear fractions and analyzed by 

Western Blot. Images are representative of 3 independent experiments. (D). Signals for anti-Flag 

normalized to GAPDH for cytoplasmic fractions, and Lamin A/C for nuclear fractions are indicated. 

Differences between DMSO and Bortezomib were quantitated with Quantity One software. Results are an 

average of 3 independent experiments. Standard deviations were calculated accordingly 
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We determined if the ability of NSs to form nuclear filaments was altered in any 

manner in Bortezomib treated cells. We conducted immunofluorescence experiments 

using HSAECs infected with the Flag-NSs-rMP-12 virus, fixed at 6, 16 and 24 hpi 

following by probing with an anti-Flag antibody (Figure 4A). We were not able to 

observe NSs filaments in the Bortezomib treated cells at 6 hpi which may be partially due 

to the decreased amount of NSs in the treated cells at that time point. Interestingly, 

filament formation was compromised in Bortezomib treated cells at the 16 and 24 hpi 

time points as well, even though NSs levels were comparable between Bortezomib and 

DMSO treated cells (Figure 4A).  Approximately 38% of cells showed the presence of 

filaments in the DMSO control while only ~2% of the Bortezomib treated cells displayed 

filaments at the 16 hour time point; similarly, the 24 hour time point, ~47% of the DMSO 

treated cells displayed filaments in the nucleus while ~9% of the Bortezomib treated cells 

had nuclear NSs filaments (Figure 4B). We questioned whether the inability to detect 

NSs filaments in the nucleus may be a reflection of a defect in nuclear transport of NSs. 

To that end, we fractionated cell lysates obtained from DMSO treated and Bortezomib 

treated cells, infected with Flag-NSs-rMP-12 virus into nuclear (N) and cytoplasmic (C) 

fractions.  The N and C fractions were analyzed for NSs distribution.  The data indicated 

that the total nuclear pool of NSs in Bortezomib and DMSO treated cells were 

comparable at the 16 hour time point (Figure 4C). We quantified the relative nuclear and 

cytoplasmic levels of NSs, normalizing nuclear signals to lamin and cytoplasmic signals 

to GAPDH, and verified that Bortezomib treatment did not exert any significant effect on 

the nuclear pool of NSs at the 16 hour time point. (Figures 4 C-D). Cumulatively, our 
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data indicated that at later time points (16 and 24 hpi), the ability of NSs to form nuclear 

filaments was compromised in Bortezomib treated cells. 

Bortezomib treatment affects the interaction between NSs and the 
mSin3A-SAP30-YY1 complex. 
 NSs forms filamentous structures on DNA through its interactions with host 

repressor proteins, namely mSin3A, SAP30 and YY1 (Mansuroglu et al., 2010). We 

hypothesized that the lack of nuclear filaments in Bortezomib treated cells at the 16 and 

24 hour time points may be the result of disruption of the interactions between NSs and 

the mSin3A-SAP30-YY1 complex. Previously published data had demonstrated that in 

the context of curcumin treatment, NSs interacted ineffectively with mSin3A (Narayanan 

et al., 2012). In that manuscript, the phosphorylation status of NSs mediated by a host 

kinase and influenced by curcumin treatment was indicated as the mechanism behind 

inhibition of MP-12 in infected cells. Curcumin is known to interfere with a broad array 

of cellular events, one of which is the inhibition of the proteasome (Milacic et al., 2008).  
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Figure 5: Bortezomib alters interaction between NSs and IFN-β repressor complex proteins. HSAECs 

were pre-treated with DMSO or Bortezomib prior to infection with Flag-NSs-rMP-12 (MOI 5). At 16hpi, 

cells were collected, lysed, and quantified. Lysates were immunoprecipitated with anti-Flag antibody and 

resolved by SDS-PAGE, and subsequently immunoblotted for mSin3A (A), SAP30 (B), and YY1 (C). 

Blots were probed with anti-Flag as a loading control. Whole cell extract (WCE) was run separately of 

immunoprecipitated samples to compensate for concentration differences when imaging. Results are 

representative of 3 independent experiments. (D). Protein bands from A-C were analyzed via Quantity One 

software. Concentrations normalized to the total amount of NSs, and graphed as fold differences in respect 

to DMSO Flag readings for each experiment. Results are an average of 3 independent experiments. 

Standard deviations were calculated accordingly. * indicates P<0.05. 

 

 

 

 We investigated if Bortezomib alters the interaction between NSs and components 

of the mSin3A-SAP30-YY1 repressor complex. HSAECs were pre-treated with either 

DMSO or Bortezomib, infected with Flag-NSs-rMP-12, and total protein lysates were 

obtained at 16hpi for immunoprecipitation experiments. Two milligrams of total protein 

lysate was immunoprecipitated using anti-Flag antibodies and analyzed for co 

immunoprecipitation of mSin3A, YY1 and SAP30 with NSs. The experimental data 

indicated that Bortezomib treatment decreased the interaction of NSs with mSin3A by 

~22% and SAP30 by ~ 30% (Figures 5A, B, D). The treatment, however, did not impact 
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the interaction of NSs with YY1 (Figure 5C). The compromised interaction of NSs with 

mSin3A is in agreement with the published data that curcumin treatment interfered with 

the NSs:mSin3A interaction (Narayanan et al., 2012). In the case of the curcumin 

treatment, the effect is likely mediated by both phosphorylation modifications on NSs 

and ubiquitination of host proteins and hence be a combinatorial effect leading to a more 

robust loss in interaction than what we have observed here. Bortezomib is a targeted 

inhibitor of the proteasome and that may explain why the effect is not as pronounced as 

noticed with curcumin.  
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Figure 6: Bortezomib affects ubiquitination status of NSs interactors. (A). Protein sequences of known 

NSs interactors were analyzed via in silico ubiquitination prediction software Ubpred. IκBα was used as a 

positive control. Predicted ubiquitination sites are indicated as low, medium, and high confidence residues. 

(B-D). HSAECs were pre-treated with DMSO or Bortezomib prior to infection with Flag-NSs-rMP-12 

(MOI 5). At 16hpi, cells were collected, lysed, and quantified. Lysates were immunoprecipitated with 

either anti-SAP30 antibody (B), anti-mSin3A antibody (C), or anti-Flag antibody (D), resolved by SDS-

PAGE, and subsequently immunoblotted for ubiquitin. Results for B - D are representative of 3 

independent experiments. (E). Protein bands from B-D were analyzed via Quantity One software. 

Quantifications are represented as fold differences in respect to DMSO. * indicates P<0.05. 

 

 

Our efforts to characterize the NSs:mSin3A-SAP30-YY1 interactions in the 

presence of Bortezomib led us to speculate that the ubiquitination status of the host 

proteins play a role in their interaction with NSs. We performed an in silico analysis of 

mSin3A, SAP30 and YY1 to query for potential ubiquitination sites using Ubiquitination 



22 

 

prediction (Ubpred) software (Radivojac et al., 2010). We utilized IκBα protein sequence 

as a positive control, as it is known to be ubiquitinated on residues 21 and 22 (Figure 6A) 

(Weil et al., 1997). The protein sequences of mSin3A, YY1 and SAP30 were analyzed by 

the prediction program which revealed multiple possible ubiquitination sites on all three 

proteins (Figure 6A).  This observation led us to hypothesize that Bortezomib treatment 

altered the ubiquitination status of mSin3A and SAP30 which may contribute to the 

decreased interaction with NSs. We tested this hypothesis by immunoprecipitating the 

host proteins from infected lysates and probing for ubiquitination using anti-ubiquitin 

antibodies. HSAECs were treated with DMSO or Bortezomib, infected with Flag-NSs-

rMP-12 virus and total protein lysates obtained at 16hpi. Two milligrams of lysate was 

used in an immunoprecipitation experiment using antibodies for either SAP30, or 

mSin3A. We immunoprecipitated NSs independently to determine if NSs was 

ubiquitinated. The immunoprecipitated samples were analyzed by western blot using 

anti-ubiquitin antibodies. We observed a statistically significant decrease in the 

ubiquitination of SAP30 with Bortezomib treatment (Figures 6B, E). Interestingly, we 

observed an increase in the association of mSin3A and ubiquitin (Figures 6C, E). This 

may suggest that regular ubiquitin turn over may result in a non-ubiquitinated pool of 

mSin3A which associated with NSs as a part of the corepressor complex. Our 

experiments do not determine the type of ubiquitination on mSin3A (such as K48 or K63 

ubiquitination). Switching between such ubiquitination events may drive protein:protein 

interactions as K63 ubiquitination of proteins is known to drive protein interactions in 

contrast to K48 ubiquitination that targets proteins for degradation (Pickart and Fushman, 
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2004; Xu et al., 2009). NSs was not ubiquitinated in the infected cells regardless of 

Bortezomib treatment (Figure 6D).  Cumulatively, the analysis of ubiquitination status of 

the host proteins revealed a dynamic role of ubiquitination of mSin3A and SAP30 for 

efficient interaction with NSs. 

Bortezomib treatment increases interferon expression in MP-12 
infected cells. 

In combination, our demonstration that Bortezomib treatment decreased nuclear 

filaments and compromised association of NSs with mSin3A and SAP30 led us to 

propose that the treatment will result in an increase in the expression of IFN-β. To test 

this possibility, we measured the kinetics of IFN-β expression in DMSO treated and 

Bortezomib treated cells at multiple time points by qRT-PCR. Total RNA was extracted 

from DMSO or Bortezomib treated HSAECs at 6, 9, 16, and 24hpi with Flag-NSs-rMP-

12 virus. Fold expression was calculated using the ΔΔCt method, with β-actin as the 

endogenous control. The results showed that IFN-β expression was higher in the 

Bortezomib treated cells when compared with the DMSO treated controls (Figure 7). 
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Figure 7: Bortezomib treatment allows for recovery of IFN-β expression. HSAECs were pretreated 

with DMSO or Bortezomib. Conditioned media was removed prior to infection with rMP-12 (MOI 0.1). 

Cells were lysed at defined intervals and total RNA isolated. Levels of IFN-β expression were determined 

by qRT-PCR and quantitated using the ΔΔCt method normalized to β-actin. Data is representative of 3 

independent experiments. * indicates P<0.05. 

 

 

Rescue of interferon expression is likely to be an outcome of multiple events that 

are modulated as a result of Bortezomib treatment. One such event is our observation that 

NSs is unable to form the repressor complex with the host proteins. It is also highly likely 

that incapacitating the proteasome will rescue PKR levels in the cells which will 

contribute to an antiviral phenotype. Finally, additional viral and host proteins will be 

differentially ubiquitinated during the entire infectious process, which are likely to be 

essential for various steps of the infectious process such as nucleocapsid degradation, 

RNA synthesis, viral particle assembly and egress. The consequences of Bortezomib 

treatment on additional viral and host proteins are part of ongoing investigations in our 

laboratory. In conclusion, our current studies reveal that the FDA approved proteasomal 
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inhibitor Bortezomib affects the ability of the viral virulence factor NSs to associate with 

host repressor complex components mSin3A and SAP30 by differentially modulating 

their ubiquitination status and hence impacting viral multiplication. 
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