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The tight regulation of protein expression is critical for the survival of 

mammalian cells, providing a vital line of defense against viral attacks. Since 

translation initiation is the rate limiting step of translation, viruses have evolved 

various mechanisms to efficiently subvert translation initiation for their own 

advantage. Here I present a unique and previously unrecognized system of 

host translational regulation utilized by vectors containing retroviral sequences. 

I found that introduction into mammalian cells of specific viral DNA vectors 

increased host translation through a novel cap-dependent translation initiation 

mechanism, which is different from the canonical cap-dependent translation 

regulated by mTORC1 signaling1. These viral DNA vectors specifically 



viii 
 

enhanced exogenous protein translation efficiency of capped mRNA expressed 

from unrelated vectors in trans, a result opposite from the typical type I 

interferon response to detection of viral nucleic acids. Since protein expression 

efficiency of a specific exogenous protein in different mammalian cells can be 

increased by the introduction of these viral DNA vectors with minor 

modifications, this observation has the potential for application to basic 

research as well as production of protein-based drugs, such as antibodies or 

interferon, DNA vaccines, and gene therapy. 

 

Studies of retroviruses also resulted in another interesting discovery.  

Previous studies of mouse mammary tumor virus (MMTV have shown that the 

MMTV-encoded Rem is a precursor that is cleaved by signal peptidase in the 

endoplasmic reticulum (ER), where the N-terminal signal peptide (Rem-SP) 

subverts the ER-associated degradation (ERAD) pathway. Deregulation of the 

ERAD process plays a crucial role in several human diseases, including 

Alzheimer’s disease, Parkinson’s disease, cancer, and cystic fibrosis. My 

studies focused on the Rem C-terminus (Rem-CT) whose function is largely 

unknown. Surprisingly, I found that Rem-CT as well as Rem-SP were able to 

utilize the ERAD pathway. A portion of Rem-CT utilizes the cellular vesicle 

trafficking pathway to traffic out of the ER, yet then uses Arf1 to return to the 
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ER for retrotranslocation and ERAD. Further study of the mechanism of Rem-

CT trafficking and function will shed light on how viruses manipulate cellular 

systems to promote virus replication.  
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1. Introduction 

1.1. Mouse Mammary Tumor Virus (MMTV) background 

MMTV is a complex murine betaretrovirus, a milk-transmitted virus that 

induces a high incidence of breast cancer in mice2,3. MMTV induces mammary 

tumors through chronic viral infection and multiple proviral integrations into host 

chromosomes, resulting in oncogene activation4,5. 

1.1.1. MMTV genome structure 

The MMTV genome is a positive-sense, single-stranded RNA of about 

9,000 bases.  A short direct repeat (R) sequence of 15 bases is located at 

both ends. Unique sequence regions of ~120 bp at the 5’ end (U5) and ~1,200 

bp at the 3’ end (U3) are found internal to the R regions6.  During reverse 

transcription of the viral RNA genome in infected cells, the double-stranded 

viral DNA (provirus) is synthesized, generating the long terminal repeats (LTRs) 

7. The LTRs contain multiple negative regulatory elements8, a mammary gland 

enhancer 9, and a hormone-response element (HRE) 10. These elements allow 

optimal tissue specific transcription for viral production8. The proviral genome 

encodes at least 6 viral genes following the U5 unique region and 5’ 

untranslated region: gag (group-specific antigen), dut (dUTPase), pro 
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(protease), pol (reverse transcriptase and integrase), env (envelope), rem 

(regulator of expression of MMTV mRNAs), and sag (superantigen) (Fig. 1.1).   

 

 

1.1.2. Infection and replication cycle 

MMTV infection in mice primarily causes mammary tumors with a long 

latency of 6 to 9 months. MMTV transmission is accomplished by two means: 

(i) exogenous MMTV is transmitted through breast milk from infected mothers 

Fig. 1.1. A diagram of the MMTV genome. 

Gag, Gag-Pro and Gag-Pro-Pol polyproteins are expressed from the 

unspliced viral RNA, which requires Rem expression for nuclear 

export. cleaved into functional viral proteins by viral protease. 

Envelope (Env) and superantigen (Sag) are synthesized from singly 

spliced mRNAs.  Sag reportedly is made from two different 

promoters.  Rem is translated from a doubly spliced mRNA. 
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to newborns7 and (ii) endogenous proviruses integrated in the host genome are 

vertically transmitted through the germline. These endogenous viruses are 

called proviruses, Mtvs11. More than 40 Mtvs have been identified. Most 

proviruses do not produce infectious virion particles and thus are replication-

defective7. However, it has been shown that Mtvs affect host susceptibility to 

exogenous viruses since an endogenous provirus-free strain of mice, Mtv-null, 

has been shown to be resistant to MMTV infection12. This Mtv-free strain also 

has displayed resistance to some bacterial pathogens, such as V. cholerae12. 

Infection of pups by ingestion of breast milk from infected mice is the 

most common method for MMTV infection. MMTV viral particles in the milk 

pass through the stomach and cross the intestinal epithelial layers through M 

cells 13. MMTV then infects dendritic cells (DCs) in the small intestine prior to 

infection of Peyer’s patch lymphocytes14. Both the DCs and B cells are MHC 

class II-positive antigen-presenting cells that allow expression of MMTV-

encoded Sag on the plasma membrane of infected cells6,15. Viral infection is 

initiated by the binding of the viral envelope SU protein to a specific cellular 

receptor, transferrin receptor 1 (TfR1), on target cells6,16,17. MMTV then enters 

the cells through endosomal escape, leading to partial uncoating of the viral 

genome.   
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Access of the viral genome and associated reverse transcriptase (RT) to 

nucleoside triphosphates allows proviral DNA synthesis in the cytosol18. During 

mitotic nuclear envelope disassembly, the preintegration complex (PIC) 

containing the proviral genome and some capsid components are presumed to 

enter the nucleus7, where the viral genome is integrated into the host 

chromosomes6 (Figure 1.2.). Integration is believed to occur relatively 

Fig. 1.2. MMTV Life cycle. 

MMTV is transmitted through maternal milk to the offspring, where it infects dendritic (D) 

cells in the gut.  Dendritic cells present superantigen at their surface and stimulate T 

cells expressing particular T-cell receptors.  These T cells release cytokines, leading to 

expansion of B and T cells that carry virus to mammary cells during puberty. 
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randomly within the mouse genome7. 

 

1.1.3. Rem, regulator of expression of MMTV mRNAs 

Mouse mammary tumor virus (MMTV), the only known complex murine 

retrovirus, encodes a regulatory protein, Rem19. Rem is a 301 amino-acid 

precursor protein with multiple functions, including the ability to act as an 

adapter for the export of unspliced MMTV RNA, similar to the function of Rev 

in the export of unspliced and partially spliced human immunodeficiency virus 

(HIV) RNAs20. In contrast to Rev, Rem consists of a 98 amino-acid N-terminal 

signal peptide (SP) and an extended C-terminus of 203 amino acids21. Rem is 

generated from a doubly spliced mRNA that overlaps the MMTV env gene. 

Since both rem and env genes use the same reading frame to encode their 

respective proteins within the MMTV genome, both Rem and Env proteins 

contain the same SP19.  
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Rem SP is unusually long since the typical endoplasmic reticulum (ER) 

signal peptide is 20 to 30 amino acids long22,23. (Figure 1.3). The C-terminus of 

Rem contains the N-terminal part of the surface (SU) protein and the C-terminal 

part of the transmembrane (TM) protein. The N-terminus of Rem, the signal 

peptide, directs Rem to the ER for translation24. Signal peptidase in the ER 

lumen then cleaves Rem and the RemSP is retrotranslocated into the cytosol 

where it subverts ER-associated degradation (ERAD) to avoid proteasomal 

degradation. RemSP traffics to the nucleus to allow binding to MMTV RNA 

through the Rem-responsive element.21 (Fig. 1.4) 

Fig. 1.3. A diagram of MMTV Rem and RemCT 

Rem is processed into Rem-SP and Rem-CT after synthesis in the ER. Rem-

SP contains a nucleolar localization signal (NoLS), a nuclear localization 

signal (NLS), and a nuclear export signal (NES), which are necessary for 

nuclear export function. The C-terminus of Rem contains the N-terminal 

portion of the surface (SU) protein and the C-terminal portion of the 

transmembrane (TM) protein.  The stars indicate two N-linked  

glycosylation sites present within Rem-CT. 
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Fig. 1.4. Rem processing and trafficking pathway.  

1. The nascent Rem protein is recruited to the translocon by signal 

recognition particle (SRP) to allow translation across the ER membrane. 2. 

The hydrophobic domain predicted to bind SRP is adjacent to the signal 

peptidase cleavage site, suggesting that the Rem N terminus localizes to the 

cytoplasm. 3. Since uncleaved Rem can be glycosylated, addition of sugars 

may occur prior to signal peptidase cleavage. 4. Multiple cellular factors, 

including protein disulfide isomerase (PDI) proteins, likely bind to the Rem C-

terminus to assist glycosylation and folding. The misfolded state of Rem 

triggers association with the retrotranslocon, which may be composed of a 

translocon with additional components or a separate channel. One 

component of a typical retrotranslocon is an E3 ligase, an enzyme required 

for the polyubiquitination of misfolded substrates. 5. Many substrates, 

including Rem, require the p97 ATPase to assist in their extraction from the 

ER to the cytosol. 5. Cleaved Rem-SP then escapes proteasomal 

degradation to allow nuclear entry and nucleosomal targeting prior to MMTV 

RNA binding. The NES within Rem-SP provides a bridge between the viral 

RNA and the Crm1 export protein for nuclear export of viral RNA. 

1 2 
3 

4 

5 
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1.2. Viruses regulate mammalian host translation systems. 

Rev has been proposed to regulate the translation as well as the 

localization of RRE-containing HIV-1 mRNAs25. Independent of its activity in 

exporting RRE-containing RNA from the nucleus, Rev enhances the translation 

of RRE-containing RNAs, resulting in approximately 100-fold higher levels of 

Gag 16,26. Specifically, it was reported that Rev increased the association of 

Gag, Vif, Vpr, and Vpu/Env RNAs with the translating polyribosomes16. Thus, 

it is not surprising that related viral proteins, such as Rem and Rex, are capable 

of translational regulation. Mertz et al. have shown that the plasmid pHMRluc 

has Rem-responsive luciferase activity, yet the cytoplasmic to nuclear ratio of 

the RNA is not affected by Rem, suggesting that Rem affects a post-export 

function21 

Viruses are known to manipulate cellular systems for their own benefit. 

There are multiple examples of viral regulation of host protein expression 

machinery. During the late stages of infection cycles, picornaviruses and 

adenoviruses shut down the host protein expression systems, allowing the 

host machinery to only express viral proteins27–29.  
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Translation regulation in mammalian cells 

A central dogma in molecular biology dictates that a protein is made from 

RNA through translation, whereas the RNA is synthesized from DNA through 

transcription. Since DNA is the information carrier for a given protein, either 

transcription or translation can be critical steps in viral enhancement of protein 

production. In this dissertation I will focus on cellular translational control.  

Translation is a post-transcriptional mechanism that controls protein 

expression. It plays a major role in numerous biological processes, including 

development, cellular growth, synaptic plasticity, and productive viral growth. 

The translation process can be divided into three major steps: (i) Initiation, (ii) 

elongation, and (iii) termination, each step requiring specific factors for 

completion (Fig. 1.5) 30.  
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Fig. 1.5. Overview of mammalian cell translation. 

a. Initiation, b, Elongation, c. Termination. Translation initiation is the rate 

limiting step for the translation process, providing a prime target for viral 

regulation of translation. The figure was obtained from Walsh and Mohr, Nat. 

Rev. Microbiol. (2011)30. 
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1.3. Regulation of translation initiation 

Translation initiation, the rate limiting step in translation, is the primary 

target of viruses that manipulate protein expression31. In mammalian cells, the 

translation initiation mechanism encompasses two major pathways, one of 

which is cap-dependent and the other cap-independent32,33. The majority of 

cellular proteins are translated through the cap-dependent translation 

mechanism34.  

 

1.3.1. Cap-dependent translation and viral translation regulation 

The term “cap-dependent” translation is based on the fact that the majority 

of mRNAs contain a post-transcriptionally added 7-methylguanosine cap (m7G), 

which is recognized by the cap-binding protein eIF4E35,36. After eIF4E binding, 

the DEAD box-containing RNA helicase eIF4A unwinds the mRNA to facilitate 

translation37. The eIF4E-bound mRNA then binds to a large protein, eIF4G1, 

which forms a molecular scaffold38. The term cap-dependent translation is 

derived from its dependence on the 7-methylguanosine cap (m7G). Cap 

recognition by eIF4E anchors the mRNA, and eIF4G binding enhances the 

affinity of eIF4E for the cap30,39 (Fig. 5A).  

Translation initiation is controlled by a complicated cellular signaling 
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pathway. The cellular signals resulting from nutrient availability, energy supply, 

and growth factor feedback are integrated in a kinase complex center referred 

to as mTOR (mechanistic target of rapamycin) complex 1 (mTORC1)40–42. The 

mTOR pathway regulates the translational repressor eIF4E-binding protein 1 

(4E-BP1), which binds eIF4E to inhibit the interaction between eIF4E and 

capped mRNA43,44. Hyperphosphorylation of 4E-BP1 by mTOR activation 

releases eIF4E, allowing the initiation of translation44. Hypophosphorylation of 

4E-BP1 caused by the integrated signal feedback to the mTOR complex 

inhibits the interaction between mRNA and eIF4E, which is a rate limiting step 

for the cap-dependent translation (Fig. 1.6). 
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Fig. 1.6. Translational control in mammalian cells. 

Environmental signals outside the cells (growth factors, mitogens, 

hormones, stress, etc.) control changes in translation initiation.  A key 

factor in this process is the mTOR kinase, which is present in two different 

complexes (mTORC1 and 2). (This figure was obtained from Cell 

Signaling.) 
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Viruses have evolved strategies to subvert cellular translation for their 

own advantage45. During the late stages of viral infection, when large amounts 

of viral proteins are required to ensure the maximum production of their 

progeny, viruses must divert the host protein production system toward viral 

protein synthesis. One means of achieving this goal is to shut down the host 

translation machinery, while activating their own protein translation. Several 

picornavirus proteinases, for example, cleave eIF4G to shut down host cap-

dependent translation, but use of an internal ribosomal entry site (IRES)-

dependent translation mechanism by these viruses remains unaffected46 (Fig. 

1.7).  In contrast, adenoviruses dephosphorylate eIF4F, blocking the host 

translation process by regulating ribosomal scanning29. By utilizing ribosome 

shunting, adenoviruses are able to avoid the scanning process regulation and 

maintain their own viral protein production14. 
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1.3.2. Cap-independent translation 

Initiation of picornavirus translation remains intact when cap-dependent 

translation of cellular mRNAs is inhibited46. Picornavirus genomes are highly 

structured RNAs, which enable assembly of the initiation complex without help 

from eIF4E47. Therefore, IRES-dependent translation remains viable when 

cap-dependent translation is disabled.  

At least four types of IRES structures have been identified (Fig. 1.8), and 

eIF4E is not required for any of these types. Type 1 and Type 2 IRESs mediate 

specific binding between the RNA and the p50 domain of eIF4G, which is 

enhanced by the eIF4A helicase37,48. Type 3 IRESs involve an interaction with 

Fig. 1.7. Picornavirus IRES-dependent translation mechanism.  

Picornavirus-encoded proteases cleave eIF4G to shut down host cap-

dependent translation mechanism, but its IRES-dependent translation 

remains intact. This figure was adapted from Kieft et al., Trends in 

Biochemical Sciences (2008) 46. 
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eIF3 and 40S subunit components of 43S complexes, whereas type 4 IRESs 

mediate direct binding to 40S subunits41,49. The eIF4G–eIF4A complex recruits 

43S complexes to Type 1 and Type 2 IRESs without the involvement of eIF4E50. 

Type 3 IRESs directly attach 43S complexes to the initiation codon 

independently of eIF4F, eIF4B, eIF1 and eIF1A, whereas type 4 IRESs initiate 

without eIFs or tRNAi41. 
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In addition to the cap-dependent translation initiation mechanism, 

mammalian cells also have mRNAs that depend on a cap-independent 

translation initiation mechanism51.  However, cellular IRESs show little 

Fig. 1.8. IRES-mediated translation initiation 

The four types of IRESs have different structures and use different factors for 

translation initiation. Their common feature is lack of reliance on the initiation 

factor eIF4E. The figure was obtained from Jackson et al., Nat. Rev. Mol. Cell 

Biol., 201041. 
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structural relationship to each other and their underlying mechanism remains 

largely unknown52  Nevertheless, these cellular mRNAs likely follow the 

picornavirus paradigm of binding the eIF4G–eIF4A complex41,52.  

1.4. Viral manipulation of the vesicle trafficking pathway 

Viruses never depend on a single mechanism of regulation of their hosts. 

In mammalian cells, about one-third of all cellular proteins are either secretory 

or membrane proteins, both of which are synthesized in the endoplasmic 

reticulum (ER) and then processed through the vesicle trafficking pathway53. 

Vesicle trafficking is vital for the correct localization of host proteins, but it is 

also of crucial importance for viruses. Enveloped viral particles, such as 

retroviruses, rely on cells for the processing of their glycoproteins in addition to 

cellular proteins needed for virion budding54,55. Therefore the vesicle trafficking 

pathway becomes a key battlefield between viruses and their hosts.  

 

1.4.1. Vesicle trafficking pathways 

The vesicle trafficking pathway can be divided into three compartments: (i) 

the COP vesicle pathway56,57, (ii) the endosomal vesicle pathway, and (iii) the 

clathrin-containing vesicle pathway58,59. Each compartment plays an important 

role in protein trafficking and the virus infection. There are numerous examples 
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of viral manipulation of the secretory pathways to ensure viral survival60.  

 

1.4.1.1. COP-mediated vesicular trafficking 

The coat protein (COP) vesicle pathway contains two major components: 

COPI and COPII (Fig. 1.9) 61. After a secretory protein is synthesized inside of 

the ER, the vesicular coat protein II (COPII; green) will be recruited to form 

vesicles that transport proteins from the endoplasmic reticulum (ER) to the ER 

Golgi intermediate compartment (ERGIC) or Golgi62,63. If a protein has an ER 

retention signal, this sequence will guide the protein to a second binding protein, 

coat protein I (COPI; red)63, which mediates the transport from ERGIC or Golgi 

back to the ER.  
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1.4.1.2. The synthesis and regulation of the COPI and COPII vesicles 

The synthesis of COPI and COPII vesicles are similar. Both processes 

involve the assembly of COPI and COPII coatomers initiated either by the 

GTPases, ADP‑ribosylation factor 1 (ARF1) or Sar164,65. The process starts 

with the activation of ARF1. Like all small GTPases, the GTPase cycle of ARF1 

is regulated by two counterbalancing activities: a guanine nucleotide‑exchange 

Fig. 1.9. A schematic diagram of the COP vesicle, endosomal vesicle, and 

clathrin-coated vesicle trafficking pathways.   

See text for description. The figure was obtained from Rabouille et al., Nat. 

Rev. Mol. Cell. Bio. (2005) 63,. 
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factor (GEF) activity that activates ARF166 and a GAP activity that deactivates 

ARF167. The pharmacological compound brefeldin A (BFA) was found to inhibit 

the GEF activity on the Golgi membrane that activates ARF1, and subsequently 

inhibits COPI vesicle formation68–70. Additionally, BFA has off-target effects on 

the whole cellular secretory pathway71. The activation of ARF1 initiates  the 

recruitment and stabilization of the coatomers on vesicles, whereas ARF1 

deactivation antagonizes COPI function by destabilizing their association with 

membranes61,72. 

 

1.4.2. Clathrin and endosomal vesical pathway 

Clathrin-containing vesicles also play an import role in the secretory 

pathway, and their initiation is also mediated by GTPases73. However, unlike 

COP vesicles, clathrin (blue) forms a multitude of different vesicles based on 

its association with different adaptor proteins (APs)74. Clathrin associated with 

AP1 and AP3 forms vesicles for transporting cargo from the trans-Golgi 

network to the late endosomal compartments, and also for delivering cargo that 

emanate from the early endosomal compartments74. Clathrin that is associated 

with AP2 will transport protein from the plasma membrane to the early 

endosomes61,75. 
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1.4.3. Viral regulation of the secretory pathway 

RNA viruses are known to replicate their genomes on intracellular 

membranes. In the Picornaviridae family, human pathogens poliovirus and 

coxsackieviruses regulate vesicle  formation and their trafficking76. In the 

Flaviviridae family, yellow fever virus (YFV), dengue virus (DENV), and West 

Nile virus (WNV) 77 change and manipulate ER and ER–Golgi intermediate 

compartments, smooth membrane structures or vesicle packets, or trans‑Golgi 

into convoluted membranes or paracrystalline arrays78–81). The disruption of 

these secretory pathway components may serve dual purposes: to prevent 

immune glycoproteins needed for recognition of virally infected cells from 

reaching the cell surface60 and to protect viral nucleic acid during RNA 

replication60 (Fig. 1.10). 
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Fig. 1.10. Intracellular trafficking pathways and sites of membrane 

alterations that are induced by different viruses  .   

See text for details. The figure was obtained from Miller et al., Nat. Rev. 

Microbiol., 200860. 
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1.4.4. Rem-CT, a truncated form of the envelope protein, may use 

vesicle trafficking pathways  

Rem is a 301 amino-acid protein precursor24. The N-terminus of Rem, 

the signal peptide, directs Rem to the endoplasmic reticulum (ER) for 

translation24. Signal peptidase in the ER lumen then cleaves Rem, resulting in 

an SP protein and a C-terminal protein (Rem-CT) (see Fig. 1.3). Although the 

function of the C-terminus has not been described, the SP contains many 

functional elements including a nucleolar localization signal (NoLS), a nuclear 

localization signal (NLS), and a nuclear export signal (NES), which are 

necessary for nuclear export function19,20. 

Rem-CT has two glycosylation sites24. Glycoproteins synthesized in the 

ER normally traffic within the vesicular trafficking pathway82–84, composed of 

the ER, the ER-Golgi intermediate compartment (ERGIC), the Golgi85,86, and 

the plasma membrane, prior to finally being secreted outside of the cell87. Many 

glycoproteins have localization signals that guide the proteins to specific 

compartments. For instance, a KDEL signal can redirect a protein from the 

Golgi back to the ER, whereas a Glycophosphatidylinositol (GPI) anchored 

protein is selectively targeted to glycolipid-enriched membranes88,89. 

Glycoproteins can also contain transmembrane domains, which enable them 

to become integral membrane proteins. However, Rem-CT has no obvious 
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localization signal, neither a KDEL, GPI nor a transmembrane domain90,91, 

suggesting that after Rem-CT is synthesized in the ER, this protein is secreted 

from the cell. However, no Rem-CT has been detected in the cellular media (Y. 

Gou and Almas Ali, unpublished observations), which suggests that Rem-CT 

has adopted an uncommon trafficking scheme.  

 

1.5. Rationale for this dissertation 

 

The tight regulation of protein expression is critical for the survival of 

mammalian cells, providing a vital line of defense against viral attacks. 

Therefore, viruses have evolved various mechanisms to efficiently propagate 

by subverting host protein expression for their own advantage. Picornaviruses, 

some flaviviruses and adenoviruses, for example, enhance virus production by 

regulating the host translation system92.   

In this dissertation, I will present a unique and previously unrecognized 

system of regulation of host translation utilized by retroviruses. Based on an 

observation originally made using Rem-responsive vectors, I found that specific 

DNA vectors containing retroviral sequences regulate the host translation 

system through a novel cap-dependent translation initiation mechanism.  This 



26 
 

mechanism is different from the canonical cap-dependent translation regulated 

by mTORC1 signaling1. Retrovirus sequences within DNA vectors specifically 

enhanced exogenous protein translation efficiency of capped mRNAs 

expressed from unintegrated DNA introduced in trans. Since protein expression 

efficiency of a specific exogenous protein can be regulated by the introduction 

of these viral DNA vectors, this discovery has tremendous potential 

applications for basic research as well as the production of protein-based drugs, 

such as interferon and antibodies, DNA vaccine development, and gene 

therapy. 

Studies of retroviruses and their regulatory genes, such as MMTV Rem, 

have led to some unexpected discoveries. Previous experiments have shown 

that the N-terminus of Rem subverts the endoplasmic reticulum (ER) 

associated degradation (ERAD) pathway24, which normally mediates the 

degradation of incorrectly folded proteins in the ER1. Deregulation of the ERAD 

process and the resulting proliferation of misfolded proteins plays a crucial role 

in several human diseases including Alzheimer’s disease, cancer, Parkinson’s 

disease, and cystic fibrosis1. My additional studies concentrated on the C-

terminus of Rem (Rem-CT) whose function has not been described. 

Interestingly, I found that Rem-CT as well as the N-terminus of Rem uses the 

ERAD pathway, while another population of Rem-CT utilizes the cellular vesicle 
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trafficking pathway to traffic in and out of the ER. Further study of the 

mechanism of Rem-CT trafficking and function will shed light on how viruses 

manipulate the cellular system and induce disease. 
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2. Materials and Methods 

2.1. Plasmids.   

The pcDNA3 (Life Technologies), ERmCherry, EGFP, GFP-Rem-T7, 

Derlin1-YFP and p97DN expression plasmids have been previously 

described93.  The pLKO.1-control (pLKO.1c) was obtained from Sigma. 

pTRE3G-BI-mCherry and the transactivator expression plasmids were 

obtained from Clontech. Using site-directed mutagenesis (SDM), I constructed 

the pTRE-Psi-sh plasmid by adding an NheI site in the multiple cloning site of 

pTRE3G-BI-mCherry and by adding a SalI site upstream of the Psi site and an 

NheI site downstream of the shRNA in pLKO.1c. The modified pLKO.1c vector 

was digested with SalI and NheI to remove the Psi-shRNA fragment, which was 

then inserted into the modified pTRE3G-BI-mCherry plasmid digested with the 

same enzymes.  The wild-type 4E-BP1 expression vector was obtained from 

OriGene.  The F114A mutant was prepared by site-directed mutagenesis and 

confirmed by DNA sequencing.  The bicistronic vectors pFR_CrPV_X6 and 

pFR_HCV_X6 as well as the lentivirus pLL3.7 vector were obtained from 

Addgene. ARF1 DN T31N (#10833) and CFP-VSVG (mCerulean-VSVG-16, 

#55397) were also obtained from Addgene. RemTAP was constructed by 

adding a TAP tag to the C-terminus of Rem using BamHI and HindIII. 
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GFPRemN127QN143Q was constructed by mutating asparagine to glutamine 

at sites 127 and 143 by site direct mutagenesis (Stratagene). The GFP-Rem-

T7 partial deletion mutants, GFP-RemΔ103-155-T7, GFP-RemΔ155-198-T7, 

GFP-RemΔ198-247-T7, and GFP-RemΔ247-30-T7, were constructed similarly 

from GFP-Rem-T7 by respectively deleting the 1st, 2nd, 3rd, and 4th 50 amino 

acid segments from the Rem C-terminus. These mutations were prepared by 

inserting SalI sites into the rem gene by site-directed mutagenesis at the 

designated codon sites followed by digestion with SalI and religation of the 

vector.  
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Table 1. Summary of the plasmids prepared in this dissertation. 

 

Name Backbone Construction details 

4E-BP1 F114A pCMV6-XL5 SDM of amino acid 114 from F to A 

ARF1 DN T31N pcDNA3 SDM of amino acid 31 from T to N 

GFP-RemN127QN143Q eGFP SDM of amino acids 127 and 143 

sites from N to Q 

RemΔ103-155 eGFP Deletion of amino acids 103 to 155 

from GFP-Rem-T7 

RemΔ155-198 eGFP Deletion of amino acids 155 to 198 

from GFP-Rem-T7 

RemΔ198-247 eGFP Deletion of amino acids 198 to 247 

from GFP-Rem-T7 

RemΔ247-301 eGFP Deletion of amino acids 247 to 301 

from GFP-Rem-T7 

pTRE-Psi-sh pTRE3G-BI-

mCherry 

Insertion of the Psi to sh fragment 

from LKO.1c into pTRE3G-BI-

mCherry 

Rem-TAP eGFP Substitute GFP with TAP tag on 

Rem-GFP 
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Table 2. Summary of primers used in this dissertation. 

 

Name Sequences: 

Rem 1676 SalI+ GAAAGTTATTGGGCTTGTCGACCTAAACCACCTATTC 

Rem 1832 SalI+ GGGGAAGTCTGATAGTCGACCCATTTGCTTTTCCTTC 

Rem 1961 SalI+ GGTGATAAAAGGCGTCGACGGGAACTTTGGTTGAC 

Rem 2108 SalI+ GAGACGAGTCTGCTCGTCGACGGTGGTTGCCTTG 

Rem 2276 SalI+ CTACACCGGAATTGGTCGACGCGGGGGTGGAATGG 

Rem 1712 SalI+ CCATCCCGTGGGATGTCGACATACAGACCCC 

Rem 1745 SalI+ CCATTAGAGTTCTGACCAGTCGACCCATATATTTGGG 

Rem 1787 SalI+ CCTGACTTTCACGGGTGTCGACACATGTCTGGCAATG 

4EBP1 T37A GGACTACAGCACGGCCCCCGGCGGCACG 

4EBP1 T46A GCTCTTCAGCACCGCC\CCGGGAGGTACCAG 

4EBP1 Y54A GGTACCAGGATCATCGCTGACCGGAAATTC 

4EBP1 L59A GACCGGAAATTCGCGATGGAGTGTCGGAACTC 

4EBP1 F114A GGCGGTGAAGAGTCACAGGCTGAGATGGAC 
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2.2. Transfections and reporter assays.   

Transfections into human embryonic kidney 293T or 293 cells were 

performed by the calcium phosphate method as described 93.  Each sample 

had a total of 6 µg DNA adjusted using the empty pcDNA3 vector.  Typically, 

transfection efficiencies in these cell lines were ~50%.  All DNA samples for 

transfection were highly purified to remove contaminants using cesium chloride 

gradients. All transfections were performed in triplicate. Reporter activities were 

determined by the Dual Luciferase system (Promega) and reported per 100 µg 

of protein.  The results are given as the means and standard deviations 

relative to samples containing the empty pcDNA3 vector and the reporter 

vector unless otherwise stated.  All experiments were performed at least twice 

with similar results.   

Experiments with bicistronic vectors were performed using 0.1 μg of 

reporter plasmid, 5 μg of pcDNA3 or pLKO.1c and, in some cases, 2 ug of 4E-

BP1 expression vector. In experiments with the bidirectional promoter, 5 μg of 

pcDNA3, pTRE3G-BI-mCherry, or pTRE-Psi-sh were transfected into 293 cells 

with or without 1 μg of the transactivator and 2.5 ng of the EGFP expression 

plasmid. At 7 hr post-transfection, 300 ng/ml doxycycline (DOX) (Sigma) was 
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added as indicated, and cells or extracts were obtained at 48 hr. All samples 

were adjusted to the same total DNA amount with pcDNA3 prior to transfection. 

 

2.3. Western blotting and antibodies.  

Transfected cells were used for preparation of whole cell extracts by the 

addition of SDS-containing gel electrophoresis loading buffer as described 94.  

Up to 100 µg of cell extracts were resolved in 10-12% polyacrylamide gels 

containing 1% SDS and transferred to nitrocellulose membranes.  

Membranes were incubated with various antibodies for 1-2 hr, washed, and 

incubated with horseradish peroxidase-tagged secondary antibodies for 1-2 hr.  

Antibody binding was detected using the Western Lightning Enhanced 

Chemiluminescent Reagent (Perkin Elmer).  Antibodies were obtained from 

the following sources: GFP (Clontech), β-actin (Millipore or Sigma), B23 

(Sigma), BiP (BD Transduction Laboratories). Antibodies to GAPDH, phospho- 

and total p38 MAPK, phospho- and total p44/42 ERK, phospho- and total eIF4E, 

phospho- and total 4E-BP1, phospho-p70 S6K, GAPDH, and phospho-AKT 

were purchased from Cell Signaling. T7 antibody was from Abcam. Secondary 

antibodies were obtained from Abcam or Jackson ImmunoResearch.  
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2.4. Fluorescence microscopy.  

Cells were plated and transfected on glass coverslips in 6-well tissue 

culture plates.  At ~48 hr post-transfection, cells were fixed in 4% 

paraformaldehyde for 15 min, and then permeabilized with 0.05% Triton X-

100 for 30 min at room temperature.  After three 15-min phosphate-buffered 

saline (PBS) washes, cells were incubated with a blocking solution containing 

2% fetal bovine serum, washed, and then incubated with T7-specific antibody 

for 1 hr at 37oC 95.  After three washes in PBS, cells were incubated with 

goat anti-goat Alexafluor 594 (Invitrogen) (1:500) at 37oC in the dark.  Cells 

were washed thrice in PBS and stained with 300 nM 4’6-diamidino-2-

phenylindole (DAPI) in the dark.  After three additional PBS washes, 

coverslips were mounted on glass slides in VECTASHIELD (Vector Labs), 

sealed, and examined on an Olympus IX70 microscope96.   

2.5. FACS analysis.   

FACS analysis was performed in triplicate on the BD LSRII Fortessa Cell 

Analyzer (BD Biosciences) as described previously97. Cells were harvested in 

FACS buffer and dead cells were excluded by voltage adjustment of forward 

and side scatter lasers. For each sample, 10,000 events were recorded and 
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analyzed. Mean fluorescent intensity was calculated for the population of 

interest98.  

 

 

2.6. Pulse labeling and GFP-affinity purification.   

Cells (293) were transfected as described earlier, and the media was 

changed after 7 hr.  At 48 hr post-transfection, cells in quadruplicate wells 

were incubated in Dulbecco’s Modified Eagle Media lacking cysteine and 

methionine for 30 min, followed by a 30 min pulse in the same media containing 

5 or 200 µCi/ml of 35S methionine/cysteine (Perkin-Elmer) for scintillation 

counting and immune purification, respectively.  Cells were treated with cold 

10% TCA, and the precipitates were washed twice with 10% TCA99.  Samples 

were neutralized with 1N NaOH, and the radioactive incorporation was 

measured by scintillation counting.  In other experiments, pulse-labeled cells 

were harvested, counted and lysed on ice for 30 min using Triton lysis buffer 

(1 % Triton X-100, 50 mM Tris-HCl, pH 8, 150 mM NaCl, and Roche Applied 

Science protease inhibitor). Lysates were clarified by centrifugation at 12,000 

rpm for 15 min at 4°C. Supernatants were further purified using GFP-Trap® 

(ChromoTek) following the manufacturer’s protocol. The proteins were eluted 
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from the beads by heating in SDS-containing loading buffer. Proteins were 

separated on a 10% polyacrylamide gel containing 1% SDS, and transferred 

to nitrocellulose membranes prior to autoradiography. In some cases, 

membranes also were subjected to Western blotting with GFP-specific 

antibodies. 

 

2.7. TAP tag purification, GFP trap purification and Rem-SP activity 

assay. 

The TAP tag contains one calmodulin binding peptide and two IgG-binding 

domains of Staphylococcus aureus Protein A, which are linked by tobacco etch 

virus (TEV) protease cleavage sites100. After transfection of 293 cells with Rem-

TAP, the cells were lysed using 1% Triton containing proteasome inhibitor 

cocktails (Sigma) in 50 mM Tris-HCl, pH 8.0. Lysates were purified using 

protein IgG beads and calmodulin beads. GFP-Trap (ChromoTek) purification 

was conducted using the manufacturer’s protocol. Rem-SP activity assay was 

described previously 101,101,102. 
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2.8. Drug inhibition experiments.  

The MNK1 inhibitor (CGP 57380; Calbiochem) was added to transfections at 2 

or 10 nM for ~40 hr, and the p38 inhibitor (SB203580) was added at 10 µM for 

24 hr prior to harvesting transfections.  Torin 1 was added at 250 nM for a total 

of ~40 hr prior to preparation of cell lysates. MG-132 (10 μM) treatment was 

initiated 12 hr before harvesting. BFA (3 μg/ml) treatment was initiated 5.5 hr 

before harvesting. Chloroquine (200 μM) treatment also was initiated 5.5 hr 

before harvesting103,104. At 48 hr post-transfection, cells were harvested and 

subjected to SDS-PAGE analysis. For Endoglycosidase H (Endo H) treatment, 

293 cells were transfected as previously described with GFP-Rem-T7 or CFP-

VSV-G. Cells were harvested 48 hr post transfection, protein concentrations 

were measured, and cellular proteins were dissolved and denatured in PBS by 

boiling for 12 min. Aliquots containing 20 μg cell extracts were exposed to 500 

units of Endo H enzyme (NEB; P0702S) for 1 hr at 37℃. After the treatment, 

cell extracts were subjected to Western blotting analysis105,106. 

 

2.9. Cellular fractionation and protease protection.  

Transfected cells were harvested 48 hr post transfection. Cells were 
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washed with PBS twice to remove the residual media, then permeabilized for 

5 min on ice with 0.02% (w/v) digitonin using a fractionation buffer containing  

Roche protease inhibitor cocktail107. The cytosolic fraction was isolated from 

the cells by centrifugation at 13,000Xg for 5 min at 4℃. The remaining pellet 

was incubated in 1% Triton X-100 for 5 min on ice, followed by a second 

centrifugation at 13,000Xg for 5 min at 4℃ to separate the membrane and 

nuclear fractions.  

For protease protection (PP) experiments, transfected cells were 

harvested and permeabilized as for the cellular fractionation, but the PP 

fractionation buffer lacked protease inhibitors and contained 0.05% trypsin 

(Sigma). Additionally, the fractionation buffer incubation time on ice was 

extended to 30 min.  

 

2.10. Statistical analysis.  

All transfection results are given as the mean ± standard deviation of 

triplicates or quadruplicates. Levene’s test was performed to compare the 

variances prior to the Student’s t-test. Results were compared by the two-

tailed Student’s t test taking variance into account108,109. A p value smaller 

than 0.05 was considered to be significant. 
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3. Retroviral vectors elevate exogenous protein 

expression1 

 

3.1. Rationale 

Translational control is critical for mammalian cells and the viruses that 

infect them.  For example, picornaviruses and some flaviviruses have an 

internal ribosomal entry site (IRES)92 that allows cap-independent translation 

of viral RNAs and provides preferential translation over most host cell 

mRNAs110.  Structural modifications at the 5’ ends of viral RNAs, such as 

differences in cap methylation or absence of a cap, often distinguish viral 

mRNAs from their cellular counterparts111.  Multiple cellular proteins 

recognize foreign RNAs or DNAs, which trigger specific signaling pathways that 

lead to general translational arrest and/or selective viral RNA degradation112.  

Many viral RNAs trigger the interferon (IFN) signaling pathway and translational 

inhibition, but viruses encode various proteins or RNAs that mute this 

                                                             

1 Chapter 3 is previously published at Proceedings of the National Academy of Sciences of the United 

States of America vol. 112 no. 11 3505–3510 
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response113.  Recognition of foreign nucleic acids by cellular surface or 

cytosolic receptors also leads to signaling events that provide an innate anti-

viral response114.   

Retroviruses are positive-sense RNA viruses that have been used 

extensively for introduction of genes or small hairpin RNAs (shRNAs) into cells, 

both in culture and for gene therapy.   Unlike most RNA viruses, retroviruses 

replicate through a DNA intermediate and use RNA polymerase II to produce 

mRNAs with structures that are very similar to those of host mRNAs, thus 

avoiding some cytosolic RNA sensors115. Nevertheless, the unspliced and 

partially spliced RNAs are required for the synthesis of viral structural proteins.  

These RNAs require a highly structured cis-acting element to facilitate export 

from the nucleus to the cytoplasm.  These cis-acting sequences include a 

constitutive transport element (CTE) or a Rev-like response element (RRE) that 

requires binding of a protein adapter116.  Furthermore, retroviruses specify 

several other highly structured RNA elements, including the packaging 

sequence Psi, plus-strand priming sites, and splice acceptor sites117.   

We have made the unique observation that transfection of retrovirus-based 

vectors leads to increased levels (superinduction) of proteins encoded by co-

transfected plasmids.  Both lentiviral and gammaretroviral vectors lacking viral 

protein-coding potential, but not plasmid-based vectors, elevated translation of 



41 
 

proteins expressed from co-transfected plasmids, such as GFP, but not most 

endogenous proteins.  Increased translation of exogenous proteins was cap-

dependent and did not lead to additional mTORC1 signaling.  Retroviral 

sequences did not require transcription to facilitate cap-dependent translation 

of co-transfected genes.  These results indicate that retrovirus-based vectors 

can be used for improved gene expression during transfection and DNA 

vaccination in multiple cell types without additional cloning. 

3.2. Results 

3.2.1. Lentiviral vector co-transfection causes superinduction in trans.   

We used calcium-phosphate transfection of shRNA-expressing lentiviral 

vector (pLKO.1, Sigma) (Fig. 3.1A) to measure the effect of targeted 

knockdowns of specific cellular genes on the activity of mouse mammary tumor 

virus (MMTV) Rem, a Rev-like RNA-binding protein93,118.  Rem activity was 

measured by co-transfection of a reporter plasmid (pHMRluc) expressing 

Renilla luciferase in 293T cells. Increased luciferase levels require binding of 

Rem signal peptide (Rem-SP) to the Rem-responsive element in the reporter 

transcript119. As anticipated, Rem expression elevated Renilla expression by 

~12-fold (Fig. 3.1B, top). Unexpectedly, co-transfection of pLKO.1 expressing 

a control shRNA (pLKO.1c) elevated both basal and Rem-induced luciferase 
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expression in 293T cells (an additional 6.6-fold and 8.9-fold, respectively).   

Further, Western blotting indicated that Rem levels were increased in the 

presence of the lentiviral vector (Fig. 3.1C).  Effects of the lentivirus vector 

were not limited to Rem-responsive plasmids.  A firefly luciferase reporter 

vector that lacked Rem responsiveness, pGL3-C, showed ~ 3-fold higher levels 

in the presence of the lentiviral vector (Fig. 3.1B, bottom).  These results 

indicated that the lentivirus increased expression of two different reporter 

genes (firefly or Renilla luciferase genes) from either the SV40 (pGL3-C) or 

CMV (pHMRluc) promoters.    

We then determined whether different shRNA inserts downstream of the 

U6 promoter affected superinduction.  Co-transfection of lentivirus vectors 

expressing a control shRNA (pLKO.1c) or an shRNA designed to knockdown 

the AAA ATPase, p97 (LK-4250 or LK-4252) each elevated reporter expression 

(Fig. 3.1B).  The highest induction occurred using LK-4252, which also gave 

the highest Rem levels by Western blotting (Fig. 3.1C), but no effect on p97 

levels was observed.  Since the same total amount of DNA (6 µg) was used, 

different DNA levels were not responsible for increased reporter activity. Thus, 

vectors expressing various shRNAs, including those with no known target, 

could enhance superinduction.  Similar results were obtained in transfections 

of XC rat fibroblast cells using a lipid-based method or Jurkat human T cells 
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using electroporations101. 

To test the effect of pLKO.1c on other transgenes, we co-transfected this 

lentivirus vector with either EGFP or ER-mCherry expression vectors120 and 

monitored the effects by fluorescence microscopy (Fig. 3.1D).  The data 

showed that both fluorescent proteins were induced by the presence of 

pLKO.1c in trans, consistent with previous findings (Fig. 3.1B and 3.1C).  

Similar transfections were quantitated by FACS analysis and revealed 8- to 10-

fold induction for EGFP, which diffuses throughout cells, or ER-mCherry, which 

is localized to the endoplasmic reticulum120 (Fig. 3.1E and 3.1F). Thus, 

lentivirus co-transfection increased expression of different exogenous proteins 

that were localized to distinct cellular compartments. 
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Fig. 3.1. Lentivirus vectors stimulate co-transfected gene expression.  

(A) Diagram of pLKO.1-based lentivirus vectors.    (B) The pLKO.1c vector 

stimulates activity from both Renilla and firefly reporter vectors.  Cells (293) were 

co-transfected with the empty vector pcDNA3 or 5 µg of pLKO.1c with a control 

shRNA or pLKO.1 with either one of two different shRNAs against the AAA 

ATPase p97 (pLK-4250 or 4252) in the presence or absence of GFP-tagged Rem 

(12.5 ng) as indicated.  The numbers in parentheses give fold induction by 

pLKO.1 vectors of the Renilla reporter vector in the presence of Rem. Significant 

differences were observed for Renilla luciferase comparing lane 1 to all other 

lanes and in comparing lane 5 to lanes 6-8.  (C) Exogenous expression 

increases in the presence of the pLKO.1c vector.  Extracts from the transfections 

in Fig. 1B were subjected to Western blotting.    (D)  Lentivirus vector co-

transfection stimulates EGFP and mCherry expression.  Fluorescence 

microscopy of cells transfected with an EGFP or mCherry expression vector in the 

absence or presence of pLKO.1c.  A representative field is shown.  (E) 

Quantitation of EGFP expression by FACS.  The GFP fluorescence intensities 

and standard deviations of triplicate transfections were determined in the 

presence or absence of 2.5 ng pEGFP vector and reported relative to the pcDNA3 

control. (F) Quantitation of mCherry expression by FACS.  Values are reported 

as in Fig. 1E.   
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3.2.2. Determinants of lentivirus-mediated superinduction.   

To investigate the lentivirus sequences needed for superinduction, we 

deleted the shRNA hairpin (pLK∆sh) (Fig. 3.2A) and repeated co-transfection 

into 293 cells with both Rem-expression and Rem-responsive vectors.  

Removal of the shRNA decreased Rem expression, but the deleted vector still 

caused Rem induction as determined by reporter assays and Western blots 

(Fig. 3.2B and 3.2C).  We also deleted sequences through the U6 promoter 

(pLKΔU6) or the retroviral packaging region (pLKΔPsi) in pLKO.1c (Fig. 3.2A). 

Co-transfections of the lentivirus vector lacking the shRNA, U6 promoter, RRE, 

and Psi (pLKΔPsi) retained superinduction capability of 2.6-fold. Additional 

transfections of reporter and expression vectors with a different lentivirus vector 

lacking an shRNA (pLL3.7) revealed 2- to 3-fold induction of both Renilla and 

firefly reporter vectors and ~5- to 10-fold Rem induction101. Thus, although the 

shRNA was a major determinant of increased expression, lentiviral sequences 

also caused superinduction of exogenous proteins from co-transfected vectors. 

To test vector determinants of superinduction, we then inserted a portion 

of pLKO.1c containing the packaging signal Psi, the Rev-responsive element 

(RRE), and the U6 promoter-shRNA into the multiple cloning site of plasmid 

vector, pcDNA3 (Invitrogen). This construct, Psi-sh (Fig. 3.2A), was co-

transfected into 293 cells with both Rem-responsive and non-responsive 
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vectors in the presence and absence of Rem expression.  Interestingly, co-

transfection of Psi-sh increased Renilla or firefly luciferase reporter gene 

expression (pHMRluc or pGL3-C vectors, respectively) by 2- to 5-fold in the 

absence of Rem.  Rem expression also was induced by Psi-sh as determined 

by reporter assays (Fig. 3.2D) 101or Western blotting of transfected cell extracts 

(Fig. 3.2E), but was not as effective as pLKO.1c.  Lack of dependence on Rem 

was confirmed by FACS analysis after co-transfections of EGFP expression 

plasmids with Psi-sh (Fig. 3.2F).  Therefore, vectors expressing lentivirus 

sequences induced increased expression of co-transfected genes in trans.  

To determine if other retroviruses had an effect on co-transfected 

sequences, we transfected the gammaretroviral vector MigR1121 with Rem 

expression and reporter vectors. Lentivirus or gammaretrovirus transfection 

resulted in similar increases in Renilla luciferase activity (Fig. 3.2G).    Rem 

expression was induced by both pLKO.1c and MigR1 (Fig. 3.2H).   Because 

the gammaretroviral vector encodes the heterologous GFP protein from a 

highly structured RNA region (IRES), we deleted these sequences.  Co-

transfection of the deleted derivative Mig∆GFP induced Renilla and firefly 

reporter activity similar to MigR1 (Fig. 3.2G)101 as well as either GFP or GFP-

Rem-SP levels (Fig. 3.2F and 3.2H).    Thus, different types of retroviral 

vectors enhanced expression of co-transfected genes. 
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Fig. 3.2. Retrovirus vectors lacking shRNAs stimulated expression of co-

transfected genes. 

(A) Diagram of vectors containing retroviral sequences. (B) Retroviral vectors 

stimulate co-transfected reporter genes. Significant differences were observed 

for Renilla luciferase comparing lane 1 to all other lanes and in comparing lane 

6 to lanes 7-10.   (C) The pLKO.1-based vectors stimulate GFP-Rem 

expression.  Extracts from the transfection in Fig. 2B were used for Western 

blots, scanned and quantitated relative to actin.  Results are expressed 

relative to GFP-Rem-SP in the absence of pLKO.1-based vectors (relative 

value of 1.0).  (D) The Psi-sh construct stimulates co-transfected reporter 

gene expression. Significant differences were observed for Renilla luciferase 

comparing lane 1 to all other lanes and in comparing lane 4 to lanes 5 and 6.   

(E) The Psi-sh vector increases co-transfected GFP-Rem expression.  

Extracts from the experiment shown in Fig. 2D were used for Western blots.  

(F) MigR1 and Psi-sh vectors elevate co-transfected EGFP expression.  Cells 

were transfected as in Fig. 1E and subjected to FACS analysis after 48 hr.  

The fluorescence intensities and standard deviations of triplicate transfections 

are shown relative to transfections containing pcDNA3.  (G) Co-transfection 

with gammaretroviral constructs enhances reporter gene expression.  

Triplicate transfections in 293T cells were performed and reported as for Fig. 

1B. Significant differences were observed for Renilla luciferase comparing lane 

1 to all other lanes and in comparing lane 5 to lanes 6-8.   (H) 

Gammaretroviral vectors increase co-transfected GFP-Rem levels.  Extracts 

from transfections shown in Fig. 2G were used for Western blots. 
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3.2.3. Lentivirus vector does not induce IFN or stress responses.   

Double-stranded RNAs activate RNA-dependent protein kinase (PKR), 

which phosphorylates the translation initiation factor, eIF2α, resulting in 

reduced translation initiation122. To determine if pLKO.1c altered eIF2α 

phosphorylation, we repeated co-transfections with MMTV Rem expression 

vectors and extracts were tested by Western blotting101.  No difference in 

phosphorylated eIF2α was observed in the presence and absence of pLKO.1c.  

Further, BiP levels increase during the unfolded protein response and/or viral 

infections123. Western blotting of transfected cell extracts revealed no 

differences in BiP, B23 or GAPDH101.  Cellular stress also was assessed by 

co-transfection of pLKO.1c with the NF-κB-reporter plasmid, NF-κB-GL2, 

expressing firefly luciferase.  No evidence of NF-κB induction by lentivirus co-

transfection was observed101. Stress granules and levels of the stress-granule 

protein G3BP124 were unchanged by the lentivirus vector101.    Furthermore, 

levels of the IFN-induced protein, RIG-G125, were not affected by introduction 

of pLKO.1c101.   Therefore, lentivirus co-transfection does not influence levels 

of exogenous proteins through IFN signaling, stress, or the unfolded protein 

response. 
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3.2.4. Lentivirus vector affects eIF4E-dependent translation.  

To determine whether superinduction increased transcription, we 

performed co-transfection experiments with Rem expression and reporter 

vectors in the presence and absence of pLKO.1c.  Semi-quantitative RT-PCR 

results indicated that pLKO.1c did not affect the steady state level of exogenous 

rem or Rluc or endogenous gapdh mRNAs93 when exogenous protein levels 

increased93.  Thus, the lentivirus sequences did not superinduce transcription. 

To test whether lentivirus sequences increased translation of exogenous 

genes, cells were co-transfected with EGFP expression vector in the presence 

of the lentivirus or pcDNA3 only and used for pulse labeling with [35S]-

methionine.  Radioactive incorporation with and without the lentivirus vector 

was not statistically different.   Additional aliquots were used for GFP-affinity 

purification and analysis on denaturing polyacrylamide gels.  Few differences 

in radioactive background incorporation into endogenous proteins were 

observed101, but GFP levels greatly increased in the presence of pLKO.1c101. 

These experiments indicated increased translation of exogenous genes co-

introduced with the lentivirus vector. To assess whether vector-induced 

translational effects were cap-dependent, we tested different bicistronic vectors 

that expressed Renilla luciferase and firefly luciferase separated by an internal 

ribosomal entry site (IRES) from the same transcript (Fig. 3.3A).  Experiments 
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using vectors with either the hepatitis C (HCV) or cricket paralysis virus (CrPV) 

IRES 126 showed that lentiviral induction was cap-dependent (Fig. 3.3B). 

Transfection of plasmids carrying retroviral sequences confirmed cap-

dependence of both lentiviral (pLKO.1c and Psi-sh) and gammaretroviral 

(MigΔGFP) vectors, yet cap-dependence did not completely correspond to 

induction of other reporter proteins, suggesting different signaling 

mechanisms127 (Fig. 3.3C). 

To determine signaling pathways affected by lentivirus vectors, we co-

transfected 293 cells with an EGFP expression vector in the presence and 

absence of pLKO.1c.  No change in total or phosphorylated p38 MAPK (Fig. 

3.3D) or in total or phosphorylated ERK1/2 (p44/p42) was detected (Fig. 3.3E). 

Differences in phosphorylation of AKT or p70 S6K also were not observed (Fig. 

3.3F). Chemical inhibitors for MNK1 and p38 MAPK had no specific effect on 

pLKO.1c induction of reporter genes93.    These data suggested that 

signaling pathways through AKT, ERK1/2, MAPK, MNK1 and mTORC1 were 

not responsible for superinduction. 
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Fig. 3.3. Superinduction affects cap-dependent translation of exogenous 

proteins, but not mTOR activity. 

(A) Structure of bicistronic vectors used to measure cap-dependent 

translation.  (B) pLKO.1c increases cap-dependent translation.  Cells 

(293) were co-transfected in triplicate with either pcDNA3 or pLKO.1c in the 

presence of a bicistronic vector.  The ratio of the two luciferase values ± 

standard deviation is shown. The differences in the presence and absence 

of pLKO.1c were highly significant. (C)  Lentiviral and gammaretroviral 

vector co-transfection induces cap-dependent translation of reporter genes. 

Cells (293) were co-transfected with the CrPV bicistronic vector as in panel 

B. (D) Total and phosphorylated p38 MAPK were unchanged after pLKO.1c 

transfection.  Cells (293) were transfected as in Fig. 3.1B in all panels, and 

lysates were subjected to Western blotting.  (E) Total and phosphorylated 

p44/p42 ERK are unaltered after pLKO.1c transfection.  Western blots 

were performed on transfected cell lysates.  (F) Phosphorylated AKT and 

p70 S6K are not changed by pLKO.1c transfection.  Western blots of 

transfected cell lysates are shown. 
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Cap-dependent translation is controlled through eIF4E128.  Unexpectedly, 

we observed ~2-fold increases in total, but not phosphorylated, eIF4E in 

multiple transfection experiments with pLKO.1c (Fig. 3.4A and 3.4B).  

Unphosphorylated 4E-BP1 binds eIF4E to prevent assembly of the cap-binding 

complex129,130, and 4E-BP1 phosphorylation by mTORC1 increases cap-

dependent translation.  To test whether phosphorylation of 4E-BP1 was 

affected by the lentiviral vector, we performed additional transfections in the 

presence and absence of pLKO.1c.  As expected, GFP was superinduced by 

pLKO.1c, yet no difference in total or phospho-4E-BP1 levels was detected (Fig. 

3.4C), consistent with no lentivirus-induced change in mTOR kinase activity 

(Fig. 3.3).  
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Fig. 3.4. Lentivirus vectors selectively affect eIF4E-dependent translation in co-

transfection experiments. 
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(A) Total levels of eIF4E increase after pLKO.1c transfection.  Western 

blots of transfected cell lysates are shown. (B) Quantitation of eIF4E levels 

after pLKO.1c transfection. (C) Wild-type 4E-BP1 selectively inhibits 

pLKO.1c superinduction, but not basal GFP levels.   Cells were 

transfected with the indicated plasmids, except that equivalent levels of 

pcDNA3 were substituted for pLKO.1c.  Transfected cell extracts were 

subjected to Western blotting. (D) FACS quantitation of wild-type and 

mutant 4E-BP1 effects on pLKO.1c-mediated superinduction of GFP 

expression. The fluorescence intensities and standard deviations of 

triplicate transfections in the absence of pLKO.1c have been shown 

normalized to 1.0 for each condition (pcDNA3 only or in the presence of 

wild-type or mutant 4E-BP1). Expression of 4E-BP1 significantly reduced 

pLKO.1c-mediated superinduction (compare lanes 4 and 5; p<0.005), 

whereas F114A expression had no effect (compare lanes 4 and 6; p=0.75). 

(E) The mTOR inhibitor Torin 1 similarly reduced both basal and pLKO.1c-

induced GFP expression.  Two exposures of the Western blot with GFP-

specific antibody are shown. (F) FACS quantitation of Torin 1 effects on 

pLKO.1c-mediated superinduction of GFP.  Although 4E-BP1 expression 

significantly inhibited the effect of pLKO.1c (compare lanes 4 and 5; 

p<0.001), lentivirus-induced GFP expression was not significantly different 

when Torin 1 was added (compare lanes 4 and 6; p=0.14). 
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To determine whether vector-mediated superinduction is controlled by 

4E-BP1, we co-transfected 293 cells with 4E-BP1 and EGFP expression 

vectors in the presence or absence of pLKO.1c. Superinduction was greatly 

reduced by excess 4E-BP1, but protein overexpression had little effect on GFP 

levels in the absence of pLKO.1c (Fig. 3.4D).   Similarly, excess 4E-BP1 

partially inhibited cap-dependent translation using a bicistronic vector in the 

presence of pLKO.1c93. The effect of exogenous 4E-BP1 expression on 

superinduction was demonstrable by pulse labeling, consistent with a reduced 

level of cap-dependent GFP translation93.  Further, we co-expressed EGFP 

and the F114A mutant of 4E-BP1 with or without pLKO.1c.  This mutant does 

not bind to Raptor in the mTORC1 complex131, leading to increased levels of 

unphosphorylated 4E-BP1 and inhibition of cap-dependent translation 

initiation132.  Although the F114A mutant greatly reduced both basal and 

lentivector-induced GFP expression to a similar extent, normalization showed 

that expression of wild-type 4E-BP1, which has both phosphorylated and 

unphosphorylated forms, had a selective effect on superinduction (Fig. 3.4D).  

Co-transfection of pLKO.1c with the EGFP expression plasmid in the presence 

of the mTORC1 inhibitor, Torin 1, similarly decreased levels of both basal and 

lentivirus-induced GFP expression (Fig. 3.4E and 3.4F). Thus, although 
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mTORC1 activity affects superinduction, cap-dependent translation of GFP is 

more sensitive to 4E-BP1 inhibition in the presence of pLKO.1c than in its 

absence. Our experiments suggest that retroviral sequences induce an 

mTORC1-independent signaling event that increases cap-dependent 

translation of exogenous genes. 

 

3.2.5. DNA causes superinduction.  

To assess whether the transfected DNAs or their resulting transcripts 

increase expression of co-transfected genes, we cloned the Psi to shRNA 

sequences from pLKO.1c into the vector pTRE3G-BI-mCherry, which contains 

a bidirectional doxycycline (DOX)-inducible promoter (Fig. 3.5A).  DOX 

addition induces a conformational change in the transactivator, resulting in 

promoter binding and upregulation of gene expression. The derivative vector 

(pTRE-Psi-sh) was co-transfected with an EGFP expression vector into 293 

cells in the presence and absence of the transactivator (Fig. 3.5B).  As 

expected in the presence of DOX and the transactivator, mCherry was induced 

in both the parental and derivative vectors.  Furthermore, the inclusion of the 

Psi-sh sequences increased mCherry expression ~3.5 fold in the absence of 

the transactivator compared to pTRE3G-BI-mCherry, indicating that 
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superinduction occurs in cis when the promoter is largely inactive.   

To determine whether expression of the lentiviral sequences was required 

for superinduction in trans, we co-transfected either pTRE3G or pTRE-Psi-sh 

and the EGFP expression vector.   GFP expression was slightly increased by 

the presence of pTRE3G, whereas 6-fold superinduction was observed with 

pTRE-Psi-sh in the absence of the transactivator (Fig. 3.5C).  Promoter 

activation by DOX and the transactivator greatly suppressed EGFP expression 

in the presence of either the parental or pTRE-Psi-sh vector, suggesting that 

superinduction was eliminated when transcription was activated.  This result 

was corroborated by co-transfection experiments using the bicistronic reporter 

(Fig. 3.5D) instead of EGFP.  Cap-dependent translation of firefly luciferase 

only was favored when transcription was inactivated.  Finally, deletion of the 

5’ LTR promoter from pLKO.1c did not affect superinduction of co-transfected 

EGFP nor did linearization of the plasmid DNA with either SphI or EcoRI as 

measured by FACS or Western blotting (Fig. 3.5E and 3.F).  In contrast, 

cleavage of pLKO.1c into fragments of ~1 kb or less with HinfI eliminated 

superinduction of EGFP.  These experiments are consistent with 

superinduction of cap-dependent translation by circular or linear DNA. 
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Fig. 3.5. Transcription of lentivirus sequences abolishes superinduction of 

co-transfected genes.  

(A)  Diagram of bidirectional promoter vectors.  (B) Insertion of the 

pLKO.1c Psi to shRNA sequence into pTRE3G-BI-mCherry superinduces 

mCherry in cis.   The mean and standard deviations of triplicates are 

reported relative to pTRE3G-BI-mCherry in the absence of transactivator.  

All values (lanes 2, 3, and 4) were highly statistically significant (p<0.0001) 

relative to values from lane 1 as was lane 3 relative to 4. (C)  Insertion of 

the pLKO.1c Psi to shRNA sequence into pTRE3G-BI-mCherry 

superinduces EGFP in trans.  Without the transactivator, pTRE-Psi-sh 

elevated GFP expression ~10-fold compared to pcDNA3 (p<0.0001; lanes 

5 and 1) and ~6-fold compared to pTRE-3G-BI-mCherry (p<0.0001; lanes 5 

and 3).  (D) Cap-dependent translation increases in the presence of Psi-sh 

sequences from pLKO.1c. In the absence of DOX, pTRE-Psi-sh elevated 

cap-dependent translation ~13-fold relative to pcDNA3 (lanes 5 and 1; 

p<0.005) and ~6-fold relative to pTRE3G-BI-mCherry (lanes 5 and 3; 

p<0.005).  (E)  Loss of the 5’ LTR and linearization of pLKO.1c does not 

affect superinduction.  Cells (293) were transfected with 5 μg of the inducer 

plasmid and 2.5 ng of EGFP expression plasmid and, after 48 hr, analyzed 

by FACS as described in panel B.  Asterisks indicate statistical significance 

with control samples containing uncleaved pcDNA3 (p<0.05). (F) Western 

blotting confirms that loss of the 5’ LTR and linearization of pLKO.1c does 

not affect superinduction.  A second transfection experiment was 

performed as described in panel E, but triplicate samples were pooled for 

Western blotting and quantitated by LI-COR methodology.   
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3.3. Discussion 

Using lentiviral vectors for RNA interference experiments, we observed 

vector-induced expression of co-transfected genes (superinduction).  

Although vectors lacking retroviral sequences did not increase expression from 

co-transfected plasmids, transfer of the 5’ end of the lentivirus vector, including 

the shRNA sequences, caused superinduction of at least five different 

exogenous genes (mCherry, EGFP, Rem, firefly luciferase, and Renilla 

luciferase).  Co-transfected plasmids showed no difference in the steady state 

level of RNA expressed, whereas Western blotting or fluorescence microscopy 

of transfected cells expressing retroviral sequences revealed ~5- to 10-fold 

increases in protein expression.  Deletions of pLKO.1c suggested that 

retroviral and shRNA sequence effects are additive.  An unrelated 

gammaretroviral vector MigR1 also gave superinduction (Fig. 3.2). 

Superinduction was observed with different transfection methods 

(electroporation, calcium phosphate, and lipid reagents) and independent cell 

lines. Thus, the retroviral effect occurs in trans, is not dependent on specific 

reporters or transfection protocols, and is not limited to specific cell types or 

species.   

Experiments with a vector containing the pLKO.1c Psi-shRNA region 
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downstream of an inducible promoter indicated that vector transcription 

inhibited superinduction of co-transfected genes and cap-dependent 

translation (Fig. 3.5).  Furthermore, elimination of the 5’ LTR within pLKO.1c 

had little or no effect on co-transfected gene expression.  Linearization of 

pLKO.1c within the 5’ enhancer (SphI) or downstream of the shRNA (EcoRI), 

which would reduce transcript levels by different means, did not affect 

superinduction, but multiple cleavages by HinfI did.  Together, these data 

strongly suggest that DNA is responsible for superinduction.  Since 

transfection of multiple sequences that have little sequence identity, such as 

HIV-1, shRNA, and MuLV, increased co-transfected gene expression, our 

results are consistent with superinduction by a distinct DNA structure.  

Several pieces of evidence argue that retroviral sequences alter the 

translation of co-expressed genes.  First, no difference in RNA levels of co-

transfected genes was detected.  Second, pulse labeling experiments showed 

increased incorporation of radioactive amino acids into GFP expressed from a 

plasmid co-transfected with pLKO.1c.  Third, transfection of bicistronic vectors 

together with pLKO.1c increased cap-dependent expression preferentially 

compared to IRES-dependent reporter expression from the same transcript.  

Therefore, introduction of retroviral vectors has the opposite effect of stress or 

IFN induction. 



62 
 

Increased translation of co-transfected genes indicates that retroviral 

sequences trigger cell signaling.  Many signals affecting translation alter 

mTOR kinase activity133.  Nonetheless, no differences were detected in the 

phosphorylation of targets upstream or downstream of mTORC1, such as AKT, 

p70 S6K, and 4E-BP1, in the presence or absence of pLKO.1c.  The mTORC1 

kinase inhibitor Torin 1133 showed no selective effect on lentivirus-mediated 

superinduction versus basal expression.  The 4E-BP1 mutant, F114A, which 

cannot interact with Raptor in the mTORC1 complex and cannot be 

phosphorylated and released from eIF4E127, inhibited basal and lentivirus-

induced translation to similar extents (Fig. 3.4D). In contrast, expression of 

wild-type 4E-BP1 selectively inhibited pLKO.1c-mediated GFP, but not basal 

GFP levels (Fig. 3.4C and 3.4D).  Increased expression of 4E-BP1 

dramatically increased phosphorylated forms (Fig. 3.4C), but how this would 

inhibit translation initiation of capped mRNAs is unclear. We detected 2-fold 

increased levels of eIF4E in the presence of pLKO.1c, suggesting signaling 

that elevates eIF4E and its ability to stimulate eIF4A helicase activity127.  Many 

cancer cells have elevated eIF4E levels, resulting in increased translational 

efficiency134.  Nevertheless, eIF4E overexpression did not reproduce 

retroviral superinduction. 
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Since modified vectors would eliminate the need for recloning, addition 

of these vectors during transfection will save both time and expense while 

improving protein production. The results reveal unforeseen effects of shRNA 

expression vectors.  Expression of an shRNA, even those with no known 

targets, by transient transfection may dramatically increase levels of protein 

products from co-transfected expression plasmids.  In addition, we found that 

cap-dependent translation can be controlled by mechanisms that are 

independent of phosphorylation by the mTOR kinase. These experiments 

suggest that retroviral DNA controls the translation of co-expressed genes, thus 

affecting subgenomic mRNA expression.  Understanding the activity of these 

critical retroviral sequences will improve our knowledge of translational control 

as well as aid the design of vectors for gene therapy, DNA vaccines, and 

molecular biology research. 

 

  



64 
 

4. The distinctive trafficking scheme of the 

MMTV Rem C-terminus (Rem-CT) 

 

4.1. Rationale 

 

Mouse mammary tumor virus (MMTV), a complex murine retrovirus, 

encodes a regulatory protein, Rem. The N-terminus of Rem is a signal peptide 

(SP) that directs Rem to the endoplasmic reticulum (ER) for translation24. 

Signal peptidase in the ER lumen then cleaves Rem, resulting in Rem-SP and 

a C-terminal protein (Rem-CT). Rem-SP is retrotranslocated into the cytosol 

where it subverts ER-associated degradation (ERAD) to avoid proteasomal 

degradation. Rem-SP then traffics to the nucleus to allow binding to MMTV 

RNA through the Rem-responsive element21.  Although the function of Rem-

SP is understood, minimal knowledge is available concerning the fate of the C-

terminal portion of the protein. What is the function of Rem-CT and how is its 

activity affected by localization and trafficking?  

Members of the Dudley laboratory have observed that Rem-CT is not 

necessary for MMTV replication in tissue culture since similar titers of infectious 

viral particles can be produced from both Rem-CT infected cells and Rem-CT-
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null mutant infected cells. However, Rem-CT may be involved in the in vivo 

propagation of MMTV.  Both wild-type TBLV (a T-cell-tropic MMTV variant) 

and mutant Rem-CT-null TBLV have been inoculated into BALB/c or C57BL/6 

mice to test Rem-CT function in vivo. Interestingly, next generation sequencing 

analysis of T-cell tumors recovered from these mice revealed that Rem-CT-null 

proviruses had numerous frameshift mutations compared to proviruses from 

wild-type-virus-induced tumors (unpublished data). Many of these mutations 

were G to A transition mutations that share common characteristics with the 

mutations generated by cytidine deaminase (AID), an APOBEC family member 

135.  Furthermore, Rem-CT null MMTV proviruses induced mammary tumors 

with a lower incidence and increased latency compared to wild-type MMTV, 

consistent with the elimination of a viral factor needed for optimal viral 

replication in mice. Like tumors from Rem-CT-null TBLV, tumors induced by 

MMTV lacking Rem-CT expression had increased G to A and other transition 

mutations typical of AID and Apobec3 (Singh et al., unpublished data). 

APOBEC family members are thought to provide immunity to infection 

by retroviruses by causing extensive G to A hypermutations, leading to proviral 

inactivation136.  HIV encodes the accessory factor, Vif, which acts as an 

adaptor to induce the proteasomal degradation of members of the APOBEC3 

family136.  Because MMTV replicates in B cells, T cells, and mammary cells7 



66 
 

and Apobec3 has been shown to inhibit MMTV replication in mice137, Rem-CT 

may antagonize the function of AID and other Apobec members to facilitate 

viral replication in multiple cell types. Thus, Rem may provide both a Rev-like 

function (Rem-SP) and a Vif-like function (Rem-CT). Investigation of the 

trafficking pattern of Rem-CT may result in a broader understanding of how a 

virus is able to regulate the host innate immune system.  

 

In this Chapter, I have investigated the trafficking of Rem-CT following 

Rem synthesis and cleavage in the ER. Rem-CT is retained in the ER primarily 

as a luminal protein glycosylated at two sites. Glycoproteins synthesized in the 

ER and lacking a transmembrane domain normally traffic within the vesicle 

trafficking pathway, which is composed of the ER, the ER-Golgi intermediate 

compartment (ERGIC), and the cis, medial, and trans Golgi complex prior to 

finally being secreted outside of the cell 87. Many glycoproteins have 

localization signals that guide the proteins to specific compartments. For 

instance, a KDEL signal can induce retrograde transport from the Golgi back 

to the ER, whereas a glycophosphatidylinositol (GPI) anchored protein is 

selectively targeted to glycolipid-enriched membranes88,89. Glycoproteins with 

transmembrane domains become integral membrane proteins that can reside 

in any part of the vesicular trafficking pathway depending on additional protein 



67 
 

retention motifs. Rem-CT has no obvious localization signal, and apparently 

lacks a KDEL, KKXX, GPI, and a transmembrane domain, which suggests that 

after synthesis in the ER, Rem-CT is secreted from the cell. 

 

As expected, the Rem-CT glycoprotein was shown to traffic out of the 

ER via the coat protein complex II (COPII) vesicles to the ERGIC or the cis 

Golgi. The ERGIC complex serves as a receiving dock for secretory cargo 

delivered by the COPII vesicles, but proteins cannot be stored or retained there 

85. Generally proteins are further selected and directed to the Golgi complex. 

Rem-CT, however, uses the coat protein complex I (COPI) vesicles to traffic 

directly back to the ER, despite an apparent lack of a known ER localization 

signal.  Inhibition of the ADP ribosylation factor 1 (ARF 1), which plays a 

crucial role in COPI vesicle budding and cargo selection 138–140, resulted in 

failure of Rem-CT to traffic back to the ER and a reduction of total Rem-CT 

levels. It remains surprising that without any COPI cargo selection markers, 

including C-terminal KKXX or KDEL62,141, Rem-CT uses COPI vesicles to traffic 

back to the ER. These data suggest that Rem-CT subverts the COPI vesicle 

trafficking pathway to benefit virus replication.  

 

Since Rem-SP traffics from the ER membrane to the cytosol using 
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retrotranslocation while avoiding ERAD, it seemed logical that Rem-CT would 

utilize a similar trafficking pathway. Indeed, Rem-CT retrotranslocates from the 

ER to the cytosol utilizing p97, an AAA ATPase, yet unlike Rem-SP, Rem-CT is 

degraded by cytosolic proteasomes24,142. Additionally, I observed that the Rem-

CT, which traffics back to the ER via COPI vesicles, cannot efficiently 

retrotranslocate to the cytosol. Rem-CT that retrotranslocates from the ER to 

cytosol is unable to escape ERAD. These results suggest that there are two 

distinct reservoirs of Rem-CT, one that retrotranslocates from the ER to the 

cytosol, and one that traffics within the vesicle trafficking pathway.  
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4.2. Results 

4.2.1. Rem-CT in a state of dynamic equilibrium is retained inside of the 

ER membrane. 

Rem is synthesized in association with the ER membrane, but it is 

unknown whether Rem-CT is retained inside the ER, traffics to other cellular 

compartments, or is secreted.  First, I analyzed the sequence of Rem-CT 

using the algorithm PSORT II and found no strong subcellular protein 

localization signals, including GPI binding sites, KDELs, KKXXs, 

transmembrane sequences, or nuclear localization signals. These results 

favored the idea that Rem-CT is secreted from the cells. However, when the 

media of the Rem-transfected cells was collected and concentrated by 

immunoprecipitation, no Rem-CT signal was detected, a result consistent with 

previous results (A. Ali, Master’s thesis). This result was a strong indication that 

Rem-CT is retained within the cells. After co-transfection of 293 cells with Rem 

C-terminally tagged with T7 and Derlin-1-YFP, an ER membrane protein, cells 

were fixed after 48 hr and incubated with a primary antibody specific for T7 and 

a rhodamine-labeled secondary antibody.  In the merged fluorescent image, 

the red signal generated by Rem-CT and the green signal generated by Derlin-

YFP are superimposed, indicating colocalization (Fig. 4.1).  

Subsequent cellular fractionation experiments were performed to 
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determine whether Rem-CT was localized to cellular membrane fractions.  

Cells were transfected with Rem-T7, and lysates were used for Western 

blotting with T7-specific antibody. Control antibodies confirmed the integrity of 

the nuclear, membrane, and cytosolic fractions. Rem-CT was associated with 

the membrane fraction, consistent with steady state association with the ER 

(Fig. 4.2A, lane 2).  

To determine whether Rem-CT is localized inside of the ER, is a 

transmembrane protein, or remains outside of the ER but attached or 

tethered to the ER membrane, I performed a protease protection experiment.  

Cells were transfected with a plasmid expressing Rem-T7 and fractionated by 

two different methods (Fig. 4.2B).   Digitonin-treated cells yielded a cytosolic 

fraction and a second fraction containing the membrane and nuclear 

components107. Integral or luminal proteins in the membrane/nuclear fraction 

are protected from trypsin digestion by the intracellular membranes. In 

contrast, Triton X-100-treated cells yielded a nuclear fraction and a second 

fraction containing the cytosolic and membrane proteins107. In both 

fractionations, glycosylated Rem-CT was localized to the membrane fraction, 

but in Triton-treated cells, glycosylated Rem-CT was exposed to trypsin, 

resulting in Rem-CT degradation (Fig. 4.2B, compare lanes 2 and 3). These 

results suggested that Rem-CT is an intralumenal protein, rather than a 



71 
 

transmembrane protein. Thus, the immunomicroscopy, fractionations, and the 

protease protection experiments indicated that Rem-CT in the steady state is 

retained in the ER and is not secreted.  

 

  

Fig. 4.1. Rem-CT remains associated with the ER.  

Immunomicroscopy image of transfected 293 cells. Rem-CT (red fluorescent 

signal) colocalized with Derlin-1-YFP (green fluorescent signal) as shown by 

the superimposed merged (yellow) signal. Nuclei were stained with DAPI. 
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4.2.2. Rem-CT is associated with SEC23A, an essential component of 

COPII vesicles. 

Rem-CT does not contain an obvious ER retention signal, so how is it 

retained inside of the ER? Since identification of the proteins associated with 

Rem may provide insight into its trafficking behavior, Rem was tagged with 

either a tandem affinitiy purification (TAP) or a GFP tag on its C-terminus. 

Previous data have shown that Rem-GFP is cleaved inefficiently by signal 

peptidase and has very low activity in Rem-SP reporter assays119.  

Fig. 4.2. Rem-CT steady state levels are highest within the ER lumen. 

(A) Fractionation of Rem-transfected cells.  Cells (293T) transfected with 

Rem-CT were fractionated to separate the cytosolic, membrane, and 

nuclear fractions. Gapdh, BiP and B23 were used as cytosolic, membrane, 

and nuclear fraction markers, respectively. CF= cytoplasmic fraction; MF= 

membrane fraction; NF= nuclear fraction. Rem-CT localized in the 

membrane fraction. (B) Protease protection experiment. Cells (293) were 

transfected with Rem-T7, harvested, and then treated with fractionation 

buffers containing 0.05% trypsin and either digitonin or Triton X-100. All 

samples were then denatured and separated on SDS-containing 

polyacrylamide gels prior to Western blotting and incubation with the 

indicated antibodies. 

A B 
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Surprisingly, I found that both Rem-GFP and Rem-TAP formed high-molecular-

mass complexes in the absence of the reducing agent β-ME (Fig. 4.3A and B). 

In addition, fractionation experiments showed that the high-molecular-mass 

complex for Rem-GFP was primarily in the membrane fraction (Fig. 4.3C). 

These results are consistent with a poor cleavage efficiency of Rem containing 

these C-terminal tags, and the membrane spanning residues of Rem-SP 

(amino acids 78-98)107 will tether these fusion proteins in the ER membrane. 

These data suggest that the interacting proteins may enable Rem-CT to remain 

inside of the ER without a traditional ER retention signal. 

I also measured the processing efficiency of the Rem signal peptide from 

Rem-GFP and Rem-TAP.  Rem-TAP was processed much more efficiently 

than Rem-GFP since Rem-TAP had a much higher Rem-SP activity in the 

reporter assay compared to that of Rem-GFP (Fig. 4.3D and E). Rem-TAP and 

Rem-GFP, which have distinct C-terminal tags, behave differently and, 

therefore, their associated proteins may not be identical. This is consistent with 

the observation that the high-molecular-mass complexes formed by Rem-GFP 

and Rem-TAP are slightly different (Fig. 4.3B and C).  
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Fig. 4.3. Rem-CT is associated with high-molecular-mass complexes.  

(A) Rem-GFP and (B) Rem-TAP form high-molecular-mass complexes in 

the absence of a reducing agent (β-ME). Extracts of cells transfected with 

Rem-GFP or Rem-TAP were used for Western blotting. (C) Rem-GFP is 

primarily localized in the membrane fraction. CF = cytosolic fraction; MF = 

membrane fraction; NF = nuclear fraction. (D). The luciferase assay for 

Rem-SP activity suggests that Rem-GFP and Rem-TAP are processed at 

different efficiencies by signal peptidase. Each bar represents the average 

± SD for triplicate transfections and then normalized to 1.0 in the absence 

of Rem (pcDNA3 only). (E) Processing of Rem-TAP is comparable to that of 

untagged Rem. 

A B 

C D E 
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To identify potential Rem-CT-associated proteins in the ER, 293 cells 

were transfected with constructs expressing Rem-TAP or Rem-GFP, and then 

subjected to either a two-step TAP purification process or GFP-Trap purification.  

Purified proteins were then separated on denaturing polyacrylamide gels, and 

portions of the gel were excised and used for analysis by mass spectrometry.  

In two of three independent experiments, SEC23A was associated with Rem 

(Fig. 4.4).  In support of the validity of this observation, I also identified BiP 

and HSP90 (see Table 3), which are known to be involved in folding of ER-

resident proteins143.   

SEC23A is an essential component of COPII vesicles, which mediate the 

transport of cargo out of the ER to the ERGIC or the Golgi144 . This result 

suggested the possibility that Rem-CT traffics out of the ER, but then utilizes 

retrograde vesicular machinery to traffic back to the ER.  
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4.2.3. Rem-CT retrograde trafficking to the ER uses COPI vesicles. 

  

Fig. 4.4. SEC23A is associated with Rem. 

293 cells transfected with vectors expressing Rem-TAP, Rem-GFP or 

pcDNA3 only were subjected to tandem affinity purification or GFPTrap 

purification. Purified proteins were separated on SDS-containing 

polyacrylamide gels. Silver staining of representative gels are shown.  

The boxed regions of the gel were analyzed by mass spectrometry to 

identify potential Rem-TAP associated proteins.  
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Table 3. Properties of Rem-TAP-Associated Proteins 

 

Protein* 
MW 

(kDa) 
Localization Function 

GRP78/BiP 78 ER lumen 

Facilitates protein folding in the ER 

and reduces aggregation of 

misfolded proteins. Sends terminally 

misfolded proteins to E3 ubiquitin 

ligase for ERAD.  

SEC23A 74 
ER and 

Golgi 

Component of the COPII coat that 

covers ER-derived vesicles.  

Involved in ER to Golgi transport. 

DDX3X 71 

Nuclear 

speckles, 

cytoplasm 

Critical for Rev/RRE export of 

unspliced HIV genomic RNA from 

the nucleus. Inhibits Hepatitis B 

virus reverse transcription. Interacts 

with TANK-binding kinase 1 to 

stimulate type-I interferon. 

HSC 71 71 

Cytoplasm 

and 

nucleolus 

Acts as a repressor of transcriptional 

activation. Inhibits the transcriptional 

coactivator activity of CITED1 on 

Smad-mediated transcription.  

Calnexin 68 
ER 

membrane 

Assists protein assembly and/or in 

the retention within the ER of 

unassembled glycoproteins in 

conjunction with calreticulin (CRT). 

Terminally misfolded proteins are 

degraded through ERAD. 

HSP90β                       83 Cytoplasm 

Molecular chaperone that promotes 

the maturation, structural 

maintenance and proper regulation 

of specific target proteins involved in 

cell cycle control and signal 

transduction. 
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Table 4. Spectral Counts in Rem-TAP purification 

Protein*   

pcDNA3 

control 

spectral 

counts  

Rem-TAP 

spectral 

counts 

GRP78/BiP 5 29 

SEC23A 0 3 

DDX3X 0 2 

HSC 71 0 6 

Calnexin 0 5 

HSP90β                       0 7 

  

 

 

 

 

 

 

Rem-CT is localized inside the ER in a state of dynamic equilibrium. A 

return mechanism must be employed to allow Rem-CT to traffic back to the ER 

and allow steady-state colocalization with Derlin-1 (Fig. 4.1). Utilization of COPI 

vesicles, a conventional vesicle system for transporting cargo from the Golgi or 

Protein** 

pcDNA3 

control 

spectral 

counts 

RemTAP 

spectral 

counts 

GRP78/BiP 0 20 

DDX3X 4 7 

HSC 71 0 4 

Calnexin 0 3 

*   Proteins identified in the first experiment. 

**  Proteins identified in the second experiment. 
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ERGIC back to the ER, presented a viable possibility141,145.  Brefeldin A (BFA), 

a drug frequently used for intracellular retention of secreted cytokines, was 

tested for its effects on Rem-CT trafficking146. BFA has two major effects. First, 

it inhibits ARF1 by interfering with the nucleotide-exchange factor (GEF) activity 

that activates ARF1139,145. Inhibition of ARF1 activity results in the blockage of 

the recruitment of coatomers from the cytosol to Golgi or ERGIC membranes. 

Coatomer recruitment is the initial step of COPI vesicle formation 37,141. Second, 

BFA causes a disruption of the ER and the tubular system, resulting in 

relocalization back to the ER of a number of the vesicular trafficking pathway 

enzymes139,145,146.  

To examine the specific effect of BFA on Rem-CT trafficking, 293 cells 

were transfected with a construct expressing GFP-Rem-T7, which has an N-

terminal GFP tag and a C-terminal T7 tag. Transfected cells were then treated 

with BFA for 6 hr. Total Rem-CT was dramatically reduced after the BFA 

treatment. In contrast, the GFP-SP level was largely unaffected (Fig. 4.5A). 

Because BFA treatment has multiple effects, a second method was used to 

investigate the mechanism by which BFA destabilizes Rem-CT.  

Since BFA inhibits the COPI vesicle-based cargo transport and certain 

enzyme relocalization, I conducted the two following experiments. First, 293 

cells were co-transfected with constructs expressing GFP-Rem-T7 or an ARF1 
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DN (ARF1 T31N, a dominant negative form of ARF1)147. This dominant-

negative protein specifically inhibits ARF1 activity and thus blocks COPI vesicle 

formation147. Without COPI vesicle availability, the amount of Rem-CT inside of 

the cells was diminished, suggesting that Rem-CT requires COPI vesicles to 

return to the ER (Fig. 4.5A).  

Second, I tested whether BFA effects on enzyme relocalization caused 

a reduction in the reservoir of Rem-CT.  Since the glycans on the 

glycoproteins are critical to their trafficking scheme and stability148,149, an 

unglycosylated Rem-CT would be either degraded or would not be recognized 

by the COPII vesicle sorting mechanism that enables its trafficking out of the 

ER typical of common glycoproteins 149. After mutation of both Rem-CT 

glycosylation sites and transfection into 293 cells, I observed that the doubly 

tagged mutant Rem-CT (GFP-RemN127QN143Q-T7) was not degraded in the 

presence of BFA as compared to GFP-Rem-T7 (Fig. 4.5A, compare lanes 2 

and 5), presumably because the lack of glycosylation resulted in retention of 

the unglycosylated Rem-CT in the ER. Consistent with this conclusion, the 

addition of ARF1 DN had no effects on the level of unglycosylated Rem-CT 
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(Fig. 4.5A, compare lanes 4 and 6). Therefore, our results support a model in 

which glycosylated Rem-CT leaves the ER through COPII vesicles and uses 

COPI vesicles for retrograde transport back to the ER.  

Where, then, does Rem-CT go after disruption of COPI vesicle transport? 

Interestingly, Rem-CT levels could not be rescued by either a proteasome 

inhibitor (MG-132), or a lysosome inhibitor (chloroquine) (Fig. 4.5B). The MG-

132 was active in the assay since a protein with the predicted mass of 

unglycosylated Rem-CT was detectable in the presence, but not the absence 

A B 

Fig. 4.5. Rem-CT traffics between the ER and the ERGIC or cis Golgi via the 

COP vesicle trafficking system. 

(A) Both BFA and ARF1 DN expression inhibit the accumulation of Rem-CT. 

The expression of ARF1 DN or treatment of 293 cells with BFA interfere with 

COPI vesicle formation, blocking the return of Rem-CT to replenish the ER 

reservoir and resulting in greatly reduced levels of Rem-CT (compare lane 1 

to lanes 2 and 3). GFP-RemN127QN143Q-T7, a mutant Rem-CT that is 

unglycosylated and unable to traffic out of the ER, is resistant to degradation 

resulting from inhibition of COPI vesicle formation (compare lane 4 to lanes 

5 and 6). (B) The reduction of glycosylated Rem-CT resulting from treatment 

with BFA cannot be restored by the addition of a proteasome inhibitor (MG-

132) or lysosome inhibitor, chloroquine(CQ).  
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of the drug (compare lanes 1 and 4).   Chloroquine (CQ) activity also was  

verified since LC3B levels were enhanced by lysosome inhibition (compare 

lanes 1 and 3)150. Therefore, reduced Rem-CT levels resulting from inhibition 

of COPI vesicle formation does not appear to be due to proteasomal or 

lysosomal degradation.  

 

4.2.4. Rem can traffic out of the ER before signal peptide cleavage.  

The signal peptide of a protein directs its translation to the ER 

membrane, where it is thought to be inserted into the translocon and cleaved 

by signal peptidase in the ER lumen. For some proteins, however, including 

HIV-1 gp160 envelope protein and the lymphocytic choriomeningitis virus 

(LCMV) glycoprotein pGP-C, the signal sequence cleavage occurs long after 

translation151–153. Thus, signal peptide cleavage for Rem may not be necessary 

for trafficking out the ER.  To test this idea, I transfected 293 cells with 

plasmids expressing Rem-TAP or Rem-GFP, two tagged Rem proteins with 

defects in their ability to be cleaved by signal peptidase. When the transfected 

cells were treated with BFA, Rem-TAP and Rem-GFP were both depleted.  

Rem-GFP, which is relatively inactive in the Rem-SP reporter assay94, appears 

to be particularly sensitive to BFA treatment (Fig. 4.6). In contrast, Rem-TAP, 

which is quite active in the reporter assay, is only partially sensitive to BFA.  
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Nevertheless, these results suggest that the Rem precursor without SP 

cleavage was still able to traffic out of the ER, where it was subject to BFA 

inhibition.  

 

 

 

4.2.5. Rem-CT traffics to the ERGIC or the early Golgi prior to retrograde 

transport.  

Previous results indicated that Rem-CT traffics out of the ER, and 

published data established that Rem precursor is not detectable in infected or 

transfected cells93.  Therefore, is cleaved Rem-CT normally targeted by COPI 

vesicles to the Golgi or the ERGIC? Both compartments are able to bud COPI 

vesicles to facilitate cargo transport back to the ER144. To identify the vesicle 

pathway, I utilized the basic properties of the glycans on Rem-CT. Glycans that 

are synthesized and linked to proteins inside of the ER are simple glycans. If 

Fig. 4.6. Rem can traffic out of the ER 

before signal peptide cleavage. 

293 cells were transfected with 

constructs expressing either Rem-TAP 

or Rem-GFP, two tagged Rem proteins 

with defects in their ability to be cleaved 

by signal peptidase.  After 48 hr, cell 

extracts were prepared and subjected to 

Western blotting with antibodies specific 

for TAP, GFP, or actin. 
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these newly formed glycoproteins traffic into the cis- and medial Golgi, they 

interact with a Golgi α-mannosidase II enzyme, which modifies the simple 

glycans into complex glycans154. If the glycoproteins traffic only to the ERGIC, 

the linked oligosaccharides remain as simple glycans. These simple glycans 

are sensitive to an enzyme, Endo H, which trims the glycans off of the 

glycoprotein. Only trafficking through the later parts of the Golgi confers Endo 

H resistance155. 

To determine the type of glycans present on Rem-CT, 293 cells were 

transfected with plasmids expressing either GFP-Rem-CT or CFP-tagged G 

glycoprotein from vesicular stomatitis virus (VSV). VSV G protein is known to 

traffic through the entire Golgi network to reside on the plasma membrane156. 

Cells were then used for preparation of an extract, which was incubated in the 

presence and absence of Endo H.  As predicted, VSV G protein was largely 

resistant to Endo H. In contrast, Endo H treatment resulted in the removal of 

the glycans on Rem-CT, consistent with the presence of simple glycans (Fig. 

4.7). Therefore, these results suggest that Rem-CT does not traffic to the trans 

Golgi and is not accessible to Golgi mannosidase II. 
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4.2.6. Rem-CT retrotranslocates from the ER to the cytosol. 

Since Rem-SP retrotranslocates from the ER to the cytosol via a p97-

mediated mechanism, it seemed reasonable that Rem-CT uses a similar 

pathway. Fractionation and microscopy results detected very little cytosolic 

Rem-CT (data not shown), suggesting that retrotranslocated Rem-CT in the 

cytosol was unstable. The addition of proteasome inhibitor MG-132 resulted in 

the accumulation of large amounts of Rem-CT in the cytosol, where the glycans 

Fig. 4.7. Rem-CT trafficking prevents processing by Golgi mannosidase II. 

(A) The glycans on the VSV G protein are complex glycans.  Cells 

transfected with constructs expressing CFP-tagged VSV G protein were used 

for preparation of cell extracts and treated with Endo H as indicated.  

Extracts were used for Western blotting with antibody to GFP, which also 

detects CFP. (B) Rem-CT contains simple glycans.  Simple glycans are 

cleaved upon Endo H treatment, indicating that sugar processing on Rem-CT 

by Golgi mannosidase II did not occur.  Transfected cell lysates were 

analyzed similarly to panel A. 

A B 
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are trimmed off before insertion into the proteasome (Fig. 4.8A, compare lanes 

1 and 2).  

To test whether Rem-CT, like Rem-SP, retrotranslocates to the cytosol, 

I used a dominant-negative form of p97, an AAA ATPase utilized in the ERAD 

process to extract substrates from the ER lumen or ER membrane to the 

cytosol93. The DN p97 resulted in blockage of the ERAD pathway and 

entrapment of Rem-CT in the ER (Fig. 4.8B, compare lanes 3 and 4). Glycan 

trimming of the substrate and delivery to the proteasome was prevented. 

Additionally, I found that transfection of a plasmid expressing an unglycosylated 

Rem-CT mutant, GFP-RemN127QN143Q-T7, in the presence of the dominant 

negative p97 resulted in accumulation of Rem-CT (Fig. 4.8B, compare lanes 3 

and 4). This result indicated that unglycosylated Rem-CT can also utilize p97 

to retrotranslocate from the ER to the cytosol. These data suggest that there 

are two potential trafficking pathways for Rem-CT: one that utilizes the vesicle 

trafficking pathway, and a second that utilizes retrotranslocation for egress from 

the ER.  
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4.2.7. Rem-CT employs two unique trafficking schemes. 

Originally, I had assumed that Rem utilized a single trafficking system, 

but my experimental results made me question this hypothesis. First, Rem-CT 

could not traffic from the ER to the cytosol and then back to the ER since Rem-

CT would be degraded by the proteasome in the cytosol. Second, if Rem-CT 

first traffics out of the ER to the ERGIC or early Golgi, then back to the ER and 

finally retrotranslocates to the cytosol, then blockage of Rem-CT trafficking 

A 
B 

Fig. 4.8. Rem-CT retrotranslocates from the ER to the cytosol. 

(A) Proteasome inhibitor (MG-132) prevents proteasomal degradation of 

Rem-CT in the cytosol. Cells were transfected with a construct expressing 

GFP-Rem-T7 in the presence or absence of a dominant-negative p97 

expression plasmid. Some transfected cells then were treated with the 

proteasomal inhibitor MG-132 as indicated. Extracts then were subjected to 

Western blotting with antibodies specific for T7 or actin.  (B) The 

glycosylation mutant, GFP-RemN127QN143Q-T7, is trapped in the ER by 

the addition of the p97DN.  Transfected extracts were prepared as 

described in panel A. 



88 
 

back to the ER would affect Rem-CT retrotranslocation to the cytosol.   

To test this idea, I determined whether addition of BFA or DN ARF1 

interfered with the effects of the p97 DN in rescuing Rem-CT from proteasomal 

degradation (Fig. 4.9). As expected, the p97 DN interfered with Rem-CT 

retrotranslocation, preventing it from reaching the cytosol (compare lanes 1 and 

6). Inhibition of COPI vesicle formation by treatment with either BFA or ARF1 

DN had no effects on the cytosolic Rem-CT (compare lanes 2 and 3 to lanes 4 

and 5).  Furthermore, levels of Rem-SP, which are retrotranslocated and 

rescued from the proteasome, are relatively unaffected by these treatments 

(lower panel). These results suggest that the Rem-CT retrotranslocating from 

the ER to the cytosol traffics independently from Rem-CT in the vesicle 

trafficking pathway, an indication of two separate populations of Rem-CT.  
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Fig. 4.9. Two independent populations of the Rem-CT employ separate 

and unique trafficking schemes. 

Cells were transfected with a GFP-Rem-T7 expression plasmid in the 

presence of constructs expressing dominant-negative p97 and/or 

dominant-negative ARF1.  Transfected cells then were incubated in the 

presence or absence of brefeldin A as indicated.  Extracts were prepared 

and subjected to Western blotting with antibodies specific for GFP or T7. 
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4.2.8. Rem-CT ER retention signal localization. 

Despite its retrograde transport through COPI, Rem-CT has no obvious 

ER retention motif, such as KDEL or KKXX157. To identify the segment of Rem-

CT responsible for its ER retention, four truncation mutants of Rem-CT were 

constructed. These truncation mutants lack sequential 50-amino-acid 

segments of Rem-CT, beginning at amino 103, (Rem-CT starts at amino acid 

99) and spanning the C-terminal amino acid 301 (Fig. 4.10). I expected that 

one of the truncation mutants would not be stably maintained within the cells 

due to the loss of a retention signal. Unless the retention signal spanned a 

cutting site, the remaining three deletion mutants would still be sensitive to BFA 

and ARF1 DN inhibition of COPI vesicle trafficking .  

Each of the constructs expressing wild-type or mutant Rem was 

transfected into 293 cells.  Western analysis of transfected cell lysates 

revealed that RemΔ103-155 was minimally detectable within the cells (Fig. 

4.11A, lane 5). However, the other Rem-CT truncation mutants (Δ155-198, 

Δ198-247, and Δ247-301) remained stable inside of the cells and were 

sensitive to BFA or the expression of the ARF1 DN (Fig. 4.11A and 4.11B, lanes 

7-12). There are several possible explanations for this result. First, an ER 

retention signal is localized within the 103 to 155 portion of Rem-CT, and this 
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signal is necessary for the retention of Rem-CT in the cells. Second, loss of the 

103 to 155 segment may affect the cleavage of the full-length Rem, and the 

defective cleavage will result degradation of Rem-CT precursor inside of the 

cells. Third, loss of 103 to 155 segment may cause an instability of Rem-CT, 

and it may be targeted for degradation by the proteasome or even lysosomes.   

To test these hypothesis, I first tested whether Rem-CT mutants are 

cleaved normally. Rem-CT truncation mutants (Δ103-155, Δ155-198, Δ198-

247, and Δ247-301) were active in the Rem-SP reporter assay (Fig. 4.12A), 

which suggested that Rem was cleaved. Second, I tested whether the absence 

of the RemΔ103-155 was due to instability of the protein. From the Western 

result in Fig. 4.11A, the Rem precursor is detectable inside of the cells, which 

suggests that the precursor stability is not affected by the lack of the 103 to 155 

segment. Furthermore, I tested that whether proteasomal degradation is 

involved in the absence of the RemΔ103-155 inside of the cells. By adding the 

proteasomal inhibitor MG-132, RemΔ103-155 was not rescued dramatically 

compared to wild-type Rem-CT. If MG-132 treatment provided rescue from 

proteasomal degradation, the appearance of bands from 20 kD to 25 kD would 

be expected. It is interesting that multiple bands above the expected Rem-CT 

band are observed when MG-132 is present, and the pattern of these bands is 

similar for both the wild-type Rem-CT and RemΔ103-155. These bands may 
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be truncated degradation products for the Rem precursor. Therefore, since 

RemΔ103-155 is able to be cleaved normally and proteasomal degradation is 

not the reason for the absence of the protein, it is possible that the Rem-CT 

retention signal is located within the first 50 amino acids. 

 

 

 

 

 

Fig. 4.10. Diagram of the deletion mutants of Rem-CT.   

The truncation starting points and end points are indicated in the diagram.  

Each deletion represents approximately 50 amino acids. 
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Fig. 4.11. Localization of a potential Rem-CT retention signal. 

(A) Response of Rem and C-terminal deletion mutants to BFA. Plasmids 

expressing GFP-Rem-T7, an unglycosylated mutant (N127QN143Q), or the 

internal deletion mutants were transfected into 293 cells and subjected to BFA 

treatment. RemΔ103-155, which also lacks the glycosylation sites, was 

transfected at twice the concentration as other plasmids in accordance with the 

protein expression. Western blotting was performed on transfected cell lysates 

with antibodies specific for T7 (top) or actin (lower). (B) Response of Rem and 

C-terminal deletion mutants to dominant-negative ARF1. Plasmids expressing 

Rem-CT or Rem mutants were co-transfected with ARF1 DN, which is a specific 

inhibitor of COPI vesicle formation. Samples were analyzed by Western blotting 

with T7-specific antibody. 
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I then further examined the effects of DN p97 on the RemΔ103-155. 

Treatment with dominant-negative p97 resulted in the accumulation of Rem-

CT (Fig. 4.12C, lanes 3 and 4).  Similar results were observed with the 

RemΔ103-155 mutant, although the accumulated protein is the unglycosylated 

form since the glycosylation sites were located between amino acids 103 and 

155.  Analysis of additional mutants that do not affect glycosylation are 

needed to confirm this result.  
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Fig. 4.12. Localization of a Rem-CT ER retention signal. 

(A) Luciferase assay to quantify Rem-SP activity. The activity of RemΔ103-

155 is reduced due to a lower expression of Rem-SP.  (B) The proteasome 

inhibitor MG-132 does not affect levels of a Rem mutant lacking the first 50 

amino acids of Rem-CT. (C) Comparison of GFP-Rem-T7 and mutant 

RemΔ103-155 in the presence of BFA (a COPI inhibitor) and a dominant-

negative p97 (p97QQ) (a retrotranslocation inhibitor). 

A 
B 

C 
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5. Discussion and Perspective 

5.1. The discovery and mechanism of superinduction.  

5.1.1. Exogenous rather than endogenous protein expression is 

elevated. 

The efficient expression of exogenous proteins is of vital importance in 

the fields of biomedical research and biotechnology. Studies of the strategies 

evolved by viruses offers us a unique means to achieve this goal. Using 

retroviral vectors, expression of exogenous proteins was enhanced up to 30-

fold.   To confirm that this approach was applicable to a broad spectrum of 

proteins, a cytosolic protein, EGFP, and a secretory protein, ER-mCherry, were 

used as model proteins158. In addition, I conducted pulse labeling experiments 

to prove that the elevation was due to exogenous protein expression rather 

than changing general translation by the host159. These results suggest that 

this approach can be used to establish a production system to specifically and 

efficiently produce exogenous proteins. 
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5.1.2. DNA viral vectors elevate exogenous protein expression through 

a novel cap-dependent initiation mechanism.  

Several pieces of evidence argue that DNA viral vectors alter the 

translation of exogenous proteins.  First, protein levels of an exogenous 

luciferase reporter, but not luciferase transcript levels, were elevated in the 

presence of a retroviral vector. Second, pulse labeling indicated only increased 

levels of an EGFP reporter with no overall increase in endogenous protein 

synthesis occurred after transfection of vectors containing retroviral sequences 

compared to a standard pcDNA3 vector. Third, a reporter, EMCV IRES GFP, 

where GFP translation is driven by a cap-independent mechanism160, was not 

affected by co-transfection with retroviral vectors. Fourth, a bicistronic vector 

reporter system where the same RNA transcript could be translated due to cap 

or IRES-dependent ribosome binding indicated that the retroviral vector 

increased cap-dependent expression preferentially. These results suggest that 

retroviral vectors regulate exogenous protein expression through translation 

initiation. Fifth, phosphorylated 4E-BP1 rather than its unphosphorylated form, 

the conventional form of 4E-BP1 that regulates translation initiation, was able 

to specifically inhibit increased exogenous protein expression. These data are 

consistent with the conclusion that retroviral vectors are able to regulate 

exogenous cap-dependent protein expression through a novel translation 

initiation mechanism.  

 The results obtained here also suggested that DNA, not RNA 
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transcribed from these vectors, was responsible for superinduction. (i) 

Sequential deletion analysis indicated that there were multiple elements within 

pLKO.1c that contributed to superinduction (Fig. 3.2). (ii) Transfection of 

restriction-enzyme-digested DNA, which should disrupt RNA transcripts, 

allowed superinduction (Fig. 3.5). (iii) Deletion of the 5’ LTR in pLKO.1c did not 

alter superinduction (data not shown). (iv) Use of a vector expressing pLKO.1c 

sequences (Psi-sh) from an inducible bidirectional promoter showed that 

induction of transcription actually reduced superinduction of co-transfected 

genes.  It is still possible that within the inserted retroviral fragments, a cryptic 

promoter can drive the expression of the RNA. However, when RNA expression 

was induced (Fig. 3.5D), the elevation of exogenous EGFP was inhibited, 

which suggests that RNA is not the element driving the elevation of exogenous 

gene expression. Furthermore, induction of cap-dependent translation was 

reduced when transcription of the retroviral sequences was activated.  

Nevertheless, additional experiments are required to identify the mechanism 

and required elements for optimal superinduction. 

 

5.1.3. Optimization of the exogenous protein expression system 

Since retroviral vectors regulate exogenous protein expression, it is 

possible to use this mechanism to develop a protein production system to 
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optimize biomedical drug production161,162, vaccine development163–165 that 

relies on inducing immune response to specific epitopes, and basic research 

regarding protein overexpression. An efficient production system will require 

two major components: a DNA vector for production of a specific protein of 

interest, and a second viral DNA vector, such as the lentiviral vector LKO, which 

will induce the overexpression of the exogenous protein. On the other hand, 

my data also showed that superinduction can occur in cis.  Thus, insertion of 

a gene of interest into optimal retroviral vectors will also allow increased protein 

production compared to standard plasmid vectors lacking retroviral sequences.  

Nevertheless, use of separate vectors eliminates the need for recloning. 

 

To achieve the optimal expression of an exogenous protein, a major 

factor that must be taken into consideration is the establishment of an ideal 

ratio between the two vectors.  To determine the optimal ratio, I propose 

labeling both vectors with separate fluorescent dyes, introducing both into cells, 

and then, using mathematical modeling, ascertain the ideal proportion of each 

DNA to attain maximal protein production efficiency. Since DNA uptake by cells 

is a stochastic process166,167, each cell will have different amounts of the two 

plasmids, rendering a wide variation in the datasets168.  One possibility is to 

create a model for the stochastic process of DNA uptake by a given cell type. 
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Assuming the stochastic process follows Gaussian distribution, the mean and 

variance will need to be modeled on different experimental parameters, taking 

into account DNA amounts, cell types, cell numbers, media amounts, nutrient 

amounts, and the growth environment169. Second, since individual cells will 

have disparate amounts of the two DNA vectors in them, based on the DNA 

amounts and other parameters mentioned above, a general linearized model 

can be established to estimate the exogenous protein expression170. Since it is 

possible that there is no linear relationship between the parameters and the 

protein production rate, feature engineering may be needed. Finally, based on 

the models derived from the first two steps, the optimal ratio between the two 

plasmids and other parameters must be determined under practical constraints, 

which play critical roles in the manufacture of biomedical drugs and DNA 

vaccine development. Therefore, an individualized production system can be 

established for product development. 

 

5.1.4. Potential applications for the exogenous protein production 

system 

The specific and efficient expression of a gene of interest has proven to 

be a difficult task impacting multiple fields. In the biomedical field, the 

manufacturing costs for protein-based drugs contribute substantially to their 
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sale price. An example is Ipilimumab, a monoclonal antibody approved to treat 

melanoma171,172. A single course of treatment costs $120,000. Since these 

drugs are prohibitively expensive, a reduction in the manufacturing cost would 

save thousands of dollars for patients worldwide173,174. The advantages of an 

enhanced drug production system are obvious: (i) protein production efficacy 

can be boosted by up to 30-fold, and (ii) the production system specifically 

elevates only the exogenous protein expression without affecting the gene 

expression of a mammalian host cell.  

5.2. The distinctive trafficking scheme of the MMTV Rem C-

terminus 

Studies of viral manipulation of cellular systems have led to some 

unexpected discoveries. The examination of exogenous protein production 

enhancement resulting from retroviral vectors followed observations made 

when trying to unravel the mechanism used by the viral regulatory protein, Rem. 

Rem is encoded by mouse mammary tumor virus (MMTV)107. Previous studies 

had shown that the N-terminus of Rem subverts the endoplasmic reticulum (ER) 

associated degradation (ERAD) pathway, which normally mediates the 

degradation of incorrectly folded proteins in the ER93. Deregulation of the 

ERAD process and the resulting accumulation of misfolded proteins play a 
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crucial role in several human diseases including Alzheimer’s disease, cancer, 

Parkinson’s disease, and cystic fibrosis175. I found that Rem-CT as well as 

Rem-SP used the ERAD pathway. Additionally, I found that another portion of 

Rem-CT utilizes the cellular vesicle trafficking pathway to traffic in and out of 

the ER. Two populations of Rem-CT may be totally independent of each other 

or these two populations of Rem-CT may be exchanged extremely slowly, 

despite the fact that they are encoded by the same DNA sequence. A model 

proposed here outlines the Rem-CT trafficking system (Fig. 5.1). 
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Fig. 5.1. Proposed model for Rem-CT trafficking. 

5.2.1. Rem-CT in a state of dynamic equilibrium is retained inside of the 

ER membrane.  

Rem is directed to the ER membrane for translation by an usually long 

signal peptide93. Following cleavage of its signal peptide, Rem-CT traffics out 

of the ER to the ERGIC or an early part of the Golgi through COPII vesicles, 

returning via COPI vesicles. Despite the lack of subcellular localization signals 

including a KDEL, KKXX, a GPI, or a transmembrane domain, Rem-CT uses 

the vesicular machinery to traffic to and from the ER. By making analyzing 
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truncation mutants of Rem-CT, the ER retention signal was localized within the 

first 50 amino acids of Rem-CT.  Following further site-directed mutational 

analysis that also does not affect glycosylation, the specific ER retention motif 

within Rem-CT can be further defined. It is possible that the first 50 amino acids 

of Rem-CT contains a domain that is recognized by COPI vesicles for 

retrograde transport to the ER. 

 

5.2.2. The potential function of Rem-CT in the secretory pathway. 

My experimental data indicate that Rem-CT is maintained in steady 

state levels as a resident protein inside of the ER compartment. Still, it is quite 

surprising that without an ER retention signal, Rem-CT uses the COP vesicle 

pathway to achieve its circular trafficking scheme. Rem-CT must manipulate 

normal cellular pathway proteins to serve its own purpose, suggesting that 

Rem-CT uses this scheme to retrieve a cellular protein that serves an anti-viral 

role. Many types of viruses, including HIV and CMV176, encode proteins in the 

vesicle trafficking pathway to regulate cellular proteins, such as MHC class I 

and tetherin to subvert the innate immune system and evade detection while 

allowing release of viral particles177–180. Recent results from our laboratory 

indicate that one function of Rem-CT is to antagonize the function of activation-

induced cytidine deaminase, an enzyme associated with affinity maturation of 
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the antibody response (G. Singh, H. Byun, and others, manuscript in 

preparation).  Retroviruses, like MMTV, cause chronic infection and must 

reside and propagate in cells for the entire life of the host. Therefore, such 

viruses require an efficient mechanism to regulate the immune system and 

other cellular machinery. 

 

5.2.3. A separate portion of Rem-CT retrotranslocates from the ER to 

the cytosol. 

In addition to the COPI pathway utilization, my results indicated that 

Rem-CT utilizes p97 to retrotranslocate from the ER to the cytosol. However, 

the Rem-CT retrotranslocated to the cytosol appears to be degraded 

immediately.  Following cellular fractionation analysis, Rem-CT in its dynamic 

equilibrium state appears only in the cellular membrane fraction and is not 

present in the nuclear or cytosolic fractions. Since viruses are efficient and 

maintain a low profile to avoid detection by the host cells, they would not 

encode an excessive quantity of proteins that serve no purpose181. Thus, it is 

possible that Rem-CT has a specific additional function in the cytosol, such as 

degradation of AID, despite its transient presence182,183.  
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5.2.4. Two independent populations of Rem-CT. 

Based on data presented here, I therefore propose that there are two 

independent populations of Rem-CT employing separate and unique trafficking 

routes. This possibility is extremely intriguing. Both of the Rem-CT populations 

must be synthesized in the ER and trafficking routes from the ER must be 

initialized. While one fraction of RemCT is directed to the vesicle trafficking 

pathway, the remainder is retrotranslocated from the ER to the cytosol. Once 

Rem-CT is deglycosylated, it either cannot exit the system or if it is able to 

escape, it is a highly inefficient process. This observation is supported by the 

fact that when p97 DN blocked the retrotranslocation process, it resulted in a 

large accumulation of Rem-CT in the ER, a pool that was unable to utilize the 

backdoor, COPII vesicle pathway, for egress (Fig. 4.8 and 4.9). Similar protein 

processing has been observed for other ERAD substrates184. The Rem-CT 

population targeted to the vesicle trafficking pathway must also be maintained 

independently. Otherwise, in the presence of normal p97 function, the Rem-CT 

retrieved via the COPI vesicles would be steadily depleted since it could be 

shuttled out the ERAD front door for proteasomal degradation.  

 

To summarize, the unique trafficking pattern of Rem-CT, uses both the 

vesicle trafficking pathway and ERAD. Further investigation of Rem-CT 
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trafficking and its function can provide us with a better understanding of how 

viruses manipulate fundamental cellular processes for their own purpose, 

including vesicle trafficking and ERAD. This increased understanding will 

provide insights into improved design of new antiviral drugs and gene therapy 

systems.  
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