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Mouse mammary tumor virus (MMTV) is a betaretrovirus that causes mammary 

tumors in mice. MMTV is the only known complex murine retrovirus and encodes Rem, 

an HIV-1 Rev-like protein. Rem is a 301-amino-acid (33 kDa) protein that is 

cotranslationally targeted to the ER, where the first 98 amino acids constitute the signal 

peptide (SP). The SP is cleaved and retrotranslocated to the cytoplasm prior to nuclear 

entry. In this thesis, the results show that the presence of a leucine at position 71 allows 

more efficient cleavage of SP and increases Rem activity. Further, in Rem-transfected 

cells, the majority of SP appears in the nuclear fraction, consistent with fluorescent 

microscopy data. The C-terminal fragment of Rem (RemCT) is glycosylated in the ER 

and, although glycosylation sites are present outside the SP, mutations of both these sites 

abolish SP activity in a reporter assay. Indirect evidence suggests that unglycosylated 

RemCT is degraded by the proteasome, whereas glycosylated RemCT is likely secreted 

out of the cell. A variant of MMTV (TBLV) that lacks functional Sag and RemCT has 

been prepared and will be studied in mice to elucidate the role of RemCT in vivo. 

Development of an antibody to RemCT will allow tracking of the protein in virus-

producing cells. Although there are many other similarities between complex retroviruses 

like HIV-1 and MMTV, current evidence suggests that Rem lacks an HIV Tat-like 

transactivator function.   
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INTRODUCTION 

Mouse mammary tumor virus: Genome organization and replication 

Mouse mammary tumor virus (MMTV) is the prototypic member of the genus 

betaretrovirus in the family Retroviridae. MMTV was first discovered by association 

with a high incidence of breast cancer in inbred strains of mice and was shown to be 

transmitted through breast milk. The virus is enveloped, and the virion particle contains 

the polymerase, also known as reverse transcriptase (RT), as well as integrase (IN), 

which allows integration of the provirus into the host genome. A lysyl-tRNA is also 

included and is used to prime minus-strand replication of viral RNA. The MMTV 

genome is composed of two copies of a single-stranded, positive sense RNA, which 

contains a 15 bp short direct repeat (R) sequence at both ends. Next to the R region, is a 

120 bp sequence at the 5’ end (U5) and a 1200 bp region at the 3’ end (U3).  

 

 

 

 

 

 

 

The genome is transcribed into a full length unspliced RNA encoding the Gag-

Pro-Pol precursor through two ribosomal frameshifts (Fig. 1). The Gag (group specific 

antigen) protein encodes the nonglycosylated virion proteins, whereas Gag-Pro produces 

the Gag proteins, the viral protease (PR) as well as a dUTPase (DU). In addition to these 

 

Fig. 1. MMTV genome 

organization and mRNA 

transcripts from the U3 and 

env promoters. Dashed 

lines represent exons, 

whereas dotted V-lines 

show the introns.  RmRE – 

Rem-responsive element; 

SD - splice donor; SA – 

splice acceptor sites. 

MMTV promoters are 

represented by ovals. 
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proteins, the gag-pro-pol transcript encodes for the reverse transcriptase (with associated 

RNase H activity) and the viral integrase genes. The envelope proteins are encoded by 

the singly spliced env mRNA and consist of the surface (SU) and transmembrane (TM) 

regions. The virus also specifies two additional proteins: the superantigen (sag) gene is 

encoded within the U3 region and can be produced from two singly spliced mRNAs 

originating from independent promoters; and Rem, which is encoded by a doubly spliced 

mRNA in the same reading frame as env. The presence of the accessory and regulatory 

factors in addition to the canonical gag, pol, env genes of simple retroviruses allow for 

the classification of MMTV as a complex retrovirus.  

Exogenous MMTV is transmitted through breast milk. Viral particles mature 

within the intestinal tract of newborn mice and cross the epithelium through M cells, 

where they encounter and infect dendritic cells and B cells, both cell types that serve as 

antigen-presenting cells. In the infected cell, the MMTV genome is reverse transcribed, 

leading to a DNA copy that is slightly different from the initial RNA template. The U5 

and U3 regions are duplicated at both ends to give the U3-R-U5 repeats, or long terminal 

repeats (LTRs). The provirus then integrates within the host genome, where cellular RNA 

polymerase II recognizes signals within the U3 region of the 5’ LTR and initiates 

transcription from the standard promoter at the U3/R junction. The genome contains two 

additional promoters: one about 500 bp upstream of U3/R region and a second one within 

the env gene. Presumably these promoters are used differentially in various cell-types. 

The 3’ LTR has a hormone-responsive element (HRE) that allows increased transcription 

of viral genome during lactation when hormone levels are high.  
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The intragenic env promoter may be used for sag gene transcription. The sag 

mRNA is translated as a type II membrane protein and presented at the surface of the cell 

with an MHC class II molecule. The C-terminal portion of Sag interacts with the T-cell 

receptor (TCR), causing cytokine release and division of lymphocytes that can be 

infected by the virus. These lymphocytes establish a chronic infection until the female 

mice develop mammary cells that are the source of virus transmission through the milk 

(Dudley, 2008). 

Like genomes of many higher order eukaryotes, some mouse strains contain 

endogenous proviruses, called Mtvs, which can be vertically transmitted to newborn pups. 

Most of these endogenous proviruses are defective for replication and do not produce 

infectious virion particles. Interestingly, inbred mice strains engineered to be Mtv-null 

actually resist infection by exogenous MMTV as well as certain bacterial pathogens, for 

example, Vibrio cholerae (Bhadra 2006).  

Type B leukemogenic virus: Differences from MMTV 

An MMTV-related virus, type B leukeomgenic virus (TBLV), causes thymic 

lymphomas in a shorter period of time (1.5 to 2 months) compared to the latency of 

mammary tumor development by MMTV (6 to 9 months). MMTV and TBLV differ in 

their U3 regions, where TBLV has a deletion of 443 nucleotides, corresponding to the 

negative regulatory element (NRE) that restricts MMTV expression in specific tissue 

types, for example, lymphoid cells. The deletion is accompanied by a substitution of 124 

nucleotides, a triplication of the 62 bp region flanking the deletion that serves as a T-cell 

enhancer. Substitution of about 440 bp of the TBLV 3’ LTR into an MMTV proviral 
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construct changes the disease produced by MMTV from mammary tumors to thymic 

lymphomas (Bhadra, 2005). The differences in the LTR between the two viruses also 

yield a truncated sag gene. TBLV Sag encodes the transmembrane and MHC class-II 

binding domains, but cannot interact with the TCR due to the lack of the C-terminal 

region. Sag is required for efficient transmission of milk-borne MMTV (Mustafa, 2000). 

However, TBLV does not require Sag for development of lymphomas (Mustafa, 2002), 

presumably due to the higher levels of viral replication in the absence of the NRE and the 

presence of the T-cell enhancer.   

Retroviral export of unspliced RNA 

In eukaryotic cells, transcription of genes into mRNAs and their translation into 

proteins occurs in different compartments of the cell. The mRNAs must be exported from 

the nucleus into the cytoplasm; however, prior to export, the pre-mRNAs are modified 

through capping, polyadenylation, and the removal of introns. These processing steps 

yield mature mRNA containing motifs that are recognized by cellular factors that bind 

the mRNA. Some of these factors interact with the nuclear pore complex (NPC) in the 

nuclear membrane to allow export of the complex to the cytoplasm. Intron-containing 

mRNAs are retained within the nucleus and degraded. This stringent quality control 

mechanism ensures that only functional mRNAs are exported and presented to the 

ribosomes for translation (Bailey-Serres, 2009; Fasken, 2009). 

Retroviruses assemble their virions in the cytoplasm, but must export their full-

length unspliced RNAs from the nucleus for translation of polyprotein precursors as well 

as for packaging into progeny virions. These viruses have evolved two main strategies to 
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evade the cellular pre-export splicing requirement.  Most simple retroviruses, like Mason-

Pfizer Monkey Virus (MPMV) and Rous Sarcoma Virus (RSV), utilize a cis-acting RNA 

sequence within their genomes that facilitates the interaction of viral RNA molecules 

with host nuclear export factors (Ogert, 1996). Simple retroviruses encode only the 

canonical gag, pol, pro, and env genes. Complex retroviruses, such as Human 

Immunodeficiency Virus-1 (HIV-1) and Mouse Mammary Tumor Virus (MMTV), 

encode several accessory and regulatory genes in addition to the structural genes (Malim 

1989; Mertz, 2005). One of the regulatory genes encodes a trans-acting factor that binds 

a sequence in the RNA genome and interacts with cellular export factors to allow viral 

RNAs to enter the host nuclear export pathway.  

Simple retroviruses use cis-acting RNA elements to export unspliced RNAs 

Constitutive Transport Element (CTE) 

MPMV, a type D betaretrovirus, and RSV, an alpharetrovirus, utilize different 

cis-acting elements to export unspliced RNAs. The MPMV genome contains a secondary 

structure, the Constitutive Transport Element (CTE), which allows nuclear export of 

intron-containing RNAs. The CTE serves as an autonomous nuclear export signal and is 

required for virus replication. It performs a role analogous to the cis-acting response 

elements that bind the accessory proteins encoded by complex retroviruses, for example, 

HIV-1 Rev. Furthermore, cellular RNAs containing introns may also be exported from 

the nucleus in the presence of the CTE (Ernst, 1997). Electrophoretic mobility shift 

assays and UV-crosslinking studies showed that CTEs interact with specific nuclear 

factors (Tang, 1997).  



6 

 

Experiments in quail QC1-3 cells identified Tap as the first human factor involved 

in sequence-specific export of nuclear mRNA. Tap is the mammalian homolog of 

Mex67p, an essential nuclear mRNA export factor in yeast (Kang, 1999). Quail QC1-3 

cells normally do not support CTE function, but the expression of Tap allowed RNA 

export. Tap contains an RNA-binding domain that associates with the CTE. By itself, Tap 

is not sufficient for export (Kang, 1999). The human Tap protein is composed of 559 

amino acids (63 kDa) (Kang, 1999) and contains two nuclear localization signals (NLSs) 

and one nuclear export signal (NES) (Fig. 1). The NES is required for Tap function, but 

can be replaced by HIV-1 Rev NES. Tap with a heterologous Rev NES is sensitive to 

inhibitors of Crm1, although wild-type is not. These results indicate that Tap functions 

differently from HIV-1 Rev-mediated export, and is independent of the Crm1 pathway 

(Kang, 1999). Tap is also involved in non-export functions. Translation of CTE-

containing RNAs is enhanced as indicated by the detection of Tap with the unspliced 

RNA in the polyribosomal fractions and an increase in the rate of protein synthesis. 

These results provide a link between the nuclear export and cytoplasmic translation of 

unspliced RNAs (Jin, 2003).    

An intriguing example of an intron-containing cellular mRNA is the Tap mRNA 

itself. Recent evidence suggests that the tap gene contains a CTE in its 10
th

 intron. This 

incompletely spliced tap mRNA containing intron-10 is exported to the cytoplasm and is 

translated into an additional Tap protein. The “cellular CTE” of Tap consists of 

approximately 100 nucleotides in the middle of intron-10 that have sequence similarity to 

MPMV CTE. This region is conserved between humans and mice. Software programs 

predict secondary RNA structures in the upper stem-loop of Tap-CTE, which are almost 
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identical to the secondary structure of the lower stem-loop of MPMV-CTE, a region that 

binds Tap. Tap-CTE is thought to act as an export element for Tap and its cofactor, 

NXT1 or p15. Tap can be cross-linked to its own CTE in the conserved stem-loop 

structure region, indicating that Tap may regulate its own gene expression. Binding of 

Tap to its CTE may facilitate the export and expression of this intron-containing mRNA 

(Li, 2006). 

CTE-mediated export allows incompletely spliced RNAs to avoid the nonsense-

mediated decay (NMD) pathway. NMD is a cellular mRNA surveillance mechanism that 

ensures degradation of mRNAs containing premature termination codons (LeBlanc, 

2004). NMD detects nonsense mutations in cellular mRNAs, such as those introduced by 

the retention of intron-10 in Tap. Use of the CTE has obvious advantages for retroviruses 

since they must overcome cellular surveillance to export their unspliced and/or 

incompletely-spliced RNAs to the cytoplasm. Given the sequence and structural 

similarities between the CTEs of Tap and MPMV, it is likely that the MPMV CTE was 

acquired from the cellular Tap CTE and duplicated by the virus to allow for efficient 

gene expression (Li 2006).  

The avian sarcoma/leukemia (ASV/ALV) family of retroviruses also contains 

CTEs in their genomes that can function as RNA export signals. Like the MPMV CTE, 

the ASV/ALV CTE is shown to function in a Crm1-independent manner; however, the 

two CTEs lack significant sequence homology (Yang, 1999). Another simple retrovirus, 

Simian Retrovirus (SRV) serogroup 2, also contains a CTE element in its genome within 

the 3' intergenic region that mediates the nuclear export of unspliced SRV RNA. The 

SRV CTE interacts with cellular factors involved in translation and translocation, for 
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example, the ribosomal L10-like protein and the translocon protein gamma subunit-like 

protein. This retrovirus provides an additional example of the CTE coupling nuclear 

export and cytoplasmic translation of unspliced and/or incompletely-spliced RNAs (Li, 

2004). 

Other cis-acting elements involved in RNA export 

Retroviruses also utilize other elements within their genomic RNA for export. For 

example, RSV uses the direct repeats (DRs), which flank the src gene near the 3’ end of 

viral genome, as cis-acting RNA elements for export. The DR region was mapped 

between RSV nucleotides 8770 and 8925 and mediates Rev-independent expression of 

HIV-1 Gag proteins (Ogert, 1996). Studies have shown that only one copy of either DR is 

needed for export and that the pathway, like that of the MPMV and ALV/ASV CTEs, is 

Crm1-independent (Paca, 2000). Mutations in the DR region reduce the stability of RNA, 

its efficient export from the nucleus, as well as the cytoplasmic utilization of unspliced 

viral RNA, indicating that DRs mediate multiple steps in the viral replication cycle. 

However, unlike CTE-mediated RNA export where Tap binds directly to the CTE, gel-

shift assays by Paca et al. (2000) showed that Tap does not interact directly with the DRs, 

but may mediate RNA export via an adapter protein that binds to the DRs.  

Another cellular protein involved in host mRNA export was shown to be involved 

in export of unspliced RSV RNA. Dbp5, an RNA helicase, is present in the cytoplasm 

and cytoplasmic side of the nuclear pore complex (NPC). A dominant-negative form of 

Dbp5, which lacks ATP hydrolysis function and is deficient in RNA-binding capability, 

retains both total polyA+ (i.e. cellular) mRNA and unspliced RSV RNA in the nucleus. 
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These results indicate that Dbp5 interacts with DR elements, either directly or indirectly 

(LeBlanc, 2007). 

The export mechanism used by Murine Leukemia Virus (MuLV) exhibits a 

variation on the theme of cis-acting RNA elements. Alhough the CTE and DRs (and also 

the various response elements in complex retrovirus genomes) are within the 3’ end of 

the genome, MuLV does not contain an analogous cis-acting element. However, the 

highly structured Psi packaging (encapsidation) signal at the 5’ UTR is required for 

cytoplasmic accumulation of MuLV intron-containing full-length RNA.  Since this signal 

is only present in full-length genomic RNAs, it serves to link the export and packaging 

pathways and ensures that only the correct RNAs are packaged in progeny virions 

(Smagulova, 2005). 

Complex retroviruses encode viral regulatory proteins that bind to cis-acting RNA 

elements and promote nuclear export of unspliced RNAs 

Complex retroviruses also have RNA elements in their genomes that facilitate 

RNA export and regulate certain post-export functions. In addition, the cis-acting element 

is supplemented with a trans-acting factor encoded within the genome. Several examples 

of this retroviral strategy will be described in the next sections. 

HIV-1 Rev 

HIV-1 encodes the gag, pro, pol, and env genes found in all retroviruses, as well 

as multiple accessory and regulatory factors. One of the regulatory factors, Rev, is 

encoded by a doubly-spliced mRNA and mediates the interaction of unspliced viral 

RNAs with the cellular nuclear export machinery. The rev mRNA is completely spliced 
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and is expressed early in replication. Rev allows export of late HIV-1 mRNAs that 

encode the Gag-Pol and Env structural proteins. Rev activity is independent of the HIV-1 

RNA splicing mechanism, but requires an RNA element within the env gene, the Rev-

responsive element (RRE), which acts as a specific target sequence for Rev binding 

(Malim, 1989).  

Further evidence for Rev’s role in transport and its independence from splicing 

was obtained from studies with adenovirus pre-mRNA engineered to encode an RRE 

within an intron. Rev binds the RRE, which has a complex secondary and tertiary 

structure (Malim, 1990). The construct was spliced with the same efficiency with and 

without Rev; however, Rev was required for export of the unspliced pre-mRNA from the 

nucleus into the cytoplasm through a mechanism involving cellular factors (Fischer, 

1994).  

In addition to its role in expression of structural proteins, Rev is also required for 

expression of the accessory genes vif, vpr, and vpu. These cytoplasmic RNAs do not 

associate with the polysomes in the absence of Rev. These data indicate that Rev may 

play a role in enhancing translation in addition to its purported RNA export role (Arrigo, 

1991). Recently, Groom et al. used a rabbit reticulocyte lysate for in-vitro translations to 

show that Rev stimulates translation of HIV-1 RNAs at specific concentrations. This 

stimulation is dependent on the presence of a Rev-binding site in the 5’ untranslated 

region corresponding to the HIV-1 packaging signal, which is different from the RRE 

found at the 3’ end of the genome (Groom, 2009).   

HIV-1 Rev is a 116-amino-acid protein, whose localization to the nucleoli 

depends on the arginine-rich RNA-binding motif (ARM) that overlaps with a nuclear 
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localization signal (NLS) (Wolff, 1995). Rev consists of two domains: the N-terminus is 

necessary and sufficient for RRE binding, multimerization and nuclear translocation, 

whereas the C-terminus is considered to be the activation/effector domain. The Rev C-

terminus interacts with cellular factors to promote RNA export (Malim 1989) via a 

leucine-rich NES. The presence of both NLS and NES domains results in a 

nucleocytoplasmic shuttling protein (Wolff, 1995). Mutations in the leucine-rich domain 

block the interaction of Rev with the cellular export factor, Crm1/exportin-1 

(Crm1/Xpo1) (Fischer, 1995). Crm1 is sufficient for export and translation of the late 

HIV-1 mRNAs, even when Rev is fused to a heterologous (non-Rev) RNA-binding 

domain (Yi, 2002).  

The human Crm1 (hCrm1) protein binds a variety of cellular factors with leucine-

rich NESs in conjunction with the small GTPase protein, Ran-GTP, resulting in protein 

export to the cytoplasm. The C-terminal 87 to 116 amino acids of Rev are needed for 

efficient binding to Crm1, which in turn allows enhanced nucleocytoplasmic trafficking. 

Rev binding to hCrm1 also enhances interaction between multiple Rev proteins, which 

leads to its subsequent multimerization on the target RNA (RRE). The multimerization 

domain of Rev has been mapped to the two regions flanking the ARM, with the N-

terminal Tyr-23, Ser-25, and Asp-26 playing major roles. The current model for Rev 

multimerization proposes the formation of an initial Rev-Rev interaction that is hCrm1 

independent. The Rev-Rev multimer then associates with hCrm1-Ran-GTP, which 

further stabilizes the initial multimer (Hakata, 2002).  
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Crm1 is bound by the RNA helicase DDX3, a cellular ATP-dependent DEAD box 

protein that shuttles between the nucleus and cytoplasm. DDX3 mediates RNA export in 

a manner similar to Dbp5p in yeast mRNA export. Rev-RRE mediated export of 

incompletely spliced HIV-1 RNAs is suppressed upon DDX3 knockdown, thus 

hampering viral replication (Yedavalli, 2004, Ishaq 2008). Another cellular protein, Src-

associated protein in mitosis, Sam68, also shows involvement in Rev-mediated export of 

unspliced RNA (Modem, 2005). C-terminal truncation of Sam68 inhibits HIV-1 

expression due to loss of the ability to bind poly-A binding protein, PABP1 (Marsh, 

2008), thereby hindering translation of HIV-1 RNA (He, 2009).  

HTLV-1 Rex 

HTLV-1 encodes multiple accessory proteins necessary for viral replication, 

including a Rev-like protein, Rex, of 189 amino acids (27 kDa). Rex binds its cis-acting 

RNA element, the Rex-responsive element (RxRE), a 255-nucleotide RNA stem-loop 

structure within a region of the HTLV-1 genome that is present in all viral mRNAs 

(Heger, 1998). Rex also functions on the heterologous HIV-1 RRE (Inoue, 1991). Rex 

contains functional domains analogous to those found in Rev, including the basic 

arginine-rich motif (residue 1-19), which overlaps with the NLS and is required for RxRE 

binding. The Rex effector domain (residues 79-99) consists of a leucine-rich NES that 

interacts with cellular export cofactors, like Crm1, thus allowing Rex to shuttle between 

the nucleus and cytoplasm. Mutant Rex proteins lacking the RNA-binding domain 

localize in the cytoplasm and disrupt Rex- and Rev-mediated RNA export, but continue 

to shuttle between the nucleus and the cytoplasm (Heger, 1999). Like Rev, Rex has two 
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multimerization domains (residues 57-66 and 106 to 124) that are separated by the 

ARM/NLS (Auer, 1994). Multimerization is not necessary for Rex1 binding to Crm1 and 

other cellular factors, nor does it impair Rex-mediated nuclear export; however, 

formation of Rex oligomers appears necessary for full functionality (Heger, 1998).  

Rex binds the HIV-1 RRE and partially substitutes for Rev (Felber, 1997), leading 

to the speculation that, although they lack sequence homology, the two proteins may have 

identical modes of action. However, unlike Rev, GFP-tagged Rex localizes primarily to 

the cytoplasm and Rex-mediated export does not require oligomerization. Furthermore, 

experiments with a trans-dominant Rex hampered activity of wild-type Rex. The trans-

dominant Rex did not form heteromultimers with wild type Rex via protein-protein 

interactions in the nucleus, as observed with Rev, but bound cellular factors necessary for 

Rex and Rev activity (Heger, 1999). Rev, on the other hand, cannot mediate RNA export 

via the RxRE, leading to the hypothesis that because the structure of RxRE is less 

complex than the RRE, multimerization of Rex is not critical for RNA export (Felber, 

1997). Experiments comparing HTLV-1 gag vs. env gene expression showed that 

unspliced gag-pol mRNA accumulated in both the nucleus and cytoplasm in the presence 

of Rex, but env mRNA only accumulated in the cytoplasm. These results suggested that 

Rex may be involved in export of unspliced RNAs as well as RNA processing and pre-

mRNA stabilization prior to splicing (Inoue, 1991). Additionally, Rex was shown to 

directly inhibit splicing (Grone, 1996) and to function in translation (Lawrence, 1991), 

indicating the multifunctional nature of retroviral regulatory proteins. 

JSRV Rej and HERV-K Rec 
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The betaretrovirus, Jaagsiekte sheep retrovirus (JSRV), also expresses a 

regulatory protein, named Rej, which is identical to the signal peptide of the JSRV env 

gene. Rej is synthesized from the singly-spliced env transcript and contains motifs 

homologous to Rev. Rej is required for synthesis of Gag protein from unspliced viral 

RNA, and this activity is localized to the N-terminal 100 amino acids, the region 

corresponding to the SP of Env. The JSRV SP, a nucleocytoplasmic shuttling protein, 

also showed exclusive nuclear localization, with some concentration in the nucleolus and 

contains motifs found in analogous retroviral regulatory proteins. However, JSRV 

provirus deleted of Rej did not significantly hamper the transport of unspliced RNA to 

the cytoplasm in most cell lines. Instead of a strictly export function, Rej seems to be 

involved in enhancing translation, rather than export of unspliced viral RNA; hence its 

requirement for efficient Gag expression. Rej/Env SP is speculated to be released into the 

cytosol via retrotranslocation from the ER. Alternatively, JSRV SP may be cleaved by a 

cellular furin-like protease, like the Env glycoprotein of feline foamy virus (FFV), or 

from the Env precursor by an intramembrane cleaving protease, for example, signal 

peptide peptidase (SPP) (Hofacre, 2009). 

The 3’ end of the JSRV env gene contains the JSRV Expression/Export Element 

(JREE), which consists of both a CTE and a Rej-responsive element (RejRE). Thus, 

JSRV seems to use strategies from both simple and complex retroviruses for expression 

of unspliced viral RNAs. Rej may bind the unspliced viral RNA through the RejRE, but 

utilize the CTE to mediate the export of the RNA-protein complex (Hofacre, 2009). The 

RejRE primary sequence and secondary structure is important for nuclear export, 



15 

 

accumulation of unspliced viral RNA in the cytoplasm, and Gag expression. Cytoplasmic 

accumulation of viral RNAs is Tap-independent and Crm1-dependent.  

In general, simple retroviruses use Tap to bind their CTE for export of unspliced 

viral RNAs, whereas complex retroviruses encode accessory proteins that mediate export 

via the Crm1 pathway. Rej was shown to bind to the RejRE and utilize the Crm1 export 

pathway, indicating a mechanism analogous to that of the complex retroviruses. It is 

possible that the CTE activity of JREE exports unspliced viral RNAs, which are 

packaged into progeny virions, whereas RNAs with Rej bound to RejRE require Crm1 

for export and use as mRNA for synthesis of Gag and Pol proteins (Nitta, 2009). 

Although viral accessory proteins are a hallmark of complex retroviruses, JSRV is 

classified as a simple retrovirus. The presence of an accessory export protein in JSRV is 

either an exception to the rule, or raises the possibility that JSRV may be an intermediate 

between simple and complex retroviruses. JSRV also has an open reading frame (Orfx) of 

unknown function (York, 2003), suggesting that it is a complex retrovirus similar to 

MMTV.   

As observed with certain mouse strains that contain endogenous Mtvs, the human 

genome also contains multiple copies (~50 per haploid genome) of endogenous 

retroviruses, known collectively as Human Endogenous Retrovirus Ks (HERV-Ks). 

These proviral elements were acquired by infection of germ cells with exogenous 

retroviruses, though most have accrued inactivating mutations or deletions (Löwer, 

1996). These endogenous retroviruses have no close known exogenous relative, but do 

show some sequence homology to MMTV (Ono, 1986). In 1999, two independent groups 

showed that in addition to full-length gag-pol and singly-spliced env mRNA, HERV-K 
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also specifies a doubly-spliced mRNA encoding a Rev homolog of 105-amino-acids (14 

kDa), cORF or Rec (Yang 1999, Magin 1999).  

The rec mRNA is generated by splicing the N-terminal residues of env (signal 

peptide) to a short exon that overlaps with the env gene in a different reading frame, a 

splicing mechanism similar to Rev. Rec also consists of the arginine-rich NLS as well as 

a leucine-rich NES. Rec was shown to localize, albeit partially, to the nucleolus, and 

functions via the Crm1 export pathway. Magin et al. showed that viral RNA stability and 

cytoplasmic export are enhanced in the presence of cORF/Rec. The RcRE was mapped 

between nucleotides 8720 to 9148 in the U3R region. Folding models predict the 

presence of two energetically favorable stem-loop structures located adjacent to one 

another, one of which has similarities to the HTLV Rex-binding domain (Magin, 1999).  

Yang et al. showed that HIV Rev can interact with the Rec-responsive element 

(known as the K-RRE or RcRE), which raises the possibility that an HIV infection where 

Rev is expressed can induce production of HERV-K structural proteins. This theory is 

further supported by reports showing that 70% of HIV-infected patients have antibodies 

against HERV-K structural proteins. The similarities between Rev and Rec have led to 

the speculation that the lentiviruses (of which HIV is a member) may have recombined 

with HERV-K-like retroviruses to acquire Rev. Alternatively, both HERV-Ks and 

lentiviruses may have recombined with a yet unknown cellular Rev homolog. It is, 

however, unlikely that lentiviruses evolved from HERV-Ks because the two viruses share 

very limited sequence homology. The presence of a Rev-like protein in endogenous 

retroviruses may indicate that retroviruses acquired this activity early during evolution 

(Yang, 1999). If endogenous retroviruses are considered the evolutionary intermediates to 
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contemporary retroviruses, the possibility of recombination between exogenous and 

endogenous retroviruses may be an indication that the endogenous retroviruses serve as a 

reservoir of genes used by exogenous retroviruses to acquire new functions (Magin, 

1999). 

MMTV Rem 

MMTV, another betaretrovirus, recently classified as a complex retrovirus (Mertz, 

2005), also encodes a Rev and Rex-like nucleocytoplasmic shuttling protein of 301 

amino acids. Rem contains many of the motifs present in Rev and Rex. For example, 

Rem contains an NLS and NoLS that overlap with an arginine-rich RNA binding domain 

(ARM) and a leucine-rich NES. GFP-tagged Rem localizes to the nucleolus, and this 

localization is dependent on the NLS/ARM region. Rem utilizes the cellular Crm1 

pathway since the expression of dominant-negative Crm1/Xpo1 eliminates Rem function 

(Mertz, 2005). Rem activity is dependent on the presence of the Rem-responsive element 

(RmRE), which was mapped to a region of 476-nucloetides at the env-U3 LTR junction. 

RNase mapping performed to probe the secondary structure of the RmRE suggests a 

complex structure containing short helical segments separated by multiple hairpins and/or 

internal loops, like those seen in the HIV-1 RRE and HTLV-1 RxRE (Mertz, 2009; JBC).  

 

 

 

 

 

Fig. 2. Diagram of Rem and 

signal peptide (SP). Rem C-

terminus (Rem-CT) is a fusion 

between internally deleted 

versions of the envelope 

surface (SU) and 

transmembrane (TM) proteins. 

Glycosylation sites are 

indicated by stars.  Adapted 

from Byun, et al., 2010.  
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Initial experiments showed that mutations in Rem significantly decrease the 

amount of gag-pol mRNA in the cytoplasm as well as Gag protein production (Mertz, 

2005). However, RNA fractionation experiments using the pHMRluc reporter vector 

showed that Rem did not have a significant effect on the steady-state levels of 

cytoplasmic or nuclear RNAs. The reporter construct contains CMV promoter upstream 

of the Renilla luciferase gene between splice donor and splice acceptor sites within the 3’ 

end of the MMTV genome. Renilla luciferase expression occurs only if the unspliced 

reporter mRNA is exported to the cytoplasm for translation. These experiments suggest 

that Rem functions in both export and post-export activities (Mertz, 2009; 

Retrovirology). Further, the RmRE region is present in all MMTV mRNAs, not just the 

full-length gag-pol mRNA, suggesting that Rem enhances expression, perhaps through 

translation, of all MMTV mRNAs in addition to the export of unspliced RNAs.  

Rev and Rex have also been reported to function in translation. In addition, the 

cis-acting elements in RU5 and gag regions of several retroviruses appear to affect 

translation. Therefore, Rem may bind to 3’ RmRE to promote a post-export step, for 

example in translation, whereas another region at the 5’ end may increase Crm1-

dependent export. It is possible that the MMTV genome contain 2 RmREs – one at 5’ end 

present only in unspliced RNA, which promotes nuclear export of genomic RNAs, and a 

second RmRE at the 3’ end, which is present in all mRNAs to facilitate translation 

(Mertz, 2009). 

Rem is expressed from a doubly-spliced mRNA transcript, which encodes the 

entire Env signal peptide (SP) and the N-terminus of SU joined to the C-terminus of TM 

in the same reading frame as env. Betaretroviruses HERV-K and JSRV also utilize the SP 
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from their env genes in a similar fashion. The SP contains conserved sequences that are 

recognized by the signal recognition particle (SRP), which directs the partially-translated 

nascent polypeptide and the ribosome complex to the ER. SRP recognizes SPs 

differentially based on their length and hydrophobicity. Rem and HERV-K Rec as well as 

JSRV Rej (Caporale, 2009) all have long signal peptides compared to the signal peptides 

found in cellular proteins (Hiss, 2009).  

All of the major motifs in Rem are localized in the SP region. These N-terminal 

98 amino acids are sufficient for mediating RNA export. Although much progress has 

been made in understanding the mechanism and function of SP, the role of RemCT has 

been difficult to decipher. Motif scans using available software revealed few known 

motifs in the C-terminal region. Since Rem is expressed early in MMTV infection, 

RemCT may be regulating virus expression during early stages of infection to minimize 

virus production. Other known retroviral export proteins vary in size from 12 to 21 kDa. 

However, Rem is a much larger protein of 33 kDa, suggesting potential functions in 

multiple aspects of viral replication (Fig. 1C) (Mertz, 2005). 

 

 

 

 

 

 

Fig. 3. Domain structure of retroviral RNA export proteins. Adapted from Mertz et al., 

2005.  
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Dultz et al. performed subcellular fractionations to reveal that RemCT was 

detectable in the ER, where it is glycosylated at two sites, whereas SP and full-length 

Rem were reported to reside in the nucleus. In vitro transcription and translation of Rem 

cDNA indicated that the generation of SP and RemCT was dependent on the presence of 

ER-derived membranes. Rem-SP could be released from the ER-derived membranes in 

vitro, indicating a similar pathway in vivo. Since RemCT is a glycoprotein, the secreted 

form may provide an immune surveillance function; however, Rem has not been detected 

in the extracellular media. Mutations in the signal peptidase cleavage site revealed that 

processing is required for the generation of SP. Generation and release of RemSP from 

the membranes is independent of further processing by signal peptide peptidase (SPP), an 

intramembrane cleaving protease that cleaves the internal signal sequences of hepatitis C 

virus polyprotein (McLauchlan, 2002). It has also been proposed that RemSP binds 

various nuclear transport factors through the NLS and shuttled directly to the nucleus, 

thereby circumventing signal recognition particle (Dultz, 2008). However, experiments 

with signal peptidase cleavage mutants make that possibility unlikely, since even when 

these mutants are overexpressed, cells lack any Rem activity (Byun, 2010).  

Although the mechanism is still under investigation, RemSP may be released 

from the ER through the retrotranslocation pathway. Retrotranslocation is the proces 

through which ER transmembrane and luminal proteins are transported back into the 

cytoplasm. However, retrotranslocation is part of the ER-associated degradation (ERAD) 

pathway (Tsai, 2002); therefore, the SP must escape degradation to enter the nucleus. The 

release of SP could also be mediated by cytosolic factors, like B23, which reside in both 

the nucleolus and the cytoplasm. B23 has been shown to interact with Rem (Hoch-
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Merchaim, 2003). In addition, it is known to bind NLS-containing peptides and has been 

shown to have chaperone activity (Szebeni, 1995).  

MMTV also encodes an accessory protein, Sag, from multiple singly spliced 

mRNAs. The sag and rem mRNA share a splice donor site within the env gene. The 

presence of Sag is necessary for viral replication in vivo (Golovkina, 1995). Mutations in 

the envelope splice donor site of HYB-MTV, an infectious molecular clone of MMTV, 

prevented MMTV replication (Mustafa, 2000). The HYB-MTV-SD mutant viruses that 

survived had corrected the mutation, possibly through recombination with the 

endogenous Mtvs, to restore the splice donor site and viability. However, because of the 

shared splice donor site, the results with HYB-MTV-SD provirus do not distinguish 

between the effects of Rem and Sag on MMTV replication. Since SP can be generated 

from both rem and env mRNAs (Byun, 2010), viral replication should not be significantly 

affected. The necessity for Sag expression for MMTV replication in vivo can be 

circumvented by studying the effect of the splice donor mutation in TBLV, a variant of 

MMTV, which does not need Sag for replication (Mustafa, 2002). The TBLV-SD, or 

TBLV∆RemCT, mutant will be useful in investigating the effect of RemCT in vivo.  

Transactivators Tat and Tax 

In addition to Rev, the HIV genome contains another regulatory protein, Tat, 

which is expressed during the earlier steps of replication. The tat mRNA is post-

transcriptionally modified by a double splicing event. Both extracellular and intracellular 

Tat forms are expressed. Tat has two functional domains: 1) an activation domain that 

allows interaction with cellular factors, and 2) an arginine-rich domain that binds the viral 

transactivation responsive element (TAR). The extracellular Tat form can enter target 
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cells via its low affinity cellular receptors, heparan sulfate proteoglycans, to mediate 

transactivation (Romani, 2010). Tat increases rates of transcription from the HIV LTR by 

increasing the efficiency of transcriptional elongation. During HIV gene expression, Tat 

function precedes Rev function (Feinberg, 1991). HTLV-1 also encodes a Tat-like 

protein, called Tax, which is a nuclear phosphoprotein that enhances transcription from 

the HTLV-1 LTR. Tax function is dependent on the Tax-responsive elements (TRE-1 and 

TRE-2) within the viral LTR. Cellular transcription factors involved in cyclic AMP 

(cAMP) signaling recognize and bind TRE-1, and TRE-2 is bound by other cellular 

transcription factors, for example, Sp1, Myb, Ets1 and Ets2. Tax is involved in 

oncogenesis by HTLV-1, causing IL-2-dependent immortalization of T cells (Higuchi, 

2009).  

Previous reports suggest that MMTV Rem is processed into two subunits – 

RemSP is identical to the SP generated from env, whereas RemCT’s function is under 

investigation. This manuscript confirms earlier reports that RemSP is cleaved in the ER 

and localizes to the nucleolus. Current data indicate at least one glycosylation sites in 

RemCT, is necessary to retain Rem localization and activity. An antibody specific for 

RemCT is being prepared to detect untagged forms of RemCT from virally infected cells. 

Glycosylated RemCT appears to be secreted in the extracellular media, although direct 

detection has not been possible so far. Unglycosylated RemCT is degraded by the 

proteasome. A mutant provirus lacking RemCT has been constructed for further 

investigation in vivo. Unlike HIV and HTLV-1 which encode a tranasactivator gene, tat 

and tax-1, current evidence does not support such a role for Rem.  
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MATERIALS AND METHODS 

Cell lines and transfections. The 293T cells were transiently transfected by the calcium 

phosphate method. Cells (5 X 10
5
) were plated in 6-well plates one day prior to 

transfection. DNA (6 µg total) was mixed with 0.25 M CaCl2 and added to 2X-HBS, pH 

7.1 (280 mM NaCl; 10 mM KCl; 1.5 mM Na2HPO4.2H20; 12 mM dextrose; 50 mM 

HEPES) while vortexing. The mixture was incubated at room temperature (RT) for 15 

min and added to the cells dropwise. At 6 to 8 hr post-transfection, the media was 

changed to remove the calcium phosphate precipitate. Cells were harvested 

approximately 48 hr post-transfection. HC11 and Jurkat cells were transfected by 

electroporation in a BTX Electro Cell Manipulator (ECM) 600 (Harvard Apparatus Inc.) 

instrument. One day prior to electroporation, HC11 cells were diluted 1:3 from a 

confluent 100 mm plate, whereas Jurkat cells were plated at 1.2 x 10
7
 cells in 20 ml of 

complete media. Cells (1 X 10
7 

per transfection) were mixed with 20 μg of total DNA in 

200 (HC11) or 400 µl (Jurkat) serum-free RPMI and incubated at RT for 10 min. Cells 

were electroporated using the following parameters: 140V, 1750 µF, 72 Ω, 2 mm gap 

cuvettes for HC11; 260V, 1050 µF, 720 Ω, 4 mm gap cuvettes for Jurkat cells. After a 10 

min incubation at RT, the cells were plated in 4 ml of medium containing serum and 

harvested after 48 hr. Cells were treated with MG132 (Boston Biochem) dissolved in 

DMSO or tunicamycin (Sigma) at a final concentration of 10 µM and 2.5 µg/ml, 

respectively, approximately 24 hr post-transfection for 12 hr.  Dexamethasone was added 

at 1 µg/ml for 24 hr. 

For stable transfection of Jurkat cells expressing TBLV-Hygro or TBLV-SD-

Hygro, 40 μg of each of the plasmids was electroporated in triplicate and plated in 6 of 
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ml complete RPMI media containing 10% fetal bovine serum (FBS). At 48 hr post-

transfection, cells from the triplicate transfections were pooled and plated in a 100 mm 

Petri dish. At 96 hr post-transfection, the media was supplemented with 250 μg/ml 

hygromycin B and cultured for three weeks in the presence of the drug prior to further 

analysis by RT-PCR and Western blotting.  

Luciferase assay, Western blotting, and antibodies. For the luciferase assay, 

transfected cells were resuspended in passive lysis buffer (Promega) and subjected to 

three consecutive freeze/thaw cycles at -80ºC and 37ºC, respectively. Cells were then 

pelleted at 8,000 rpm for 10 min at 4ºC. Supernatants were transferred to fresh tubes, and 

protein concentrations were quantitated with the Bradford assay. Luciferase expression 

was measured using 40 µg of total protein and the Dual Luciferase Assay Kit (Promega) 

in a Turner TD-20e luminometer. For Western blotting, whole cell extracts were prepared 

by adding one volume of 2X-SDS loading buffer (250 mM Tris-HCl, pH 6.8; 20% 

glycerol; 2% sodium dodecyl sulfate (SDS); 5% ß-mercaptoethanol; 0.2% bromophenol 

blue) to cells in one volume of phosphate-buffered saline (PBS); samples were boiled for 

5 min. Total protein (35-75 µg) from the extracts were resolved on 10 or 12% 

polyacralamide gels containing 1% SDS and transferred to Optitron 0.45 µm 

nitrocellulose membrane at 150 mA overnight at 4ºC. Membranes were blocked with 5% 

milk in Tris-buffered saline Tween-20 (TBST; 20 mM Tris-HCl, pH 7.6; 137 mM NaCl; 

0.1% Tween-20) for 1 hr. Primary and secondary antibodies were diluted in TBST with 

5% milk and sequentially incubated with the membrane for 1 to 2 hr each, followed by 

three 10 min washes with TBST. Western Lightning enhanced chemiluminescent reagent 

(ECL) (Perkin-Elmer) was used to detect antibody binding.  
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Commercially obtained antibodies were used as follows: GFP (Clontech), actin 

(Calbiochem), T7-tag (Novagen), DsRed (Clontech), horseradish peroxidase-conjugated 

donkey anti-rabbit or goat anti-mouse immunoglobulin (Jackson 

ImmunoResearch). Antibody to GAPDH was kindly provided by Dr. Bob Sanders. 

Antibody to SP (Cocalico Biologicals) was obtained from rabbits inoculated with a 

peptide (QRPHLALRRKRRREC) (Sigma-Genosys) within the RNA-binding 

domain/NLS. The peptide was conjugated to keyhole limpet hemocyanin (KLH) for 

initial immunizations. Rabbits were boosted with SP peptide conjugated to thyroglobulin. 

Antibody to RemCT was developed by New England Peptide (NEP) following 

immunization of rabbits with a peptide (TVDNNKPGGKGDKRRM) in RemCT, which 

was conjugated to KLH. Rabbits were also sequentially boosted with RemCT-peptide 

conjugated to bovine serum albumin (BSA) and thyroglobulin prior to affinity 

purification. 

RNA extraction and RT-PCR. Total RNA from stably transfected cells and 

untransfected Jurkat cells was extracted using the guanidine
 
isothiocyanate method 

(Chirgwin, 1979). Purified RNA (20 µg) was treated with 3 U amplification-grade
 
DNase 

I (Invitrogen) for 1 hr at 37ºC. The DNase I reaction was terminated by addition of 

EDTA to a final concentration of 2.5 mM prior to incubation at 68°C
 
for 15 min. DNase 

I-treated RNA (10 µg) was subjected to a reverse transcription reaction. The reaction was 

primed by adding poly(dT)17
 
and deoxynucleotides to RNA at final concentrations

 
of 2.5 

pmol/µl and 1 mM, respectively, and then boiled for 5 min
 
followed by cooling on ice for 

5 min. The denatured RNA was reverse transcribed
 
using 400 U Moloney murine 

leukemia virus (M-MLV) reverse transcriptase (Invitrogen), 5 U RNaseOut RNase 
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inhibitor (Invitrogen),
 
and 10 mM dithiothreitol in a 50 µl reaction mixture for 1 hr at 

37ºC. A reaction lacking reverse transcriptase was added to rule out DNA contamination. 

The cDNA (5 µl) was used in the reverse transcription-polymerase chain reaction (RT-

PCR) with 25 pmol of specified
 
primers and 10 µl of JumpStart REDTaq PCR Reaction 

Mix (Sigma) in a 20 µl reaction. A reaction lacking cDNA was added rule out 

contamination by plasmid DNA. The following PCR parameters
 
were used: denaturation 

at 94°C for 2 min, 30 cycles of denaturation
 
at 94°C for 20 s, annealing at 55°C for 30 s, 

and extension
 
at 68°C for 6 min, with a final extension step at 68°C

 
for 8 min. The 

following primer pairs were used: U3 promoters, C3H230+/LTR480-; Intragenic env 

promoter C3H7255+/LTR408-. Each PCR product (10 µl) was analyzed by 

electrophoresis on a 1% agarose gel at 65V and stained with ethidium bromide prior to 

viualization using the AlphaImager (Alpha Innotech).  

Subcellular fractionation. Cells were fractionated as previously described (Dultz, 2008) 

with modifications. Briefly, approximately 2.5 x 10
6
 cells were pelleted and resuspended 

in 50 µl 0.02% w/v digitonin (Sigma) containing fractionation buffer [50 mM Hepes, pH 

7.5; 150 mM NaCl; 1.5 mM MgCl2; 10% (v/v) glycerol; 1 mM EGTA; 1 mM 

phenylmethylsulfonyl fluoride (PMSF); 1X Complete EDTA-free protease inhibitor 

cocktail (Roche); 10 μg/ml pepstatin] and incubated on ice for 5 min. Cytosolic proteins 

were isolated by centrifugation at 16,000 x g in a microcentrifuge for 5 min at 4ºC and 

transferred to a fresh tube. The pellet was resuspended in 1% Triton-X 100 (Sigma) 

containing fractionation buffer and incubated for 5 min with gentle vortexing to 

permeabilize the internal membranes. The solubilized membrane fractions were isolated 

as described above. The remaining nuclear pellet was washed with 500 µl TX-100 
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containing fractionation buffer and pelleted as described above. The cytosolic and 

membrane fractions were mixed with 10 µl 6X-SDS loading buffer and boiled for 5 min. 

The nuclear fraction was boiled with 60 µl of 2X-SDS loading buffer. Equal volumes 

(30-35 µl) of each fraction were resolved on 10 or 12% polyacralamide gels and 

subjected to Western blotting with various antibodies.  

Constructs and reporter assays.  The  GFPRemP71L construct was obtained through 

site-directed mutagenesis of the wild-type rem expression construct by substitution of the 

proline at position 71 with leucine, the consensus residue (Mertz 2009, JBC). The C-

terminally T7-tagged Rem expression vector (GFPRemP71L-T7) was constructed by 

Nimita Halani (Dudley Lab). The reporter plasmid for ER localization (ER-mCherry) was 

provided by Dr. N. Hosokawa (Hosokawa, 2008). The pQ61 encoding the MMTV env 

gene was provided by Dr. Susan Ross (Katz, 2005). The reporter assay for Rem included 

pHMRluc (Mertz, 2005) and a second reporter plasmid (pGL3-control) that lacks the 

RmRE and expresses firefly luciferase from the SV40 promoter (Promega).  For the 

HMRluc assay, firefly luciferase levels were used to normalize Renilla luciferase activity 

for general effects on transfection efficiency and expression. The reporter assay for LTR 

activity was based on the pLC-LUC vector that expresses firefly luciferase downstream 

of the C3H-MMTV LTR (Zhu, 2000) and a second reporter plasmid (pRL-TK) 

expressing the Renilla luciferase gene from the Herpes Simplex Virus (HSV) thymidine 

kinase (TK) promoter (Promega). For the LTR assay, Renilla luciferase levels were used 

to normalize the firefly luciferase activity for generalized transfection and expression 

effects. Reporter levels were assessed per 100 µg of protein using the Dual Luciferase 

Assay Kit (Promega). The results were reported as averages of triplicate assays ± 
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standard deviations relative to transfections with reporter vectors alone (assigned a 

relative value of 1).  

GFP-tagged glycosylation mutants were generated through site-directed 

mutagenesis of the GFPRemP71L construct at positions 127 or 143 from asparagine to 

glutamine. The double mutant was obtained through site-directed mutagenesis of the 

N127Q construct using N143Q SDM primers. TBLV-SD construct was obtained by 

digesting the 1.3 kb BamHI fragment containing the envelope splice donor mutation from 

HYB-SD (Mustafa, 2000) and substituing it with the equivalent fragment from HYB-

TBLV-Hygro (Mustafa, 2002). GFPCT and GFPCT-T7 constructs were engineered with 

help from Hyewon Byun (Dudley Lab). The constructs were generated by inserting 

HindIII restriction enzyme sites in the GFPRemP71L and GFPRemP71L-T7 constructs 

just upstream and downstream of the SP coding region using Ins H3 RSP primers. The SP 

fragment was then digested with HindIII, religated using T4 DNA ligase, and 

transformed into E. coli DH5α cells. The GFPCalSPCT-T7 construct was obtained by 

inserting the annealed calreticulin SP oligonucleotides (CalSP H3 primers) into the 

HindIII digested GFPRemCT-T7 construct. After plasmid purification, the deletion and 

insertion sequences as well as the orientation of the insert were confirmed using 

sequencing primers in the GFP region by automated fluorescence sequencing performed 

by the DNA sequencing facility at UT Austin’s Institute for Cellular and Molecular 

Biology (ICMB). 

Primers.  Primers used in all experiments are listed in Table 1 below. 
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Table 1. Primer sequences used in the experiments 

Indirect Immunofluorescence. Transfected cells were plated on glass coverslips in 6-

well tissue culture plates approximately 48 hr prior to detection with antibodies. Cells 

Primer Name Sequences (5’ – 3’) 

N127Q SDM+ CCC ATT AGA GTT CTG ACC CAG CAA ACC ATA TAT TTG GGT 

N127Q SDM- ACC CAA ATA TAT GGT TTG CTG GGT CAG AAC TCT AAT GGG 

N143Q SDM+ GAC TTT CAC GGG TTT AGA CAG ATG TCT GGC AAT GTA CAT 

N143Q SDM- AT G TAC ATT GCC AGA CAT CTG TCT AAA CCC GTG AAA GTC 

C3H LTR
 
420- GAT TCA TTT CTT AAC ATA GTA AC 

C3H LTR 230+ GTG AAT TCC ATC
 
ACA AGA GCG GAA CGG AC 

C3Henv7255+ ATC GCC TTT AAG AAG GAC
 
GCC TTC TTC T 

Gapdh427+ CAT GTT TGT GAT GGG TGT GAA CCA 

Gapdh983- GTT GCT GTA GCC GTA TTC ATT GTC 

CalSP H3+ 

AGC TTC GAT GCT GCT ATC CGT GCC GCT GCT GCT CGG CCT 

CCT CGG CCT GGC CGT CGC CCA 

Cal SP H3- 

AGC TTG GGC GAC GGC CAG GCC GAG GAG GCC GAG CAG CAG 

CGG CAC GGA TAG CAG CAT CGA 

Ins H3 RSP+ CCT GTG ACC GGG AAG CTT CGG AAA GTT ATT GG 

Ins H3 RSP- CCA ATA ACT TTC CGA AGC TTC CCG CTC ACA GG 
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were fixed in 4% paraformaldehyde for 15 min and permeabilized with 0.05% Triton X-

100 (Sigma) in PBS for 30 min. Cells were then incubated with antibody dilution solution 

(2% FBS; 0.1% Tween-20; 150 mM NaCl; 10 mM Tris-HCl, pH 7.4) for 1 hr at 37ºC 

prior to incubation with T7-tag-specific antibody (1:250 dilution) for 1 hr at 37ºC. Cells 

were washed three times for 5 min each in PBS, followed by incubation with goat anti-

mouse Alexafluor 594 (Invitrogen) (1:500 dilution) at 37ºC for 1 hr in the dark. All 

subsequent steps were performed in the dark. After three washes in PBS, cells were 

stained with 150 nM 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen), followed by 

three additional washes in PBS. The coverslips were mounted on glass slides in 

Vectashield (Vector Labs), sealed with VALAP (equal weight of Lanolin, Vaseline, and 

Paraffin) and examined under an Olympus IX70 fluorescence microscope.   

Acetone precipitation of extracellular proteins. For HC11 cells, extracellular media 

was aspirated at 24 hr post-transfection and replaced with complete media without serum. 

Jurkat cells were plated in serum-free complete media after electroporation. Medium was 

harvested approximately 48 hr post-transfection and centrifuged at 1,400 rpm to remove 

any cells. Supernatants were passed through a 40 µm nylon cell strainer (BD Falcon) and 

collected in 15 ml conical tubes. To concentrate the proteins, 100% acetone chilled at -

20ºC (four volumes) was added to the supernatants, thoroughly mixed and incubated at -

20ºC overnight. Supernatants were centrifuged to collect precipitated proteins at 16,000 

rpm for 15 min at 4ºC. The pellet was resuspended in 50 to 100 µl of 2X SDS 

loading/sample buffer prior to boiling for 5 min and subjected to Western blotting with 

T7-tag-specific antibody. 



31 

 

Immunoprecipitation of extracellular media. Supernatants from four identical 

transfections were pooled and harvested as detailed above. Supernatants were precleared 

by incubating with 50 µl of protein A/G conjugated agarose beads for 1 hr at 4ºC in a 

head-to-head rotator, followed by centrifugation at 16,000 x g for 5 min at 4ºC. Clarified 

supernatants were transferred to fresh 15 ml conical tubes prior to addition of 2 µg of T7-

tag antibody and rotation overnight at 4ºC. Fresh protein A/G conjugated agarose beads 

(50 µl) were then added to the supernatant and rotated for 5 hr at 4ºC. Beads were 

collected by centrifugation, resuspended in 1 ml of ice-cold wash buffer [0.1% (w/v) 

Triton X-100; 50 mM Tris-HCl, pH 7.4; 300 mM NaCl; 5 mM EDTA; 0.02% (w/v) 

sodium azide] and transferred to 1.5 ml microcentrifuge tubes. Beads were washed two 

more times with wash buffer, followed by centrifugation at 14,000 rpm for 2 sec at 4ºC. 

A final wash was performed with 1 ml of ice-cold PBS, and then 50 µl of 2X-SDS 

loading buffer was added. Samples were boiled for 5 min prior to analysis on 12% SDS-

polyacrylamide gel and detected with T7 tag-specific antibody.  
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RESULTS 

Rem with a leucine at position 71 allows more efficient cleavage to SP 

The 293T cells were cotransfected with 5 µg of rem expression vectors, RemGFP, 

GFPRem, or GFPRemP71L and a reporter construct. RemGFP and GFPRem have EGFP 

fused to the N- or C-terminal ends of Rem, respectively, whereas GFPRemP71L is the N-

terminal EGFP fusion with leucine substituted for proline at position 71 of the signal 

peptide (SP). The report vector contains the 3’ end of the MMTV genome (including the 

RmRE) along with a Renilla luciferase gene flanked by splice donor and acceptor sites 

downstream of the CMV promoter. Export of the unspliced luciferase mRNA allows 

translation, and the activity is measured in a dual luciferase assay.      

 

 

 

 

 

 

 

 

Fig. 4. Proline at Rem amino acid 71 prevents SP cleavage and nuclear localization. (A) 

Luciferase assay showing the activity of RemGFP, GFPRem, and GFPRemP71L on the 

pHMRluc reporter vector. Luciferase induction by RemP71L was significantly higher 

than RemGFP and GFPRem. Control samples were transfected with only the reporter 

constructs. (B) Western blotting of cells transfected with the indicated constructs or 

untransfected cells using antibody against GFP. Actin indicated equal loading in all lanes.  

 

 

The RemGFP and GFPRem plasmids induced luciferase activity 3 to 4 fold over 

the reporter-only control; however, the GFPRemP71L construct had substantially higher 

  

 

A. B. 
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activity (20 to 25 fold over control levels) (Fig. 4A). Western blotting showed that more 

SP was generated by the GFPRemP71L vector compared to full length Rem than either 

GFPRem or RemGFP (Fig. 4B). Incubation of the Western blot with actin-specific 

antibody revealed equal protein loading. The experiments were repeated in Jurkat human 

T cells with similar results (data not shown). Together these data indicate that amino acid 

at position 71 is important for SP cleavage and activity 

RemSP localizes to the nuclear fraction 

To investigate the localization of Rem within the cell, subcellular fractionations 

were performed with transiently transfected 293T cells. Results of Western blotting with 

GFP-specific antibody revealed that the majority of SP as well as full-length Rem 

localized to the nuclear fraction (Fig. 5A).  Gapdh, ER-mCherry, and CDP were used as 

markers for the cytoplasmic, ER, and nuclear fractions, respectively. The ER-mCherry 

plasmid encodes a red fluorescent protein (RFP) flanked by the calreticulin signal peptide 

at the N-terminus and a KDEL sequence at the C-terminus, thus targeting and retaining 

the RFP in the ER. Both RemGFP and GFPRemP71L were detected in the cytoplasmic 

fraction. Since Rem is cotranslationally translocated to the ER (Dultz, 2008; Byun, 2010) 

the presence of SP as well as full length Rem in the cytoplasmic fraction may indicate 

their retrotranslocation to the cytoplasm prior to nuclear entry. Although very minor 

amounts of Rem and SP from the N-terminally GFP tagged constructs (GFPRem and 

GFPRemP71L) were present in the membrane fraction, the full-length Rem from the 

RemGFP construct was distinctly visible in the membrane fraction. Contamination of the 

membrane fraction with the nuclear fraction was unlikely since CDP and ER-Cherry were 
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only present in the nuclear and membrane fractions, respectively. These data indicate that 

the nuclear membrane was not compromised.  A large amount of free GFP was also 

detected with the RemGFP construct, primarily in the cytosolic fraction. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Subcellular fractionation of Rem-transfected 293T cells. (A) Cells were 

transfected with 5 µg rem expression vectors and 0.2 µg of ER-mCherry. Most of the SP 

localized to the nuclear fraction, but some can be detected in the cytoplasmic fraction. 

The nuclear fraction also contained the higher molecular mass unprocessed Rem. The 

bands around 25 kDa indicate cleaved GFP. Gapdh, ER-mCherry, and CDP served as 

controls for integrity of each of the fractions. (B) Subcellular fractionation of cells 

transfected with 100 ng of GFPRemP71L. The control for CDP localization is shown.  

 

Since over-expressing a non-native protein in a cell can distort its localization, the 

fractionation experiment was repeated after transfections with smaller amounts of 

GFPRemP71L construct (100 ng). Most of Rem was in the cleaved SP form, which 

localized exclusively to the nuclear fraction. A small quantity of full-length Rem was 

detected in the whole cell lysate upon overexposure, but not the nuclear fraction, 

indicating that Rem is cleaved to SP prior to nuclear localization (Fig. 5B). Fluorescence 

microscopy was also used to examine localization of Rem-expression constructs. The 
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results revealed an increase in intensity of the GFP signal in GFPRemP71L transfected 

cells, confirming that more SP is generated when Rem has leucine at position 71. 

RemGFP showed a faint and diffuse cytoplasmic signal, clearly distinct from the 

localization pattern of the N-terminally tagged constructs (Fig. 6). Interestingly, the 

fluorescent signal for ER-mCherry also increases when cotransfected with GFPRemP71L 

vs. GFPRem or RemGFP, which is also evident in the Western blot (Fig. 5A, third panel).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Fluorescence microscopy of Rem-transfected cells show increased GFP signal 

with RemP71L. Cells were transiently transfected with 5 µg rem expression vectors and 

0.2 µg ER mCherry. RemGFP shows diffuse cytoplasmic fluorescence, while GFPRem 

and GFPRemP71L show nucleolar localization of SP. 

 

The GFP-tagged C-terminus, which is predicted to be around 50-55 kDa, was not 

detected on the Western blot under these conditions. A strong band of 25 kDa was 
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Fig. 8. RemCT is glycosylated. 

Tunicamycin treatment of 293T cells 

transfected with 6 µg RemGFP shows 

a band shift consistent with inhibition 

of glycosylation. 

detected, which is consistent with GFP, and may indicate GFP cleavage during Rem 

processing in the ER. Alternatively, GFP may be processed by the proteasome. Even 

when GFP was tagged at the C-terminus of the more efficiently cleaved RemP71L 

(RemP71LGFP), no GFP-tagged RemCT is detected (Fig. 7). 

Fig. 7. GFP-tagged RemCT is not detected in cell extracts. 

Western blot of cell extracts expressing 10 µg GFPRemP71L, 

GFPCT, or RemP71LGFP with antibody against GFP. Rem 

tagged at the C-terminus with GFP runs slightly faster on the 

gel than N-terminally GFP-tagged Rem. The difference does 

not account for the cleavage of SP since GFPCT, which lacks 

the entire SP, shows greater mobility on gels than 

RemP71LGFP. 

 

 

Glycosylation of RemCT is necessary for Rem/SP activity 

Rem is translated on the ER membrane and although SP is cleaved and 

retrotranslocated to the cytoplasm for nuclear entry (Dultz, 2008; Byun, 2010), the 

translation of RemCT is thought to be completed within the ER lumen. Two predicted 

glycosylation sites are present in the RemCT, at positions 127 and 143. Treatment of 

293T cells expressing RemGFP with tunicamycin, 

an inhibitor of glycosylation, reduced the size of 

the full-length protein by about 5 kDa (Fig. 8). The 

glycosylation effect was confirmed in a second 

cell line using a different method of 

deglycosylation. Whole cell extracts from HC11 

cells expressing 10 µg of GFPRemP71L with a C-
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terminal T7-tag (GFPRemP71L-T7) were subjected to treatment by endoglycosidase H 

(Endo H). The treated extracts showed a similar change in mobility as that observed with 

full length Rem (data not shown).  

To determine whether glycosylation is essential for Rem function, one or both of 

the glycosylation sites were mutated from asparagines to glutamines. Single mutations at 

positions  

 

 

 

 

 

 

 

Fig. 9. Loss of RemCT glycosylation prevent SP activity. The pHMRluc assay on 

extracts from cells transfected with 25 ng and 10 µg of GFP-tagged and untagged 

RemP71L or glycosylation mutants in HC11 cells. The untagged double mutant shows 

inhibition of Rem activity, using 25 ng of transfected DNA, but is rescued at high DNA 

concentrations or with GFP-tagged mutant. 

 

 

127 or 143 did not affect Rem function, although at lower levels of expression, the 

mutatnt at position 143 showed reduction in activity. Mutations of both glycosylation 

sites abolished Rem activity within the dose-dependent-range of the assay (Fig. 9). 

However, when a large quantity of the double glycosylation mutant was transfected, Rem 

activity was rescued. Interestingly, Rem activity for the double mutant was also rescued 

if the expression construct was tagged with GFP. Rescue of GFPRem N127Q/N143Q 

was observed at both high and low concentrations of DNA. 
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Fluorescence microscopy was also used to characterize the glycosylation mutants. 

GFP signal was observed in the nucleolus for Rem as well as both the single and double 

mutants (data not shown). Since the GFP-tagged mutants did not reflect Rem activity in 

the untagged mutants, indirect immunofluorescence was performed after transfections of 

500 ng of untagged rem or mutant expression constructs. Detection with antibody against 

SP showed nucleolar staining for the wild type and single mutants; however, no nucleolar 

staining was observed with the double mutant (Fig. 10). These results show that at least 

one of the glycosylation sites is essential to  

 

 

 

 

 

Fig. 10. Indirect immunofluorescence with 500 ng of RemP71L and glycosylation 

mutants. Cells were incubated with SP-specific antibody and detected with goat anti-

rabbit Alexafluor 594 fluorescent antibody. Visualization with the fluorescent microscope 

revealed the absence of SP in cells expressing the double glycosylation mutant. 

maintain Rem function. Western blotting was not sufficiently sensitive for detection of 

transient transfections with low levels (25-100 ng) of DNA. Therefore, it is unclear 

whether mutations in both glycosylation sites prevent SP from being synthesized or allow 

synthesis, but prevent cleavage and/or retrotranslocation, which is necessary for nuclear 

entry and functionality.   

Glycosylated RemCT tagged at the C-terminus is detectable in transfected cells  

Since the C-terminal cleaved product of Rem is glycosylated and lacks a stop 

transfer signal, it is predicted to go through the secretory pathway for delivery to the 
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extracellular media. Numerous attempts were made to detect RemCT in the media. HC11 

cells were transfected with 15 µg of GFPRemP71L-T7 expression vector. At 

approximately 24 hr, the extracellular media was aspirated and replaced with serum-free 

media for another 24 hr. Supernatants were harvested, and proteins were concentrated by 

acetone precipitation. Cells were also harvested, but were non-viable, presumably due to 

serum starvation. Western blotting with T7-tag-specific antibody did not detect RemCT  

 in the precipitated media. The experiment was repeated with Jurkat T cells, which 

generally require little serum for growth. However, when plated in serum-free media 

post-transfection, cells did not recover well from the transfection (data not shown).  

An immunoprecipitation was also performed using the T7-tag-specific antibody and 

supernatants of HC11 cells expressing GFPRemP71L-T7. Although the T7-tagged  

Fig. 11. Glycosylated RemCT is not detected in supernatants of rem-transfected cells. (A) 

Immunoprecipitation of HC11 supernatant from mock and GFPRemP71L-T7 transfected 

cells with T7-tag antibody. GFPRemP71L-T7 and RemCT-T7 are present in the cell 

extract, but not in the supernatant. (B) Indirect Immunofluoresence of mock and 

GFPRemP71L-T7 transfected HC11 cells, after incubation with T7-tag and mouse-

specific Alexafluor 594 antibodies. The T7-tag antibody cross-reacts with a nuclear 

protein since mock cells also show red fluorescence. In the GFPRemP71L-T7 transfected 

sample, the most highly transfected cells (as detected by the most intense GFP signal) 

show a difference in the pattern of red signal, perhaps indicating RemCT expression in 

those cells. DAPI stains DNA within the nucleus. 

B. 

A. 

B. 

A. 
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Fig. 12. Unglycosylated RemCT is degraded by 

the proteasome. Western blotting with T7-tag 

antibody reveals the accumulation of 

unglysocylated RemCT and the uncleaved Rem 

precursor in HC11 cells treated with MG132. The 

levels of glycosylated RemCT remain the same in 

DMSO and MG132-treated cells. 

RemCT was present in the cell extract, the immunoprecipitated extracellular samples 

showed a similar band pattern in the mock and rem transfections (Fig. 11A). Indirect 

immunofluoresence with antibody against the T7-tag on cells expressing GFPRemP71L-

T7 was also inconclusive because the antibody cross-reacted with cellular proteins within 

the nucleus, as observed by the strong red signal in mock-transfected cells lacking any 

Rem expression (Fig. 11B).  In virally infected cells, Rem is made in very low amounts;  

hence, even if RemCT is present within the cell, it may be obscured by the high 

nonspecific background. Interestingly, treatment of cells expressing GFPRemP71L-T7 

with MG132 revealed accumulation of RemCT inside the cell, indicating that the 

unglycosylated RemCT may be degraded by the proteasome (Fig. 12). 

 

 

To characterize RemCT, several constructs were engineered that may be useful in 

tracking its localization and function within an infected cell. Removing the N-terminal 98 

amino acids that constitute the signal peptide (GFPCT or GFPCT-T7) or replacing it with 

a heterologous signal peptide from the calreticulin protein (GFPCalCT-T7) (Fig. 13A) 

abolished all activity in the HMRluc assay (Fig. 13B and C). These observations 

definitively show that SP is the active component of the Rem assay and that neither 

RemCT by itself nor any other signal peptide contributes to activity.  
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Fig. 13. RemCT does not contribute to reporter 

activity in the HMRluc assay. (A) Diagrams 

showing the construction of various RemCT 

expression vectors; CalSP – calreticulin signal 

peptide. (B) pHMRluc assay of cell extracts 

after transfection with 1 µg GFPRemP71L and 

1 or 10 µg of GFPCT in HC11 cells. GFPCT 

does not show any activity in the assay. (C) 

pHMRluc assay of cell extracts after 

transfection with 50 ng GFPRemP71L and 50 

ng or 10 µg of GFPCalCT-T7 in HC11 cells. 

The calreticulin SP or RemCT does not 

contribute to activity. 

 

 

Western blotting was used to verify 

expression and glycosylation of the various 

RemCT constructs. Tunicamycin treatment 

allowed detection of the full-length as well as 

the unglycosylated cleaved RemCT using the wild type GFPRemP71L-T7 construct (Fig. 

14A). However, GFPRemCT-T7 did not show any change in size or intensity from the 

untreated sample, indicating that without the SP, RemCT is not targeted to the ER or 

glycosylated (lanes 7 & 8). The deletion of the signal peptide also renders RemCT less 

stable than full-length Rem since transfecting equal amounts (1 µg) of each construct did 

not give equivalent expression of the respective proteins (Fig. 14B). Treatment of cells 

expressing GFPCalCT-T7 with tunicamycin showed a retention pattern similar to that of 

full-length Rem (GFPRemP71L) (Fig. 14A, compare lanes 3 & 4 and 5 & 6). Thus, 

RemCT is glycosylated even after translation is directed to the ER by a heterologous SP. 

These results indicate that inhibition of glycosylation allows retention of RemCT inside 

the cell. Experiments with tunicamycin and MG132 suggest that unglycosylated RemCT 

is degraded by the proteasome. Although, these data provide indirect evidence that 

A. 

B. 

C. 
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glycosylated RemCT is secreted, further experiments will be needed to confirm this 

observation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. Tunicamycin treatment allows accumulation of unglycosylated RemCT. (A) 

HC11 cells were transiently transfected with 10 µg of GFPRemP71L-T7, GFPCT-T7, or 

GFPCalCT-T7 and plated in 2 wells of a 6-well tissue culture plate. The cells were 

subjected to tunicamycin treatment for 12 hr prior to Western blotting of extracts and 

incubation with T7-specific antibody. Both GFPRemP71L-T7 and GFPCalCT-T7 show 

the presence of unglycosylated RemCT as well as full-length Rem. The levels of GFPCT 

remain the same with or without tunicamycin treatment. Actin shows equal protein 

loading. (B) Western blotting of cells transfected with 1 µg of GFPRemP71L and 1 or 10 

µg of GFPCT. RemCT appears to be less stable than Rem. 

 

Fluorescence microscopy was also used to characterize RemCT constructs. These 

experiments revealed that GFPRemCT is localized to the cytoplasm, whereas RemCT 

with the calreticulin signal peptide does not show GFP fluorescence, probably because 

this signal peptide is degraded after cleavage (data not shown).   

 

Development of antibody specific for RemCT 

 

An antibody to RemCT was developed for detection of untagged Rem. Proteins 

fused to epitope tags, such as GFP or T7-tag, may cause changes in post-translational 

modifications, localization, or function. For instance, GFP-tagged RemP71L is more 
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stable but less active compared to untagged RemP71L (unpublished lab data). The 

strategy used to obtain RemCT antibody involved immunizing rabbits with a 

synthetically-derived peptide sequence located within the RemCT (Fig. 15A).  

 

 

 

 

 

 

 

 

 

 

Fig. 15. Development of antibody to RemCT. (A) Amino acid sequence for Rem. The 

underlined section indicates the sequence of the peptide to which the antibody was 

generated. The SP cleavage site is bold and indicated by the star. (B) Hydropathy plots of 

Rem (upper panel) and RemCT (lower panel). The peaks below the line represent degree 

of hydrophilicity. (C) Western blotting of cell extracts with RemP71L and 

GFPRemP71L-T7 with the affinity purified RemCT-specific antibody. RemCT is 

detected with both the untagged and GFP/T7-tagged Rem extracts.  

 

Hydropathy plots revealed that the peptide sequence between amino acids 185 

and 200 (TVDNNKPGGKGDKRRM), which was in the SU region, to be the most 

hydrophilic RemCT region (Fig. 15B). The peptides were initially conjugated to KLH. 

The rabbit antibodies failed to detect the specific RemCT band, although cross-reactive 

bands to multiple cellular factors were detected. Thereafter, the peptide was conjugated to 

BSA and reinjected into the rabbits. At this stage, the antibody detected RemCT only 
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from the untagged rem expression vector. The rabbits were reboosted twice more with 

peptide conjugated to Thyroglobulin and then BSA again. The final affinity purified 

antibody was able to detect RemCT as well as Rem precursor from both the untagged and 

GFP- and T7-tagged rem constructs (Fig 15C). The mock and GFP/T7-tagged extracts 

were also detected with T7-tag antibody, which confirmed the bands detected with the 

RemCT antibody.  

 

Construction of a RemCT-deficient provirus 

 

To study the effects of RemCT in vivo, a strategy was devised to engineer a 

replication-competent MMTV strain that lacks RemCT, but expresses the SP and other 

required viral proteins. To avoid the requirement for Sag in MMTV replication, the 

mutation in the envelope splice donor sequence from HYB-SD (Mustafa, 2000) was 

introduced into the HYB-TBLV provirus to obtain HYB-TBLV∆RemCT (Fig 16A). 

Fig. 16. Mutation of the env splice donor site in TBLV prevents rem mRNA generation. 

(A) Diagram of the TBLV genome and mRNA transcripts after the splice donor mutation. 

The mutated splice donor site is indicated with an “x”. (B) RT-PCR shows that env, rem, 

and sag mRNAs are transcribed from the U3 promoters of TBLV, whereas no rem 

mRNA is made from TBLV∆RemCT. rem and sag mRNA are also absent in 

TBLV∆RemCT transfected cells as detected by primers for the intragenic env promoter. 

Gapdh serves as a control for overall RNA integrity. 

 

B. 
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The construct also encodes a hygromycin B resistance gene within the plasmid 

vector. The proviral construct was transfected into Jurkat T cells and cultured for three 

weeks in the presence of hygromycin B to select for cells stably expressing the provirus. 

RT-PCR analysis revealed that both the WT and mutant viruses expressed the env gene, 

but rem was detected only from the WT virus. The mutant virus produced sag mRNA 

from the U3 promoter, but no sag was detectable from the internal promoter in the env 

gene (Fig. 16B).The cells will be further characterized for production of viral proteins, 

such as Gag and Env, in vitro as well as infection and tumorogenesis in vivo.  

 

Rem has no detectable transactivator function 

 

Both HIV and HTLV encode an additional regulatory protein, Tat and Tax. These 

alternatively spliced products of the env mRNA increase transcription of the viral 

genome. HTLV Tax is expressed from the same doubly spliced mRNA as Rex. Based on 

other similarities between Rev/Rex and Rem, expression of a Tat-like regulatory factor 

from the rem mRNA was tested using an MMTV LTR-luciferase reporter construct, 

pLC-LUC. LTR activity increases only about 2-fold in the presence of Rem in 293T cells 

(Fig. 17A); however, the induction in activity could not be reliably confirmed in either 

normal mammary HC11 or rat fibroblast XC cells, both of which allow MMTV 

replication. MMTV LTR expression is increased by glucocorticoids (e.g., 

dexamethasone). Upon hormone-induction, LTR activity increases about 3-fold over 

untreated samples in 293T cells. However, the increase in LTR activity in the presence of 

Rem is only slightly significantly higher than that of vector alone (Fig. 17B). The pQ61 

construct expressing the MMTV env gene and SP as well as signal peptidase cleavage 
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mutants RemG98R and RemV96RG98R were tested to determine whether alternative 

cleavage products of Rem may constitute a Tat-like protein. These expression vectors 

also showed only slight increases in 

the MMTV LTR assay (Fig. 17C). 

Thus, these experiments were 

unable to detect transactivator 

function within the rem gene.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 17. Rem has no detectable transactivation function. (A) Rem shows a slight increase 

in the activity of MMTV LTR. 293T cells were cotransfected with the indicated amounts 

of GFPRemP71L and pLC-LUC reporter construct. Increasing concentrations of rem  

expression vector does not give a dose-dependent increase. (B) Dexamethasone induction 

of 293T cells increased report activity, but no significant differences were observed after 

Rem expression compared to the EGFPC1 vector alone. (C) pQ61 (env expression 

vector) does not show significantly different activity in the LTR assay over pcDNA3 

vector alone. Similar results were observed using rem expression that vectors are not 

cleaved to SP (G98R and V96RG98R). The increase in activity, though statistically 

significant, was less than 2-fold. 
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DISCUSSION 

MMTV encodes the regulatory protein Rem, which was previously shown to be 

involved in nuclear export and expression of unspliced RNAs from the nucleus in the 

presence of the RmRE (Mertz, 2005; Mertz, 2009). In this study, Rem and its cleavage 

products are further characterized. MMTV has been extensively investigated in this and 

other laboratories, but Rem had eluded discovery for many years due to the presence of 

extremely small amount of rem mRNA in virally-infected cells.  

The original published sequence of Rem cDNA (Mertz, 2005) had four amino 

acid differences from the consensus sequence of the env gene from C3H-MMTV. Three 

of those point mutations did not alter Rem activity as measured by the HMRluc reporter 

assay; however, changing the proline at position 71 to the consensus leucine residue 

increased Rem activity greatly (Fig. 2A). Rem is cleaved by signal peptidase after residue 

98, and position 71 is located between the cleavage site and the NES (Fig. 2). Proline 

residues play important roles in protein conformation and folding. In transmembrane 

proteins, proline residues are often found in the middle of the transmembrane helices, 

whereas in soluble proteins, proline residues in the center of α-helices can introduce 

sharp kinks in the protein structure (MacArthur, 1991). Hence, the presence of the proline 

may affect cleavage capacity. Cleavage is essential for SP generation and activity (Byun, 

2010). The original rem mRNA was cloned from virus-producing tissue culture cells that 

may have been selected for the proline modification. This modification may have 

prevented toxicity of rem expression during long-term cell cultures.  

A previous report from our lab had shown that GFP-tagged RemSP showed 

nucleolar staining and colocalized with the cellular protein, nucleophosmin (B23) (Mertz, 

2005). The subcellular fractionation results confirm this observation. Most of the signal 
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peptide generated from GFPRem and GFPRemP71L is detected in the nuclear fraction; 

however, at high concentrations, full-length Rem also appeared in the nuclear fraction. It 

is possible that when high levels of Rem are being synthesized, the signal peptidase is 

saturated, which leaves a fraction of full-length Rem unprocessed. Experiments with 

signal peptidase cleavage site mutants show that cleavage of Rem is necessary for its exit 

from the ER (Byun, 2010). Therefore, unprocessed Rem should not be able to exit the 

ER.  

The presence of full-length Rem in the nuclear fraction is likely an artifact of rem 

overexpression. High levels of Rem protein could also result in contamination of nuclear 

fraction with ER membranes since nuclear and ER membranes are believed to be 

contiguous. The luciferase assay, which is more sensitive than Western blotting or 

fluorescence microscopy, shows saturation at nanogram levels of rem cDNA. Further, 

full length Rem cannot be detected in MMTV-infected cells (Byun, 2010). This indicates 

that Rem is synthesized in small amounts, allowing complete cleavage to SP prior to 

nuclear entry, an observation that was confirmed with fractionation experiments with low 

concentrations of transfected rem (Fig. 5B).   

The presence of full-length RemGFP in the membrane fraction (Fig. 5A, lane 4) 

could be due to the C-terminal GFP tag. However, RemGFP lacks detectable 

fluorescence in the ER suggesting that the expressed protein is unfolded in the ER lumen 

or the translocon (Fig. 6, top panel). The GFP tag may be acting to retain a portion of the 

newly synthesized protein in the ER, perhaps by further delaying its cleavage and exit. 

The inability to detect the GFP-tagged C-terminal cleavage product, even after 

transfection of high concentrations of RemGFP and RemP71LGFP (Fig. 7) may result 
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from glycosylation (Fig. 8) and secretion from the cell. Alternatively, instability due to 

the artificial GFP tag may lead to proteasomal degradation. It is also possible that the 

GFP gets cleaved, leaving RemCT untagged and undetectable by GFP antibodies. Unlike 

with the large GFP-tag, RemCT fused to the T7-tag of 11 amino acids with a linker of six 

glycine residues (Funakoshi, 2009) was detectable in the whole cell extracts when the 

construct was overexpressed and transfection efficiency was high. The glycine linker may 

provide additional flexibility to allow proper folding of the protein. The glycosylated 

RemCT-T7 of 27 kDa shifts to around 22 kDa when glycosylation was inhibited by 

tunicamycin.  RemCT accumulates inside the cell in the presence of MG132 (Fig. 12) and 

tunicamycin (Fig. 14A), suggesting that glycosylated RemCT is secreted out of the cell. 

The unglycosylated Rem C-terminal product was retained in the cell and appears to be 

degraded by the proteasome. The C-terminal construct fused to a heterologous signal 

peptide was also retained when glycosylation is inhibited (Fig. 14A, lanes 5 & 6). These 

results suggest that after SP is cleaved, RemCT is glycosylated in the ER lumen and 

enters the secretory pathway.  

Several attempts at isolating RemCT from the extracellular media have been 

unsuccessful. Aside from technical difficulties in detecting the protein and a lack of an 

appropriate positive control, RemCT may be eluding detection because of its instability 

in the media. Stability may be provided by binding to a cellular receptor or another viral 

factor produced within the infected cell. For example, an IL-15 isoform with a short 

signal peptide is stabilized and secreted efficiently in the presence of its homologous 

receptor, IL-15Rα (Bergamaschi, 2009). Similarly, the bound-form of RemCT may have 

an effect on other cells. The expression level of RemCT is significantly lower when SP is 
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deleted as compared to wild-type Rem. Although manipulation of the Rem construct may 

be responsible, a higher turnover rate for RemCT compared to Rem is also possible. The 

accumulation of RemCT was observed upon treatment of cells with the proteasome 

inhibitor, MG132 (Fig. 12). 

Although the glycosylation sites are in the C-terminal region and Rem activity as 

measured by the HMRluc assay only requires the first 98 amino acids corresponding to 

SP, mutations of both glycosylation sites in RemCT eliminate Rem activity. However, 

when high concentrations of the double glycosylation mutant were transfected or the 

mutant protein was GFP-tagged at the N-terminus, SP activity was rescued (Fig. 9). Since 

GFP is a relatively large protein that is likely to remain cytoplasmic due to lack of space 

within the translocon (Dr. Bill Skach, personal communication), GFP folding could 

provide the driving force to pull the signal peptide out of the retrotranslocon. The rescue 

of Rem function upon transfection with large amounts of the double glycosylation mutant 

may result because certain ER quality control chaperone protein may become 

overwhelmed, thus allowing a fraction of the mutant protein to be cleaved. Such quality 

control proteins normally may mandate glycosylation prior to SP cleavage.  

With the untagged constructs, it is unclear whether SP is generated from the 

double glycosylation mutant. The results of indirect immunofluorescence experiments 

seem to indicate that blocking both glycosylation sites abolishes SP generation (Fig. 10). 

However, that result could not be reliably verified due to differences in ranges of 

sensitivity for luciferase assays, Western blotting, and indirect immunofluorescence. The 

luciferase assay results, which were confirmed in two different cell lines in multiple 

experiments, suggest that SP can act independently of RemCT in expression of unspliced 
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RNAs. Nevertheless, the fates of SP and RemCT are linked at some point during their 

synthesis and processing.  

Current data suggest a unique trafficking model for Rem (Fig. 18). During 

translation, signal recognition particle recognizes Rem and targets it to the ER. Rem is 

cotranslationally translocated across the ER membrane. RemCT is modified by 

glycosidases within the ER lumen. SP is cleaved by signal peptidase and recognized for 

retrotranslocation to the cytoplasm, possibly through ubiquitination. Retrotranslocation 

involves cellular proteins, such as p97/valosin containing protein (VCP), (Byun, 2010). 

Once in the cytoplasm, a fraction of SP evades the proteasome and localizes to the 

nucleolus. The glycosylated RemCT is present in the ER after SP cleavage and is 

predicted to enter the secretory pathway. Once secreted, RemCT may act as a cytokine to 

regulate MMTV expression or in immune modulation of virus-infected hosts.     

 

 

 

 

 

 

 

To study the effect of RemCT in vivo, a provirus was engineered that will allow 

the expression of SP, but lacks RemCT expression after mutation of the splice donor site 

within the env gene. Previous work with an MMTV provirus showed that the splice donor 

site is required for superantigen (Sag) expression, which is also required for viral 

 

Fig. 18. Model for processing, 

trafficking, and localization of 

SP and RemCT. Rem is targeted 

to the ER and translocates across 

the ER membrane. RemCT is 

glycosylated and SP is cleaved 

by signal peptidase. SP is 

recognized for retrotranslocation 

to the cytoplasm, possibly 

through ubiquitination (Ub), and 

localizes to the nucleolus. 

RemCT is likely secreted. 
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transmission in vivo and development of mammary tumors (Mustafa, 2000; Golovkina, 

1995). However, since Rem had not yet been discovered, it is now unclear whether the 

splice donor mutation prevented viral replication due to the lack of Sag or Rem 

expression or both.  

To analyze the functions of Sag and Rem (specifically, RemCT) independently, 

the splice donor mutation was introduced into TBLV, an MMTV-related virus. Sag 

protein is not required for TBLV-induced lymphomagenesis (Mustafa, 2002).  The wild-

type and mutant viruses were expressed after stable transfection in Jurkat T cells and will 

be monitored for replication in vitro. The proviruses will be further investigated in 

BALB/Mtv6 mice. These mice lack the endogenous proviruses Mtv8 and Mtv9 that 

contain the viral genome packaging sequences, which should prevent any recombination 

with the TBLV splice donor mutant (Bhadra, 2006; Bhadra, 2009). The mice will be 

monitored for viral replication as well as development of T-cell leukemia. If Rem, like 

MMTV Sag, has an immune modulation function or allows the virus to enter specific cell 

types, mice lacking RemCT may show a lower incidence of tumors compared to mice 

infected with wild-type TBLV. 

Since Rem shares many features common to HIV Rev and HTLV Rex, Rem 

expression constructs were examined for a Tat/Tax-like transactivation function. 

Although some increase in transcription from the MMTV LTR was observed in the 

presence of Rem, the level of enhancement was not consistent with a transactivator 

function. In one report, HIV-1 Tat was shown to increase transcription by 30,000 fold 

(Feinberg, 1991). HTLV-1 Tax was shown to induce CAT activity up to seven fold from 

the HTLV-1 LTR. However when Tax was contransfected with Ets1, a cellular sequence-
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specific transcriptional activator, CAT activity increased by 32-fold (Gitlin, 1993). It is 

possible that Rem also requires additional viral or cellular factors to act as a 

transactivator. Further, HIV is a lentivirus and HTLV is a deltaretrovirus, whereas 

MMTV is a betaretrovirus. No known betaretroviruses encode a Tat-like protein. 

Although it is possible that rem or another MMTV mRNA may encode for such a factor, 

perhaps from an alternate reading frame, the requirement for transactivation may be 

different for each virus or virally-infected cells and may be observed only under specific 

conditions.   
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