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ABSTRACT

ADAM COCKRELL: Insights into the Mechanisms of HIV-1 Cis Elements and Trans
Factors Required For RNA Encapsidation and Transduction
(Under the direction of Tal Kafri, M.D, Ph.D)

The retroviral replication process is typically separated into early events of infection
for the virus to enter a host cell, and late events that generate new viral particles.
Encapsidation (late event) and early infection events are governed by several different cis
elements located in the viral RNA, and viral, or cellular, trans factors (proteins). A number
of viral encoded components have been identified to function in the encapsidation process,
most notably the Gag polyprotein and genomic RNA cis elements in the 5* untranslated
region (UTR). Although conventionally associated with nuclear export of HIV-1 RNA, there
is also a burgeoning role for the Rev/RRE in the encapsidation process. Additionally, cis
elements of the RNAs encapsidated into viral particles may influence different early stages of
infection into host cells. This dissertation employs an innovative approach that affords
separation of cis and trans viral components to investigate their independent, and combined,
effects on encapsidation and early events of infection that will be referred to as transduction.
HIV-1 cis elements were reconstructed in the context of heterologous RNAS to assess
encapsidation and transduction functions.

This work demonstrates for the first time that the Rev/RRE system can augment

heterologous RNA encapsidation independent of all cis elements from the 5 UTR. In fact,



the Rev/RRE system appears to be required for specific and efficient encapsidation into HIV-
1 viral particles, a process more commonly associated with Gag recognition of the canonical
packaging signal in the 5> UTR. Premised on encapsidation of a heterologous RNA into
HIV-1 viral particles, our findings define a functional HIVV-1 packaging system as
comprising the 5* UTR cis elements, Gag, and the Rev/RRE system, in which the Rev/RRE
system is required to make the RNA amenable to ensuing interactions between Gag and the
canonical packaging signal for subsequent encapsidation. Lastly, we show that heterologous
RNAs can conform to transduction properties commonly associated with HIV-1 viral
particles. Furthermore, some heterologous RNAs exhibit an episomal profile in transduced
cells that may have improved safety benefits over more conventional nonintegrating
lentiviral vectors. These innovative vector systems may prove beneficial for therapeutic gene

delivery to nondividing cells.
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Chapter 1

INTRODUCTION

General Mechanisms of Viral Assembly and Genome Packaging

The fitness of a virus is dependent upon the genetic material (DNA or RNA) that
encodes structural and enzymatic proteins required to generate a viable viral particle capable
of protecting and mobilizing the viral genome between cells within an organism, and more
importantly between organisms. Viral fitness is a consequence of mutation rate of a viral
genome and the rate at which mutations become fixed within a population (54), culminating
in the selection of those mutations that are most beneficial at different steps of a virus’s
replication cycle, within a particular host cell environment. Assembly of viral particles from
individual capsid proteins to encapsidate the viral genome is a fundamental property shared
by all viruses. Different viruses that infect organisms from all three domains of life
(eukaryote, bacteria, and archaea) have been proposed to be evolutionarily similar based on
the utilization of a common capsid structure for viral assembly (85, 113), and viruses
assessed by comparative genomics reveal similarities in assembly and genome packaging
(112, 114).

Viruses have evolved two general strategies for packaging their genome into capsids
(200). In the first strategy some viruses form capsids, and then package their DNA, or RNA,
into the preformed capsids through the use of energy-dependent molecular motors (EDMM).

The molecular motor strategy is predominantly associated with bacteriophages,



such as T4. Nonetheless, herpesviruses share an evolutionarily conserved capsid structure
with tailed-bacteriophages (113), and have been shown to employ a similar EDMM-based
genome packaging strategy (144). It is not known if adeno-associated viruses (AAV) share
capsid protein structural similarities with bacteriophages, or herpesviruses, nonetheless a
EDMM mechanism has been proposed to facilitate encapsidation of the single-stranded DNA
(ssDNA) AAV genome into preformed capsid particles (205).

The second strategy is independent of a molecular motor, therefore may be
considered an energy-independent encapsidation mechanism. The viral genome is selected
from the milieu of host cell RNAs through interactions of the viral capsid proteins with
specific cis recognition elements in the DNA, or RNA, genomes to form a capsid around the
genome during the assembly process. This mechanism is common to a variety of eukaryotic
viruses including single-stranded RNA (ssSRNA) viruses (Retroviruses (49) and Sindbis virus
(211) and references therein), double-stranded RNA (dsRNA) viruses (Rotavirus (143)),
segmented RNA viruses (Rotavirus & Influenza A virus (90)), and double-stranded DNA
(dsDNA\) viruses (SV40 (185)). Mounting evidence indicates that these two mechanisms of
encapsidation can be distinguished from each other by measuring the mechanical properties
of individual viral particle capsids using atomic force microscopy (186). In general,
molecular motors appear to be necessary to package genomic material into viral capsids that
are more rigid, or have a higher stiffness value, such as many bacteriophage & herpesviruses
(186). The stiffness of retroviral capsids for murine leukemia virus (MLV) and human
immunodeficiency virus (HIV) were determined to be much lower (109, 110), consistent
with an RNA encapsidation mechanism that is independent of an EDMM mechanism.

Furthermore, differences in capsid stiffness between immature and mature MLV and HIV



viral particles may contribute to both encapsidation and subsequent infectivity of a host cell
(109, 110). Retroviruses have evolved unique biological properties that facilitate optimal

RNA packaging to ensure efficient transfer of the genome to a host cell.

Retroviral Replication and Genomic RNA Encapsidation

The Retroviridae family of viruses comprises the Orthoretrovirinae and Spumaretrovirinae
subfamilies, which can be distinguished at various stages of the viral replication cycle (46).
Nevertheless, the genomic organization (Fig. 1) comprising gag (structural proteins), pro
(protease), pol (reverse transcriptase and integrase enzymatic proteins), and env gene, the
process of reverse transcription (RNA->DNA->RNA->translation of structural & enzymatic
proteins, Fig. 2), and packaging of full-length genomic RNA into nascent viral particles, are
common to all retroviruses. The vast majority of retroviruses constitute the Orthoretrovirinae
subfamily which is morphologically and biologically classified into the following genera:
Alpharetrovirus, Betaretrovirus, Deltaretrovirus, Epsilonretrovirus, Gammaretrovirus, and
Lentivirus. Although morphologically, and biologically, distinguishable, the viral particles
have a number of common features (Fig. 3): i) an Env glycoprotein which is processed into
the surface domain and transmembrane domain that is inserted into an outer envelope (lipid
bilayer obtained from a host cell membrane); ii) a Gag polyprotein that is processed into the
matrix (MA) protein just inside the envelope which surrounds the capsid (CA) protein that
forms the protein shell protecting the two strands of genomic RNA lined with the
nucleocapsid (NC) protein; and iii) a Pol polyprotein which is processed into enzymatic
proteins including protease (PR), reverse transcriptase (RT), and integrase (IN) (46). After

generation of the nascent, immature retroviral particle a series of protease cleavage events
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process the Gag and Gag-Pro-Pol polyproteins into the individual aforementioned proteins
which can be observed by electron microscopy as dramatic morphological changes that
reveal condensation of the virion core structure, resulting in formation of an infectious viral
particle.

The mature, nascent viral particle initiates infection through interaction of the
envelope glycoproteins with host cell receptors on the plasma membrane (retroviral
replication seen in Fig. 4) (for a comprehensive review see (46)). The viral envelope fuses
with the host cell plasma membrane releasing the capsid, and its contents into the cytoplasm.
The retroviral capsid goes through an uncoating process, and the replication complex reverse
transcribes the genomic RNA into dsDNA forming a preintegration complex in the host cell
cytoplasm. The preintegration complex enters the nucleus, and the viral genomic dsDNA can
integrate into the host cell genome. Alternatively, DNA products of reverse transcription can
result in the formation of episomal DNA forms that do not integrate, including: 2-LTR
circles that form from non-homologous end joining of a linear viral DNA; 1-LTR circles that
can be generated directly as a consequence of the reverse transcription process, or through
homologous recombination of the viral LTR’s; linear viral DNASs that are not competent for
integration; and mutant viral DNAs that may be generated by self-integration (34, 46, 169,
203). Nonetheless, the primary source of a productive infection is traditionally associated
with the integrated proviral DNA form. Proviral genomic DNA is transcribed into viral
RNAs that are translated into structural and enzymatic proteins used to generate viral
particles as described above. Retroviruses harbor a major splice donor at the 5 end of the
genome to promote differential expression of viral RNAs that encode envelope

glycoproteins, or viral accessory proteins (41). This is most evident in lentiviruses that



encode a number of accessory proteins critical for the viral life cycle. Importantly, the full-
length genomic RNAs (gRNA) of all retroviruses are not only used as templates for
generating structural and enzymatic proteins, but must also be encapsidated into newly
formed viral particles. Therefore, each retrovirus should have a mechanism capable of
distinguishing between viral encoded RNAs competent for translation, and those competent
for packaging into newly forming viral particles.

Efforts to distinguish between RNAs competent for packaging, and those utilized for
translation, have primarily focused on MLV, and primate lentiviruses including HIV-1 and
HIV-2. At least three distinct mechanisms have been proposed to describe how retroviruses
may accomplish this (10, 18, 26). In the case of MLV two separate pools of viral gRNAs
may be partitioned in the cell such that one is used for encapsidation into newly forming viral
particles and the other for translation (53, 122). For HIV-1 and HIV-2 it appears that a single
pool of gRNA is generated for both translation and encapsidation; however data has
indicated that the mechanisms may bifurcate in how the gRNAs achieve encapsidation (53).
HIV-1 gRNA encapsidation is not dependent upon translation prior to encapsidation, whereas
some evidence has indicated that HIVV-2 may utilize a cotranslational packaging mechanism
in which unspliced gRNA is captured upon translation of the Gag polyprotein (69, 101). A
recent study, however, challenges this claim indicating that packaging of HIV-2 genomic
RNA is very similar to that of HIV-1, excluding the potential for a cotranslational packaging
mechanism (156). Furthermore, numerous studies demonstrate that MLV, HIV-1, & HIV-2,
as well as other retroviruses, can be utilized as retroviral vectors, wherein a vector RNA
(containing all cis packaging signals, but no genes encoding structural/enzymatic proteins),

gag/pol genes (structural/enzymatic protein expression cassette lacking cis packaging



signals), and env gene (typically a heterologous glycoprotein commonly derived from
vesicular stomatitis virus) are separated onto at least three independent expression cassettes
to generate viral particles (42, 43) (Fig. 5). The Gag/Pol proteins act in trans with cis
elements in the vector RNASs to promote packaging of the vector RNA into nascent viral
particles, indicating that translation of the vector RNA is not necessary for packaging. Lastly,
a cotranslational packaging mechanism does not explain how the Gag polyprotein can be
generated in vast excess (~1500-2000 molecules per viral particle) but only support
encapsidation of 2 molecules of gRNA. If a cotranslational mechanism were feasible there
must be a mechanism that determines when and which Gag polyprotein selects its
corresponding gRNA for encapsidation. Although lenitiviruses apparently utilize a single
pool of gRNAs for packaging, alternative mechanisms may be more suitable for explaining
the distinction between the translational and encapsidation fates of gRNAs, some of which

will be elaborated upon below with regard to HIV-1.

HIV-1 Cis Elements and Trans Factors That Facilitate Efficient & Specific Genomic
RNA Encapsidation

Specific & efficient encapsidation of viral RNA into HIV-1 particles requires the selection of
viral RNA species from the milieu of host cell RNAS, necessitating several complex
interactions between cis elements in the viral RNA genome and trans factors encoded by the
virus, & host cell genome (41, 121). Following transcription of gRNA in the nucleus the
RNA must exit the nucleus and traverse the cytoplasm to the plasma membrane where it is
encapsidated into newly forming viral particles (97, 116) (Fig. 6). The fate of the gRNA may

initially be determined in the nucleus through formation of ribonucleoprotein complexes



initiated by Rev interacting with the RRE cis elements in the RNA (41). The HIV-1 gRNA
can be partitioned into different regions comprised of cis determinants that function at
various stages of viral replication. Some of the most well defined cis elements are confined to
the 5 untranslated region (UTR) (Fig. 7). The 5 UTR of the full-length gRNA is a ~350
nucleotide long region that harbors a series of stem-loop structures that contribute to nearly
every aspect of the viral life cycle including reverse transcription, integration, transcription of
new viral RNAs, viral RNA splicing, translation into viral proteins and encapsidation of
gRNA. An innovative biochemical technology called SHAPE (selective 2’-hydroxyl
acylation analyzed by primer extension) was recently employed to examine the structure for
first 10% of the genomic RNA comprising the entire 5 UTR in virio and ex virio, at the
single nucleotide level (Fig. 8) (214), as well as the entire HIV-1 RNA structure (212).
Similar ex virio and in virio studies also revealed the structural significance of MLV genomic
RNA for recognition by the MLV Gag polyprotein and for subsequent encapsidation into
viral particles (64, 65). These high resolution structures provide strong evidence for
nucleocapsid-RNA, as well as intra- and intermolecular RNA-RNA interactions as they exist
in the mature viral particle. Also of note, at this point in the viral particle maturation the Gag
and Gag-Pol precursor polyproteins are processed into their constituent proteins. Therefore,
protein-RNA and RNA-RNA interactions may impose RNA structures in the mature viral
particles resulting in conformations that are vastly different than those acquired during the
process of encapsidation in the host cell. RNA may encounter various RNA-RNA and
protein-RNA interactions in the form of ribonucleoprotein complexes in the host cell that
may impart alternative RNA structural variations in the cytoplasm, which ultimately promote

efficient transport and, consequently, RNA encapsidation. It may be of interest to perform



similar SHAPE analysis on viral RNAs in ribonucleoprotein complexes isolated from
producer cells. Currently, mutational and genetic analysis combined with traditional
biochemical and bioinformatic approaches provide insight into protein-RNA and RNA-RNA
interactions that impact RNA structure and function within packaging cells.

Nucleocapsid, in the context of Gag or Gag-Pol polyproteins, are the most common
protein-viral RNA interactions known; nonetheless, particles can still assemble in the
absence of NC (165). In the absence of RNA particle assembly cannot occur, making RNA
the major constituent acting as a scaffold upon which subsequent Gag-Gag interactions
assemble into viral particles (24, 27, 28, 35, 72, 127, 128, 150, 151). Viral and cellular RNAs
can be utilized for retroviral particle assembly, as it is well established that retroviral
particles package numerous cellular RNAs, especially in the absence of viral RNA (152, 161,
162, 188). Furthermore, HIV-1 viral particles can be generated in vitro from purified Gag
polyproteins only in the presence of nucleic acids (28, 72). The NC-viral RNA interaction
provides a selective advantage for encapsidating viral RNA into nascent particles. However,
in the absence of HIV-1 NC viral RNA is not selectively packaged, but rather cellular RNAs
can be used as the scaffold and a determinant in the matrix (MA) protein of Gag was
identified as an additional RNA interacting partner, thereby facilitating viral particle
assembly (165, 166). Mutating both NC and the MA determinant resulted in loss of HIV-1
particle assembly (166). Nucleocapsid and MA proteins can non-specifically interact with
viral or cellular RNA in the absence of proper cis encapsidation signals in the gRNA.

Encapsidation signals in the genomic RNAs of lentiviruses (HIV-1, HIV-2, SIV, &
FIV) and simple retroviruses (MLV) have been defined through biochemical, mutational and

genetic analysis (4, 21, 36, 49, 63, 79, 103, 120, 134, 135, 138-140, 170, 183, 197). The



major encapsidation signals are localized to the 5> UTR of retroviruses. The conventional
major cis packaging signal (y) for HIV-1 is a ~120 nucleotide long fragment comprised of
four stem-loop structures located in the HIV-1 5" UTR, and extending into the 5” end of the
HIV-1 Gag coding sequence (49) (Fig. 7). The HIV-1 Gag polyprotein ensures specific and
efficient encapsidation of viral gRNA through high affinity interactions of zinc fingers in the
nucleocapsid (NC) portion of the Gag polyprotein with stem-loops 2, 3, and 4 in the gRNA
(49). In addition to its capacity to interact with NC stem-loop 2 contains the major splice
donor sequence which promotes the generation of alternatively spliced viral RNAs that
encode all the accessory proteins, as well as the envelope glycoprotein required for viral
infectivity. Stem-loop 4 includes the AUG translation initiation codon for Gag, and has also
been determined to form a stem structure in long-range interactions with a region in the 5’
U5 (214) (Fig. 8), at least in the context of mature viral particles. Although HIV-1
nucleocapsid does not interact strongly with stem-loop 1 this region contains a palindrome
sequence termed the dimerization initiation site (DIS) in the GC rich loop that initiates the
non-covalent dimerization of two molecules of single-stranded viral RNA, commonly
referred to as a “kissing” interaction, and is thought to have an essential role in the
encapsidation of viral RNA species (49, 95, 148, 168). Even though a preponderance of
studies suggest a central role for the DIS in encapsidation of gRNA (reviewed in (168)),
evidence indicates that the mechanism is more elaborate than simply dimerization of two
single-stranded RNA molecules. Mutation of the dimerization domain and the entire stem-
loop 1 structure demonstrates that the DIS is important for replication in a T cell line, but not
in PBMCs (84), indicating that cellular factors, and possibly additional viral factors can

influence encapsidation. Importantly, stem-loop 1 is present at the 5> UTR of both full-



length genomic RNA, as well as subgenomic, spliced, HIV-1RNAs competent for
translation. An earlier model posited that the genomic RNA could conform to two states that
would distinguish between RNA competent for translation and RNA to be directed for
packaging: i) a long-distance interaction (LDI) conformation in which the DIS is occluded in
a stem was suggested to be amenable for translation but not encapsidation; and ii) a branched
multiple hairpin (BMH) structure in which the DIS is available for dimerization and
interaction with Gag for subsequent encapsidation (49, 168). In contrast to the RNA switch
model, evidence indicates that both conformations can support translation (2), and that the
BMH conformation is favorable in both cellular HIV-1 RNAs and virion RNASs (167).
Moreover, if dimerization were part of a selection process that determined the encapsidation
potential of viral RNA then it might be expected that only full-length gRNA would form
dimers competent for encapsidation; however, an in vitro study demonstrated that
subgenomic RNAs can also form dimers and heterodimers (192). Apparently the HIV-1 DIS,
as well as additional cis elements, serves a dominant role in the encapsidation process;
however, additional viral and cellular components may also contribute to efficient and
specific gRNA encapsidation.

A bona fide packaging system could be considered one that confers an efficient and
specific gain of encapsidation function upon a heterologous RNA. In the case of HIV-1
transfer of the  cis packaging element to a non-HIV-1 (heterologous) RNA did not confer
encapsidation of the RNA into HIV-1 viral particles (15), indicating that HIV-1 v is not
sufficient for encapsidation. In contrast, cis elements from MLV (~175 contiguous nucleotide
region in the 5> UTR) can readily support retroviral RNA packaging if relocated to a

different position within homologous RNA (134), and is sufficient for encapsidation of

10



heterologous RNAs into MLV viral particles (3, 83). The HIV-1 packaging signal is more
complex than that of MLV, requiring additional cis elements outside the canonical packaging
signal. Independent studies using mutational analysis and genetic manipulation demonstrated
that cis elements within the HIV-1 5’ R, U5, and PBS regions of the RNA may also function
in gRNA encapsidation (37, 38, 81, 139). Heretofore, several HIV-1 inter- and
intramolecular RNA-RNA, and protein-RNA, interactions were discussed as components of
the RNA encapsidation mechanism. These various interactions are necessary cytoplasmic
steps that prompt gRNA encapsidation at the plasma membrane. In order to present a gRNA
amenable to RNA-RNA and protein-RNA interactions in the cytoplasm the gRNA must
initially exit the nucleus after transcription and localize appropriately in the cytoplasm.
Therefore, additional viral cis elements and trans factors may be required components of a

packaging system that supports efficient and specific gRNA encapsidation.

HIV-1 Rev/RRE (Rev Response Element) System and Nuclear Export, Translation, &
Encapsidation of Viral RNAs

HIV-1, as well as all lentiviruses, is considered a complex retrovirus because of additional
accessory proteins required for a productive infection. Originally termed the art gene, Rev
(regulator of expression of virion proteins) was identified as one of two accessory proteins,
the other being Tat, which are absolutely required for transactivation of HIV-1 structural and
enzymatic proteins (57, 195). Shortly thereafter a cis element within the env gene at the 3’
end of the genomic RNA, termed the Rev response element (RRE), was identified as the
cognate sequence that the Rev protein recognizes in the gRNA (39, 132, 160, 187, 224). The

HIV-1 Rev/RRE interaction has since been proposed to function in a number of processes
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associated with viral replication including splicing regulation, nuclear export of full-length
and partially spliced viral RNAs (i.e. intron-containing HIV-1 RNAS), enhancing translation
of viral proteins, blocking integration of viral particles as a result of superinfection, and
facilitating encapsidation of genomic viral RNA (reviewed in (68, 71, 199)).

The RRE forms a series of stem-loops structures that is retained in both full-length
HIV-1 gRNA and partially spliced viral RNAs, thereby making the RNA accessible to
interaction with the Rev protein (Fig. 9) (176). Mutational mapping, combined with genetic
analysis, revealed a number of functional domains in the Rev protein (86-88, 131, 133, 176).
The most prominent feature of Rev is its ability to shuttle between the nucleus and
cytoplasm. Rev protein has an arginine rich nuclear localization signal (NLS) that is involved
in nuclear, and ultimately nucleolar, localization through interaction with importin-f (7, 82).
Shortly after transcription, Rev interacts with RRE-containing viral RNAs through a
functional domain that overlaps the arginine-rich nuclear import signal (87, 176). In order for
Rev to interact with its cognate RRE, RNA harboring the RRE cis element must be stabilized
and retained within the nucleus; and, potentially localized to a nucleolar region that supports
a stable interaction between Rev and the RNA. Recognition of splice donor sequences by
host U1 snRNA stabilizes RNA in the nucleus, even in the absence of active splicing,
obviating RNA degradation (98, 124). Additionally, AU-rich cis repressor sequences (CRS),
or instability (INS) elements, mapped primarily to RNA regions within gag, pol, and env,
mediate RNA retention within the nucleus (40, 129, 153, 190). Genomic RNA and partially
spliced subgenomic RNA harboring CRS elements were found to localize in nuclear regions
similar to those of the Rev protein, but distinct from fully spliced transcripts; indicating a

putative common locale for Rev and transcripts containing the RRE (16). Futhermore,
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mutating the CRS elements allows for nuclear export of RNA, and subsequent protein
expression, independent of the Rev/RRE system (66, 111). The interaction between Rev and
the RRE may mask the NLS, thwarting nuclear import of Rev/viral RNA complexes so that
Rev/RNA complexes can be efficienctly exported to the cytoplasm (199).

Nuclear export of Rev/RNA complexes is mediated through a nuclear export signal
(NES) in a leucine-rich region of the Rev carboxy terminus (131, 133) (Fig. 9). Unique to the
Rev protein is the capacity to facilitate nuclear export of incompletely spliced viral RNAs,
thus the Rev/RRE interaction can alter the ratio of unspliced/spliced viral RNAs by
interfering with splicing (31, 55, 57, 77, 107, 108). Nuclear export of incompletely spliced
viral RNAs is achieved by Rev bridging an interaction between the viral RNA and host
chromosome region maintenance 1 (CRM1) nuclear export pathway (58, 59, 155, 163). Few
cellular RNA have been determined to be exported through the CRM1 nuclear export
pathway (ribosomal RNAs, U1 snRNA, SRP RNAs and very few cellular mMRNAs) (91),
most of which appear to be dependent upon RNA POL | or POL Il mechanisms of
transcription and are in the context of ribonucleoprotein (RNP) complexes comprised of
adaptor proteins that bridge interactions between the RNAs and the CRM1 protein. Similarly,
it has been proposed that Rev and incompletely spliced viral RNAs are part of a RNP
complex, since numerous host cell proteins also impact Rev-dependent nuclear export, as
well as downstream viral function that can interfere with HIV-1 replication (41, 71, 199,
201).

Nuclear export is a fulcrum of posttranscriptional regulation shared among
retroviruses. The Rev/RRE system is a highly conserved mechanism employed among

lentiviruses (119, 132, 145, 164, 174), whereas nuclear export of viral RNAs encoded by
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type D simian retroviruses (SRV-1 and MPMV) is accomplished through a cis-acting
constitutive transport element (CTE) in the RNA (20, 226). Identified CTE’s differ from the
HIV-1 Rev/RRE system in that nuclear export is independent of both the CRM1 pathway and
a virally encoded protein. The CTE recruits the cellular protein TAP/NXFL1 to direct RNA
out of the nucleus through the TAP/NXT1-dependent pathway (73). The TAP/NXT1
pathway is the most common pathway utilized for nuclear export of spliced cellular mMRNAs,
as well as fully spliced mRNAs encoding Tat, Rev, and Nef proteins. Of note, the
TAP/NXT1 pathway may also be utilized by simple retroviruses such as MLV, which do not
encode an accessory protein for nuclear export, but rely upon cis elements within the
packaging signal (106, 193), which presumably interact with cellular factor(s). The fact that
lentiviruses have evolved the use of a Rev/RRE based system for nuclear export specifically
through the CRM1 pathway indicates that this pathway of nuclear export may determine the
cytoplasmic fate of viral RNAs and impact downstream biological processes at late stages of
viral replication. A number of studies have demonstrated that proper viral assembly is
governed by the pathway that the gRNA is exported from the nucleus to the cytoplasm (93,
94, 149, 191, 201). These studies imply that the Rev/RRE system influences the assembly of
nascent viral particles, and presumably may regulate virological functions that occur prior to
(translation of viral RNAS), or coincident with (viral gRNA encapsidation) particle assembly.
Nuclear export of viral RNASs is the dominant posttranscriptional regulatory
mechanism associated with the Rev/RRE system; however, mounting evidence demonstrates
that the Rev/RRE system is more than a nuclear export system (71). Separating the nuclear
export function of Rev from its impact on viral events in the cytoplasm, including viral RNA

translation and encapsidation, has proved to be challenging. Rev mutants that impact
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translation and encapsidation, but not nuclear export, have yet to be identified. Furthermore,
using available Rev NLS mutants to restrict Rev function to the cytoplasm would also
preclude interaction with the RRE-containing RNA in the nucleus, not to mention that
mutants in the NLS may also directly impact its interaction with the RRE since these are
overlapping functions. A well established method has been to fractionate cells into
cytoplasmic and nuclear parts followed by RNA isolation, affording that ability to distinguish
between Rev-dependent viral RNA nuclear export function and influences on translation or
encapsidation. A number of reports indicate that Rev encourages the translation of RNAs
with minimal impact on nuclear export (8, 9, 48, 70, 172). Evidence indicates that Rev
augments polysome loading for ensuing translation, whereby translation is enhanced several
hundred fold with a minimal increase in nuclear export of viral RNAs (48). Rev may
influence translation through recruitment of cellular proteins as is evident from a recent study
with the cellular methyltransferase protein, PIMT, which trimethylates the 5> RNA cap of
some HIV-1 RNAs as a regulatory mechanism for selective expression (221). Importantly,
this mechanism was shown to be Rev-dependent, whereby Rev recruits PIMT to RRE-
containing RNAs. Interestingly, this study did not investigate the potential of encapsidating
5’-cap trimethylated viral RNAs. Plausibly, this could be part of a mechanism that
distinguishes between Rev-dependent RNAs targeted for translation compared to Rev-
dependent RNAs targeted for encapsidation.

Similar to translation, encapsidation is a measure of the ratio of RNA encapsidated
into viral particles relative to RNA available for encapsidation in the cytoplasm, thereby
accounting for any changes in nuclear export. Early indications that the Rev/RRE system

may be important for encapsidation of viral RNAs implicated regions within the HIV-1 env
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gene (181). Further mutational analysis of the env gene, however, indicated that although
regions within the env gene are important for encapsidation, the RRE itself was not essential
for encapsidation (102). Moreover, partially spliced (RRE positive) and fully spliced (RRE
negative) viral RNAs were shown to package with equal efficiency, but both were
significantly less efficient than full-length RNAs (89). In opposition to these studies the
RRE-deficient HIV-1 vectors were demonstrated to have much lower titers and less RNA
packaged than vectors containing the RRE (125), indicative of a severe RNA packaging
deficiency since mutation of the RRE had minimal influence on RNA exported to the
cytoplasm. In consonance with this study HIV-1 derived viral vectors showed increases in
vector titers with nominal changes in cytoplasmic RNA levels (5). Along these same lines the
Rev proteins of HIV-1 and SIV were demonstrated to enhance encapsidation of gRNA into
HIV-1, or SIV, viral particles, respectively (19). Moreover, the same study showed that the
RRE was not absolutely necessary, but rather interactions between Rev and the RNA needed
to be maintained for the observed augmentation in gRNA encapsidation. In addition to the
RRE, Rev was identified to interact with a determinant in stem-loop 1 of the cis packaging
signal (62). Mutational analysis of this determinant in the innate viral context disrupted RNA
trafficking, as well as RNA encapsidation (67). Recent in vitro translation studies
demonstrated that the cis determinant in stem-loop 1 is also important for Rev-mediated
translation of viral RNAs, and that the RRE is not important for this effect (70). Moreover,
translation was enhanced only when using moderate concentrations of purified Rev protein,
but inhibited using high Rev concentrations. Potentially, the Rev concentration may act as a
“switch” between translation (moderate Rev concentrations) and encapsidation (high Rev

concentrations). It may be that both the RRE and cis determinant in stem-loop 1 of the

16



packaging signal are important for encapsidation of gRNA. Regardless, the interaction of
Rev with the gRNA is predominantly mediated through the RRE (and putatively, additional
cis determinants), and the Rev protein may influence not only nuclear export, but also

translation and, as will be investigate in the work shown here, gRNA encapsidation.

Introduction to Dissertation Research

Efficient and specific encapsidation into HIV-1 viral particles is a process in which the RNA
must travel from sites of transcription in the nucleus to sites of particle assembly at the
plasma membrane (Fig. 6). As discussed above disparate studies have identified numerous
HIV-1 cis elements in the gRNA (R, U5, PBS, vy, and RRE) and viral trans factors (NC and
MA of the Gag polyprotein, and Rev) that may act upon the gRNA at different steps of the
encapsidation process, not to mention host cell proteins, which are not addressed by the work
in this dissertation. What is not currently clear is if these viral components can function
independently of each other, and more importantly, how the concerted actions of multiple
viral components cedes efficient and specific encapsidation of RNA into HIV-1 viral
particles. The primary focus of this dissertation investigates the proposal that the
combination of viral cis elements and trans factors function in a common pathway to achieve
RNA encapsidation. Identifying components of the encapsidation mechanism has primarily
been accomplished through loss-of-function studies by mutational/genetic analysis. Since
many viral cis elements and trans factors have pleiotropic effects, it can be cumbersome to
isolate direct cause and effect relationships. Loss-of-function studies may also preclude the
ability to elucidate how components may function together. A bona fide packaging system

could be considered one that is transferrable to a heterologous RNA, resulting in a gain of
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encapsidation function. The work presented in this dissertation describes how heterologous
RNA systems were employed to investigate: i) the independent effect of the HIV-1 Rev/RRE
system, as well as Rev orthologues, on heterologous RNA encapsidation into HIV-1 viral
particles (Chapter 2); ii) the collaborative effect of the cis elements in the 5 UTR (R, U5,
PBS, and ) and the Rev/RRE system on efficiency, and specificity, of heterologous RNA
encapsidation (Chapter 3); and iii) the unique transduction properties of heterologous RNAS
packaged into HIV-1 viral particles, and how they may prove advantageous for gene therapy
protocols (Chapter 4). Lastly, conclusions to this work and future perspectives will be briefly

discussed (Chapter 5).
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Figure 1. Retroviral Genome Organization. The proviral genome organization for a
representative member of each genera of the orthoretrovirinae subfamily is depicted. Each
genera contains two long terminal repeat (LTR) regions, a gag gene encoding structural
proteins, a pro gene encoding protease, a pol gene that encodes reverse transcriptase and
integrase, and an env gene encoding viral glycoprotein. The genera differ in the number of
accessory proteins required for infection. Most complex are the lentiviruses with six
accessory proteins two of which (Tat and Rev) are considered transactivators for viral
replication.
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Figure 2. Retroviral Reverse Transcription Process. Viral RNA packaged into a viral
particle is reverse transcribed by the viral reverse transcriptase into viral cDNA. The viral
cDNA, in the context of a preintegration complex, enters the nucleus and viral integrase
mediates integration into the host cell genome to generate a proviral DNA. The proviral
DNA is then used as the template to express viral RNAs that generate viral proteins, as well
as full-length genomic RNA that is packaged into nascent viral particles.
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Figure. 3. Features of Immature and Mature Retroviral Particles. The features depicted
are common to retroviruses. Nascent viral particles are initially formed as immature viral
particles containing two molecules of ssRNA (black lines) packaged into a protein shell
comprised of Gag and Gag-Pro-Pol molecules surrounded by a lipid envelope with viral
glycoproteins embedded. The viral particle undergoes a readily observable morphological
reorganization upon processing of the Gag and Gag-Pro-Pol Glycoproteins into constituent
proteins to form the mature, infectious, viral particle.
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Adapted by permission from McMillan Publishers LTD. D’Souza, V and
Summers, MF. How Retroviruses Select Their Genomes. Nature Reviews.
Microbiology. 2005. (3) 643-655.

Figure 4. Replication Cycle of HIV-1 Lentivirus. Early replication steps. A mature viral
particle initiates infection by attaching to the host cell membrane through interaction of the
viral envelope glycoprotein with a host cell receptor(s). The viral envelope fuses with the
host cell plasma membrane, releasing the capsid and its contents into the cytoplasm. An
uncoating of the viral capsid occurs, the RNA is reverse transcribed into viral cDNA, and
enters the nucleus as a preintegration complex (MA [matrix protein], IN [integrase protein],
and Vpr [accessory protein] are viral constituents of preintegration complex), whereby the
viral cDNA can integrate into the host cell genome. Late replication steps. The proviral
genomic DNA can be transcribed into viral RNAs that are full-length, partially spliced, or
fully spliced RNAs. The full-length and partially spliced RNAs are exported from the
nucleus through an interaction with the viral encoded accessory protein, Rev. Viral RNAS
can be translated into structural and enzymatic proteins used to generate viral particles, and
two molecules of full-length genomic RNA are encapsidated into nascent viral paticles
assembling at the plasma membrane.
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Figure 5. Retroviral Vector Production. For vector production the viral cis elements are
separated from the viral trans elements onto individual plasmid constructs. Trans Elements
(Packaging Construct). The trans genes (gag/pol) encode the structural and enzymatic
proteins that form nascent viral particles. In this case the packaging system depicted is a
Rev/RRE-independent system, whereby viral particles can be generated in the absence of the
Rev protein. This system is frequently utilized in experiments throughout the dissertation,
allowing direct examination of the impact of Rev on encapsidation of the RNA into viral
particles. Cis Elements (Vector Construct). Viral cis elements can be readily manipulated
in the context of the vector. The vectors depicted are a standard HIV-1 derived vector (top),
and a MLV/HIV chimeric vector (bottom). The luciferase transgene, and CMV-GFP
expression cassettes are used to monitor production and transduction, respectively. Vector
particles are commonly pseudotyped with the vesicular stomatitis virus glycoprotein (VSV-
G) to confer vector particles with a broad host cell tropism. These constructs are
cotransfected into 293T for vector production, and viral particles are harvested from the
media.
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Figure 6. HIV-1 Genomic RNA Encapsidation Process. Step 1. Concomitant with
transcription of full-length and partially spliced RNAs, the Rev protein interacts with its
cognate Rev Response Element (RRE) to mediate nuclear export via the CRM1 dependent
pathway. Step 2. Genomic RNA has been demonstrated to localize to perinuclear
microtubule organizing centers. Work proposed in this dissertation indicates that Rev may
make genomic RNA more amenable to subsequent Gag-RNA interactions, possibly through
cytoplasmic localization (see chapter 3). Step 3 & 4. Dimerization of two molecules of
genomic RNA occurs in the cytoplasm, and initial interaction of Gag with the canonical cis
packaging signal are thought to occur in the cytoplasm prior to localization of the RNA to
sites of particle assembly at the plasma membrane. Step 5. Trafficking of Gag-RNA
complexes to the plasma membrane may occur via endosomes or microtubules. Step 6.
Assembly of nascent viral particles occurs at the plasma membrane through numerous Gag-
Gag interactions.
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Adapted by Permission from American Society for Microbiology. Clever, J.L., Miranda
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of the Human Immunodeficiency Virus Genome. Journal of Virology. 2002. 76(23).
12381-12387.

Figure 7. RNA Cis Elements in the HIV-15" UTR. The 5 UTR is comprised of a series of
stem-loops that impact nearly every aspect of the viral life cycle. The TAR (trans-activating
response) element and polyadenylation signal are located in the R region of the 5° LTR. The
U5 region harbors the att (attachment) sites at the 3’ boarder with the PBS (primer binding
site). Cis determinants within these regions have been shown to have dominant roles in viral
RNA transcription, reverse transcription, & integration. However, several regions have also
been implicated in encapsidation. Stem-loops SL1, SL2, SL3, and SL4 comprise what is
considered the canonical packaging signal (y) and have all been demonstrated to be critical
for encapsidation of genomic viral RNA. SL1 harbors the dimerization initiation site (DIS) in
the loop; SL2 contains the major splice donor for HIV-1; SL2, SL3, and SL4 are thought to
mediate high affinity interaction with the nucleocapsid protein; and SL4 is part of the 5’ end
that encodes the Gag polyprotein. Start site is indicated by AUG.
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Figure 8. High Resolution SHAPE structure of the HIV-1 5 UTR. A high resolution
RNA structure of about the first 570 nucleotides of HIV-1 are depicted. The strucuture
elucidated by SHAPE revealed a highly complex structure with a number of long-range
intramolecular interactions in virio. The TAR and polyadenylation (polyA) stem-loop
structures in the R region are indicated. In gray the tRNA(lys3) is demonstrated as interacting
with the PBS. Stem-loops 1, 2, 3, and 4 are indicated, where part of stem-loop 4 as shown in
figure 7 is in a long range interaction with part of the U5 region. The dimerization initiation
site (DIS) and major splice donor (SD) are indicated. Lastly, regions that the nucleocapsid
interacts with are highlighted in blue. See reference for details regarding the SHAPE
technology and nucleotide color coding scheme.
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Figure 9. HIV-1 Rev and Rev Response Element (RRE). A. The Rev protein is comprised
of multiple functional domains. Amino acids (aa) 12-29 and 52-60 constitute the two
multimerization (M1 & M2) domains; aa 35-50 comprise the arginine rich motif (ARM)
which governs nuclear/nucleolar localization signal (NLS) and overlaps with the RNA
binding domain; and, aa 75-83 contain the leucine rich motif which constitutes the nuclear
export signal (NES). B. The Rev Response element located in the RNA is a highly conserved
element comprised of a series of stem-loop structures. The primary binding site for Rev is
indicated by Rev B.S. and is primarily located in stem Ilb. This RNA structure was obtained
using the innovative SHAPE approach as described in the indicated manuscript.
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Chapter 2

HIV-1 REV AUGMENTS ENCAPSIDATION OF HETEROLOGOUS RNAs INTO HIV-1
VIRAL PARTICLES'

Introduction

Encapsidation of HIV-1 gRNA is conventionally associated with the canonical Cis
packaging signal () located in the HIV-1 5° UTR of the gRNA, and extending into the 5’
end of sequence encoding the gag gene. Transfer of this sequence is not sufficient to support
encapsidation (15), therefore additional viral cis elements and trans factors have been
investigated for effects on encapsidation. Encapsidation of RNA into nascent viral particles
assembling at the plasma membrane requires the RNA to traverse the entire cell following
initial transcription of full-length RNA in the nucleus. Viral-dependent mechanisms must
ensure efficient and specific encapsidation of gRNA during the entire process of viral RNA
translocation to sites of particle assembly. Interaction of the HIV-1 Rev protein with its
cognate RRE in the gRNA, concurrent with transcription in the nucleus, make it a strong
candidate for conferring both specificity and efficiency onto the HIV-1 gRNA early in the
process of viral RNA encapsidation. Rev’s ability to readily shuttle between the nucleus and

cytoplasm allow it to influence viral RNA function in multiple capacities.

'A portion of the work in this chapter was published by Adam Cockrell, Henriette van Praag, Nicholas
Santistevan, Hong Ma, and Tal Kafri, titled: The HIV-1 Rev/RRE system is required for HIV-1 5 UTR cis
elements to augment encapsidation of heterologous RNA into HIV-1 viral particles (45).



The primary function ascribed to the Rev/RRE system is nuclear export of full-length,
and partially spliced, HIV-1 RNAs through the CRM1 nuclear export pathway (176, 199).
This is a highly conserved mechanism with orthologues for human and non-human primate
lentiviruses including HIV-1, HIV-2, & SIV, as well as the non-primate feline
immunodeficiency virus (FIV), equine infectious anemia virus (EIAV), caprine arthritis-
encephalitis virus (CAEV), visna virus (VV), Jembrana disease virus (JDV), and bovine
immunodeficiency virus (BIV) lentiviruses (119, 130, 145, 164, 174). Even the more
distantly related complex retroviruses human T lymphotropic virus type 1 (HTLV-1) and
type 2 encode an HIV-1 orthologue, the Rex accessory protein, of which HTLV-1 Rex
nuclear export domain was shown to be functionally interchangeable with HIV-1 Rev (86).
Employing a viral encoded protein for nuclear export is unique to complex retroviruses.
Simple retroviruses, such as MLV, accomplish nuclear export independent of viral encoded
proteins (106, 193).

The nuclear export functions associated with the Rev/RRE have primarily been
characterized using reporter systems (mainly chloramphenicol acetyltransferase [CAT],
luciferase, or GFP), whereby successful translation of the reporter RNA is dependent upon
the interaction of Rev with its cognate RRE in the RNA and subsequent nuclear export, as
well as by measuring p24 capsid protein expression. Since these studies were predominantly
designed to investigate Rev-dependent RNA nuclear export effects, additional downstream
functions of Rev would have been difficult to detect. The conserved mechanism of Rev-
dependent nuclear export through the CRM1 pathway compels the logic that the CRM1
pathway may dictate the fate of a viral RNA for downstream events of replication that occur

in the cytoplasm. In line with this reasoning several reports demonstrate that the nuclear
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export pathway may influence HIV-1 assembly (93, 94, 149, 191, 201). Protein expression
assays facilitated the elucidation of Rev-dependent nuclear export through the CRM1
pathway; however, alternative measurements are necessary to distinguish nuclear export
from additional Rev functions in the cytoplasm (68, 71).

In addition to nuclear export, an expanding body of data suggests that HIV-1 Rev can
function in at least three additional capacities: i) enhancing translation of viral RNAs, ii)
interfering with HIV-1 superinfections, and iii) influencing RNA encapsidation (68, 71).
These functions are all downstream to nuclear export; therefore nuclear export is a priori.
Distinguishing between Rev-dependent nuclear export and downstream events manifests the
need to separate these functions. Studies have shown that Rev can enhance encapsidation
efficiency by measuring RNA packaged into viral particles (directly and indirectly) relative
to viral RNA available for packaging in the cytoplasm (5, 19, 67, 181). Previous studies have
all examined the contribution of the Rev/RRE system to RNA encapsidation when the RRE
is in the same RNA context as HIV-1 v, as well as other HIV-1 cis elements, therefore the
Rev/RRE effect may be masked by the more dominant packaging components. Studies
shown here were executed based on the proposal that isolating the Rev/RRE system from the
influence of HIV-1 cis elements (i.e. canonical packaging signal) involved in encapsidation
would demonstrate the independence of the Rev/RRE system to influence RNA
encapsidation. Here, the Rev/RRE system was reconstructed in the context of heterologous
RNAs to investigate the influence of the Rev/RRE system on RNA encapsidation into HIV-1
viral particles. The data demonstrate: 1) for the first time that the HIV-1 Rev/RRE system can
augment RNA encapsidation into HIV-1 viral particles in the absence of any canonical HIV-

1 cis packaging signals; ii) HIV-1 Rev-mediated encapsidation is specific to heterologous
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RNAs harboring the RRE; iii) FIV Rev (FRev) could function similarly to HIV-1 Rev
(HRev) to enhance titer, and presumably RNA packaging, into HIV-1 particles, but EIAV
Rev (ERev) could not; iv) that the HIV-1 RRE is not absolutely necessary for encapsidation,
but it is essential to maintain an interaction between HIV-1 Rev and RNA; and v) that
nuclear export through the CRM1 pathway is not absolutely necessary for Rev-dependent

enhanced encapsidation.

Methods

Plasmid Constructs. Murine leukemia virus (MLV) and MLV/HIV chimeric vector
constructs were derived from the MLV vector, pPLNCX (146). The fundamental MLV vector
as described in Fig. 10A was developed as follows: 1) the WPRE (woodchuck hepatitis virus
posttranscriptional regulatory element) was first subcloned into the ECORI/Hindlll sites of a
pCLNCX self-inactivating (SIN) vector (154); ii) internal trans elements were replaced with
a CMV-GFP cassette inserted by subcloning a BamHI/Xhol fragment from pTK113 (HIV-1
vector in Kafri lab), also retaining the HIV-1 cPPT-CTS (labeled cPPT in Fig. 1A) in this
fragment; iii) the 3’ SIN LTR was replaced with a complete MoMLV 3’ LTR from pLNCX
by subcloning the Hindl11/Pmel fragment; and iv) the firefly luciferase (originally obtained
from pBI-GL, Clontech) was subcloned into the BamH]I site of the MLV vector generating
pTK1328, the basic MLV vector in Fig. 10A. All notations of plasmids beginning with pTK
are for ease of reference to the plasmid library in the Kafri lab. All subsequent MLV/HIV
chimeric constructs were derived from pTK 1328 by inserting various HIV-1 cis elements.
All HIV-1 cis elements were derived from a standard HIV-1 vector from our lab, such as

pTK113 (215). The MLV/HIV RRE vector (pTK1332) was derived from the basic MLV
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vector by subcloning a BamHI fragment (~850 bp) comprising the RRE into a BamH]I site of
pTK1328.

The parental EIAV (UNC SIN 6.1W-1) and FIV (pFLX-CPL) vector constructs were
kind gifts from the laboratories of Dr. John Olsen and Dr. Gary Nolan, respectively. The
FIV/HIV RRE was generated in the following series of cloning: i) The WPRE was subcloned
into the Cip treated Alel site of pFLX-CPL (pTK652); and ii) a large Notl/Sacll fragment
from pTK494 containing the HIV-1 RRE was subcloned into the Notl/Sacll sites of pTK652
to generate pTK660. To generate the ETAV/HIV RRE chimeric construct a large Notl/Sacll
fragment containing the HIV-1 RRE, from pTK113, was subcloned into the Notl/Sacll sites
of UNC SIN 6.1W-1, yielding pTK728. Appropriate control constructs that contain the HIV-
1 cPPT were generated as follows. The following cloning series was used for EIAV: 1) a
BamHI/Sacll fragment from pTK113 was inserted into the BamHI/Sacll sites of pBlueScript
(pTK729); and ii) the ECORV/Sacll fragment from pTK729 was subcloned into UNC SIN 6.1
W-1 to generate the EIAV control (pTK730). For FIV control the following cloning series
was executed: 1) a PCR fragment containing the FIV cPPT from pCFWAEnv packaging
construct (kindly provided by Dr. Gary Nolan) was cloned into the Kpnl site of pTK652; and
ii) a BamHI/Xhol fragment containing the HIV-1 cPPT & CMV-GFP cassette was klenow
treated and subcloned into the ECORV site of pTK653 to yield the FIV control, pTK665.

The HIV-1 derived constructs were generated as follows. The standard HIV-1 vector
with luciferase in the 5° end (pTK1363) was generated by subcloning a large fragment from a
previously defined vector (pTK 1305, described in chapter 3) into the Notl/Xhol sites of
pTK1087 (a non-SIN HIV-1 vector with a complete U3 in the 3’ LTR and internal CMV-

GFP cassette). The HIV-1 ARRE vector (pTK1444) was derived from pTK 1279 within
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which the RRE was removed with Notl/BamHI. To generate pTK 1444 the firefly luciferase
gene was inserted into the ECORI site of pTK1279. The HIV/9XMSRE ARRE construct
(pTK1450) was derived from the following series: 1) the MS2 9X response elements
(pLMS29) were subcloned into the BamHI/Spel sites of pBlueScript (pTK1448); ii) a
Notl/Bglll fragment containing the 9XMS2 response elements was then subcloned into
Notl/BamHI sites of pTK1087 (pTK1449), while at the same time removing the HIV-1 RRE;
and, iii) the firefly luciferase gene into the EcoRI site of pTK 1449 to generate the
HIV/9XMSRE ARRE construct, pTK1450.

The packaging constructs supplying necessary structural/enzymatic proteins were
4XCTE Gag-Pol (kindly provided by the laboratory of Dr. Christopher Baum), optimized
Gag-Pol expression cassette (kindly provided by the laboratory of D