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RNA aptamers that bind human immunodeficiency virus 
1 (HIV-1) reverse transcriptase (RT) also inhibit viral repli-
cation, making them attractive as therapeutic candidates 
and potential tools for dissecting viral pathogenesis. How-
ever, it is not well understood how aptamer-expression 
context and cellular RNA pathways govern aptamer accu-
mulation and net antiviral bioactivity. Using a previously-
described expression cassette in which aptamers were 
flanked by two “minimal core” hammerhead ribozymes, 
we observed only weak suppression of pseudotyped HIV. 
To evaluate the importance of the minimal ribozymes, we 
replaced them with extended, tertiary-stabilized hammer-
head ribozymes with enhanced self-cleavage activity, in 
addition to noncleaving ribozymes with active site muta-
tions. Both the active and inactive versions of the extended 
hammerhead ribozymes increased inhibition of pseudo-
typed virus, indicating that processing is not necessary 
for bioactivity. Clonal stable cell lines expressing aptam-
ers from these modified constructs strongly suppressed 
infectious virus, and were more effective than minimal 
ribozymes at high viral multiplicity of infection (MOI). Ter-
tiary stabilization greatly increased aptamer accumulation 
in viral and subcellular compartments, again regardless 
of self-cleavage capability. We therefore propose that the 
increased accumulation is responsible for increased sup-
pression, that the bioactive form of the aptamer is one 
of the uncleaved or partially cleaved transcripts, and that 
tertiary stabilization increases transcript stability by reduc-
ing exonuclease degradation.
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IntroductIon
Aptamers are structured nucleic acids generated through systematic 
evolution of ligands by exponential enrichment, or SELEX, to bind 
molecular targets with high affinity and specificity.1–5 Several aptam-
ers selected to recognize viral proteins have been demonstrated to 
impair the replication of the corresponding viruses, such as human 

immunodeficiency virus (HIV),6–11 hepatitis B virus,12,13 human 
cytomegalovirus (CMV),14 hepatitis C virus,13,15–17 and influenza 
virus.18 Aptamers are therefore promising therapeutic candidates 
for use as adjuvants to conventional drug-based therapies such as 
highly active antiretroviral therapy.3,4,19,20 However, little is known 
about how the design of the expression system influences aptamer-
mediated antiviral effects, or how it determines the aptamers’ access 
to, and influence on, cellular RNA biology. Aptamer-mediated inhi-
bition is expected to require achieving a suitable accumulation level 
of aptamer RNA and colocalization of the aptamer with its target, in 
addition to other biological factors that can vary from one aptamer 
to the next. Furthermore, aptamer libraries generated by SELEX 
can be populated with tremendous molecular diversity and exhibit 
extensive variation in molecular structure, target binding specific-
ity and affinity.1,2,4,5,21 Thus, it would be valuable to screen the indi-
vidual members of such libraries for their respective net inhibitory 
potential.

With respect to HIV, aptamers selected to bind the viral 
reverse transcriptase (RT) have attracted extensive interest. Many 
of these aptamers strongly inhibit RT function in biochemi-
cal assays at low nanomolar concentrations by competing with 
nucleic acid substrates for access to the protein.22–26 Importantly, 
a few of these aptamers have also been reported to inhibit viral 
replication in cell culture when infectious HIV was passaged in 
aptamer-expressing stable cell lines.6,8,10 Inhibition has been sug-
gested to occur via an aptamer-mediated blockage of viral cDNA 
synthesis by being copackaged with the RT in nascent virions,10 
although the mechanism of such packaging is not known. The 
generation of clonal, stable cell lines for these inhibition assays 
and the subsequent serial passage of infectious HIV are time-
 intensive activities that constitute bottlenecks in screening 
aptamers and their expression contexts. In contrast, single-cycle 
assays using pseudotyped virus can provide a rapid, transfection-
based approach that enables high throughput screening of many 
inhibitors. Additionally, pseudotyped virus cannot propagate, 
increasing safety associated with the assay. To accelerate preclin-
ical development of anti-RT aptamers as potential therapeutics 
and as reagents for studying viral pathogenesis, it is important to 
develop streamlined assays for evaluation of candidate aptamers 
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and to explore how components of the aptamer-expression plat-
form influence antiviral bioactivity.

The present study analyzes modifications of an expres-
sion cassette that has been utilized in several previous studies 
of potentially therapeutic RNA,6,10,11,27,28 and in an investigation 
of an in vitro method to produce hepatitis C virus.29 Two of the 
aforementioned studies investigated aptamer-mediated inhibi-
tion of HIV-1 replication by using the expression cassette driven 
by a CMV immediate early promoter. In this cassette, the cata-
lytic cores of two identical minimal, self-cleaving hammerhead 
ribozyme (mcHHRz) are situated on the 5′ and 3′ flanking regions 
of the aptamer.10,11,28 While the affinity between an aptamer and 
its target is clearly an important determinant of bioactivity, cis-
acting components of the expression cassette can also affect the 
observed inhibitor potency through their effects on transcript sta-
bility, processing and localization. The potential contribution of 
HHRz cleavage to net viral suppression is not immediately appar-
ent. On the one hand, efficient cleavage could facilitate aptamer 
folding by liberating it from the transcript and reducing potential 
interference from flanking sequences. Cleavage would also reduce 
the size of the RNA-protein particles that need to get packaged 
into the virus. On the other hand, HHRz cleavage of mRNA 
induces rapid degradation of the cleaved products.30,31 Ribozyme 
cleavage could therefore accelerate aptamer degradation and even 
prevent escape from the nucleus by removing 5′ cap and polyA 
tail, thereby reducing cytoplasmic availability and limiting their 
availability for inhibiting the virus. Apart from these consider-
ations, fully cleaved (released) fragments have been observed in 
cotranscriptional cleavage assays in vitro, but larger fragments 
corresponding to uncleaved and partially cleaved transcripts were 
also observed.30,31 Any of these fully cleaved, partially cleaved, or 
uncleaved aptamer-containing fragments could potentially have 
been responsible for suppressing viral replication. Furthermore, 
studies during the past decade have established that tertiary sta-
bilizing elements in extended hammerhead ribozymes (eHHRz) 
are important determinants of cleavage efficiency in the low con-
centrations of Mg2+ that are characteristic of intracellular environ-
ments (0.1–2.0 mmol/l).31–33 The absence of such interactions in 
the mcHHRz within this vector may result in relatively poor HHRz 
cleavage in cells, again raising the question of which fragment(s) 
constitute the bioactive form(s) of the aptamer.

To ascertain the importance of HHRz-mediated cleavage and 
the effects of tertiary stabilization, we modified the original con-
struct to contain eHHRz in which cleavage ability was very efficient 
(denoted “active”) or was inactivated through mutation (“inac-
tive”). We found that the eHHRz modifications improved inhibi-
tion of viral replication and increased the levels of aptamer RNA 
accumulation relative to the mcHHRz construct. Importantly, these 
effects did not require ribozyme cleavage, thereby establishing that 
partially cleaved and noncleaved transcripts are among the bioac-
tive forms of the aptamer. Furthermore, these modifications yielded 
an efficient screening system that accurately predicted outcomes in 
the far more labor-intensive assays involving replication-competent 
infectious virus in clonal, aptamer-expressing cell lines. These find-
ings will accelerate molecular understanding of aptamer-mediated 
viral suppression and will help to identify the best aptamers to be 
developed for downstream therapeutic applications.

results
the mcHHrz expression cassette inhibits well in 
multiple-cycle, but not single-cycle inhibition assays
For analysis of aptamer-mediated inhibition in multiple-cycle 
assays, six full-length aptamers [118–134 nucleotide (nt)] were 
cloned between two mcHHRz (Supplementary Table S1 and 
Supplementary Figure S1), and the resulting plasmids were 
transfected into TZM-bl reporter cells for G418 selection. These 
cells contain β-galactosidase and luciferase reporter genes under 
the control of the HIV-1 long-terminal repeats, both of which are 
induced by Tat expression upon infection by HIV-1. For each plas-
mid construct, multiple aptamer-expressing cell lines were gener-
ated by seeding single G418-resistant cells on 96-well plates and 
then expanding to confluency. Clonal cell lines were then plated 
in quadruplicate with the same number of cells in each well and 
infected with HIV-1NL4-3 at an initial multiplicity of infection (MOI) 
of 0.6, retaining one well as a noninfected control to measure back-
ground luciferase activity. Culture supernatants containing repli-
cating virus were passaged onto fresh cells in series every 3 days 
for 12–30 days, and luciferase activity was measured at each pas-
sage to monitor viral propagation. Background luciferase activity 
in the absence of virus was subtracted for each sample. Infectivity 
remained steady throughout the analysis in cell lines expressing 
an arbitrary control RNA (a 70-nt fragment of the luciferase gene 
flanked by aptamer constant regions) and in cell lines carrying 
either the parental vector (pcDNA3.1) or the empty mcHHRz cas-
sette (Supplementary Figure S2). In contrast, infection by HIV-
1NL4-3 was inhibited up to 104-fold in the aptamer-expressing cells 
(Figure 1a). Stable cell lines within a given set of clones express-
ing the same aptamer demonstrated differential inhibitory ability. 
As shown in Supplementary Figure S3a, only three of five 70.26-
expressing cell lines inhibited HIVNL4-3. AptamerRNA was readily 
detectable by real-time RT-PCR for each of the threeclonal cell 
lines that inhibited HIV-1NL4-3, but was within twofold of back-
ground for the two cell lines that failed to inhibit (Supplementary 
Figure S3b). Inhibition was therefore dependent upon the level of 
accumulated aptamer RNA, which varied across stable cell lines 
propagated from individual cell colonies within a given set. These 
effects may be due to differences in integration. Aptamer RNA 
expression was stable over the time required for these assays, as 
demonstrated for aptamer 70.05 monitored at day 3, 9, and 18 
in five independent expression contexts (Supplementary Figure 
S4a).34 To rule out the possibility that the observed inhibition was 
due to loss of cellular receptor or reporter gene, stable aptamer 
70.26- expressing cell lines for which infectivity had dropped essen-
tially to background levels (passaged to day 21) were re-infected 
with fresh HIV-1NL4-3 at an MOI of 0.6. The degree of infection 
of these day 21 (high-passage) cells was very similar to the initial 
infection at day 3 (Supplementary Figure S4b). These same cells 
retained the ability to suppress replication, as evidenced by the 
observation that viral inhibition during further passages occurred 
with similar kinetics to those observed for the initial (day 3) infec-
tion (Supplementary Figure S4c). Thus, the mcHHRz plasmids 
expressing anti-RT aptamers clearly support robust and repro-
ducible suppression of HIV-1 replication in the context of clonal, 
stable cell lines and in multiple-passage assays, and the observed 
inhibition was dependent upon the expressed aptamer.
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To evaluate the predictive value of the more rapid, high 
throughput, single-cycle infectivity assays, 293FT cells were tran-
siently transfected with the same mcHHRz aptamer-expressing 
plasmids as above, followed by cotransfection with plasmids 
pNL4-3-CMV- enhanced green fluorescent protein (EGFP) 
(reporter provirus) and pMD-G (VSV-G glycoprotein), so that 
pseudotyped virus production took place in the presence of 
aptamer RNA. In the proviral plasmid, the env, vif, vpr, vpu, and 
nef genes were deleted from the NL4-3 genome, and the nef gene 
was replaced with a gene for EGFP transcribed from the CMV 
promoter. Similar levels of transfection and virus production were 
observed for controls and aptamer-expressing cells, as measured 
by flow cytometry and p24 ELISA, respectively (data not shown). 
However, only modest inhibition was observed for two of the 
six aptamers tested in single-cycle assays, and little or no inhibi-
tion was observed for the other four aptamers (Figure 1b), even 
though all six of these aptamers strongly suppressed replication 
when expressed from identical platforms in the time-intensive, 
multiple-cycle assay (Figure 1a). Thus, expressing the aptamers 
between the mcHHRz did not provide adequate sensitivity to 
demonstrate aptamer-mediated inhibition over one round of rep-
lication, and the single-cycle infectivity assays using the mcHHRz 
cassettes were unable to predict the performance of these aptam-
ers against infectious virus.

tertiary-stabilized expression cassettes improve 
single-cycle antiviral bioactivity
To test the effect of HHRz tertiary stabilization and cleavage on 
aptamer-mediated inhibition and RNA accumulation, the two 
identical mcHHRz were replaced with two different eHHRz. 
Ribozyme RzB,35 an in vitro-selected variant of the HHRz from 
peach latent mosaic virus, was inserted on the 5′ side of the 
aptamer, and the HHRz from satellite tobacco ring spot virus 
(sTRSV) was inserted on the 3′ side. Separately, inactivated forms 
of each eHHRz were also inserted by mutating the first 3 nt of the 
highly conserved CUGAUGA element within the catalytic core to 
GAA (Figure 2a and Supplementary Figure S1). In cotranscrip-
tional cleavage assays, only transcripts that included mcHHRz or 
active eHHRz on both the 5′ and 3′ ends of the aptamer yielded 
fully excised aptamer (Figure 2b). Ribozyme RzB cleaved at espe-
cially high efficiency, while the mcHHRz and sTRSV ribozymes 
cleaved less efficiently, even in the high Mg2+ concentrations asso-
ciated with in vitro transcription. The reactions for all five con-
structs yielded fragments that included aptamer within uncleaved 
or partially cleaved transcripts.

Aptamers 70.05, 70.15, and 80.80 were cloned into each of 
the four eHHRz cassettes, and these plasmids were used in sin-
gle-cycle infectivity assays to assess their antiviral bioactivity. 
Infectivity of virus generated in the presence of empty HHRz cas-
settes was indistinguishable from the pcDNA3.1 control, indicat-
ing that these HHRz have no direct effect on the virus. Plasmids 
expressing the arbitrary RNA control were slightly stimulatory 
(Figure 3), reminiscent of the modest stimulation of viral replica-
tion observed for some aptamers to HIV Gag.11 In contrast, anti-RT 
aptamers expressed from the eHHRz cassette were all inhibitory, 
with five- to tenfold suppression observed for the 12 eHHRz con-
structs. Most of the eHHRz constructs, in particular the 70.05 and 
80.80 constructs, demonstrated increased inhibition relative to 
the mcHHRz (Figure 3). Aptamer 70.15 was already inhibitory 
in the mcHHRz construct, as noted above, and inhibition was not 
improved by modifying the ribozymes to eHHRz. However, the 
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Figure 1 Aptamer-mediated inhibition of human immunodeficiency 
virus (HIV) replication in multiple-cycle and single-cycle assays when 
aptamers are expressed from the mcHHrz cassette. (a) Multiple-
cycle assays. HIV-1NL4-3 serial passage using an initial multiplicity of infec-
tion (MOI) of 0.6 in clonal, stable TZM-bl cell lines made by transfection 
and subsequent G418 selection with the mcHHRz aptamer-expression 
constructs expressing aptamers 70.03, 70.08, 70.15, 70.26, 80.77, and 
80.80. The same number of cells for each line were plated in quadru-
plicate for each passage, using three wells for infection and one well as 
a noninfected control for background luciferase activity. One-half of the 
virus-containing supernatant was transferred in series to fresh cells every 
3 days, and infectivity was determined using BetaGlo reagent to quantify 
luciferase activity. Background luciferase activity in the absence of virus 
was subtracted and values are shown ±SD for three replicates. (b) Single-
cycle assays. mcHHRz aptamer-expression constructs were transfected 
into 293FT cells in triplicate, followed four hours later by media change 
and cotransfection of pNL4-3-CMV-EGFP and pMD-G. Virus-containing 
supernatants were harvested 48 hours after the final media change and 
100 μl was used to infect fresh 293FT cells at a density of 50%. Infectivity 
was determined using flow cytometry and is shown as % EGFP-positive 
cells normalized to the negative control, pcDNA3.1. One-way ANOVA 
analysis and Student’s t-test were used to determine significance com-
pared to pcDNA3.1 controls (P < 0.001). Values are shown as the mean 
±SD for three experiments. CMV, cytomegalovirus; EGFP, enhanced 
green fluorescent protein.
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most striking feature of these data is that there was no observ-
able differences among the modified constructs based on whether 
they carried active or inactivated eHHRz. Next, clonal, stable cell 
lines were generated as above to express each of the three aptam-
ers in all four combinations of eHHRz variants (denoted Active, 

5′Active, 3′Active, and Inactive) (Figure 4). These cell lines were 
then challenged with infectious HIV-1NL4-3 at an initial MOI of 0.3, 
and viral propagation was monitored by measuring Tat-induced 
luciferase activity at each passage (every 3 days) as above. Again, 
all 12 of these constructs suppressed viral propagation by two to 
three orders of magnitude, essentially independent of whether 
the construct carried active or inactivated eHHRz. The eHHRz 
constructs expressing aptamers 70.05 and 80.80 were more inhibi-
tory than the corresponding mcHHRz constructs in early pas-
sages (Figure 4a,b), while inhibition by the eHHRz construct 
expressing aptamer 70.15 was similar to that observed using the 
mcHHRz construct (Figure 4c). Thus, viral suppression in clonal, 
stable cell lines does not require processing by HHRz cleavage. 
Importantly, the HIV inhibition observed in single-cycle assays 
using the eHHRz cassettes, but not the mcHHRz cassette, accu-
rately predicted performance against infectious virus in multiple-
cycle assays.

differences in viral inhibition at early passage 
are a function of input viral MoI
The effect of viral load was investigated to further explore the 
mechanism of aptamer-mediated suppression of HIV replication. 
Aptamers 70.05 and 80.80 were used because they demonstrated 
significantly improved inhibition compared to the mcHHRz in 
the single-cycle experiment reported in Figure 3. When tenfold 
less virus was used in the initial infection (MOI = 0.03), inhibition 
of HIV propagation in the infectious virus assays was strikingly 
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Figure 2 Modified aptamer-expression cassettes with 5′-flanking and 
3′-flanking extended hammerhead ribozymes. (a) Oligonucleotides 
corresponding to the intended sequences were annealed, PCR ampli-
fied, digested with NheI and NotI restriction enzymes, and ligated in 
place of the mcHHRz aptamer-expression cassette. Individual aptamers 
were cloned into modified cassettes using the EcoRI and BamHI restric-
tion sites. Modified extended hammerhead ribozymes (eHHRz) cassettes 
include inactive or highly active RzB (5′) and inactive or highly active 
satellite tobacco ring spot virus (sTRSV) (3′). Active eHHRz contain a 
CUG within the catalytic core, indicated by a solid black arc. The CUG 
was mutated to GAA in the inactive variants of the eHHRz. (b) In vitro 
cotranscriptional cleavage activity of the mcHHRz and eHHRz aptam-
er-expression cassettes expressing aptamer 70.05. Expected cleavage 
products and locations are illustrated by the boxes on the right, with 
lines directed toward the expected products. Product sizes are given 
in Supplementary Table S3. The aptamer-containing fragment is 
denoted by an open triangle.
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more potent and more rapid for all of the constructs expressing 
aptamers 70.05 (Figure 4d) and 80.80 (Supplementary Figure 
S5). These observations raised the possibility that the ratio of 
aptamer to virus may contribute to the magnitude of the observed 
inhibition. Two approaches were used to test this hypothesis sys-
tematically. First, in a single-cycle assay, a proviral titration was 
performed in which a constant amount of aptamer-expressing 
plasmid (1 μg) was transfected into 293FT cells along with a con-
stant amount of pMD-G and variable amounts of proviral plas-
mid. As expected, virus production (as measured by p24 ELISA 
and endpoint PCR amplification of HIV Gag, data not shown) and 
total observed infection (EGFP-positive cells) were reduced by 
decreasing the amount of input proviral plasmid (Figure 5a, raw 
percentages over graph). Yet even after normalizing to the infec-
tivity observed in the presence of the pcDNA3.1 control, viral 
suppression by the aptamer-expressing plasmids clearly increased 
as the viral load was reduced (Figure 5a). The most informative 
range for the assay used 250 ng of v550. In the second approach, 

a stable 80.80-expressing cell line was challenged with HIV-1NL4-3 
at initial MOIs ranging from 0.006 to 0.6 and monitored through 
multiple passages as above. Although all five conditions eventu-
ally led to at least 100-fold viral suppression, replication was most 
potently suppressed (104-fold) at lower MOI (Figure 5b and data 
not shown). Similarly, the effect was also observed for each of the 
expression contexts as shown in Supplementary Figure S5, with 
the most potent suppression occurring at lower MOI for each 
context. The magnitude of observed viral suppression is therefore 
determined in part by viral load.

Intracellular aptamer localization
The patterns of antiviral bioactivity observed above could poten-
tially result from differences in RNA accumulation or trafficking 
as a function of the context of aptamer expression. To explore 
this hypothesis, fluorescent in situ hybridization (FISH) was 
used to visualize aptamer RNA directly within transfected 293FT 
cells (data not shown) or in stable TZM-bl cell lines-expressing 
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Figure 4 Aptamer-mediated inhibition in a multiple-cycle infectivity assay using clonal, stable cell lines expressing aptamers from the mcHHrz 
or extended hammerhead ribozymes (eHHrz) cassettes. Aptamer-expressing stable cell lines were made by transfecting TZM-bl cells with the 
indicated expression cassettes and subsequent G418 selection to form clonal, stable cell lines from single cells. Cells were plated in quadruplicate for 
each passage, using three wells for infection and one well as a noninfected control for background luciferase activity. Cells were infected with HIV-
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every 3 days, and infectivity was measured using BetaGlo reagent to quantify luciferase activity. (a) Aptamer 70.05, MOI = 0.3, (b) Aptamer 80.80, 
MOI = 0.3, (c) Aptamer 70.15, MOI = 0.3, and (d) Aptamer 70.05, MOI = 0.03. Background luciferase activity in the absence of virus was subtracted 
and values are shown as the mean ± SD for three replicates. HIV-1, human immunodeficiency virus-1.
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pcDNA3.1 (Figure 6a) or aptamer 70.15 (Figure 6b). Controls 
(Figure 6a) were probed with Cy3-labeled oligonucleotides com-
plementary to the 5′ constant region of the 70N aptamers, Cy3-
7SL (cytoplasmic), or Cy3-U6 (nuclear) and stained as expected 
for each, with appropriately low levels of staining for 70N, indi-
cating low background. When aptamer-expressing stable cell 
lines were probed with the aptamer-specific oligonucleotides 
(Figure 6b), localization was observed throughout the cytoplas-
mic and nuclear compartments, and a clear distinction between 

cytoplasmic and nuclear compartments was not evident. Similarly, 
the aptamer distribution in transfected 293FT cells was also uni-
form, with little distinction between cytoplasm and nucleus (data 
not shown). However, the relative signal of aptamer RNA within 
the stable cell lines (Figure 6b) was not as intense as compared 
to the transfected 293FT cells (data not shown). Consistent with 
this observation, stable cell lines are well known to express lower 
levels of RNA relative to transfected cells. Thus, aptamer RNA 
can be readily detected in both transiently and stably transfected 
aptamer-expressing cells.

Bioactivity correlates to increased rnA accumulation 
and viral packaging
The observation of diffuse cytoplasmic and nuclear aptamer local-
ization by FISH (Figure 6), together with the demonstration that 
RNA accumulation in stable cell lines above a threshold concentra-
tion is required for the observed viral inhibition (Supplementary 
Figure S3), suggest that quantitative assessment of aptamer RNA 
localization could help define cellular mechanisms contributing to 
aptamer-mediated inhibition of HIV replication. To gain a quan-
titative understanding of aptamer distribution, RNA accumula-
tion levels in viral (Figure 7a), total (Figure 7b–d), cytoplasmic 
(Figure 7b–d), and nuclear (Figure 7b–d) RNA preparations from 
single-cycle assays were compared by real time PCR. “No RT” con-
trols were included for each sample and cycle threshold (CT) values 
obtained for these controls were at least 10 cycles greater than the 
+RT experimental sample CT values. CT values for each sample 
were normalized to a corresponding reference RNA (HIV genomic 
gag for viral RNA; unspliced GAPDH for total RNA; spliced 
GAPDH for cytoplasmic RNA; and U6 snRNA for nuclear RNA), 
to control for amounts of input RNA, followed by normalization to 
the pcDNA3.1 negative control. Thus, experimental sample RNA 
accumulation is shown relative to pcDNA3.1 (set at 1). RNA levels 
for all three aptamers were strikingly higher in the four eHHRz 
constructs than in the corresponding mcHHRz constructs, poten-
tially suggesting that the enhanced accumulation of aptamer RNA 
accounted for the increased degree of inhibition by these constructs 
in the single-cycle assay. Notably, these results are consistent with 
the observed correlation between aptamer accumulation and inhi-
bition in multiple-cycle assays shown in Supplementary Figure 
S3. HIV is known to package random cellular RNAs along with 
its genome,36 although the mechanism of random RNA incorpora-
tion has not been elucidated. While it is not yet known whether 
aptamer packaging is due to a direct interaction with the RT com-
ponent of the HIV Gag-Pol polyprotein or due to random cellular 
RNA incorporation, expression constructs that increase the overall 
amount of aptamer RNA in the cell may result in a greater incorpo-
ration of inhibitory aptamers during viral assembly, so that they are 
available to inhibit reverse transcription upon infection.

dIscussIon
Aptamers are potent inhibitors of HIV RT enzymatic activities and 
of viral replication. While there is increasing understanding of the 
molecular interactions underlying biochemical inhibition in vitro, 
there is little understanding of the biological mechanisms by 
which they encounter their molecular targets in a cellular context. 
This study addresses the roles of ribozyme-mediated cleavage and 
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Figure 5 the ratio of aptamer to virus dictates observed magnitude 
of suppression. (a) Aptamer-expressing plasmids were transiently trans-
fected into 293FT cells, followed by cotransfection 4 hours later with 
decreasing amounts of pNL4-3-CMV-GFP (1,000, 750, 500, 250, and 
125 ng) and a constant 125 ng pMD-G. Virus-containing supernatants 
were harvested after 48 hours and 100 μl was used to infect fresh 293FT 
cells. Infectivity was determined by flow cytometry and is displayed as 
percent enhanced green fluorescent protein (EGFP) positive cells relative 
to pcDNA3.1. Raw data values for pcDNA3.1 infections are listed above 
the corresponding bars in the graph (*). Experiments were performed 
three times, and a representative experiment is shown. (b) In multiple-
cycle assays, clonal, stable TZM-bl cells expressing pcDNA3.1 (gray lines) 
or aptamer 80.80 between mcHHRz (black lines) were infected with HIV-
1NL4-3 in triplicate. Numbers in parenthesis indicate the initial multiplic-
ity of infection (MOI). One-half of the virus-containing supernatant was 
transferred to fresh cells in series after 3 days and infectivity was mea-
sured using BetaGlo reagent to quantify luciferase activity. Background 
luciferase activity in the absence of virus was subtracted and values are 
shown as the mean ± SD for three replicates. CMV, cytomegalovirus; 
HIV-1, human immunodeficiency virus-1.
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 tertiary stabilization in determining aptamer-mediated suppres-
sion of HIV-1 replication. We observed that modifying an exist-
ing aptamer-expressing cassette to include two tertiary-stabilized 
HHRz led to significantly greater inhibition of HIV-1 infection 
in a single-cycle assay format without any requirement for self-
cleavage by the embedded ribozymes, and that the inhibition cor-
related with increased accumulation of aptamer RNA in viral, total, 
cytoplasmic, and nuclear RNA preparations. Potent suppression of 
infectious virus was also observed, further supporting the utility 
and predictive value of this design. The single-cycle assay system 
therefore allows for much higher throughput testing of potential 
new inhibitory RNAs—singly and in combination—to take advan-
tage of differences in specificities, structures, binding characteris-
tics, cytotoxicity and net inhibitory potential, and to identify the 
most promising inhibitors for therapeutic development. This marks 
a significant advance over previous infectivity assays that involve 
generating clonal, stable cell lines, and serial viral passage,6,8,10 both 
of which are not conducive to high throughput screening assays. In 
principle, the same expression platform may provide a convenient 
means of delivering and screening aptamer inhibitors of other HIV 
targets, such as integrase, protease, and Gag. Notably, these results 
also resolve a problematic feature of adapting the HHRz-cassette 
design for gene therapy using viral vectors. Specifically, self- cleavage 
of the primary transcript of such a viral vector by a functional HHRz 
could seriously limit assembly of the gene-transducing particles and 
thereby impede effective transgene delivery. However, in our study, 
HHRz self-cleavage is not a requirement for aptamer-mediated 
inhibition; hence, these findings expand the potential application of 
this cassette in viral vectors for aptamer delivery.

Flanking sequences can be very important for proper expres-
sion and folding of aptamers expressed in a cellular context.37 These 
sequences can interfere with aptamer folding into active confor-
mations, as well as overall stability and localization of the tran-
script, resulting in the inability of the aptamer to bind its target. 
The mcHHRz ribozymes were incorporated into the design of the 
expression cassette to prevent flanking sequences from interfering 
with folding of the delivered aptamer RNA into its conformation-
ally active secondary structure. The first generation of these cassettes 
delivered a trans-cleaving hammerhead ribozyme (trans-mcHHRz) 
targeted to the retinoblastoma (Rb) gene. The trans-mcHHRz was 
expressed between two identical cis-cleaving mcHHRz and resulted 
in strong suppression of the target RbmRNA.28 A similar cis-trans-cis 
ribozyme design resulted in specific cleavage of an mRNA encod-
ing a 2-oxo-glutarate-dependant dioxygenase in the wild potato 
Solanum.30 Initial adaptation of that design for aptamer delivery to 
mammalian cells yielded some of the first clear demonstrations that 
intracellularly expressed aptamers targeted to RT could suppress 
HIV replication in stable cell lines.6,10 However, those publications 
did not evaluate the importance of the flanking ribozymes, which 
are clearly not required for the purposes of their self-cleavage activ-
ity. We speculate that the increased structural stability per se of the 
RNA modules flanking the aptamer increased aptamer potency 
primarily by providing better protection of uncleaved and partially 
cleaved aptamer products from cellular exonucleases than the pro-
tection afforded by non-stabilized mcHHRz. Under this model, the 
structurally stabilized transcripts are less susceptible to degradation, 
accumulate to higher levels, package more effectively into assem-
bling virions, and are more available to inhibit RT during subsequent 
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Figure 6 expression and localization of aptamer 70.15 in clonal, stable tZM-bl cells. RNA fluorescent in situ hybridization (FISH) was per-
formed on stable aptamer-expressing cell lines and transfected 293FT cells (data not shown) using Cy3-tagged oligonucleotides to detect the 
cytoplasmic marker, 7SL, the nuclear marker U6, or the 5′ constant region of aptamer 70.15 (orange). Oligonucleotide sequences can be found in 
Supplementary Table S2. DAPI staining was performed to detect nuclei (blue). (a) pcDNA3.1-transfected cells were used to detect 7SL staining 
(cytoplasmic control), U6 staining (nuclear control), and 70N aptamer constant region staining (to establish nonspecific background of the probe 
used in b). (b) Aptamer expression and intracellular localization were detected for aptamer 70.15 in five stable cell lines expressing the aptamer in 
each of the five different expression contexts.
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infection. Consistent with this model, improved accumulation of a 
trans-cleaving HHRz was previously demonstrated upon pairing the 
5′ and 3′ ends of the transcript used in that study.38 A second, minor 
route for increasing bioactivity may have been that the compact, 
stable structures at each end of the transcript may have enhanced 
aptamer folding into the active, RT-binding conformation by isolat-
ing the aptamer more effectively from the flanking sequences. This 
may also have reduced any misfolding caused by potential interac-
tions between identical mcHHRz on either side of the aptamer.

A complete molecular understanding of the processing accom-
panying anti-HIV aptamer expression must include identification 
of the bioactive forms. Aptamers expressed from the cassette in 
which both eHHRz ribozymes were inactivated strongly inhib-
ited the virus in both single-cycle and multiple-cycle formats. 
This strongly suggests that the unprocessed (uncleaved) form of 

the aptamer- containing transcript is clearly bioactive. Indeed, to 
remove self-cleavage as a variable, we recently chose this eHHRz-
inactivated cassette for further screens of several newly identified 
aptamers (M.A. Ditzler, M.J. Lange, D. Bose, C. Bottoms, K. Virkler, 
A.W. Sawyer et al., manuscript submitted, and A.S. Whatley, M.A. 
Ditzler, M.J. Lange, J. Chang, A.W. Sawyer, E. Biondi et al., manu-
script submitted). The uncleaved, aptamer-containing transcript 
is  effectively a small mRNA, for which the presence of a 5′ cap 
and 3′ polyA tail may aid in translocation out of the nucleus.39,40 
Furthermore, because HHRz cleavage products are often very 
quickly degraded,30,31,34,38 the uncleaved or partially cleaved form of 
the transcript may be the major form that accumulates. It may be 
that the polyA tail plays a more important role than the 5′ cap in 
stabilizing the aptamer transcript, since the RzB ribozyme on the 5′ 
side of the aptamer cleaved much more efficiently in vitro than the 
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sTRSV ribozyme on the 3′ side (Figure 2). Although previous stud-
ies that utilized cis-cleaving HHRz for delivering bioactive RNAs 
have shown that the fully cleaved products were generated during 
cotranscriptional cleavage in vitro, uncleaved and partially cleaved 
transcripts were also present in the products of those reactions.10,38 
Therefore, engineering transcripts for optimal delivery of aptam-
ers into HIV may be more closely tied to nuclease protection, 
localization, and packaging than to excision and release from the 
transcript.

MAterIAls And MetHods
Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich 
(St Louis, MO). Restriction enzymes and T4 DNA ligase used for cloning 
purposes were purchased from New England Biolabs (Ipswitch, MA).

Plasmids. The CMV-driven plasmid containing the functional pseudoknot 
core of aptamer 70.15 (40 nt) between two identical mcHHRz10 was gener-
ously provided by Vinayaka R. Prasad. This plasmid was digested by EcoRI 
and ApaI to remove the minimal 70.15 aptamer. Full length aptamers 
70.03, 70.05, 70.08, 70.15, 70.26, 80.77, and 80.80 were then inserted into 
these sites. Additionally, a 70-nt fragment of the luciferase gene was ampli-
fied with primers to append the aptamer constant regions and was inserted 
into the plasmid as an arbitrary RNA control. Aptamer and arbitrary RNA 
sequences are given in Supplementary Table S1. Aptamer-expression cas-
settes carrying eHHRz were prepared by replacing the mHHRz with either 
an inactive or highly active form of hammerhead ribozyme RzB35  (5′) or 
an inactive or highly active form of a hammerhead ribozyme sTRSV (3′). 
Ribozyme sequences and structures are given in Supplementary Table S1 
and Figure 2, respectively. The eHHRz cassettes were made by annealing 
synthetic oligonucleotides with the desired sequences (Supplementary 
Table S3) in separate reactions for each eHHRz combination, PCR ampli-
fying with primers carrying sites for restriction enzyme sites NheI and 
NotI, and cloning the digested inserts in place of the full original mcHHRz 
cassette using NheI and NotI restriction sites (Supplementary Figure S1). 
The resulting cassettes, also expressing the 70.15 functional pseudoknot 
core, carried one of the four possible combinations of HHRz: two highly 
active ribozymes (denoted “Active”), a 5′ active and 3′ inactive ribozyme 
(“5′ Active”), a 5′ inactive and 3′ active ribozyme (“3′ Active”) or two inac-
tive ribozymes (“Inactive”). Full-length aptamers 70.05, 70.15, and 80.80, 
and the 70-nt arbitrary luciferase fragment were inserted into the eHHRz 
cassettes via EcoRI and BamHI restriction sites. Empty ribozyme cassettes 
for each of the ribozyme combinations were also made by ligation that 
joined the EcoRI and BamHI restriction sites. All plasmids were confirmed 
by DNA sequencing using primers upstream of the ribozyme cassette.

The HIV-1NL4-3-derived CMV-EGFP plasmid (pNL4-3-CMV-EGFP) 
used in single-cycle infectivity assays was kindly provided by Vineet 
KewalRamani (National Cancer Institute [NCI]-Fredrick). This proviral 
vector lacks the genes encoding vif, vpr, vpu, nef, and env, and has a CMV 
immediate early promoter-driven EGFP in place of nef. The vesticular 
stomatitis virus (VSV) glycoprotein-expressing plasmid, pMD-G, used for 
viral pseudotyping, was obtained from Invitrogen (Carlsbad, CA).

Cell lines and viruses. The human cell line, 293FT (Invitrogen), was main-
tained in standard culture media containing Dulbecco’s minimum essential 
medium (Sigma-Aldrich), 10% fetal bovine serum (Sigma-Aldrich), 2 mmol/l 
L-glutamine (Gibco, Life Technologies, Grand Island, NY), 1 mmol/l non-
essential amino acids (Gibco, Life Technologies), 1 mmol/l sodium pyru-
vate (Gibco, Life Technologies), and 0.5 mg/ml G418 (Sigma-Aldrich). The 
following reagents were obtained through the NIH AIDS Research and 
Reference Reagent Program, Division of AIDS, NIAID, NIH: TZM-bl cells 
from Dr John C. Kappes, Dr Xiaoyun Wu and Tranzyme Inc., MT2 cells from 
Dr Douglas Richmond, and the pNL4-3 molecular clone from Dr Malcolm 
Martin. TZM-bl cells, which are a HeLa-derived luciferase/β-galactosidase 

reporter cell line-expressing CD4, CCR5, and CXCR4, and MT2 cells, which 
are human T cell leukemia cells isolated from cord blood, were also cultured 
in standard culture media, but without G418. All cell lines were maintained 
at 37 °C in 5% carbon dioxide with splitting twice per week.

Clonal aptamer-expressing stable cell lines were made by transfecting 
TZM-bl cells with aptamer-expressing plasmids followed by G418 drug 
selection. G418-resistant cells were seeded as single cells in 96-well plates. 
Six to twelve individual lines were cultured from the single seeded cells for 
each aptamer-expressing construct. Stable cells were maintained in standard 
media containing G418 except during infection, when G418 was omitted.

Infectious HIV-1NL4-3 was produced by transfecting 293FT cells using 
polyethylenimine41 with 1 μg of the pNL4-3 molecular clone. Supernatant 
was harvested 48 hours post-transfection and transferred to MT2 cells 
for viral propagation. Virus was harvested after 5 days, when syncytia 
formation was apparent. Virus-containing supernatant was syringe filtered 
through a 0.45-μm filter, aliquotted, and frozen at –80 °C. Viral titer was 
determined by β-galactosidase assay using the TZM-bl cells. Briefly, cells 
were fixed with 0.1% glutaraldehyde 72 hours postinfection and stained 
with X-Gal (5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside). Viral 
titer was determined by counting blue-forming units and determining blue-
forming units/ml.

Transfections. All transfections were performed on cells plated the previous 
day (~50% confluence) using polyethylenimine at 3 μl/μg of DNA, as previ-
ously described.41 Medium was changed on each transfection after 4 hours. 
After 48 hours, virus-containing supernatant was harvested by syringe filtra-
tion using a 0.45-μm filter. Cells were trypsinized, fixed in 4% paraformalde-
hyde, washed with 1× phosphate-buffered saline (PBS), and analyzed by flow 
cytometry to determine transfection efficiency by EGFP expression.

In vitro cotranscriptional cleavage assays. Ribozyme cassettes for all 
five expression contexts were PCR amplified with primers that appended 
a T7 promoter and confirmed by size using agarose gel electrophoresis. 
In vitro transcription was performed by incubating the PCR product in 
buffer containing 120 mmol/l HEPES–KOH, pH 7.5, 30 mmol/l MgCl2, 
2 mmol/l spermidine, 40 mmol/l DTT, 0.01% Triton X-100 (vol/vol) with 
4 mmol/l NTPs including [α-32P]CTP (Perkin Elmer, Waltham, MA) to 
internally radiolabel the transcripts, and T7 RNA polymerase for 3 hours 
at 37 °C. Products were resolved on a 10% denaturing polyacrylamide gel 
and applied to a phosphor screen to determine cotranscriptional cleavage 
activity for each of the cassettes using a Typhoon 9000 FLA (GE Healthcare 
Life Sciences, Piscataway, NJ).

Single-cycle infectivity assays. Single-cycle infectivity assays using aptam-
er-expressing plasmids, pNL4-3-CMV-GFP and pMD-G, were performed 
by transfecting 293FT cells with polyethylenimine in 6-well cell culture 
dishes. Aptamer-expressing plasmids were transfected first (1 μg), followed 
4 hours later by a mixture of pNL4-3-CMV-GFP (250 ng) and pMD-G 
(125 ng). The medium was changed between transfections and again four 
hours after the second transfection. Supernatant was harvested 48 hours 
post-transfection, syringe filtered through 0.45-μm filters, and 100 μl was 
added to fresh 293FT cells to determine infectivity. Viral concentration 
was determined by p24 ELISA. Infected cells were collected after 48 hours, 
fixed with 4% paraformaldehyde, washed with 1× PBS, and analyzed on an 
Accuri Flow Cytometer to determine the percentage of infected (EGFP-
positive) cells (BD Biosciences, San Jose, CA).

Proviral titration assays were performed as described above in the 
presence of 1 μg aptamer-expression plasmid, except that the transfections 
were carried out with 1000, 750, 500, 250, or 125 ng of pNL4-3-CMV-EGFP 
combined with 125 ng of pMD-G. Filler plasmid (p202, in which a large 
portion of the CMV promoter was deleted from pcDNA3.1) was included 
to maintain a total of 1.125 μg plasmid DNA in each transfection.

Multiple-cycle infectivity assays. Multiple-cycle infectivity assays were 
performed using clonal, stable TZM-bl cell lines expressing the vector 
(pcDNA3.1), an arbitrary RNA (70-nt fragment of luciferase), the empty 
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ribozyme cassettes, and all 15 aptamer-plus-ribozyme combinations (three 
aptamers in each of the five different expression contexts). Cell lines were 
plated in black-walled 96-well plates (BD Falcon, Bedford, MA) with 10,000 
cells/well in quadruplicate, including one well as a noninfected control to 
account for background luciferase activity. Cells were infected with HIV-
1NL4-3 produced by 293FT transfection and expansion in MT2 cells at an 
MOI of 0.006, 0.03, 0.06, 0.3, or 0.6 in a total volume of 200 μl/well with 
8 μg/ml polybrene. Every 3 days, 100 μl of the supernatant was transferred to 
fresh aptamer-expressing cells in 100 μl fresh medium containing polybrene. 
The BetaGlo Assay System (Promega, Madison, WI) was used to determine 
infectivity by luminescence, with quantities expressed in  relative light units. 
Multiple-cycle experiments were carried out for at least 12 days for each 
aptamer-expressing cell line and infectivity was assayed every 3 days.

Cellular fractionation and RNA isolation. Transfected 293FT cells were 
collected by scraping into 1× PBS, washed with 1× PBS, and divided into 
aliquots for isolation of total RNA and cytoplasmic and nuclear fraction-
ation. For total RNA isolation, TRIzol reagent (Invitrogen) was used as per 
the manufacturer’s instructions. Cytoplasmic and nuclear fractions were 
separated essentially as described by chemical disruption and centrifu-
gation.42 Briefly, cells were resuspended in 500 μl TKM buffer (10 mmol/l 
KCl, 10 mmol/l Tris–HCl pH 7.5, 1 mmol/l MgCl2,) and incubated on ice 
for 5 minutes. Then 15 μl of 10% Triton X-100 was added to lyse the cells 
while keeping the nuclei intact; cells were incubated for 10 minutes on ice 
during lysis. Samples were then centrifuged at 500g for 5 minutes at 4 °C. 
The supernatant containing the cytoplasmic material was transferred to 
a fresh tube being careful not to disrupt the nuclear pellet. The lysis pro-
cess was repeated once for the nuclear pellet to ensure that there was no 
cytoplasmic contamination. The nuclear pellet was then washed in TKM 
buffer once before RNA extraction. RNA was extracted from the fraction-
ated samples using TRIzol, as per the manufacturer’s instructions. Isolated 
RNA was subjected to DNase treatment using Turbo DNase (Ambion, 
Life Technologies, Grand Island, NY) and quantified on a NanoDrop 
Spectrophotometer (Thermo-Fisher Scientific, Waltham, MA). For isola-
tion of viral RNA, 1 ml of virus-containing supernatant was centrifuged 
at 45,000g for 1 hour at 4 °C using a Beckman-Coulter Ultra Centrifuge. 
Supernatant was discarded and viral RNA was isolated from the viral pellet 
using the TRIzol-LS reagent (Invitrogen) as per the manufacturer’s instruc-
tions and was subjected to Turbo DNase treatment and quantification.

Real-time quantitative PCR. Total, cytoplasmic, nuclear, and viral RNA 
(200 ng) were used to synthesize cDNA using random hexamer primers 
with the ImProm II Reverse Transcription System (Promega) as per the 
manufacturer’s instructions. Real time quantitative PCR was performed 
on eachset of cDNA using PowerSybr Green (Applied Biosystems, Foster 
City, CA) and primers specific to 70N aptamers, 80N aptamers, GAPDH 
(non-spliced; total endogenous control), GAPDHsp (spliced; cytoplasmic 
endogenous control), U6 (nuclear endogenous control), or HIV-1 Gag 
(viral genome endogenous control). Primers are listed in Supplementary 
Table S3. Primer pair amplification efficiencies were determined using 
1:10 cDNA dilutions and test and housekeeping gene primer pairs with 
similar efficiencies were used for the qPCR. Quantities were determined 
using the relative quantity (2–ΔΔCT) method and were verified using the 
Pfaffl method.43 In brief, CT values for the housekeeping controls were 
subtracted from the sample CT values (e.g., ΔCT = CTaptamer – CTGAPDH) 
to determine the ΔCT. Then, the ΔCT values for the negative control 
 (pcDNA3.1) were subtracted from the ΔCT values for the samples (ΔΔCT 
= ΔCTsample – ΔCTcontrol). The ΔΔCT values were then used to calculate rela-
tive quantity, using the equation relative quantity =2–ΔΔCT. Thus, graphs are 
represented as quantity relative to the specified endogenous control, with 
normalization to pcDNA3.1 (set to 1).

RNA FISH. RNA FISH was performed essentially as described.44 293FT 
cells were transfected with 1 μg of aptamer-expressing plasmid in 6-well 
plates. After 24 hours, cells were replated on sterilized coverslips, allowed 

to adhere for an additional 24 hours, and fixed in 4% paraformalde-
hyde. Stable aptamer-expressing cell lines were also plated on coverslips 
and fixed. After fixation, cells were permeabilized by submersion in 70% 
ethanol and stored at 4 °C until use. Aptamer expression and localization 
was determined using oligonucleotides tagged with Cy3 (Integrated DNA 
Technologies, Coralville, IA) that recognize the 5′ constant region of the 
70N aptamer sequence (Supplementary Table S2). Probes for  endogenous 
RNA controls, Cy3-U6 (nuclear) and Cy3-7SL (cytoplasmic), were obtained 
from the literature.45 Hybridization was performed overnight at 37 °C using 
2× SSC (300 mmol/l sodium chloride, 30 mmol/l sodium citrate), 50% 
formamide, 0.02% bovine serum albumin, 40 μg yeast tRNA, and 30 ng 
probe. After hybridization, cells were washed twice at 37 °C for 30 minutes 
using 2× SSC, 50% formamide, and once in PBS. Coverslips were mounted 
on slides using VectaShield Hardset mounting medium containing 4′,6′-
diamidino-2-phenlindole (DAPI; Vector Laboratories, Burlingame, CA). 
Images were obtained using an Olympus IX81 microscope using CellSens 
software with deconvolution (Olympus, Center Valley, PA).

suPPleMentArY MAterIAl
Figure S1. Design schematic for extended hammerhead ribozyme 
modifications.
Figure S2. Control RNAs—arbitrary RNA, empty HHRz cassette, or 
pcDNA3.1—are not inhibitory in clonal TZM-bl stable cell lines.
Figure S3. Aptamer-mediated inhibition is dependent upon the level 
of intracellular aptamer RNA accumulation.
Figure S4. Clonal, stable cell lines retain aptamer expression, suscep-
tibility to HIV infection, reporter gene activity, and inhibitory capability 
throughout passage.
Figure S5. Increased magnitude of aptamer-mediated inhibition in 
clonal, stable cell lines expressing aptamer 80.80 from the mcHHRz or 
eHHRz cassettes at lower MOI.
Table S1. Full-length aptamer and extended hammerhead ribozyme 
sequences cloned into aptamer-expression cassettes.
Table S2. Oligonucleotide and primer sequences used for engineer-
ing and cloning of the modified aptamer-expression cassettes, RNA 
FISH, and qRT-PCR.
Table S3. Expected cleavage products for mcHHRz and eHHRz 
cassettes.
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