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CRISPR/Cas9 systems have been advanced as promising tools in the HIV eradication
armamentarium for sequence-speciﬁc disruption or latency reversal. Enthusiasm is balanced by concerns about oﬀ-target host genome modiﬁcation and eﬀects on HIV evolution. In the chronically HIV-1-infected U1 promonocytic latency model, we have conﬁrmed stimulation of HIV-1 production by a mutant Cas9-transcriptional activator and
guide RNAs, with two guide RNAs apparently more potent than one. However, signiﬁcant increases were also observed in the absence of guide RNAs. We encourage continued careful evaluation of non-sequence-speciﬁc and oﬀ-target eﬀects of Cas9-mediated
approaches.

Introduction
The ﬁrst use of the CRISPR/Cas9 system to disrupt HIV-1 proviral DNA was reported in
2013 [1]. These results have since been validated in vitro [2] and in a rodent model [3].
Enthusiasm for CRISPR/Cas9-based HIV-1 eradication approaches arises in part from
sequence speciﬁcity and, in contrast with so-called “shock-and-kill” treatments, potential avoidance of cell activation and toxicity. However, oﬀ-target activity of Cas9 has
been reported. There are varying estimates of the prevalence of oﬀ-target eﬀects, and
attempts have been made to minimize these eﬀects through genetic engineering of
Cas proteins [4] [5] [6]. Nevertheless, in the HIV-1 patient, the gene editing system
would have to be introduced into a large number of cells to reduce the size of known
HIV-1 reservoirs; even a vanishingly small percentage of oﬀ-target activity could result
in potentially dangerous genomic alterations. Viral evolution in response to Cas9 has
also raised some concerns [7] [8].
An alternative application of CRISPR/Cas9 in HIV-1 studies seeks to achieve the opposite goal: upregulation of HIV expression instead of disruption or excision. In this
approach, a nuclease-mutated Cas9 (dead Cas9 or dCas9) fused to a transcriptional activator domain [9] [10] reverses HIV-1 latency. Instead of cutting genomic DNA, the
dCas9 transcriptional activator stimulates HIV-1 transcription, resulting in increased
display of viral products and possible elimination of HIV-1 harboring cells by the immune system. The feasibility of this approach has been demonstrated in vitro by several
groups [11] [12] [13].

Objective
We evaluated the CRISPR/Cas9-activator HIV-1 transcriptional activation approach in
the U1 HIV-1 latency model. Our goals were to determine the degree of reactivation as
measured by virus release as well as the degree of non-speciﬁc activation in the absence
of guide RNAs.
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Figure Legend
Figure 1. Cas9-VP160 and HIV-1-speciﬁc guide RNAs activate HIV-1 p24 production.
Cas9-VP160-encoding plasmid pAC154-160Dual with or without HIV-1-speciﬁc
gRNA sequences was electroporated into U1 cells, which contain an integrated HIV-1
provirus. HIV-1 p24 production was measured by ELISA. Shown are the results of noplasmid electroporation (“Electro”), introducing “Parent” plasmid (Cas9-VP160 alone)
and plasmids encoding fusion protein along with gRNAs “T5”, “T6”, or both (“T5/T6”).
Results are depicted as fold change above no treatment, normalized by viable cell count
(Muse; Merck Millipore), although introduction of plasmid did not have a signiﬁcant
eﬀect on viability. Positive control: 10 ng/mL non-speciﬁc activator TNFalpha (“TNF”).
Negative control: electroporation of GFP-encoding plasmid (“GFP”). *p <0.01, **p <0.001:
Ordinary one-way ANOVA (see Data Table in Supplementary Data) followed by Dunnett’s multiple comparisons test; signiﬁcance compared with mock electroporation condition.
Cas9-Vp160-encoding plasmid pAC154-160Dual (Jaenisch lab, purchased from Addgene, #48240) with or without HIV-1-speciﬁc gRNAs T5 and T6 (sequences from [1], or
a GFP-containing DNA vector were electroporated into U1 cells (AIDS Reagent) using
a Bio-Rad Gene Pulser II. HIV-1 p24 production was measured by ELISA (PerkinElmer).
Results were normalized by viable cell count (Muse), although introduction of plasmid
did not have a signiﬁcant eﬀect on viability compared with mock electroporation. Human recombinant tumor necrosis factor-alpha (TNFalpha; Sigma Aldrich) was introduced at 10 ng/mL.
Statistical analysis was done using Prism version 7 for Mac OS X (GraphPad Software,
Inc.). One-way ANOVA was performed followed by Dunnett’s multiple comparisons test
for individual comparisons (supplementary data). Results & Discussion
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Cas9-transcriptional activator-associated HIV-1 transcriptional activation was observed
in the U1 promonocytic latency model (U937 derivative with two integrated copies of
HIV-1 provirus [14]) even in the absence of added guide RNAs (Fig. 1). 48 h after a
Cas9-VP160 fusion protein/gRNA dual expression plasmid (Addgene #48240) was electroporated into the U1 promonocytic line, two HIV-1 gRNAs, previously described and
designated T5 and T6 [1], were associated separately with a signiﬁcant increase in HIV-1
p24 release (by a mean 4.7- and 4.8-fold, respectively). When plasmids expressing the
two gRNAs were introduced together, there was a relatively 5.8-fold increase (p <0.001).
However, even the parent plasmid without a guide RNA sequence eﬀected a signiﬁcant
increase of, on average, 3.5-fold (p <0.01). There was no diﬀerence between baseline
of no treatment and mock electroporation (no plasmid). Treatment with a positive control, nonspeciﬁc activator (tumor necrosis factor-alpha, TNFalpha), resulted in approximately 9-fold activation compared with Cas9-Vp160 alone. In contrast, electroporation
of a GFP-containing DNA vector had no eﬀect on HIV production.

Conclusions
We conﬁrm that HIV-1 LTR-speciﬁc guide RNAs and Cas9-VP160 can stimulate HIV-1
production, here, in the U1 promonocytic latency model. Signiﬁcant but lesser upregulation was observed with Cas9-VP160 in the absence of guide RNAs, but not mock
electroporation, suggesting that mutant Cas9-transcriptional activator can achieve independent upregulation of HIV-1 production.

Limitations
This report focuses solely on HIV-1 release from U1 cells in vitro as measured by HIV-1
protein release. We did not assess HIV-1 transcription directly, nor do we report here
the eﬀects of the transcriptional activator on host transcripts. This report involves a
single HIV-1 cell culture latency model, the U937 derivative known as U1. We do not
address T-cells, thought to be the major reservoir of latent HIV in the body. Possibly,
our results are applicable only to the U1 model.
These encouraging, if modest, results should be viewed as conﬁrmatory of other ﬁndings, but with a potentially cautionary element. The Cas9-transcriptional activator system has strong potential for improvement as well as low but not null likelihood of oﬀtarget eﬀects. Improvements could be made by use of higher ﬁdelity Cas9 to reduce oﬀtarget eﬀects and more potent Cas9-associated transcriptional activator domain(s) to
increase activation [15]; use of more than two HIV-1-speciﬁc gRNAs; further optimization of gRNA sequences by performing careful screens (as, for example, in [12]); simultaneous gRNA-mediated upregulation of host genes (e.g., TRBP [16]) to enhance
HIV-1 transcription, protein production, or viral release; and, with an eye towards clinical translation, simultaneous upregulation of retroviral restriction factor production for
added protection of uninfected cells against any released virus.

Additional Information
Methods
Cas9-Vp160-encoding plasmid pAC154-160Dual (Jaenisch lab, purchased from Addgene, #48240) with or without HIV-1-speciﬁc gRNAs T5 and T6 (sequences from [1], or
a GFP-containing DNA vector were electroporated into U1 cells (AIDS Reagent) using
a Bio-Rad Gene Pulser II. HIV-1 p24 production was measured by ELISA (PerkinElmer).
Results were normalized by viable cell count (Muse), although introduction of plasmid
did not have a signiﬁcant eﬀect on viability compared with mock electroporation. Human recombinant tumor necrosis factor-alpha (TNFalpha; Sigma Aldrich) was introduced at 10 ng/mL.
Statistical analysis was done using Prism version 7 for Mac OS X (GraphPad Software,
Inc.). One-way ANOVA was performed followed by Dunnett’s multiple comparisons test
for individual comparisons (supplementary data).
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