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Abstract 

Gene regulation in eukaryotes relies on many mechanisms for optimal expression, including both 

protein transcription factors and DNA regulatory elements. CRISPR-based screens of both protein 

coding genes and non-coding regions have allowed identification of these transcriptional networks 

in human cells. Double-stranded DNA viruses also invoke human-like regulation to control 

transcription of viral genes that are required at different stages of the viral lifecycle. Here, we 

applied CRISPR-based tools to dissect regulation of a viral gene at high resolution in the 

oncogenic human herpesvirus Kaposi’s sarcoma-associated herpesvirus (KSHV), whose 

compact, densely encoded genome provides unique challenges and opportunities for studying 

transcriptional networks. Through a combination of CRISPR-interference (CRISPRi) and Cas9 

nuclease screening, we mapped a novel regulatory network comprised of coding and noncoding 

elements that influence expression of the essential KSHV protein ORF68 at early and late stages 

of the viral lifecycle. ORF68 encodes an essential protein involved in packaging the replicated 

viral DNA into nascent capsids.  Although ORF68 expression initiates early in the viral lifecycle, 

we found that it is primarily required at later times. This work demonstrates the ability to 

exhaustively identify features controlling a given locus, essentially capturing a complete viral 

regulatory circuit that functions within the human nucleus to control transcription. 

 

Introduction 

Complex transcriptional control is a conserved feature of eukaryotes, as well as the viruses that 

infect them. Underlying the lifecycle of all DNA viruses is a highly regulated cascade of viral gene 

transcription. In human herpesviruses, many of these genes are transcribed in a host-like manner; 

nuclear dsDNA viral genomes can be chromatinized by human histones[1], decorated with 
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enhancer marks[2], driven by human transcription factor binding[3], and even form transcription-

associated domains with human CTCF and cohesion[4,5]. Exhaustively identifying and 

characterizing these regulatory features can both help us understand the biology of human 

pathogens such as Kaposi sarcoma-associated herpesvirus (KHSV) – a major cause of cancer in 

AIDS and other immunocompromised patients – as well as use these as models for transcriptional 

regulation in human cells. 

Numerous examples of non-coding regulatory sequences have been found in DNA viruses. 

Enhancer sequences include the first described enhancer on SV40[6], the EIIA enhancer on 

adenovirus [7], and the major immediate enhancer element in the betaherpesvirus human 

cytomegalovirus[8,9]. Other viral regulatory elements act through expression of non-coding 

elements. In the gammaherpesvirus MHV68 there are tRNA-like elements that control latency 

and egress[10,11]. And from KSHV itself, many different functional elements beyond coding 

mRNAs are transcribed: including miRNAs that regulate cancer phenotypes[12,13], origin RNAs 

that regulate viral DNA replication[14,15], circular RNAs[16,17], and long ncRNAs with various 

functions[18–22]. While these individual events have been explored to different degrees, 

systematic searches for regulatory sequences have been limited by traditional methods that rely 

on deletions to perturb noncoding elements, which in the densely encoded KSHV genome may 

have unintended effects on surrounding elements. 

For the human genome, the discovery of functional regulatory sequences has been greatly 

accelerated by the use of CRISPR interference or CRISPRi [23–27]. Notably, by recruiting 

repressive chromatin regulators to DNA, CRISPRi can repress gene expression not only through 

proximal promoter elements but also via more distal, enhancer elements. While this tool has been 

applied widely on the host, it can also effectively repress transcription from the KSHV genome[28], 

and thus has the potential to provide deep insight into the components and structure of viral 

transcriptional networks. 

Here we combine CRISPRi with a library of guide RNAs densely tiling the KSHV genome, allowing 

a thorough interrogation of potential regulatory activity controlling the expression of a single viral 

gene, ORF68. We selected ORF68 as a proof of principle for this study as it plays an essential 

role late in the viral life cycle during packaging of new viral DNA[29,30]. Although its transcriptional 

regulation is largely undefined, ORF68 is expressed much earlier than would be required for its 

role in packaging[31,32]. By complementing the CRISPRi approach with a Cas9 nuclease screen, 

we identified functional promoters that control expression through their associated coding regions, 

as well as non-coding regulatory elements. Notably, targeting these non-coding regions allowed 
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us to specifically inhibit ORF68 early in the viral life cycle, revealing that its expression appears 

dispensable early but is required late in the KHSV lifecycle. These findings illustrate the potential 

of this approach to map viral gene regulatory networks on a genome wide scale. 

 

Results 

CRISPRi tiling identifies regulatory regions across the viral genome 

To identify a regulatory network in the KSHV genome, we tested the effect of each viral locus on 

a protein reporter of ORF68, an early gene involved in packaging[29,30]. Cas9-KRAB (CRISPRi) 

was delivered lentivirally to iSLK cells latently infected with a copy of the BAC16 KSHV that 

incorporated a Halo tag fused to the N-terminus of ORF68 at the endogenous locus (HaloTag-

ORF68)[33]. We then delivered a library of guide RNAs densely tiling the KSHV genome with an 

average of one guide every 8 base pairs[33]. After four days, the virus was reactivated to the lytic 

cycle by addition of doxycycline and sodium butyrate as previously described, and cells were 

treated with a fluorescent Halo ligand to monitor ORF68 protein levels. 24 hours post-reactivation, 

cells were fixed and sorted for high and low ORF68 protein expression (Figure 1a). By 

sequencing the sgRNA locus from both populations, we calculated an average guide enrichment 

from two replicates. A negative value signifies that the guide was enriched in the low ORF68 signal 

population, indicating that CRISPRi recruitment to that locus inhibits the expression of ORF68. 

Similarly, a positive value signifies that the guide was enriched in the high ORF68 signal 

population, indicating that CRISPRi recruitment to that locus increases expression of ORF68 

(Figure S1a,b). 

To identify regions of the viral genome that affect ORF68 expression, we performed a sliding 

window analysis and identified 8 loci with target guide RNA scores that differed significantly from 

negative controls (Figure 1b; Supplementary Data 1, 2). Our strongest signal corresponded to 

a peak poised immediately upstream of HaloTag-ORF68 itself, confirming successful 

transcriptional inhibition of the locus by CRISPRi. We observed that the center of most other 

peaks also corresponded with known transcriptional start sites (TSSs); since we expect CRISPRi 

to work primarily by impeding transcription, these peaks are named by their nearest TSS for 

simplicity (Figure S1c-h). For example, we find one peak near the TSS of ALT, a lncRNA of 

unknown function which runs antisense to many genes expressed during latency[21], that we will 

refer to as TSSalt (Figure S1e). The exceptions include one peak that roughly maps to the ORF50 

coding locus (Figure S1c) – likely targeting the exogenous copy of ORF50 used to reactivate the 
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virus – as well as an additional peak which does not correspond to a previously described TSS 

(Figure S1h) [34] but is located near the shared polyA sites of ORF75, ORF74, K14, K15, and 

the ALT lncRNA[21,35]. We will refer to these as ORF50 and polyA75 respectively. 

We next validated these regions’ effect on ORF68 by delivering a pool of three guides per locus 

and measuring the percentage of cells expressing HaloTag-ORF68 at two timepoints post-

reactivation (Figure 1C). These validated our screen results at the protein level, but we did note 

that some of the effects on ORF68 levels were lost at later timepoints, such as when targeting the 

TSSalt. These may reflect changing regulatory events as the viral life cycle progresses and 

provide an opportunity to study the effects of suppressing ORF68 expression early in the viral life 

cycle without effecting its known function in later steps.  While guides targeting the EF1a promoter 

displayed the expected effect as well, we also noted a strong toxicity of these guides, most likely 

through their association with the BAC-encoded EF1a-EGFP-HygroR selection locus or the 

possible inhibition of the host EF1a site; we thus excluded this peak from further analysis. 

Despite the correspondence of most peaks to TSSs, clearer identification of important underlying 

regulatory features was made impossible by the large observed footprint of CRISPR, likely due 

to the spread of KRAB-induced heterochromatinization[36]. Illustrating this, the TSS68 peak is 

comprised of guides targeting not only the entirety of the ORF68 coding region, but also many 

surrounding genes (Figure 1D). This equates to approximately a 2-5 kb window of CRISPRi 

repression from a single guide, which is mirrored at other loci (Figure S1D). This prompted us to 

further interrogate the global transcriptional effects of CRISPRi at each regulatory region on the 

viral genome. 

CRISPRi recruitment to the viral genome inhibits many genes locally 

To query overall changes in transcription during CRISPRi at our target loci, we performed polyA+ 

RNA-seq at 24 hours post-reactivation on the previously validated guide pools (Figure 2a). 

Examining viral RNA expression relative to our negative controls, we observed that our regulatory 

loci act on the mRNA levels of ORF68, causing changes consistent with those observed at the 

protein level (Figure 2b, Figure S2a,b, Supplementary Data 3). We observed that CRISPRi 

targeting ORF50, TSS75, or TSS57 caused a dramatic downregulation of nearly all viral genes, 

aligning with the critical roles of ORF50, ORF75, and ORF57 protein in the viral lifecycle. ORF50 

is a master regulator of KSHV lytic reactivation[37], ORF75 is required to prevent innate immune 

suppression of viral gene expression [38,39], and ORF57 has many reported viral functions 

including the export of viral mRNA from the nucleus[40].  
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In contrast, guides targeting TSS68 and TSSalt have a limited global effect, only strongly inhibiting 

a small number of genes each. We find the strongest downregulated genes are within the local 

region of the guides (Figure 2c,d), suggesting again that CRISPRi inhibits transcription in region 

of approximately ~2.5 kb around the targeting site. This appears true even when the effect of 

CRISPRi increases ORF68 mRNA expression, with targeting the TSS72 region causing a global 

increase in viral gene expression (Figure 2b) despite still locally decreasing transcription (Figure 

2e). Thus, RNA-seq corroborates our screening data, and reveals both local and global effects of 

CRISPRi at our target loci.   

Viral knockouts identify associated coding features 

While CRISPRi at a given locus may effectively suppress multiple viral genes, not every gene will 

be responsible for the observed effect on ORF68 expression. For example, while guides targeting 

the TSS68 repress expression of ORFs 65, 66, 67, 68, and 69 (Figure 2c), downregulation of the 

ORF68 reporter is most likely due to direct repression of the ORF68 promoter. Furthermore, 

CRISPRi alone is unable to distinguish how regulatory regions may act to control ORF68 

expression, whether by preventing protein-coding transcription of a regulator or by impeding a 

non-coding mechanism. To overcome these limitations, we directly assessed the role of coding 

loci underlying each regulatory locus by performing a CRISPR nuclease tiling screen in the same 

HaloTag-ORF68 reporter line.  

In previous screens, we have reported a strong background effect, where targeting any locus on 

the viral genome with Cas9 nuclease resulted in a decrease in reporter expression[33]. Here, we 

observed unexpectedly that this background effect was variable across the viral genome, with 

targeting to the region upstream of the ORF68 coding region having a stronger effect on reporter 

expression than targeting downstream (Figure S3a, Supplementary Data 4,5). The reason for 

this difference is unknown (possibly a local effect of DNA damage on the viral genome), but to 

adjust for the differences in local background we used a boundary method to identify coding 

regions: for each candidate coding exon, we compared the enrichment of the coding region to the 

immediate adjacent non-coding region, and considered the coding region a hit if the boundaries 

were both significantly increased or both significantly decreased.  

This yielded an exhaustive list of viral coding regions that control ORF68 expression at 24h post-

reactivation:  ORF50, HygroR, ORF68, and ORF75 (Figure 3a-c; Figure S3b). Disruption of 

these coding sequences had similar effects on ORF68 expression as CRISPRi repression at their 

corresponding loci (EF1a for HygroR). Loss of functional protein is thus likely the mechanistic 
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explanation for these regions’ effect on ORF68. However, for the other CRISPRi loci, the nuclease 

screen identified no corresponding effect of disrupting coding regions. For example, despite RNA-

seq data showing that targeting TSS57 and TSS72 does result in inhibition of ORF57 and ORF72 

mRNA expression respectively (Figure 2b) – along with other local genes – we observe no effect 

on ORF68 of targeting these coding regions (Figure S3c,d). ORF72 (also known as vCyclin) 

encodes a homolog of human protein cyclin D, plays a role promoting oncogenesis during 

latency[41,42], and has no known role in the viral lytic cycle. The TSSalt region has no clear 

association with the promoter of a coding region, and indeed we find no evidence of a nearby 

coding element responsible for its effect on ORF68 expression. PolyA75 is adjacent to the ORF75 

coding locus, but no other coding elements are identified that could explain its activity. These 

regions with no associated coding region thus likely act through noncoding elements that are 

unable to be efficiently disrupted by Cas9. 

To test whether the identified coding regions have the expected effect on the mRNA levels of 

ORF68, we next cloned pooled guides for nuclease-targeting at the coding regions of ORF50 and 

ORF75, including ORF57 to validate the negative result. ORF50 and ORF75 pools had the 

expected effect of decreasing ORF68 protein levels (Figure 3d) as well as corresponding 

depletion of ORF68 RNA (Figure 3e). We noted that targeting ORF50 also reduced RNA levels 

of ORF75. This allows us to hypothesize a regulatory model of protein coding elements where 

ORF50 regulates ORF75 which, in turn, regulates ORF68. We also observed that targeting either 

ORF50 or ORF75 reduced RNA levels of ORF57. Interestingly, ORF57 pools reciprocally 

decreased ORF75 RNA levels, yet ORF57 protein disruption had little or no effect on ORF68 

mRNA levels – as predicted by the nuclease screen – suggesting an unclear regulatory 

relationship. 

Mapping regulatory targets of noncoding elements 

Since we cannot identify coding elements to directly explain all CRISPRi peaks, these seemingly 

noncoding loci could instead act in a distal manner, indirectly impacting expression of one of the 

three viral proteins that affect reporter expression. We therefore returned to our RNA-seq data 

and measured the correlation between each sample (Figure 4a). We hypothesized that despite 

local effects of CRISPRi, the regulatory regions would correlate most strongly with their regulatory 

target. TSSalt and polyA75 most strongly correlated with TSS68 and TSS75 respectively, 

suggesting that these regions promote ORF68 and ORF75 expression. Conversely, TSS72 had 

a strong anticorrelation with polyA75 and TSS75. Given that recruitment of CRISPRi to TSS72 

causes an increase in viral gene expression, this suggests that TSS72 acts to repress expression 
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of ORF75. TSS57 had only weaker correlation with both ORF50 and the TSSalt, preventing any 

firm conclusion. We can thus use these correlative regulatory interactions along with data from 

Figure 3 to create a model regulatory network consisting of both coding and non-coding elements 

controlling ORF68 expression (Figure 4b). Of note, as we performed these experiments while 

overexpressing ORF50 from an exogenous promoter, we were likely unable to detect any 

regulation of the viral copy of ORF50. 

Finally, we evaluated how the components of this ORF68 regulatory network impacted virion 

production in KSHV infected cells using a supernatant transfer assay.  BAC16 derived KSHV 

expresses GFP, which enables quantification of infected recipient HEK293T cells by flow 

cytometry.  As expected, targeting any of the coding elements via their promoters (TSS57, TSS68, 

TSS75) caused a severe loss in infectious virion production (Figure 4c). Targeting polyA75 also 

reduced virion production, albeit more modestly, consistent with the regulatory network.  In 

contrast, guides targeting TSS72 or TSSalt did not negatively impact virion production (Figure 

4c). This was expected for TSS72, which was predicted by the model to reduce ORF68 

expression. It is notable that targeting TSSalt specifically disrupts ORF68 expression at the early 

24h but not the late 48h late time point (see Figure 1c). Thus, the observation that targeting the 

TSSalt locus did not impair virion production suggests that while ORF68 expression is essential 

late in infection, it may be dispensable at early time points.   

Discussion 

Here, we use CRISPRi and a tiling library to identify regulatory events across the KSHV genome 

that control the expression of the early gene ORF68. Our analyses indicated that CRISPRi on the 

viral genome effectively suppresses gene expression in a ~2-5 kb local region. In the densely 

encoded herpesviral genome, this footprint covers multiple elements, any of which could be 

responsible for the observed regulatory activity. We thus used a complementary Cas9 nuclease 

screen to disrupt the coding elements in these regions and found that for many of these regions 

their activity must be explained by non-coding elements that cannot be disrupted by Cas9. Using 

RNA expression patterns to predict functional targets of these elements, we present a complete 

model for viral regulation of ORF68 and demonstrate that these regulatory elements play key 

roles in completion of the KSHV lifecycle. By perturbing specific regulatory elements that 

selectively disrupt ORF68 expression early in the lytic cycle, we conclude that ORF68 expression 

is primarily required at late times, in accordance with its established role in viral genome 

packaging.  
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Our functional model does not make predictions for the mechanistic nature of these regulatory 

events. For example, the coding elements may or may not directly regulate transcription on the 

viral genome. Indeed, while ORF50 has been previously characterized as a viral transcription 

factor[37,43], ORF75 more likely acts indirectly by preventing inhibition of viral transcription by 

host factors[44]. Similarly, the non-coding elements could involve ncRNAs, microRNAs, or 

enhancers, as CRISPRi is expected to be able to inhibit each of these. Given the density of the 

viral genome and the width of CRISPRi footprint, it is possible a peak corresponds to multiple 

regulatory events or that two nearby peaks both inhibit the same regulatory locus. The TSSalt 

here could be an example of the former, as there are nearby K12 TSS and miRNA loci (Figure 

S1e) while the polyA75 peak could be an example of the latter as it behaves very similarly to the 

nearby TSS75 peak. Though with the viral density and propensity for multiple functions encoded 

within the same locus, these issues may be intrinsic to the study of gene regulation on the viral 

genome, but it is possible that other functional perturbations such as using base editors or dCas9 

could allow us to pinpoint the underlying regulatory sequence. 

Our model is unable to place ORF57 protein and the TSS57 into the network. Our observation 

that Cas9-based disruption of ORF57 did not affect ORF68 mRNA or protein suggests that ORF57 

protein does not regulate ORF68. This is in agreement with previous reports using an ORF57 

deletion virus, which also indicated little regulatory effect on ORF68[45]. ORF57 protein does 

have a broad effect on viral transcription, but this is likely through direct effects on DNA replication 

components, upon which the majority (but not ORF68[31]) of gene expression is partially 

dependent. It is possible that the TSS57 promoter contributes to ORF68 regulation independent 

from the ORF57 protein, as many human promoters act as enhancers for distal genes[46].  

However, we have not yet been able to test this hypothesis because we cannot disrupt the 

promoter and its hypothetical distal activity using CRISPRi without also disrupting the protein 

levels of ORF57.  

Our approach demonstrates the power of combining CRISPR screening tools for the discovery of 

viral gene regulatory networks. Given that KSHV is a double stranded DNA virus, it incorporates 

the same spectrum of regulatory mechanisms as the host – transcription factors, non-coding 

RNAs, enhancers, and DNA structural elements. By studying these networks on the viral genome, 

we can thus learn both how these regulatory mechanisms function and, ultimately, how the virus 

controls gene expression under diverse cellular conditions and in various cell types. 
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Figure legends 

Figure 1. CRISPRi screen identifies novel viral regulatory regions. A) Schematic of screen. The 

viral genome encodes a constitutive fluorescent marker (green) and a HaloTag-ORF68 fusion 

(blue). B) Summary of results from the CRISPRi screen. X-axis identifies the genome coordinate 

on the BAC16 KSHV genome. y-axis represents the log-transformed p-value of each locus 

relative to negative control distribution. Red dotted lines indicate the location of transcriptional 

start sites. Blue dotted line identifies the two peaks that do not associate with a TSS. C) Validation 

of pooled guides targeting each peak. Three guides were used to target each locus identified on 

the x-axis. Y-axis displays the relative percent of cell expressing the HaloTag-ORF68 for two time 

points. Error bars represent standard error of four replicates from independent reactivations. D) 

Enrichment of individual guides at the ORF68 locus. Each dot represents a single guide, with the 

target location displayed on the x-axis and the average enrichment from two replicates on the y-

axis. Arrows represent coding regions of ORF68 (in blue) and surrounding genes in grey.  

Figure S1. Supplementary screen data. A) Enrichment of individual guides at the ORF68 locus. 

Each dot represents a single guide, with the target location displayed on the x-axis and the 

average enrichment from two replicates on the y-axis. B) Reproducibility of guide enrichments 

from two replicates. C-H) Smoothed enrichment of guides at indicated locus with annotated 

transcription start sites[34]. For each guide, the median enrichment of a 100 bp window centered 

at the target locus was calculated along with an interquartile range (IQR) to represent the range 

of values. Median value is shown as a point and IQR is shown as shaded region. Regions 

significant (p<10-11) in sliding window analysis are shown in blue. NA indicates unannotated TSSs. 

Figure 2. Local effects caused by CRISPRi. A) Schematic showing set-up of RNA-seq experiment 

on CRISPRi cells infected with a three-guide pool, reactivated, and polyA+ RNA-seq at 24 hours 

post-reactivation. B) Heat map in genome order of changes to viral gene expression at 24 hours 

relative to vSAFE negative controls, with ORF68 pulled out and presented at the top. Average of 

three replicates. C-E) Change in RNA-level of each viral gene relative to vSAFE negative controls 

in genome-order. Genes whose start codons are within 2.5 kb of at least one guide in targeting 

pool are highlighted. 

Figure S2. Supplementary for RNA-seq. A) Heatmap indicating viral gene expression relative to 

the matched vSAFE replicate of each individual replicate. Replicate from three independent 

reactivations. B) RT-qPCR after knockdown of individual elements. Error bars represent standard 

error of four independent reactivations.  
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Figure 3. Knockout screen maps associated coding regions. A-C) Median smooth enrichments 

from Cas9 nuclease screen at associated coding locus. Dotted lines indicate exon boundaries. 

For each guide, the median enrichment of 500 bp window centered at the target locus was 

calculated along with an IQR. Median value is shown as a point and IQR is shown as shaded 

region. Regions were considered significant if the guides on each side of the boundary were 

significantly different and in consistent directions. D) Percent of cells expressing HaloTag-ORF68 

24 hours post-reactivation for the indicates pool of coding region-targeting guides. Values are 

averages of four independent replicates and error bars represent standard error. E) RT-qPCR of 

indicated viral gene at 24 hours post-reactivation. Relative to 18S and vSAFE. Error bars show 

standard error from four technical replicates.  

Figure S3. Coding screen supplement. A) Enrichment of individual guides. Each dot represents a 

single guide, with the target location displayed on the x-axis and the average enrichment from 

two replicates on the y-axis. Red dotted lines represent the median guide enrichment for the two 

regions indicated. B-D) Median smoothed data from coding screen at indicated locus. For each 

guide, the median enrichment of a 500 bp window centered at the target locus was calculated 

along with an IQR. Median value is shown as a point and IQR is shown as shaded region. B) For 

the EGFP-HygroR locus, location of functional units shown in color. C,D) Exon boundaries are 

marked by dotted line. 

Figure 4. Mapping regulatory network by effect on viral transcription. A) Co-correlation matrix of 

RNA-seq data. For each indicates sgRNA pool, Pearson correlation was calculated between each 

pool. Data from Figure 2A. B) Model of regulatory events controlling transcription of ORF68 locus. 

C) Supernatant transfer after knockdowns. Error bars represent standard error from six 

independent reactivations. 

Figure S4. Supplementary mapping data. A) Individual replicate correlation among RNA-seq.  

Methods 

Plasmid and oligos 

pMD2.G (Addgene plasmid # 12259), pMDLg/pRRE (Addgene plasmid # 12251) and pRSV-Rev 

(Addgene plasmid # 12253) were gifts from Didier Trono. pMCB320 was a gift from Michael Bassik 

(Addgene plasmid # 89359). lentiCas9-Blast was a gift from Feng Zhang (Addgene plasmid # 

52962). Lenti-dCas9-KRAB-blast was a gift from Gary Hon (Addgene plasmid # 89567). 

Sequences used are listed in Supplementary Data 6. 
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Cell culture and plasmids 

iSLK cells and Lenti-X 293T (Takara) were maintained in DMEM (Gibco +glutamine, +glucose, -

pyruvate) with pen-strep (Gibco; 100 I.U./mL) and 1X Glutamax (Gibco) along with 10% FBS 

(Peak Serum). iSLK cells were maintained in 1 ug/mL puromycin, 50 ug/mL G418, and 125 ug/mL 

hygromycin (company). Cas9+ and CRISPRi+ cells were maintained in 10 ug/mL blasticidin. 

0.05% Trypsin (Gibco) was used to passage cells. All cells were maintained at 37C and 5% CO2 

in a humidity-controlled incubator. Lenti-X 293T cells were obtained from the UCB Cell Culture 

Facility. 

Generation of CRISPRi Halo-ORF68 iSLK line 

iSLK line latently infected with a copy of BAC16 containing a HaloTag-ORF68 fusion as the 

endogenous locus were lentivirally infected with dCas9-KRAB (CRISPRi). Briefly, Lenti-X cells 

were transfected with third-generation lentiviral mix (pMDLg/pRRE, pRSV-REV, pMD2.G) and 

dCas9-KRAB (blastR) with polyethylimine (Polysciences). Supernatant was harvested at 48 and 

72 hours and 0.45 um filtered before applying to iSLK cells for 48 hours. This process was then 

repeated to ensure high CRISPRi expression. 

CRISPRi screening and analysis 

Library of guides tiling the KSHV BAC16 genome was delivered lentivirally to the CRISPRi+ iSLK 

cells above. Four days afterwards cells were reactivated with 5 ug/mL doxycycline, 1 mM sodium 

butyrate, 10 nM JF646 Haloligand (Promega). 24 hours post reactivation, cells were fixed in 4% 

PFA, and sorted for high and low ORF68 expression using a BD Aria II. Cells were then unfixed 

overnight in 150 mM NaCL and 60C and 50 ug/mL protease K (Promega). DNA was then 

extracted using a single column of QIAamp DNA Blood Mini Kit (Qiagen), following the 

manufacturers protocol and adjusting initial reaction volume. sgRNA locus was then amplified and 

library adaptors ligated as previously described[47]. Libraries were sequenced on an Illumina 

NovaSeq 6000. 

Counts for individual guides were converted to enrichment scores by calculating the log2 ratio of 

counts between high and low populations relative to the median negative control. Enrichment 

values from two replicates were averaged. To calculate significance of a given window, a 500 bp 

sliding window was used, comparing the enrichment of each guide and a 500 bp neighborhood 

to the enrichment scores of all negative controls using a Mann-Whitney test. An arbitrary p-value 

cutoff was used to identify peaks. 
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Individual guide delivery and characterization 

For each pool of sgRNAs, independent lentiviruses were produced as above, then pooled and 

applied to CRISPRi-positive HaloTag-ORF68 iSLK cells for 48 hours. For protein analysis, cells 

were reactivated in the presence of 10 nM JF646 Haloligand (Promega) with doxycycline and 

sodium butyrate as above. Cells were then analyzed for fluorescence at 24 and 48 hours post-

reactivation from four independent reactivations on a BD Accuri C6 plus.  

For RT-qPCR analysis, RNA was extracted at 24 hours using RNeasy Plus Micro kit (Qiagen), 

treated with DNAase I (Lucigen), and reverse transcribed using AMV RT (Promega) and random 

9-mers in the presence of RNasin (Promega). qPCR was then performed on a Quantstudio 3 

using the indicated targets and with iTaq Universal SYBR Green (BioRad). RQ values were 

calculated using a standard curve. Results are from four independent reactivations. 

RNA-seq and analysis 

RNA samples from above were sent for library preparation and sequencing at the QB3-Berkeley 

Genomics core labs (RRID:SCR_022170). Total RNA quality as well as poly-dT enriched mRNA 

quality were assessed on an Agilent 2100 Bioanalyzer. Libraries were prepared using the KAPA 

RNA Hyper Prep kit (Roche KK8581). Truncated universal stub adapters were ligated to cDNA 

fragments, which were then extended via PCR using unique dual indexing primers into full length 

Illumina adapters. Library quality was checked on an AATI (now Agilent) Fragment Analyzer. 

Library molarity was measured via quantitative PCR with the KAPA Library Quantification Kit 

(Roche KK4824) on a BioRad CFX Connect thermal cycler. Libraries were then pooled by molarity 

and sequenced on an Illumina NovaSeq 6000 S4 flowcell for 2 x 150 cycles, targeting at least 

25M reads per sample. Fastq files were generated and demultiplexed using Illumina bcl_convert 

and default settings, on a server running CentOS Linux 7. 

Sequencing quality was assessed with MultiQC and reads were preprocessed with HTStream 

version 1.3.0 including deduplication. Genome indices were prepared using STAR 2.7.1a. The 

human GRCh38.p13 genome assembly was indexed with Gencode v43 annotations. Due to 

overlapping transcripts on the KSHV-BAC16 genome, individual exon coordinates were assigned 

to the corresponding parent transcript. Preprocessed reads were then aligned using STAR and 

counts files were generated for transcripts. Any transcript with no reads in all replicates and 

conditions was eliminated from further analysis. Reads from E.coli genes on the BAC were also 

removed. Raw viral counts were normalized to total input reads for each sample and subsequently 
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normalized to within replicate vSafe condition values. Correlations and heatmaps were generated 

using the matplotlib, pandas, and seaborn packages in Spyder 5.3.3. 

CRISPR nuclease screen and analysis 

Cas9 screen was performed as the CRISPRi screen above using a Cas9+ iSLK cell line infected 

with a copy of BAC16 containing a HaloTag-ORF68 fusion. The library was then amplified using 

staggered primers and a modified amplification protocol previously described[48]. qPCR was 

used to determine cycle number at ¼ CT. All PCR product was run over a single Minelute column 

(Qiagen) for each sample. Size selection was performed using a gel extraction (Thermo). Library 

was sequenced on Illumina NextSeq 2000 with a 150bp single-read using Illumina sequencing 

primers. Adaptors were removed using cutadapt[49], and reads were aligned to library using 

bowtie[50]. 

Log2 values were calculated as above, and enrichment values were averaged from two replicates. 

For each exon boundary, a window of 500 bp on one side was tested against a 500 bp on the 

other to calculate p-values using MW test. Median values were used to determine the sign of the 

shift. Exons with p values < 0.001 and consistent signs were considered hits. 

RT-qPCR 

RNA extractions were performed using RNeasy Micro Plus Kit (Qiagen). Samples were treated 

with DNase I (Lucigen). Reverse transcription was performed using AMV RT (Promega) in the 

presence of RNasin (Promega). qPCR was performed with iTaq Universal SYBR Green (BioRad) 

on a Quantstudio 3. Relative quantities were calculated using a standard curve.  

Supernatant transfer 

Cells were reactivated with 5 ug/mL doxycycline and 1 mM sodium butyrate. 72-hour post 

reactivation, supernatant was filtered through a 0.45 um PES filter and applied to naïve HEK293T 

cells for 24 hours. HEK cells were then counted on a Accuri C6 Plus (BD) and percent GFP 

positive was used to calculate infection. 

Supplementary Data 

Supplementary Data 1. CRISPRi count files. Raw counts for sequencing from CRISPRi screens. 

Supplementary Data 2. CRISPRi screen results. Processed values for CRISPRi screen. 

Supplementary Data 3. RNA-seq counts. Viral counts for RNA-seq. 
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Supplementary Data 4. Cas9 count files. Raw counts for sequencing from Cas9 screens. 

Supplementary Data 5. Cas9 screen results. Processed values for Cas9 screens. 

Supplementary Data 6. Sequences. Sequences used. 
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