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Pooled screening to reveal the primary effectors of miR-142 

By James Alan Blau 

Abstract 

Although microRNAs are key regulators of gene expression, few studies have thoroughly 

evaluated the upstream regulators of microRNA activity. We seek to understand the upstream 

regulators of miR-142, a microRNA thought to be important for B cell lymphogenesis and 

lymphocyte proliferation. We performed sequential whole-genome RNAi and focused CRISPR 

screens in a human B cell line to identify genes affecting miR-142 activity on a reporter 

construct bearing several perfect binding sites. Top hits include known core microRNA pathway 

genes, but also other genes such as PSME4, FXR1, SKIV2L, and FAM208A. The observation of 

FXR1 as a top screen hit is intriguing given that it has been observed to post-transcriptionally 

promote the expression of several neuronal microRNAs, but has not been demonstrated for other 

microRNAs in general. The results gathered thus far demonstrate the power of using pooled 

high-throughput screening and genome-editing approaches to discover regulators of microRNA 

biogenesis and activity. 
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Chapter 1 – General Introduction 

 MicroRNAs (miRNAs) have been fervently studied across almost all fields of basic 

biology and disease since their discovery in animals (1) and humans (2). The reasons for such 

heavy interest are plentiful. MiRNAs established a novel and simple means for translational 

inhibition of genes. This translational inhibition, dubbed miRNA-mediated repression, was found 

to affect genetic networks important to nearly all diseases and development. Also, the 

mechanism by which miRNAs function could be exploited through short interfering RNAs 

(siRNAs) to directly degrade messenger RNAs (mRNAs) in a process called RNA interference 

(RNAi); this enables researchers to inhibit proteins that are not druggable, and expands the 

potential therapeutic options to explore for diseases. Given the power for miRNAs and siRNAs 

to manipulate gene expression, it has become imperative to understand which gene networks are 

fine-tuned through miRNAs, and which gene networks can be exploited by siRNAs to elicit a 

desired phenotype. As such, a considerable number of studies have been centered on identifying 

the important mRNA targets for miRNAs. However, few studies have focused on the regulation 

of miRNA biogenesis itself. It is imperative to have a clear understanding of the network of 

proteins responsible for processing miRNAs transcribed from the genome and for mediating 

miRNA/siRNA inhibition. To put it simply: what regulates the regulators?  

 

The biogenesis of miRNAs and shRNAs 

MiRNAs are small, ~21-25-nucleotide (nt) non-coding RNAs that predominantly recruit 

the RNA-induced silencing complex (RISC) to target mRNAs for silencing (3). The core 

proteins required for the recognition and processing of most miRNAs have been identified and 

characterized (4).  
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Genes that miRNAs are derived from are diverse. Most miRNAs originate from mRNA 

transcripts (5) expressed from Pol-II promoters (6). While the majority of miRNAs in mammals 

may derive from noncoding transcripts, it appears that most conserved miRNAs derive from the 

same transcripts as those for protein coding genes (7–9). MiRNAs from these transcripts are 

often ‘intronic,’ as they originate from the introns of the transcripts and do not necessarily affect 

the stability of the mature mRNA transcript (10), while others are ‘exonic.’ MiRNAs deriving 

from non-coding Pol-II transcripts may be considered ‘intergenic’ in relation to traditional 

protein-coding genes if the transcript is not a component of or overlapped by any protein-coding 

gene. MiRNAs can also derive from Pol-III transcripts (11) and from more exotic sources like 

mirtrons, snoRNAs, and tRNAs (12). In a similar fashion, short hairpin RNAs (shRNAs), which 

are transgenically-expressed to produce siRNAs (13), are typically expressed from either Pol-II 

or Pol-III transcripts, often using the context sequence and hairpin shape of a endogenous pri-

miRNA. 

For the vast majority of Pol-II transcripts destined to yield miRNAs (primary precursor 

miRNAs, or ‘pri-miRNAs’), the first catalytic step involves the Microprocessor, minimally 

composed of DGCR8 and the RNase III enzyme Drosha, which cleaves hairpins in pri-miRNA 

to form ~70nt precursor miRNA (pre-miRNA) (14,15). The pre-miRNA retains the hairpin 

shape, with a loop at one end and a 2nt 3’-overhang on the other (16). More rarely, miRNAs can 

be directly spliced from short introns and trimmed to a pre-miRNA without requiring 

Microprocessor; these species are called mirtrons (17). 

shRNAs from Pol-II transcripts are recognized and cropped by Microprocessor via the 

same mechanism. However, shRNAs from Pol-III transcripts are usually designed to not require 

any sort of cropping; since the transcription start and end of a Pol-III transcript are more 
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predictable, the transcript can be designed to directly produce an shRNA with a 2nt 3’-overhang, 

akin to the shape of a pre-miRNA. 

The pre-miRNA or shRNA is exported to the cytoplasm via Exportin-5 (XPO5) with 

Ran-GTP (18–20). The oligonucleotide is further processed into a ~21-25nt miRNA/miRNA* 

duplex or siRNA duplex by a second RNase III enzyme, DICER (21). DICER requires the 2nt 

3’-overhang on the pre-miRNA/shRNA to work efficiently at cutting off the loop from the other 

side, creating another 2nt 3’-overhang in the process. The dsRNA-binding protein TRBP aids the 

next process as it helps recruit DICER to Argonaute (22). One strand of the miRNA/miRNA* or 

siRNA duplex is preferentially selected and loaded into Argonaute, forming the RISC. Of the 

four Argonautes expressed in cells (AGO1-4), only AGO2 is competent to perform RNAi since 

it is the only one to retain functional Slicer activity (23). RNAi is the intended mechanism 

through which siRNA functions, as siRNAs are designed to be perfectly complementary to their 

mRNA targets. 

 

Gene networks controlling specific miRNA biogenesis and activity 

 Analogous to any protein-coding gene, the transcripts that become miRNAs are subject to 

a wide range of basal and dynamic gene signaling networks to either maintain their levels in the 

cell, or to raise or lower expression in response to a stimulus. The number of factors 

demonstrating control on the biogenesis or activity of individual or subsets of miRNAs continues 

to grow as we come to understand miRNAs as vital cogs on the many gears of gene pathways. 

 One seemingly obvious route to gene regulation is at the transcriptional level. Indeed, as 

many miRNAs are expressed from Pol-II transcripts, they require promoters that are in turn 

controlled by various transcription factors, enhancers, and other elements. The first 
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demonstration of transcriptional control was that of let-7 miRNA in C. elegans under the 

regulation of a temporal regulatory element in its promoter (24). Several transcription factors 

have been found to regulate miRNA transcription. One of the first transcription factors found to 

control miRNA expression is c-Myc, which was shown to induce expression of the miR-17~92 

cluster (25). Another example is p53, which positively regulates the transcription of miR-34a in 

response to DNA-damage (26–28). Since then, a plethora of other transcription factors have been 

found to control miRNAs as part of their regulatory networks. 

 Many of the effects on miRNA biogenesis have been found to occur post-

transcriptionally, as well. The Microprocessor recognition and cleavage of pri-miRNAs seems to 

be particularly susceptible to regulation. Several transcription factors have been found to regulate 

Microprocessor efficiency through association with p68/p72 helicases (29). For example, p53 not 

only transcriptionally promotes miR-34a, but it also positively regulates the efficiency of 

Microprocessor cropping activity (30). In the same study, p53 was found to regulate a whole 

subset of miRNAs, including the miR-15a/16-1 cluster, miR-143, and miR-145. SMAD proteins, 

upon activation of BMP signaling, also positively regulate the process for several cardiac 

miRNAs like miR-21 (31). The SMAD proteins, in particular, recognize a sequence motif 

(CAGAC) on the pri-miRNA stem to define the subset of miRNAs affected (32). Recently, 

SRp20 has been found to bind a small motif (CNNC) 3’ to the stem-loop of the pri-miRNA and 

aid in Microprocessor efficiency for at least the subset of pri-miRNAs with the motif (33). 

 Several ‘loop-binding’ proteins associate with the loop of the hairpin to affect both 

Microprocessor activity and DICER activity. One of the earliest miRNAs discovered, let-7, 

featured an antagonistic relationship with lin-28 (34). Lin-28 recognizes a loop sequence in let-7 

and promotes degradation of let-7 through oligouridylation (35,36). Examples of positive loop-
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binding regulators include KSRP, which can promote the efficiency of Microprocessor in 

response to DNA-damage. HnrnpA1 can promote the expression of specific miRNAs such as 

miR-18a, which is intriguing given that miR-18a is part of the much larger miR-17~92 cluster 

(37). Also, FXR1P, the protein product of FXR1, has been found to promote DICER-mediated 

maturation of miR-9 and miR-124 in neuronal cells (38). 

 No peripheral factors have been found so far to regulate pre-miRNA export to the 

cytoplasm via XPO5. However, given that Ran-GTP is an important cofactor for XPO5 function, 

perhaps a protein or gene network that would regulate or disrupt the Ran cycle could affect 

miRNA expression. 

 Once the mature miRNA is loaded into RISC, the activity of the miRNA can still be 

highly regulated. For example, AGO2 requires the association of Hsp90 to load miRNA and 

siRNA duplexes, and to recruit the complex to processing bodies (P-bodies) (39,40). This 

association can be altered in hypoxic conditions (41). Additionally, AGO2 itself can be 

ubiquitinated and degraded in scenarios such as T-cell activation (42).  

RISC can also be guided to target certain transcripts in response to associated factors. 

FMRP, the protein product of FMR1, has been shown to associate with RISC and facilitate the 

targeting of certain FMRP targets (43). Oddly, in quiescent cells, AGO2 associated with FXR1P 

can actually promote translational activation (44). 

 

miRNAs are relevant to disease 

Upon their discovery in humans, miRNAs were immediately investigated for their 

relevance to diseases such as cancer. Indeed, in cancer, and in almost every disease studied, the 

loss or gain of miRNA expression has been shown to play at least a contributing role to the 
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pathology. One of the earliest demonstrations of miRNA aberration in cancer was with the miR-

15a/16-1 cluster. The locus coding for these miRNAs was found to be deleted in the majority of 

B cell chronic lymphocytic leukemia (45,46). It was later found that the miR-15a/16-1 cluster 

was tumor suppressive in part due to its targeting of BCL2 to promote apoptosis (47). Another 

example in cancer is the miR-142 locus, found to be part of the t(8;17) translocation with MYC in 

B cell leukemia (BCL) (48). Some aberrations to miRNA expression in cancer have been found 

to not be the result of transcriptional regulation, but rather the result of post-transcriptional 

regulation. A survey of miRNA expression across several primary tumor samples revealed that 

mature miRNA species were often down-regulated in relation to their primary transcript 

counterparts, highlighting extensive regulation of miRNA levels at the Microprocessor step or 

later (49). 

 

miR-142 

Some of the earliest efforts to identify and characterize miRNAs in mammals focused on 

the hematopoietic system, and one survey identified miR-142 as one of the highest expressed 

miRNAs (50). Intriguingly, it is almost exclusively expressed in hematopoietic tissues (50), at 

least in part due to its dependence on PU.1 transcription factor (51). The miR-142 locus has been 

found to play a role in more cancers aside from BCL, as aberrant expression of miR-142 has 

been found in several other cancer contexts, such as adult T-cell leukemia (52), acute 

lymphoblastic leukemia (53,54), acute myeloid leukemia (55,56), and B-cell lymphomas (57–

59). 

This miRNA is an attractive subject to study in terms of its regulation due to the many 

roles it plays in cells that require either its dynamic or sustained expression levels. There are 
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several examples of miR-142 controlling hematopoietic cell differentiation. It mediates part of 

the miR-223-CEBP-β-LMO2 regulatory circuit controlling myeloid cell differentiation by 

attenuating cell proliferation (60). It controls the maturation of megakaryocytes through 

regulation of the actin cytoskeleton network (61). This miRNA also controls several responses 

by virtue of its dynamic expression. Its control of the actin cytoskeleton network extends to the 

regulation of phagocytosis (62,63), CD4+ T cell migration (64), and cancer cell migration and 

invasion (65,66). miR-142 potentiates the innate immune response to endotoxin in dendritic cells 

by suppressing IL-6 until the miRNA itself is suppressed by TLR-4 (67). It also helps to control 

the function of TREG cells by maintaining a cyclic AMP (cAMP) gradient via targeting adenylyl 

cylase 9 mRNA, where it is suppressed in CD4+CD25+ TREG cells and expressed in CD4+CD25- 

T cells (68). Perhaps the most dynamic expression of miR-142 is observed in the context of 

circadian rhythm, where it controls circadian rhythm genes like BMAL1 and is in turn regulated 

by the CLOCK gene (69–72). 

 There have been several indications that miR-142 is post-transcriptionally regulated. It 

was found that a ~20nt conserved sequence 3’ of the hairpin is lost in its translocations with 

MYC, driving speculation that it may be required for recognition of the hairpin (73). In addition, 

it is notably one miRNA to be targeted by adenosine deaminases acting on RNA (ADARs), 

leading to A-to-I RNA editing of the pri-miRNA, which inhibits its processing by Drosha (74). 

MiR-142 displays 5’-end heterogeneity, which results in two distinct ‘isomiRs’ that can target 

different mRNAs (75). Identifying and understanding novel genes that may regulate miR-142 

may shed light on these and other post-transcriptional mechanisms. 
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Utility of pooled screening to discover novel gene functions 

 Since the discovery that RNAi is functional in mammals (76), efforts were made to 

exploit the process to systematically change the expression of any desired gene in the genome in 

the context of a high-throughput screen (77). This was first demonstrated in a study looking for 

modulators of TRAIL-induced apoptosis (78). These siRNAs had to be transfected into cells, 

which limit their applicability to highly transfectable cells. A more widely applicable strategy 

was developed to get around this limitation by using shRNAs, first in retroviral systems (79), 

then in improved lentiviral systems (80). Genome-wide lentiviral shRNA libraries were 

developed shortly thereafter (81). 

 The advent of retroviral and lentiviral systems to stably introduce shRNA libraries 

allowed the first pooled screens to be performed. These screens have several advantages over 

arrayed libraries listed here below.  

One advantage is that pooled screening vastly reduces variability in experimental 

conditions. Arrayed screens typically have to be executed in 96- or 384-well plates, which are 

subject to well-to-well variables like pipetting error and evaporative edge effects. In pooled 

screens, several million cells can be cultured in large tissue-culture plates or flasks, or even 

cultured in bioreactors, with each individual cell stably expressing an individual shRNA.  

Another advantage is that pooled screening is often less expensive to execute than 

arrayed screening, and producing and maintaining pooled libraries are much easier. If 96-well 

plates were used, arrayed screening would require the use of scores or even hundreds of plates to 

reach the same throughput as one 15cm dish of cells in a pooled screen, cutting down on the 

need for almost all materials.  
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Finally, comprehensive pooled libraries are much easier to produce and maintain than 

arrayed libraries. Pooled libraries can be synthesized on high-content array chips and chemically 

cleaved to produce one pool of oligonucleotides to clone en masse in a vector of choice. Cloning 

procedures often take only 2 or 3 days, and pooled libraries can be quality controlled using deep-

sequencing. Since pooled libraries have to be amplified in competent bacteria, the library can be 

easily renewed when stocks become low. Arrayed libraries practically require the use of robotics 

to produce, and are difficult to quality control and replenish. As such, much higher throughput 

libraries can be produced using a pooled approach, allowing for more library elements to be 

made against individual genes, ensuring the ability to target all genes with several potent 

shRNAs (82).  

Given the ability to produce and use massive, genome-wide shRNA libraries with relative 

ease, one was used to assay the miRNA/RNAi activity of miR-142-3p, which is detailed in the 

next chapter. 

 

Advent of CRISPR-Cas9 gene editing technology 

 The latest breakthrough in biotechnology to control gene expression comes in the form of 

the innate immune system of many bacterial strains: the clustered regularly interspaced short 

palindromic repeats (CRISPR) – CRISPR-associated 9 (Cas9) system, or CRISPR-Cas9 for 

short. As opposed to the mRNA targeting that is characteristic of miRNAs and siRNAs, the 

CRISPR-Cas9 system targets double-stranded DNA, with the Cas9 inducing double-stranded 

breaks (DSBs) and subsequent destruction of their targets, primarily viruses like bacteriophage 

(83). The system from S. pyogenes was simplified to a single Cas9 protein and a single-guide 

RNA (sgRNA) composed of a chimera of a CRISPR (crRNA) and tracr (tracrRNA) (84). This 
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system was shown to be functional in human cells, targeting specific genomic loci, and creating 

indels through error-prone non-homologous end-joining (NHEJ) (85,86).  

Unlike miRNA-mediated repression or RNAi, a nuclease-active Cas9 can edit the 

genome and cause frameshift mutations, resulting in functional knockouts of genes. The 

orthogonal mechanism of CRISPR-Cas9 for genetic manipulation serves as an appropriate 

counterpoint to RNAi, and could be used as an effective tool to validate the observations from 

studies using RNAi. Importantly, this orthogonal mechanism is completely independent of any 

miRNA/RNAi activity, which makes it uniquely suited to validate observations from 

miRNA/RNAi studies that used RNAi to manipulate genes. One longstanding concern for using 

RNAi to study miRNA/RNAi is the phenomenon of ‘recursive RNAi.’ Recursive RNAi 

paradoxically leads to ineffective targeting of RNAi components like DICER and AGO2 when 

RNAi is used to potently inhibit these components; when a protein like AGO2 is suppressed, 

then its own low levels result in a loss of RNAi efficacy and its rescue of expression. Though not 

often observed, it may explain occasional negative results in using RNAi to target core 

components like DICER (87), and has been modeled to demonstrate that potent RNAi of core 

components would be relatively ineffective (88). As such, using the CRISPR-Cas9 system to 

study miRNA biogenesis and activity would circumvent this issue.  

For reasons of using an orthogonal mechanism to confirm observations from an RNAi 

screen, and avoiding recursive RNAi, a CRISPR-Cas9 library is also used in the next chapter in 

the efforts to find novel modulators of miRNA biogenesis and activity. 

 

 

 



	   11 

Chapter 2 – Development and Execution of miRNA Sensor Screens 

Introduction 

 The discovery of RNAi in animals (1), and more specifically mammals (76), came 

around the time the human genome was successfully mapped (89–91). This allowed for any 

known or predicted mRNA transcript could be quickly inhibited using RNAi. The fact that most 

of the over 20,000 protein-coding genes across the human genome were mapped allowed RNAi 

to be utilized at a genome-wide scale. High-throughput RNAi technologies have developed into 

several arrayed and pooled libraries with robust screening and analysis methods (77,92). A 

~600,000-element lentiviral shRNA was developed, making use of 30 shRNAs per gene to 

guarantee several effective shRNAs for each gene, and to safeguard against off-targeting effects 

(82). The highly complex ‘EXPAND’ shRNA libraries have been successfully used in several 

screens to date (93–96). 

In this study, we use an EXPAND genome-wide shRNA library to screen for factors 

governing miR-142-3p biogenesis and RNAi activity. Since the levels of miRNA cannot be 

directly measured in live cells, only their activity on a reporter construct can be examined and 

selected for. This reporter construct, called a ‘miRNA sensor,’ has been constructed and 

validated for miR-142-3p, demonstrating that the miRNA sensor is sensitive to miR-142-3p 

levels (97). We utilize a variant of this miRNA sensor, using perfect binding sites to potently 

suppress the expression of the reporter; this version of the sensor will allow us to assay 

modulators of miR-142-3p expression and RNAi activity. 

As outlined in Chapter 1, much of the core machinery of miRNA biogenesis has already 

been determined. In addition, some successful high-throughput RNAi arrayed screens have been 

executed in worms (98,99), fly (87,100–102), and human cells (103) to identify some of these 
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genes. However, most of these screens focused either on synthetic or non-human miRNAs, and 

the one human screen was centered on miR-21 biogenesis and activity. There still lays ahead a 

comprehensive assessment of the various signaling pathways and more subtle components of the 

miRNA machinery that act as regulators of individual or specific subsets of miRNAs. As the 

several examples of post-transcriptional modulators of miRNA processing, summarized in 

Chapter 1, indicate, future studies in miRNA biology should focus not on all miRNAs in general, 

but on individual miRNAs or their families.  

During the course of this study, the use of a CRISPR-Cas9 system to manipulate gene 

expression was published (85,86). As this happened after the execution of our genome-wide 

shRNA library screen, we took advantage of this technology to further validate the results of the 

screen using a focused sgRNA library in a secondary screen. The results of the two screens show 

known miRNA pathway genes, in addition to several unknown candidates, highlighting the 

effectiveness of using high-throughput screens to study miRNA biogenesis. 
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Results 

A ‘sensor’ system to measure miRNA activity 

In order to capture miRNA activity in live cells, we generated pSensor.miR142, which is 

a polycistronic reporter construct to express GFP and Sh ble, an antibiotic resistance-marker for 

Zeocin (hereafter referred to as ‘ZeoR’), under the regulation of four perfect binding sites for 

miR-142-3p in the 3’UTR (Table 1). pSensor.miR142 was cloned into a lentiviral backbone and 

stably introduced into Raji B cells, a human Burkitt lymphoma cell line. Raji cells highly express 

miR-142-3p (104). To demonstrate that the cell lines established were sensitive to miRNA 

activity from miR-142-3p, the two clones established (Raji-miR142-clA and Raji-miR142-clB) 

were infected with an shRNA against AGO2 (Figure 1). Rescue of GFP expression was observed 

compared to a negative control shRNA against LacZ. The perturbation of AGO2 expression 

established that the cell lines are sensitive to changes in RISC activity. 

 

Whole-genome shRNA screen to enrich for genes that affect the miRNA sensor 

To find novel genes that can affect miR-142-3p activity, we utilized a highly-complex 

EXPAND (82) human genome-wide shRNA library composed of ~600,000 elements (93). This 

library was infected into the Raji-miR142-clA clone, and the infected pools of cells were 

separated into one of two screening arms: cells that were treated with 400ug/mL Zeocin, or cells 

that were cultured without drug (Figure 2). After 13 days, the two sets of cells had their genomic 

DNA extracted to amplify the shRNA libraries. As a quality control measure of the performance 

of the Zeocin selection during the screen, cell samples were measured by flow cytometry to 

measure enrichment of GFP in library-infected cells (Figure 3). Indeed, the levels of GFP in 

library-infected cells increased more with Zeocin selection arm compared to the untreated arm. 
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Both libraries were subjected to massively parallel sequencing and compared to one 

another. Two core components of the miRNA biogenesis pathway had multiple shRNAs highly 

enrich: DICER1 and AGO2 (Figure 4). A total of 456 genes had at least two shRNAs enrich 

above a 10-fold threshold, which is more than expected by random chance (p <0.01). 

 

Validation of hit genes from whole-genome shRNA screen 

From the top enriched screen hits, several genes were chosen for post-screen validation. 

The 2 or 3 most enriched shRNAs for each gene were individually cloned into MP177 (Table 1) 

and infected into Raji-miR142-clB cells to measure rescue of GFP expression, an indication of 

sensor rescue from RNAi (Figure 5). Several shRNAs validated by this method, with many genes 

such as AKAP8, MYEF2, SET (data not shown), EIF5, SNRPD1, ZCRB1, P4HA1, NUDT16, 

GJC1, RBM12B, HNRPA2B1, PRPF18, TRIM55, KIAA1524, ST8SIA4, PKP4, SFRP4, RGS5, 

NUTF2, PSME4, LRRK2, and TRUB1 with shRNAs that enrich GFP levels more than negative 

control shRNAs. The rescue in GFP expression using these shRNAs that also confer Zeocin 

resistance in the genome-wide shRNA screen suggests that the shRNAs are working specifically 

on sensor expression, consistent with affecting miRNA activity. 

 

Development and validation of nuclease-active CRISPR-Cas9 system 

 We sought an orthogonal method for validating the observations of gene knockdown 

leading to sensor rescue, so we established a nuclease-active CRISPR-Cas9 system to use for 

shRNA screen validation. To test the activity of the nuclease-active CRISPR-Cas9 system, we 

cloned a human-codon-optimized S. pyogenes Cas9 sequence and a U6-promoter-driven cassette 

driving expression of mosaic crRNA-tracrRNA (85) (sgRNA) into the combined vector 
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pSgRNA.Cas9 (Table 1). 10 days after lentiviral transduction of pSgRNA.Cas9, with an sgRNA 

against GFP (using the ‘T1’ guide (85) ) and a scrambled sgRNA, into GFP-positive 293T cells, 

the cells expressing the ‘T1’ sgRNA have massive reductions in GFP levels compared to cells 

with the scrambled sgRNA as measured by flow cytometry (Figure 6a). 82.9% of cells infected 

with the vector with GFP-targeting sgRNA show ablation of GFP expression, compared to only 

7.13% in cells expressing the scrambled sgRNA. The nuclease-active CRISPR-Cas9 system we 

cloned works efficiently in cells. 

 Next, we sought to validate the system in Raji-miR142-clB cells against endogenous 

gene targets. The nuclease-active CRISPR-Cas9 system was separated into two vectors, 

pLibrary.Cas9 and pSgRNA.1 (Table 1). SgRNAs targeting AGO2 and miR-142 were cloned 

into pSgRNA.1, and both this vector and pLibrary.Cas9 were transduced by lentivirus into the 

sensor cells. After 15 days of Zeocin selection, the infected cells were analyzed by flow 

cytometry to measure sensor activity by GFP (Figure 6b). Cells expressing the AGO2 and miR-

142 sgRNA vectors had on the order of 10 to 100-fold higher GFP expression. It is worth noting 

that the miR-142 sgRNAs appear to be more affective than the AGO2 sgRNAs; miR-142 has no 

family members, and so loss of the miRNA leads to a complete rescue, but the targeting of 

AGO2 may lead to compensatory activity by other Argonaute proteins. Overall, the results 

indicate that not only does the nuclease-active CRISPR-Cas9 system work for endogenous 

genes, but also it can ablate genes that result in a miRNA sensor rescue.  

 We also established that most sgRNAs have sufficient efficacy on their cognate targets. A 

total of 57 sgRNAs were cloned into pSgRNA.1 to target the hairpin and context of miR-142, a 

~325nt region, and transduced into pLibrary.Cas9-expressing Raji-miR142-clB cells. 11 days 

after infection, cells were analyzed by flow cytometry for GFP rescue (Figure 7). The most 
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potent sgRNAs target the stem of the hairpin directly, with 6 of the 9 sgRNAs in this region 

showing efficacy. No other targeting of regions outside the hairpin effectively worked to reduce 

miR-142 activity, suggesting that the indels produced by the nuclease-active Cas9 are mostly 

small, and that the only potent sites on the locus affecting miR-142 expression are in the hairpin, 

and not in the context. Nonetheless, most sgRNAs targeting the hairpin showed efficacy. 

 

Confirmation of validated hit genes from shRNA screen using CRISPR-Cas9 

We introduced a validated CRISPR-Cas9 system (pCas9.HP, Table 1) into Raji-miR142-

clB cells. Next, 3 sgRNAs targeting each of most of the validated hits were cloned into 

pSgRNA.2 and transduced into the pCas9.HP-expressing Raji-miR142-clB cells. As expected, 

targeting of AGO2 rescued GFP, demonstrating that in this experiment, the system works on the 

RNAi regulation of the sensor. However, none of the sgRNAs against any of the other hit genes 

from the screen rescued GFP above scrambled control (Figure 8).  

The different mechanisms by which each system works may explain the discrepancy 

between shRNA and CRISPR-Cas9 experimental results. As the miR-142 sensor is sensitive to 

miRNA levels, it is reasonable to suspect that shRNAs that are highly present in the RISC 

complex, for one reason or another, flood the RNAi compartment. This leads to a lowering of the 

miR-142-loaded RISC complexes available, therefore leading to reduced RNAi on the sensor 

transcript and consequent rescue of Zeocin resistance and GFP expression. Due to this 

possibility, even if the shRNAs are effective at knocking down its target, it does not necessarily 

follow that this knockdown causes a reduction in miR-142 expression or activity. A rescue 

experiment for one of the top-enriched genes, FAM172A, was attempted, introducing cDNAs for 

all 3 isoforms of FAM172A (Figure 9). The shRNA-targeting of FAM172A rescues GFP activity 
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of the sensor, validating the gene. However, the cDNAs failed to rescue the effect of the shRNA 

knockdown. In this experiment, it is possible that the cDNAs fail to properly express the 

FAM172A proteins, though a Western blot of cells with transcript variant 1 does show 

overexpression (data not shown). It is also possible that the overexpressed proteins may not be 

properly modified post-translationally. Nonetheless, the most plausible explanation is that the 

shRNA activity on the miRNA sensor is not through FAM172A knockdown.  

 

Design of focused nuclease-active Cas9 library 

 In light of the discrepancy between shRNA validation and CRISPR-Cas9 validation 

results, it is imperative to rescreen the top genes from the shRNA screen using the CRISPR-Cas9 

format to rule out genes that enriched simply due to nonspecific shRNA activities on the miRNA 

machinery. Validation of the nuclease-active CRISPR-Cas9 system in Raji-miR142-clB cells 

allowed us to utilize the system for high-throughput pooled screening in the sensor cell line. The 

layout of library oligonucleotides is shown in Figure 10a. The library oligonucleotides ranged in 

size from 95nt to 103nt, with the variance in size due to differences in primer binding sites 

(PBS1 and PBS2), which allows for amplification of a sub-library of oligonucleotides. The NheI 

site and proximal U6 promoter sequence allow the oligonucleotides to be ligated into the AvrII 

site near the end of the U6 promoter on pSgRNA.1. The AarI site allows for scarless cloning of 

the spacer just upstream of the tracrRNA. Within the proximal U6 promoter region is a 6nt 

randomized barcode sequence; this tags each library element with a unique barcode, and allows 

for barcode-sgRNA combinations to be analyzed at the end of the screen to measure 

enrichment/depletion trends for library elements at a single-cell resolution. The barcodes can 

also be used to create pseudoreplicates to increase statistical power.  
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 Spacers were designed to target the most 5’ coding exons of every Refseq annotated 

transcript for the gene set. To check for off-targeting, a candidate spacer was checked across all 

coding exons across the genome; the schematic for the off-target checking protocol is shown in 

Figure 10b. If there was no perfect alignment in the 11nt 3’ seed region of the spacer, the spacer 

was not considered as off-target, in accordance to published off-targeting observations (86). If a 

perfect alignment did exist, then the 9nt 5’ region comprising the rest of the spacer must have 

had 7 or more mismatches to be considered as not off-target (84). Since editing at any off-target 

site with more than 4 mismatches looks to be negligible (105), we find this off-targeting check 

protocol to be sufficiently conservative. From the list of spacers not thought to off-target, 12 

spacers were selected for each Refseq transcript. About 12,500 spacers were designed for the 

entire library. The genes that had at least two shRNAs enrich from the whole-genome screen 

were selected to design targeted spacers (457 genes). Spacers targeting these genes made up 

roughly half of the library, with the remaining half targeting RNA binding proteins, genes known 

to affect the miRNA pathway to some degree, and a robust set of negative control (non-targeting) 

spacers. In total, 893 genes were targeted by these spacers to make the sgRNA library. 

 

Focused nuclease-active CRISPR-Cas9 screen for genes that affect the miRNA sensor 

The spacers were cloned into pSgRNA.1, creating the 12,500-element sgRNA library. 

Sequence analysis of a small sample of 24 colonies from the cloning indicates that the library has 

~71% perfect sequences (data not shown). To express Cas9 in the sensor cells, Raji-miR-142-clB 

cells were transduced with pLibrary.Cas9-packaged lentivirus. Positive cells were selected 

gradually using low levels of puromycin (0.2-0.5ug/mL). These pLibrary.Cas9-expressing Raji-

miR142-clB cells were then used in the screen (Figure 11). Cells were transduced with the 
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sgRNA library. After 6 days of Hygromycin B selection (100ug/mL) followed by 2 days 

recovery, the cells were split into two separate screening arms in technical duplicate; one arm 

treated with Zeocin for 30 days, and one untreated control. As a demonstration that Zeocin-

selected cells were enriched in a sensor-specific manner, GFP was measured by FACS at days 3, 

15, 24, and 30 (Figure 12). Over time, particularly in days 24 and 30, a tail and small population 

of GFP-high cells was observed.  

The cells that survived the screen were subjected to the same library-amplification and 

massively parallel sequencing procedure as for the shRNA screen. As a control for library 

representation in the sample cells, a sample of cells taken just prior to the start of Zeocin 

selection (“Time 0”) was processed and subjected to massively parallel sequencing (Figure 13). 

The library was fairly even, with ~85% of the sgRNAs within one order of magnitude of 

representation. No sgRNAs were particularly over-represented, and fairly few sgRNAs (~15%) 

were under-represented.  

The sequencing results from sgRNA screen were more striking compared to the shRNA 

screen; AGO2 was the top screen hit, with DICER1 ranked 11th (Figure 14). MIR142, the miR-

142 gene, also ranked 3rd. Other genes described as part of the miRNA/RNAi pathway also 

ranked highly, such as FXR1, SKIV2L, and CNOT7. Overall, the results of the screen indicate 

that the CRISPR/Cas9 screen was effective at selecting for genes important to the miRNA/RNAi 

pathway. 

 

Validation of hit genes from CRISPR-Cas9 screen 

To validate some of the strongest-enriched genes from the screen, the three top-enriched 

sgRNAs for selected hit genes from the main Fisher’s exact analysis, in addition to the Mann-
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Whitney analysis (Table 2), were compiled (Table 3) and individually re-cloned into pSgRNA.2. 

These sgRNAs were transduced into Cas9-expressing Raji-miR-142-clB cells, and then diluted 

to a low infection frequency (~4-8%) with non-sgRNA-transduced cells. By subjecting these 

lowly-transduced cell populations to Zeocin selection, many of strongest-enriched sgRNAs 

validated in terms of Zeocin-resistance, including those targeting AGO2, DICER1, MIR142, 

PSME4, FXR1, and SKIV2L (Figure 15). FAM208A targeting trends toward enrichment with 

Zeocin treatment, and also shows enrichment in other experiments (data not shown), 

demonstrating that the editing of this gene likely leads to Zeocin resistance in Raji-miR142-clB 

cells. 

Next, we wanted to observe increased sensor mRNA expression for sgRNAs that 

conferred a Zeocin resistance phenotype. From edited cells treated with Zeocin for 30 days, total 

RNA was extracted and subjected to reverse-transcription followed by quantitative polymerase 

chain reaction (RT-qPCR) (Figure 16). Only editing of AGO2, DICER1, and MIR142 resulted in 

increased expression of the sensor by more than 3-fold, while sensor levels for other edited cells 

were around the levels found in the negative control. However, since these RNA samples came 

from Zeocin-treated cells, we may be seeing a background signal of nonspecific sensor rescue in 

the negative control. To address this, we used the dCas9-KRAB system, since the activity of the 

system across all cells appears to be more uniform (data not shown), allowing us to not use 

Zeocin to amplify the targeted cell population. Total RNA from cells targeted with the dCas9-

KRAB system was subjected to reverse transcription followed by droplet digital PCR (RT-

ddPCR), measuring sensor mRNA (Figure 17). The changes are modest, but significant. The 

changes may be modest due to several reasons. One reason is that Zeocin was not used to select 

for cells with more exacerbated phenotypes. In addition, finding the best sgRNA to target the 
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promoter of a gene is more difficult than simply editing an open reading frame; a gene may have 

several transcription start sites that cannot be simultaneously targeted by one sgRNA. This is 

likely the case with MIR142, which has many possible transcription start sites. Nonetheless, the 

targeting of PSME4, FXR1, and FAM208A, as well as AGO2 and MIR142, rescues sensor mRNA 

expression, suggesting the potential for these genes to affect sensor expression, possibly through 

miRNA/RNAi mechanisms. 

To directly examine regulation of miR-142 expression in Zeocin-resistant cells, total 

RNA from edited cells selected for 30 days with Zeocin was subjected to RT-ddPCR, using a 

probe specific to miR-142-3p. The Zeocin-selected cells transduced with a MIR142 sgRNA had 

miR-142-3p completely ablated (Figure 18a). Since the nuclease-active CRISPR-Cas9 system 

has the unique ability to target non-coding RNAs like miRNAs (compared to shRNAs), this 

result confirms that miRNA sensor expression is sensitive to the levels of miR-142-3p. 

Transduction with AGO2 sgRNA reduced levels of miR-142-3p by about 50%. Interestingly, two 

of the three sgRNAs against FXR1 (FXR1_b and FXR1_c) reduced levels of miR-142-3p 

modestly but significantly, about 25-30%. Unfortunately, this observation of reduction in miR-

142-3p levels could not be reproduced in a repeat of the experiment using similar conditions 

(Figure 18b). This repeated experiment also shows that editing of FAM208A also fails to change 

levels of miR-142-3p. Overall, the only hits that we have shown to reliably affect the expression 

levels of miR-142-3p are core miRNA components. 
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Discussion 

We have executed the first pooled high-throughput screens in human cells examining the 

factors modulating miRNA expression and RNAi activity. This is the first genome-wide RNAi 

screen examining miR-142, and the CRISPR-Cas9 screen is the first for the activity of any 

miRNA. These screens will hopefully be a springboard to further understanding the genetic 

networks affecting miR-142, and a springboard to promoting similar screens for other miRNAs 

highly relevant to various pathologies. 

Performing a pooled shRNA screen for miRNA/RNAi factors is somewhat more difficult 

than a similar screen for other phenotypes like drug resistance, apoptosis, or proliferation, to 

name a few. Several other phenotypes like these can be assayed directly, or the screening 

pressure is directly relevant to the biology of interest. However, miRNA biology cannot be 

directly assayed in live cells; we rely on reporter constructs to act as a proxy for miRNA 

mediated repression and RNAi. As such, screening procedures do not directly measure miRNA 

or siRNA activity. Instead, they measure phenotypes likes fluorescence, surface marker 

expression, or antibiotic resistance. These phenotypes have their own factors that affect them 

directly, which increases the false-positive rate of hit genes toward the indirect biology of 

miRNAs. Nevertheless, the shRNA screen still yielded some of the core components of the 

miRNA biogenesis pathway (Figure 4), giving promise to the hit list produced yielding some 

novel data relevant to miR-142.  

The validation of many of the top enriched genes from the shRNA screen by GFP (Figure 

5) shows that while there are several theoretical ways to produce false-positive genes in the 

screen related to Zeocin resistance or cell proliferation, many of the top enriched shRNAs still 

rescue the activity of the sensor, and make the possibility of these genes being true hits ever 
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greater. However, the utilization of the CRISPR-Cas9 system to confirm these genes as being 

true hits (Figure 8) revealed a nefarious possibility that the screen primarily selected for shRNAs 

that commandeered the RISC pool and pushed out native miRNAs like miR-142, resulting in a 

non-specific rescue of the sensor. While it is possible that some the sgRNAs designed for the 

CRISPR-Cas9 may not have worked at knocking down their targets, the targeting of AGO2 and 

MIR142 (Figure 6b, Figure 7, Figure 8) clearly works to rescue the sensor activity. Given the 

rather robust rescue of sensor expression when genes like PKP4 and NUTF2 are targeted by 

shRNAs, we expect to see some perceivable sensor rescue with the CRISPR-Cas9 system, even 

if the genes are not being targeted in the ideal locations of their open reading frames. It is my 

opinion that the enriched shRNAs for these genes are artifacts that non-specifically reduce the 

activity of native miRNAs. This observation highlights the need to use the CRISPR-Cas9 system 

to assay miRNA/RNAi biology. 

The performance of the CRISPR-Cas9 screen appears to be successful, given the GFP 

rescue observed during the screen (Figure 12), the even representation across the library (Figure 

13), the enrichment of several of the core components of the miRNA machinery (Figure 14), and 

high validation rate by Zeocin of most of the top enriched genes (Figure 15).  

Despite the great performance of the CRISPR-Cas9 screen, and the good validation rate 

of the top enriched genes, the validation of these genes by rescue of the sensor appears to be 

slight, at best (Figure 16, Figure 17). In addition, only manipulation of the core genes AGO2 and 

MIR142 appears to have any robust impact on the expression levels of miR-142 itself (Figure 

18). This calls into question the ability of any of the novel candidate genes to affect the levels of 

miR-142. However, we cannot yet rule out any impacts the editing of these genes have on the 

activity of miR-142. Though the rescues of sensor expression appear to be slight, Zeocin 
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resistance may only require this slight rescue, as we have seen that Zeocin resistance can occur at 

much lower levels of reporter expression than, for example, the expression of GFP required to 

observe by flow cytometry (unpublished observations). Nevertheless, the fact that the top genes 

enriched in the screen validate by Zeocin resistance demonstrates that these hits are not a result 

of random noise, even if the circumstances by which they confer Zeocin resistance may be under 

contention. 

Among the candidate genes that enriched outside of AGO2, MIR142, and DICER1, the #2 

gene is GFP. This may have occurred due to GFP having to separate from ZeoR by 2A-element 

self-cleavage. Even though T2A cleavage is efficient (106), this efficiency may vary between 

cell types. If we presume that fused ZeoR-T2A-GFP fails to work on Zeocin, then edits to GFP 

that result in GFP truncations may rescue the activity of the fused proteins, resulting in higher 

functional ZeoR concentration, thus explaining the enrichment of most GFP sgRNAs in the 

screen. Western blots showing GFP fusions with the ZeoR protein, in addition to testing the 

functionality of ZeoR protein fused with various GFP ORF truncations should adequately test for 

this hypothesis. 

PSME4, the #3 ranked gene, may have enriched in the screen due to its functional 

knockout conferring Zeocin resistance independent of the sensor. Its ortholog in yeast is BLM10, 

the knockout of which sensitizes yeast to bleomycin and phleomycin antibiotics, of which Zeocin 

is a family member (107–109). Additionally, PSME4 is crucial for genomic stability in the face 

of DNA-damaging ionizing radiation (110). So why would ablation of this gene cause a 

resistance phenotype in the screen? This may be due to cells without PSME4 protein only 

exhibiting sensitivity when glutamine is limiting, yet appear somewhat resistant when glutamine 

is supplemented (111). Cell culture conditions during the screen would provide glutamine 
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replenishment every 3 days, explaining the observed resistance phenotype. Testing PSME4-

edited cells vs. wild-type cells for resistance and growth under Zeocin treatment, with differing 

glutamine concentrations, should indicate whether the edited cells are only resistant with excess 

glutamine present. 

Another strongly enriched gene, SKIV2L, may have also acted more directly on the 

sensor through its protein’s role as part of the SKI complex that helps in degrading sliced RNA 

products of RNAi (112). However, I have been unable to observe any rescue of miR-142 sensor 

mRNA expression in quantitative PCR experiments. Future experiments testing a role for 

SKIV2L in the DNA damage response or Zeocin kinetics may reveal novel functions for the 

protein. 

FAM208A represents one of the more interesting screen hits. It has been relatively 

uncharacterized except in two studies to date: one showing that a knockout of the mouse 

Fam208a rescued an epigenetically-repressed GFP transgene (113), and one showing that the 

human protein, renamed TASOR, is part of an epigenetic silencing complex dubbed the human 

silencing hub (HUSH) complex (114). One hypothesis for how FAM208A came up as a hit in my 

screen is that the sensor was at least partially repressed directly or indirectly by the HUSH 

complex, and that editing FAM208A released this repression. FAM208A editing does not appear 

to change miR-142-3p levels, though it does seem to slightly rescue sensor mRNA levels, 

making this model plausible. Alternatively, the sensor-expressing cells may have a second copy 

of the sensor integrated in the genome and epigenetically repressed by the HUSH complex. In 

this model, the editing of FAM208A leads to an activation of the second copy of the sensor. 

Fluorescence in-situ hybridization would reveal the sensor copy number in these cells.  
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Another hypothesis we explored for why FAM208A enriched in the screen involves its 

paralog, FAM208B (also known as C10orf18). TargetScan (115) predictions for miRNA targets 

show FAM208B is strongly predicted to be targeted by miR-142-3p. I hypothesized that editing 

of FAM208A, with subsequent loss of protein, triggered a feedback that resulted in greatly 

increased expression of FAM208B mRNA, which could have sponged away miR-142-3p from 

the sensor enough for a slight sensor rescue. However, FAM208B expression levels in 

FAM208A-edited cells do not appear to be changed, nor does FAM208B appear to be rescued in 

MIR142-edited cells (data not shown), leaving a possible epigenetic role on the sensor transgene 

itself the most likely reason for its enrichment in the screen.  

FXR1 is another one of the more interesting candidates from the screen, as there is 

already some precedent for the role of FXR1P in the biogenesis of at least some miRNAs. It is 

part of a family of three closely related proteins comprising the Fragile X mental retardation 

gene family (FMRP, FXR1P, FXR2 product FXR2P). It was shown that FXR1P associates with 

DICER and promote its processing efficiency of pre-miR-9 and pre-miR-124 (38). The 

Drosophila dFXR, a version of FMRP, has been shown to associate with RISC to promote 

mRNA degradation (116,117). Indeed, all three human proteins can associate with ~22nt small 

RNAs (118). Fragile X proteins also contribute to some of the same genetic networks as miR-

142, making the potential for an interaction between the genes more plausible; they contribute to 

the regulation of the actin cytoskeleton through RAC1 (119) and circadian rhythm (120,121). 

Nonetheless, I have not established FXR1P as contributing to the expression of miR-142 (Figure 

18). However, I have not ruled out the possibility that FXR1P may be affecting miR-142-3p 

activity independent of miR-142 expression. Luciferase assays using 3’UTRs for validated miR-

142 targets may indicate if general miR-142 activity is affected in FXR1-edited cells.  
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It is also possible that FXR1 could have enriched in the screens through a DNA-damage-

dependent mechanism. FMRP was recently established as a factor in the DNA-damage response 

to genomic stress and single-strand DNA breaks (122), so one plausible explanation is that 

FXR1P acts in a similar manner on the double-strand DNA breaks induced by Zeocin. 

Preliminary Western blots examining the phosphorylation of H2A.X, an indicator for activation 

of the DNA-damage response, suggest this is not the case, but still remains a current focus.  
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Methods 

Lentiviral vectors  

Several vectors were used in this study, and fully annotated sequences are available upon 

request. The parent vector for all vectors used is the pSicoR lentiviral vector (Jacks Lab, MIT). 

Schematics for the relevant cassettes are detailed in Table 1. 

Vector pSensor.miR142 expresses a reporter cassette for miR-142-3p activity. It contains 

a CMV promoter driving expression of the Sh ble gene for resistance to Zeocin, a T2A ribosomal 

skipping peptide, and EGFP. In the 3’UTR of the cassette are four perfect binding sites for miR-

142-3p, separated by four nucleotides each, cloned using BsrGI and EcoRI sites.  

MP177 was used for the human whole-genome shRNA library. The library was cloned as 

previously described (82,93).  

Several Cas9-expressing vectors were used in this study. The vector used in the library 

screen is pLibrary.Cas9, which has a short EF1α promoter driving a puromycin resistance gene 

(Puro), T2A peptide, mCherry, a second T2A peptide, and a human codon optimized nuclease-

active Cas9 from S. pyogenes, derived from the AddGene vector #41815, and mutated at one 

base to ablate an AarI site. One vector used in post-screen validation assays is pCas9.Blast, 

which is similar to pLibrary.Cas9, except it has a Blasticidin resistance marker in place of Puro, 

and blue fluorescent protein (BFP) in place of mCherry. A second vector used in the post-screen 

validation assays is pCas9.HP, which contains an SFFV promoter driving expression of 

nuclease-active Cas9, a T2A peptide, and BFP. pCas9.HP was a kind gift from Haopeng Wang 

and Art Weiss at UCSF. A third vector, pDCas9.KRAB, contains a nuclease-dead Cas9 (dCas9) 

fused to BFP and a KRAB domain. pDCas9.KRAB was a kind gift from Luke Gilbert and 

Jonathan Weissman at UCSF. 
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Several single-guide RNA (sgRNA) expressing vectors were used in this study. The 

vector used in the library screen is pSgRNA.1, which has a U6 promoter driving the expression 

of the sgRNA, with the sequence of the tracrRNA portion of the sgRNA derived elsewhere (84). 

pSgRNA.1 also has a reporter, with short EF1α promoter driving expression of a Hygromycin B 

resistance gene, a T2A peptide, and a tailless mouse CD4. The U6 promoter is derived from 

MP177 (93), with one base mutated to introduce an AvrII site. The sgRNA cassette contained a 

~1kb ‘stuffer’ sequence in place of the CRISPR sequence to facilitate cloning of the sgRNA 

library and individual sgRNAs upon digestion with AarI (see Generation of focused CRISPR-

Cas9 library and vectors for post-screen validation). pSgRNA.2 is similar to pSgRNA.1, except 

it uses a full-length EF1α promoter, an mCherry fluorescent marker, and a modified tracrRNA 

(123). 

 

Lentivirus production 

 Lentivirus production was performed by the UCSF Viracore <http://viracore.ucsf.edu> 

using standard transfection procedures. 

 

Cell culture 

Raji B cells were cultured in RPMI-1640 media supplemented with 10% FBS, glutamine, 

and penicillin/streptomycin. 

 

Generation and validation of Raji miRNA sensor cell lines 

Two miR-142 sensor cell lines, Raji-miR142-clA and Raji-miR142-clB, were established 

by packaging pSensor.miR142 into lentivirus and transducing into Raji cells. Single-cell sorts 
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were made to generate clones. The cell lines were validated by lentiviral transduction of an 

shRNA against AGO2, and observing an increase in GFP after 7 days by flow cytometry. 

 

Genome-wide shRNA screen in Raji miRNA sensor cells 

 The genome-wide shRNA library, cloned into MP177, was transduced into Raji-miR142-

clA cells at ~44-fold coverage. Cells were selected 3 days post-transduction with 0.5µg/mL for 4 

days. 7 days post-transduction, cells were either left not treated, or treated with 400ug/mL 

Zeocin. Each sample was passaged every 2-3 days in Zeocin-containing media, or drug-free 

media, in 4 15cm plates each with volumes between 160-200mL. Samples were measured for 

GFP expression by flow cytometry after each passage. 13 days into the Zeocin-treatment, ~50 

million cells from each sample were lysed. Phenol-chloroform extraction was used to purify the 

DNA. The incorporated libraries for each sample were amplified with Phusion polymerase using 

primers that incorporated Illumina 5’ and 3’ adaptors, and the libraries were deep-sequenced for 

50 nucleotides on an Illumina flow cell using the sequencing primer used before (82). 

 

Validation of genes from shRNA library 

 Selected shRNAs were individually recloned in array format and packaged in lentivirus. 

Raji-miR142-clB cells were transduced, selected for shRNA expression by puromycin, and 

measured for GFP expression 14 days post-transduction. 

 

Validation of CRISPR-Cas9 system 

 A version of pLibrary.Cas9 with an upstream U6 cassette from pSgRNA.1 and a long 

EF1α promoter was cloned with spacer sequence T1GFP or NT for a negative control. 
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Constructs were packaged in lentivirus and transduced into 293T cells that highly express GFP. 

The cells were selected with puromycin to enrich for transduced cells. Cells were measured for 

GFP expression 9 days post-transduction. To validate the system’s function in Raji-miR142-clB 

cells, pLibrary.Cas9 was transduced by lentivirus into cells and selected for with puromycin. 

pSgRNA.1 with sgRNAs targeting AGO2 or MIR142 were then transduced into the cells, and 

after 3 days were selected with 100ug/mL Hygromycin B for 6 days. 11 days post-transduction, 

the cells were either treated with 200ug/mL Zeocin for 15 days or untreated. Cells were 

measured for GFP by flow cytometry after the 15-day treatment. 

 

Tiling miR-142 locus with CRISPR-Cas9 system 

 All possible sgRNAs targeting miR-142 ~120bp upstream of the hairpin to ~200bp 

downstream of the hairpin (57 sgRNAs) were cloned into pSgRNA.1, packaged in lentivirus, 

transduced into pLibrary.Cas9-expressing Raji-miR142-clB cells in a 96-well plate, and selected 

with Hygromycin B. 11 days post-transduction, cells were measured for GFP expression by flow 

cytometry. 

 

Validation of shRNA hit genes using CRISPR-Cas9 system 

 3 sgRNAs per gene were individually cloned into pSgRNA.2, packaged in lentivirus, and 

transduced into pCas9.HP-expressing Raji-miR-142-clB cells. Cells were selected with 

puromycin at 3 days post-transduction. Cells were measured for GFP expression by flow 

cytometry 22 days post-transduction. 
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FAM172A rescue 

 Three different ORFs (without UTRs to make them immune to shRNA targeting) for 

FAM172A were cloned into lentiviral vectors (MP633, MP678, and MP679, sequences available 

upon request), and transduced into Raji-miR142-clB cells. Cells were selected with Hygromycin 

B for 11 days at 5 days post-transduction. 4 shRNAs against FAM172A (#2851, #2868, #3880, 

#4059, sequences available upon request), 1 shRNA against AGO2, and 1 shRNA against LacZ 

were then transduced in the cDNA-expressing cells. Cells were measured for GFP expression by 

flow cytometry 5 days after shRNA transduction. 

 

Generation of focused CRISPR-Cas9 library 

 A ~12,500 element sgRNA library was designed and ordered for synthesis on a 

CustomArray 12K chip. Lyophilized oligonucleotides were received, amplified with Phusion 

polymerase, digested with AvrII and AarI, PAGE-purified, and cloned into AvrII/AarI-cut 

pSgRNA.1. 4.5ng of the library was ligated to ~100ng of the vector with T4 DNA ligase, 

transformed into ElectroMAX competent cells. The cells were recovered for 1 hour in 1mL SOC 

media and plated on large ~500cm2 LB-agar plates with 100ug/mL ampicillin. The plates were 

incubated overnight, and all colonies were scraped from the agar surface. An estimated 3 million 

colonies were isolated for a theoretical 243-fold coverage of the library. The colonies were 

maxiprepped en masse using Nucleobond Plasmid Maxi Plus Kit (Macherey Nagel). Sample 

colonies were sequenced, and the library was determined to have a 71% perfect-sequence rate. 
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Focused sgRNA screen in Raji miRNA sensor cells 

 pLibrary.Cas9 was transduced by lentivirus into cells and selected for with puromycin. 

pSgRNA.1 with the sgRNA library was then transduced into the cells at an estimated ~200-fold 

coverage. 3 days post-transduction, cells were selected with 100ug/mL Hygromycin B for 6 

days. 11 days post-transduction, the cells were divided into four replicates, and two of each were 

either treated with 200ug/mL Zeocin for 15 days or untreated. The selection pressure was 

increased to 400ug/mL Zeocin for another 15 days, for a total of 30 days Zeocin treatment. At 

least 3000-fold coverage was maintained for each replicate sample at all times. Cells were 

measured for GFP by flow cytometry after each passage. An excess amount of cells (at least 2-

fold in excess of 3000-fold coverage) were saved just prior to each passage to be collected and 

frozen down for genomic DNA. Frozen cell samples from the day Zeocin-selection started (day 

0) and the end of the screen for all samples (day 30), were processed using the Qiagen Blood and 

Cell Culture DNA Maxi Kit. DNA was digested overnight with PstI-HF to liberate the sgRNA 

library from the genomic DNA, and the genomic DNA was run on a 1% agarose gel. Bands were 

cut in the expected range for the liberated library bands, and DNA was gel extracted. Each 

library sample was amplified using one of the 7 sets of indexed Illumina adaptor primers (Table 

4). Samples were deep-sequenced for 50 nucleotides using an Illumina HiSeq 2000 platform, 

using the sequencing and Truseq index primers also listed in Table 4. Reads were segregated by 

index and downloaded. 

 

Deep-sequencing analysis 

 For the shRNA screen, the sequencing reads were aligned to the shRNA library index 

using Novoalign, and assigned to their cognate genes using Python scripts. Genes were ranked 
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by number of shRNAs enriched in Zeocin treated cells, followed by the magnitude of the fold-

enrichment. 

 For the sgRNA screen, the sequencing reads were aligned to the sgRNA library index 

using Novoalign, and assigned to their cognate genes using Python scripts. Fold-changes for 

sgRNAs between Zeocin-treated cells after 30 days and untreated cells at the same timepoint was 

determined using DESeq (124). Genes were ranked off of unadjusted P-value determined by 

Fisher’s exact test for sgRNAs above or below the 95th percentile of enrichment. An alternative 

analysis used to identify some of the genes selected for validation was a Mann-Whitney rank 

sum test, where enriched genes were ranked by unadjusted P-value. 

 

Zeocin validation of top enriched genes from sgRNA screen 

 Genes and sgRNAs selected for validation are listed in Table 3. The selected sgRNAs 

were re-ordered and cloned in arrayed format into pSgRNA.2, and then packaged in lentivirus. 

The sgRNAs were transduced in pCas9.Blast-expressing Raji-miR142-clB cells in 96-well 

plates, and briefly selected with low puromycin (0.1ug/mL) to help maintain some infection, but 

infection rate was intentionally kept low (~5-7% infection rate). Plates were expanded to 4 

replicates, and 10 days post-transduction, two replicates each were either treated with 200ug/mL 

Zeocin, or untreated. Selection was increased to 400ug/mL after 18 days. Plates were measured 

for infection rate by mCherry fluorescence on a BD FACSarray 96-well flow cytometer at days 

31 and 32 of Zeocin treatment. Afterwards, cell pellets were flash frozen. The pellets were later 

lysed with TRIzol, and RNA was extracted using the Qiagen miRNeasy Mini Kit.  



	   35 

 A repeat of this experiment was performed using similar parameters with pCas9.HP-

expressing Raji-miR142-clB cells. Afterwards, cell pellets were flash frozen. The pellets were 

later lysed with TRIzol, and RNA was extracted using the Qiagen miRNeasy Mini Kit. 

 

dCas9-KRAB knockdown of selected genes 

 Selected dCas9-KRAB compatible sgRNAs were cloned into pSgRNA.2 and packaged 

into lentivirus. These sgRNAs were transduced into pDCas9.KRAB-expressing Raji-miR142-clB 

cells, and selected with puromycin. 14 days post-transduction, cell pellets were flash frozen. The 

pellets were later lysed with TRIzol, and RNA was extracted using the Qiagen miRNeasy Mini 

Kit.  

 

qPCR and ddPCR 

 For droplet digital PCR (ddPCR) experiments measuring miR-142-3p expression, ~1-

10ng of RNA sample was subjected to reverse transcription using miR-142-3p and HRPT1 RT 

primers. Reverse transcription was performed using the Multiscribe RT Kit, following 

manufacturer’s protocol. The cDNA was then subjected to ddPCR on the Bio-Rad QX100 using 

using 20X FAM-labeled miR-142-3p and VIC-labeled RNU48 commercial Taqman assays from 

Applied Biosystems, following the Bio-Rad protocol for droplet generation, PCR, and droplet 

reading on the QX100. 

 For ddPCR experiments measuring sensor mRNA expression, ~300-500ng of RNA 

sample was subjected to reverse transcription using oligodT(20) primer and Superscript III. The 

cDNA was then diluted 1:4 and subjected to ddPCR on the Bio-Rad QX100 using using 20X 

FAM-labeled custom GFP probe and primer set (5’ primer: ACGACGGCAACTACAAGACC, 
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3’ primer: GTCCTCCTTGAAGTCGATGC, Probe: 

/56AM/CTGGTGAACCGCATCGAGCTGA/3IABkFQ/) and VIC-labeled HPRT1 commercial 

Taqman assays from Applied Biosystems, following the Bio-Rad protocol for droplet generation, 

PCR, and droplet reading on the QX100. 

 For qPCR experiments measuring sensor mRNA expression, ~60-90ng of RNA was 

subjected to RT-qPCR using the Taqman RNA-to-Ct kit, following manufacturer’s 

specifications. The custom FAM-labeled GFP primer and probe set was used to measure the 

sensor, and the VIC-labeled HPRT1 commercial kit was used as control. 
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Figure 1. AGO2 shRNA-dependent shift of miR-142 sensor expression.  

shRNAs targeting either LacZ or AGO2 were infected in Raji cells expressing pSensor.miR142. 
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Figure 2. Schematic of genome-wide shRNA screen in sensor cells.  

Raji-miR142-clA cells were infected with an EXPAND whole-genome shRNA library with a 

complexity of ~600,000 shRNAs. After puro selection and recovery, the library-infected cells 

were either treated with 400ug/mL Zeocin, or not treated. Cells were under culture for 13 days 

during Zeocin treatment, and then frozen at -80C for subsequent PCR amplification of the library 

from the genomic DNA and deep-sequencing. 
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Figure 3. Performance of genome-wide shRNA screen.  

Flow cytometry analysis of GFP levels during the screen. Note the increase in GFP levels across 

the Zeocin-selected population between day 3 and day 13. 
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Figure 4. Analysis of top genes associated with enriched shRNAs. 

Deep-sequencing results of the library samples were analyzed by the weighted Z-method (125) 

and ranked according to an adjusted P-value. 
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Figure 5. GFP validation of enriched shRNAs in sensor cells. 

Raji-miR142-clB cells were infected with enriched shRNAs against a variety of hit genes. 14 

days post-infection, the cells were analyzed by flow cytometry for GFP. GFP enrichments are 

calculated as fold-enrichments of GFP geometric mean fluorescence intensity in shRNA-infected 

cells vs. uninfected cells in the same wells. Error bars are standard deviation of two independent 

experiments. MFI = geometric mean fluorescence intensity. * = p<0.05 Fisher’s Least 

Significant Difference (LSD). 
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Figure 6. AGO2 and MIR142 sgRNA-dependent shift of miR-142 sensor expression. 

(a) A combined vector expressing both nuclease-active Cas9 and sgRNAs targeting (T1GFP) or 

not targeting (NT) GFP was infected into GFP+ 293T cells, demonstrating the function of Cas9. 

(b) Using pLibrary.Cas9 in combination with pSgRNA.1 with sgRNAs against AGO2 and 

MIR142 to demonstrate both the CRISPR-Cas9 system functionality in Raji cells expressing 

pSensor.miR142 and the sensor functionality at specifically measuring miR-142-3p activity. 
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Figure 7. Efficacy of CRISPR-Cas9 system on miR-142 locus.  

All possible sgRNAs targeting the stem-loop and surrounding context of MIR142 on 

Chromosome 17 were infected in pLibrary.Cas9-expressing Raji-miR142-clB cells, then 

analyzed by flow cytometry for GFP rescue. Points representing the sgRNAs are shown at the 

predicted Cas9 nuclease sites. Points in blue directly target the basal portion of the hairpin stem; 

points in red directly target either miR-142-5p or miR-142-3p sequence; points in green target 

the loop of the hairpin. Y-axis is the % of cells infected with the sgRNAs that reached into the 

GFP+ gate, indicating functional editing of MIR142. 
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Figure 8. SgRNAs targeting hit genes from shRNA screen do not recapitulate GFP 

phenotypes of shRNAs. GFP expression of pCas9.HP-expressing Raji-miR142-clB cells when 

targeted by sgRNAs against the specified genes. Error bars are standard deviation across two 

biological replicates. MFI = geometric mean fluorescence intensity. 
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Figure 9. Rescue experiment for miR-142-3p activity after FAM172A knockdown. 

cDNAs for three predicted isoforms of FAM172A were transduced by lentivirus to Raji-miR142-

clB cells. The cDNAs lacked the target sites for shRNAs against FAM172A, making them 

resistanct to knockdown. Afterwards, 2 shRNAs against FAM172A and 1 shRNA against LacZ 

were transduced into cells. Flow cytometry analysis of GFP expression was performed 5 days 

post-infection of shRNAs. 
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Figure 10. Cloning strategy and design for nuclease-active CRISPR-Cas9 sgRNA library. 

(a) Schematic for DNA oligonucleotides used to clone sgRNA library into pSgRNA.1. Library 

oligonucleotides were PCR amplified from the primer binding sites (PBS1 and PBS2), then 

digested with AarI and NheI (which leaves the same sticky end as the AvrII site on pSgRNA.1) 

and ligated to the vector. The 6nt barcode lies on the end of the U6 promoter. (b) Design of 20nt 

protospacers. Sites targeting the coding regions of Refseq transcripts, as determined by the 

presence of the PAM (NGG) are checked against off-targeting against all other potential sites. If 

the 11nt seed region adjacent to the PAM is not a perfect match, the site is not considered an off-

target. If the seed is perfect, and there are less than 7 mismatches in the remaining 9nt region, 

then the site is considered an off-target and the protospacer is rejected. Of all protospacers that 

pass QC, the 12 earliest protospacers on the ORFs of each transcript are selected for the library. 
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Figure 11. Schematic of nuclease-active CRISPR-Cas9 sgRNA screen. 

pLibrary.Cas9-expressing Raji-miR142-clB cells were transduced with a library with a 

complexity of ~12,500 sgRNAs targeting a focused set of 893 genes. After Hygro selection, the 

library-infected cells were treated with 200ug/mL Zeocin for 15 days, followed by 400ug/mL 

Zeocin for another 15 days, or not treated. Cells were under culture for a total of 30 days during 

Zeocin treatment, and then frozen at -80C for subsequent PCR amplification of the library from 

the genomic DNA and deep-sequencing. 
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Figure 12. Performance of nuclease-active CRISPR-Cas9 sgRNA screen. 

Samples from the Zeocin-selected cells during the sgRNA screen were analyzed by flow 

cytometry for GFP expression as a measure of sensor rescue. 
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Figure 13. Representation of sgRNAs across pooled library. 

Perfectly-aligned read counts for the “Time 0” sample transduced with the pooled sgRNA 

library. The X-axis represents each sgRNA in the library, sorted by read count. 
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Figure 14. Analysis of top genes associated with enriched sgRNAs. 

Massively parallel sequencing results of the library samples were analyzed by Fisher’s exact test 

and ranked according to unadjusted P-value. 
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Figure 15. Validation of CRISPR-Cas9 sgRNA screen hits by Zeocin.  

pCas9.Blast-expressing Raji-miR142-clB cells were infected with sgRNAs cloned in pSgRNA.2 

at a low level of infection (less than 10%) and selected with Zeocin over a course of 31 days. 

Fold-enrichment is the proportion of mCherry+ cells from Zeocin-treated plates to untreated 

plates. Error bars are standard error of the mean for two biological replicates. Error bars are 

standard error of the mean of two biological replicates. * = p<0.05 Fisher’s LSD. 
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Figure 16. Changes in sensor mRNA in sensor cells with sgRNAs against screen hit genes. 

ddPCR to measure miR-142 sensor mRNA in pCas9.HP-expressing, sgRNA-expressing Raji-

miR142-clB cells with 30 days Zeocin treatment. Sensor mRNA (using a GFP primer and probe 

set) levels normalized to HPRT1 are compared to levels in uninfected cells, which are set at 1 

and marked with a red dashed line. Error bars are standard error of the mean of three biological 

replicates. 
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Figure 17. Changes in sensor mRNA in sensor cells with dCas9-KRAB sgRNAs against 

screen hit genes. Rescue of GFP expression in pDCas9.KRAB-expressing, sgRNA-expressing 

Raji-miR142-clB cells. Sensor mRNA (using a GFP primer and probe set) levels normalized to 

HPRT1 are compared to levels in negative-control sgRNA-infected cells. Error bars are standard 

deviation of two biological replicates. * = p<0.05 Fisher’s LSD. 
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Figure 18. Changes in miR-142-3p expression in cells with sgRNAs against hit genes from 

CRISPR-Cas9 screen. (a) ddPCR to measure miR-142-3p in pCas9.Blast-expressing, sgRNA-

expressing Raji-miR142-clB cells with Zeocin treatment. miR-142-3p levels normalized to 

RNU48 are compared to levels in negative-control sgRNA-infected cells. (b) The experiment 

was repeated under similar conditions (the Cas9 vector used was pCas9.HP) in an attempt to 

reproduce the apparent lower levels of miR-142-3p in FXR1-edited cells. Error bars are standard 

deviation of two biological replicates. * = p<0.05 Fisher’s LSD. 
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Table 2. Top 50 genes by significance of sgRNA enrichment (Mann-Whitney rank sum 

test). 

Gene	   Z	  score	  
P-‐value	  
(unadjusted)	  

AGO2 6.475210372	   9.47E-‐11*	  
EGFP 5.883202697	   4.02E-‐09*	  
PSME4 5.094672914	   3.49E-‐07*	  
TP53 4.408566073	   1.04E-‐05*	  
ANKRD28 4.067845669	   4.74E-‐05*	  
ADARB1 3.221238855	   0.001276377	  
FXR1 3.133906489	   0.001724958	  
BAP1	   3.04366171	   0.002337178	  
SRSF9	   2.915586238	   0.00355021	  
MIR142 2.828539585	   0.004676092	  
GRSF1	   2.736569975	   0.006208339	  
YAP1 2.73159316	   0.006302892	  
UPF3A	   2.708330394	   0.006762267	  
HNRNPF	   2.637524371	   0.008351362	  
FAM208A	   2.585100497	   0.009735062	  
TNRC6A 2.584419853	   0.009754297	  
SLC26A7	   2.51097427	   0.012039847	  
MYO1B	   2.510465498	   0.01205721	  
DDX23	   2.465566885	   0.013679663	  
PSPC1	   2.455451739	   0.014070764	  
ESR1 2.35935785	   0.018306593	  
SIK2	   2.354947433	   0.018525326	  
SEPW1	   2.306073434	   0.021106529	  
NEGR1	   2.251811049	   0.024334215	  
MS4A2	   2.22786095	   0.025889789	  
HNRNPA0	   2.210159444	   0.027094099	  
TRIM71 2.200044298	   0.027803752	  
DICER1 2.176999366	   0.029480615	  
MYO6	   2.168886675	   0.030091289	  
NEDD4L	   2.147120987	   0.031783651	  
CNOT4	   2.14338562	   0.032082147	  
ZNF536	   2.134295848	   0.032818571	  
CBL	   2.107791276	   0.035049048	  
SKIV2L	   2.098892836	   0.035826349	  
DDX39A	   2.098892836	   0.035826349	  
PPRC1	   2.095784212	   0.036101338	  
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HDC	   2.091306476	   0.0365006	  
LHX6	   2.087054383	   0.036883219	  
SLC30A1	   2.068547397	   0.038588579	  
CD80	   2.06404994	   0.039012982	  
ENDOD1	   2.063489824	   0.039066114	  
PSMA6	   2.053374678	   0.040036253	  
HNRNPL	   2.036891355	   0.041660931	  
CD3E	   2.025710781	   0.042794431	  
MPHOSPH8	   2.012914093	   0.044123668	  
ATXN7L3	   2.010385307	   0.044390424	  
CD19	   1.998119449	   0.045703712	  
SRSF2	   1.997936873	   0.045723504	  
LYPLA1	   1.987424696	   0.046875353	  
*-‐	  significant	  by	  FWER	  p<0.05	  
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Table 3. List of genes and enriched sgRNAs selected from sgRNA screen for validation. 

Gene	   Sequence	  Name	   Sequence	  
ABHD5	   ABHD5_005__00026	   AAAAGCATAGACAGGTCTGT	  
ABHD5	   ABHD5_007__00028	   AATAGGTCAAAAGCATAGAC	  
ADARB1	   ADARB1_008__00192	   GGCTCTCAGCTCTCCAATGG	  
ADARB1	   ADARB1_009__00193	   GGGCTCTCAGCTCTCCAATG	  
ADARB1	   ADARB1_017__00201	   GCCATGCAGAAATAATATCT	  
AGO1	   AGO1_003__00259	   CCACCTCAAAGTAATTGGCC	  
AGO1	   AGO1_007__00263	   GGCCTGGCATTGGCACTGTG	  
AGO2	   AGO2_001__00269	   AAGGCATATCCTTGGATGGG	  
AGO2	   AGO2_013__03012	   GTGCCTTGGATCCTCGCAGG	  
AGO2	   AGO2_016__03015	   GTACATGGTGGCGCCGCCGA	  
AGO2	   AGO2_04_ctrl	   AGGTCCCAAAGTCGGGTCT	  
ANKRD28	   ANKRD28_011__00440	   CTGGTGCAAGCTATATTTAA	  
ANKRD28	   ANKRD28_021__00450	   ATCCATTGGGCAGCATATAT	  
ANKRD28	   ANKRD28_024__00453	   TATCCATTGGGCAGCATATA	  
ATXN7L3	   ATXN7L3_008__00668	   CTACTTCTTCTTGGACGACA	  
ATXN7L3	   ATXN7L3_009__00669	   GATATACGCGGACCTGGTCG	  
ATXN7L3	   ATXN7L3_011__00671	   ATGGAGGAAATGTCTTTGTC	  
AVPR1A	   AVPR1A_007__00679	   CGTTGCGCACGTCCCTCGGT	  
AVPR1A	   AVPR1A_009__00681	   GGGCAACAGCAGCGTACTGC	  
BAP1	   BAP1_002__00686	   CAAGGTAGAGACCTTTCGCC	  
BAP1	   BAP1_006__00690	   TAGAGACCTTTCGCCGGGAC	  
BAP1	   BAP1_009__00693	   CGACCTTCAGAGCAAATGTC	  
CDKL4	   CDKL4_010__01277	   AGACTGGAGAAGGGTCTTAT	  
CDKL4	   CDKL4_011__01278	   GACTGGAGAAGGGTCTTATG	  
CTTNBP2	   CTTNBP2_008__01845	   CCCGCAGGGCCTCGATGACA	  
CTTNBP2	   CTTNBP2_012__01849	   TGCTCCTCAGCGTGATGGAA	  
DCP1B	   DCP1B_010__01919	   TCCACGATGCGGTTGATATA	  
DCP1B	   DCP1B_012__01921	   TGCGGTTGATATAGGGGTCG	  
DDX19B	   DDX19B_002__02015	   ACCGCCGCAGGGCGCGATCT	  
DDX19B	   DDX19B_016__02029	   CGCCAGGGCCCATGAGTCAG	  
DDX21	   DDX21_008__02053	   CAAAAAAGTGACAAAAAATG	  
DDX21	   DDX21_013__02058	   ACTCCGTAGTGACGCTGGTT	  
DDX23	   DDX23_002__02063	   AGGAGGAAAGGAAGCGATCA	  
DDX23	   DDX23_005__02066	   CCGCTTTCTATCTTTAGATG	  
DDX23	   DDX23_006__02067	   CCTTGGAAGGTGATGCATCA	  
DDX24	   DDX24_004__02077	   AGTAAAAATGTAGCAACTGA	  
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DDX24	   DDX24_006__02079	   CTGTGGCAAATTTCAGACAA	  
DDX24	   DDX24_008__02081	   GGATGACTTGGTGTGCTTTG	  
DDX39A	   DDX39A_001__02146	   CCAGCATGAGTGCATTCCCC	  
DDX39A	   DDX39A_007__02152	   CCCTTGATGTCTTTCTTAGG	  
DDX39A	   DDX39A_011__02156	   TCCCCCTAAGAAAGACATCA	  
DDX54	   DDX54_002__02354	   CGTCCTCCGAGTCGCTGCCG	  
DDX54	   DDX54_012__02364	   TCCGAGGTGCATTCCGAGGT	  
DICER1	   DICER1_003__02657	   GACCAGGTTCCACGAAACGA	  
DICER1	   DICER1_004__02658	   GTGTTGAGGCCTGACGATGG	  
DICER1	   DICER1_01_ctrl	   AAATACCTACCTGAGGTAT	  
DICER1	   DICER1_015__02669	   ACCCCTGCTTCCTCACCAAT	  
DNM3	   DNM3_001__02760	   GGACTTTCTCCCTCGAGGGT	  
DNM3	   DNM3_012__02771	   TCCTGCAGACGGTTCACCAG	  
DROSHA	   DROSHA_006__02813	   GGTCGTGGAGGGAGAAAATT	  
DROSHA	   DROSHA_010__02817	   TCATATTGATATTGCACAGG	  
DROSHA	   DROSHA_012__02819	   TGTCGTTCCACCCGGGACGA	  
DUS4L	   DUS4L_001__02832	   AGCGTCGCTGTAGCTGGCCT	  
DUS4L	   DUS4L_006__02837	   GGGATTCTGCGTCACCACCT	  
DUS4L	   DUS4L_012__02843	   GCAGCAAACTGAACAATCAA	  
DYNLT3	   DYNLT3_010__02873	   TTAACACACCTGGTTAAGTT	  
DYNLT3	   DYNLT3_011__02874	   AGCCCACAATATTGTCAAAG	  
DYNLT3	   DYNLT3_012__02875	   GTACCATCGCCACTGCGACG	  
ESR1	   ESR1_003__03290	   CTTGAGCTGCGGACGGTTCA	  
ESR1	   ESR1_004__03291	   GCCCTCGGGGTAGTTGTACA	  
ESR1	   ESR1_006__03293	   TCAGATCCAAGGGAACGAGC	  
FAM208A	   FAM208A_001__03483	   AGCATGTAGGACTCGAGACT	  
FAM208A	   FAM208A_010__03492	   CCTTATAAAACAGTGCTGGA	  
FAM208A	   FAM208A_018__03500	   ATCTGAAAACTCCTCCTAAC	  
FAM35A	   FAM35A_005__03535	   CTTCCCAACATCGTATATAC	  
FAM35A	   FAM35A_008__03538	   ATTGGTTCTCCAGATCTTAG	  
FCHSD1	   FCHSD1_006__03635	   TCCGCCCTGTACCCCCTGCT	  
FCHSD1	   FCHSD1_008__03637	   GCCCATTCCTGAAGAGGGAA	  
FCHSD1	   FCHSD1_012__03641	   GCAGCCATTGAACGGGAGTA	  
FKTN	   FKTN_002__03667	   TTGGATTTGATAGCACACAG	  
FKTN	   FKTN_009__03674	   TTTCGGATAGCTGAGAATAT	  
FXR1	   FXR1_010__03727	   GAGCTGACGGTGGAGGTTCG	  
FXR1	   FXR1_011__03728	   GGAGGTTCGCGGCTCTAACG	  
FXR1	   FXR1_018__03735	   GGTGGTGGTTGGCTAAAGTT	  
GRSF1	   GRSF1_008__03939	   GCCGCTGGCTCTATCCCGTC	  
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GRSF1	   GRSF1_012__03943	   TTCGTTTCCCATCTCTGTTT	  
GRSF1	   GRSF1_019__03950	   GTCTTTCTCATTCGAGCTCA	  
GTF2IRD2	   GTF2IRD2_004__03977	   GAAATGGAATTACCAATGGA	  
GTF2IRD2	   GTF2IRD2_008__03981	   CGTGTCTGCCCTCGAATCCA	  
HNRNPA0	   HNRNPA0_004__04126	   AGCAACGGGAGCGCTTGGTC	  
HNRNPA0	   HNRNPA0_009__04131	   CGCCTCCTCCACATTGGAGT	  
HNRNPA0	   HNRNPA0_012__04134	   GTGTTGCCGTCCACGGCATG	  
HNRNPF	   HNRNPF_007__04233	   CCATTTCATCTACACTAGAG	  
HNRNPF	   HNRNPF_009__04235	   CCTCTCTAGTGTAGATGAAA	  
HNRNPF	   HNRNPF_010__04236	   CTGACTGCACGATTCATGAT	  
IGF2BP3	   IGF2BP3_005__04563	   GAAGACTGGCTACGCGTTCG	  
IGF2BP3	   IGF2BP3_012__04570	   TTGAGGGCCCAGCTCTCGTC	  
IPCEF1	   IPCEF1_003__04639	   GCTCTTTCCACAGTGAAATC	  
IPCEF1	   IPCEF1_008__04644	   GAAGTTTCCTAAGCAACAAA	  
IPCEF1	   IPCEF1_010__04646	   GTACTGGTATAGCAATCAAA	  
KIAA1217	   KIAA1217_002__04872	   ACCAAGGAACGCCTTTCTAA	  
KIAA1217	   KIAA1217_015__04885	   TTCTGTCTGCTGAGTAAGGA	  
KIAA1217	   KIAA1217_026__04896	   TTGAGGACTGTGAGACAGTT	  
KIAA1407	   KIAA1407_005__04902	   TTTGAGAAGGACCTTCCCTG	  
KIAA1407	   KIAA1407_011__04908	   ACACTGTCAGGACCAAAAGT	  
KIAA1586	   KIAA1586_006__04939	   ATGTCCATGTGTCCAAGGAA	  
KIAA1586	   KIAA1586_007__04940	   CCTAAAATGCCAAAACGACA	  
KIAA1586	   KIAA1586_011__04944	   TGTTCAGCAGTTCGGCATTT	  
KRT73	   KRT73_004__05047	   CAGTCGGAGCCTTTACAGCC	  
KRT73	   KRT73_006__05049	   CGCCAATTCACCTACAAGTC	  
KRT73	   KRT73_008__05051	   CTCCCGACTTGTAGGTGAAT	  
LHX6	   LHX6_001__05194	   AGCGCTGAGAATCCCGACGC	  
LHX6	   LHX6_012__05205	   GGAACGGCCTCACGTTGGAG	  
LHX6	   LHX6_018__05211	   CATGATTGAGAACCTCAAGA	  
LYPLA1	   LYPLA1_005__05351	   CAGTTTCTGCTGTGTGGTAA	  
LYPLA1	   LYPLA1_008__05354	   GTGTCACTGCACTCAGTTGC	  
LYPLA1	   LYPLA1_015__05361	   CTTCCGGGCGGCGGGCACGA	  
MIR142	   hsa-‐mir-‐142_002__04409	   GCACTACTAACAGCACTGGA	  
MIR142	   hsa-‐mir-‐142_003__04410	   AGCACTACTAACAGCACTGG	  
MIR142	   hsa-‐mir-‐142_005__04412	   AGTACACTCATCCATAAAGT	  
MIR142	   hsa-‐mir-‐142_005_6-‐ctrl	   AGTACACTCATCCATAAAGT	  
MPHOSPH8	   MPHOSPH8_002__05646	   ATACATCGGATGATGATACC	  
MPHOSPH8	   MPHOSPH8_003__05647	   CAGTCCTCCAGGTGAATCTC	  
MPHOSPH8	   MPHOSPH8_010__05654	   GGAGGCCTTTGGCGACAGTG	  
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MPP7	   MPP7_005__05661	   TCTCTGATCTCACTGTTTAA	  
MPP7	   MPP7_008__05664	   ACCTTCCTCTGGGATATGTT	  
MRPS5	   MRPS5_007__05747	   TGCACGGCTCAAGCTGGCGT	  
MRPS5	   MRPS5_011__05751	   TGCCGTCCCGCTACACAGCA	  
MS4A2	   MS4A2_001__05753	   ACTGTCAGCCATGTATGCAG	  
MS4A2	   MS4A2_007__05759	   GTCTGCCTGAAGATACTTCC	  
MS4A2	   MS4A2_012__05764	   TTCAGGCAGACTATTGAAGT	  
MYO1B	   MYO1B_004__05924	   CTGTATTCTTCCACTTTCTC	  
MYO1B	   MYO1B_005__05925	   GTGAATAAATGGGTAAAGAC	  
MYO1B	   MYO1B_009__05929	   TCTGTATGCTTCATCCGAAA	  
MYO6	   MYO6_005__05937	   CCATCTGAAATCCATCTGTA	  
MYO6	   MYO6_008__05940	   GTAGGGTGTGGCGCCCAAAC	  
MYO6	   MYO6_010__05942	   TGGAGGATGGAAAGCCCGTT	  
NCKAP5	   NCKAP5_002__05970	   TGAGAAGCTGATACATGAAC	  
NCKAP5	   NCKAP5_009__05977	   CTCAGCTTGAGGAGCAACAC	  
NCKAP5	   NCKAP5_010__05978	   AAAGAGACAGCTTGAGAAAA	  
NEDD4L	   NEDD4L_003__06027	   ATAGGAGTCTGTGATTAGAT	  
NEDD4L	   NEDD4L_006__06030	   GGAGCGACCCTATACATTTA	  
NEDD4L	   NEDD4L_008__06032	   GCCTATATGCCAAAAAATGG	  
NEGR1	   NEGR1_001__06047	   AATACTTGACCGGTTCAGCC	  
NEGR1	   NEGR1_002__06048	   AATGTTGAAATTGAAACTCG	  
NEGR1	   NEGR1_003__06049	   ATGGAGCTTCAAAGGGTGCC	  
nt	  (non-‐target)	   nt_00_ctrl	   CTCGCGTGGTAGAAGAAGT	  
NT5DC1	   NT5DC1_002__06184	   CTTTCTCCTTAACTAGGAAC	  
NT5DC1	   NT5DC1_006__06188	   TTTCTCCTTAACTAGGAACT	  
OR13C3	   OR13C3_005__06268	   CAAGGTGGCGTATGTATTGA	  
OR13C3	   OR13C3_008__06271	   GAAATTCTGACACAAGTGTC	  
OR13C3	   OR13C3_009__06272	   GAGAAAAAAATGACCATCAG	  
PABPC5	   PABPC5_005__06412	   CCCAGGGGGCTGCGGGTCAC	  
PABPC5	   PABPC5_006__06413	   CTCAAGGCCGCTCTGTACGT	  
PABPN1	   PABPN1_003__06422	   ATGAATATGAGTCCACCTCC	  
PABPN1L	   PABPN1L_007__06438	   AGGAGTGCAGCAACAGGCCG	  
PDP1	   PDP1_005__06590	   GGCAGGCTGGAACTTCTGAC	  
PDP1	   PDP1_006__06591	   GGTGGCAGTACACCCAAGGA	  
PHTF2	   PHTF2_003__06663	   TAACCACCACCGGAAGAAAA	  
PHTF2	   PHTF2_008__06668	   CCTGTACTTAGAGGAGGTTT	  
PIWIL2	   PIWIL2_006__06726	   CCTTTCCGACCATCGTTCAG	  
PIWIL2	   PIWIL2_010__06730	   TCCAAAGGTTTAGAAGCTTG	  
PKHD1L1	   PKHD1L1_002__06758	   CAACAAGGCTGACTATAAGA	  
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PKHD1L1	   PKHD1L1_011__06767	   CCTGTGGCTCCTGGGTATTT	  
POF1B	   POF1B_004__06821	   ATGGTAGCAGTGGTAATGCT	  
POF1B	   POF1B_005__06822	   ATGTAGTGTATGAGCGAGTG	  
PPA2	   PPA2_003__06951	   ACCTGGAAGCTACTCTTAAT	  
PPA2	   PPA2_007__06955	   TGATGTTAAGAAGTTCAAAC	  
PPAPDC1B	   PPAPDC1B_002__06971	   ACACAATAAAACTGATCGTA	  
PPAPDC1B	   PPAPDC1B_004__06973	   GTCTGCCTTCTTGAGAAATT	  
PPRC1	   PPRC1_005__07062	   CTTTGTCAGTCTCTCTCGGC	  
PPRC1	   PPRC1_010__07067	   CCAAGCGCCGTATGGGACTT	  
PPRC1	   PPRC1_012__07069	   GTCGAAGCCAAGCGCCGTAT	  
PRC1	   PRC1_001__07070	   AAAAGATTTGCGCACCCAAG	  
PRC1	   PRC1_002__07071	   AGGCACTGTCAATATCATAG	  
PRC1	   PRC1_006__07075	   AAATCACCTTCGGGAAATAT	  
PRCC	   PRCC_002__07085	   AGGCGGTGGCTCCTACATCT	  
PRCC	   PRCC_005__07088	   CGGCTCGCTCTCATCGCTGC	  
PSME4	   PSME4_003__07292	   GAGCTGATTTGGAGTTACCC	  
PSME4	   PSME4_010__07299	   GGCCAGCTGCAAGTCGGACT	  
PSME4	   PSME4_012__07301	   GGCGTCTAGCCGCTCCGCGT	  
PSPC1	   PSPC1_003__07304	   AGTGCGCATTGAGAAAAACC	  
PSPC1	   PSPC1_008__07309	   CTCGCCCACCGCGGACTCCA	  
PSPC1	   PSPC1_011__07312	   TCCTCCTCCGTGATGTCGGT	  
PUF60	   PUF60_003__07458	   CTCCGTCACCATGAAGCACA	  
PUF60	   PUF60_005__07460	   GATGGGGCCAAAGGGGGCAA	  
PUF60	   PUF60_013__07468	   TCCTGCTGCTCGGGCGTCAG	  
RAB8B	   RAB8B_005__07548	   CGATGTCGAAAGAATGATCC	  
RAB8B	   RAB8B_010__07553	   CCCCCGAGTCGCCGATCAGC	  
random	   random_251__07829	   ATTGCAGGTGCTACAGCGCA	  
random	   random_255__07833	   TGGACAACCTATCGGGTGAT	  
random	   random_304__07882	   TCATCGAGATTAAGACTGCC	  
RBM10	   RBM10_013__08104	   CAGCCCCCGAAGGCCCTATC	  
RBM10	   RBM10_024__08115	   CGGGCTCCGAGACTCAGCGT	  
RBM10	   RBM10_031__08122	   TGGAGCCACTGACCGCTCGC	  
RNASEH2A	   RNASEH2A_005__08896	   CCAGGACGCAAGGCTCCTTG	  
RNASEH2A	   RNASEH2A_007__08898	   CCGCGGGCACAGGCGAACTC	  
RNASEH2A	   RNASEH2A_011__08902	   GGGCGTCGATGAGGCGGGCA	  
RPS2	   RPS2_001__09016	   TCTCTTCTCCCTGCCTATTA	  
RPS2	   RPS2_005__09020	   GGCCCTGGGATGGGGAACCG	  
RRAS2	   RRAS2_001__09058	   AAGCTTTCCATGAACTTGTC	  
RRAS2	   RRAS2_006__09063	   AAGACAGATTCTCAGAGTAA	  
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RRM2B	   RRM2B_002__09073	   CCCGTTAGATTGCAAGTTGC	  
RRM2B	   RRM2B_003__09074	   CCGGCCGCTTCCGGCCTTTC	  
RSPO1	   RSPO1_005__09135	   CTCCAGCAGGATGAACAGCT	  
RSPO1	   RSPO1_010__09140	   CATCAGCAGCCGGGGGATCA	  
SBNO1	   SBNO1_011__09301	   GCAAGCAGTAAATCTTGCCC	  
SBNO1	   SBNO1_012__09302	   GCCTACCCCGTCAGTTCAGC	  
SEPW1	   SEPW1_001__09498	   CATCACTTCAAAGAACCCGG	  
SEPW1	   SEPW1_002__09499	   CTTAGAGTGAATCAACTTCC	  
SEPW1	   SEPW1_004__09501	   TCTTTGAAGTGATGGTAGCC	  
SERPINB2	   SERPINB2_005__09507	   ATCCACAGGGAATTATTTAC	  
SERPINB2	   SERPINB2_009__09511	   CAGATGCTTGAATAAATTGA	  
SERPINB2	   SERPINB2_010__09512	   CCAGATGCTTGAATAAATTG	  
SESN3	   SESN3_004__09518	   GAGATTTCTGGATCTCTCTC	  
SESN3	   SESN3_005__09519	   TAATTGGTCTCTGCCTGAAC	  
SET	   SET_008__09538	   ATGTTGTTACCCAAAAATTT	  
SET	   SET_016__09546	   AGCTCAACTCCAACCACGAC	  
SF3B14	   SF3B14_005__09591	   GGGAACACACCTGAAACTAG	  
SF3B14	   SF3B14_008__09594	   TAGGTGATCACATGCATTCT	  
SFRP4	   SFRP4_007__09629	   CGGTGCGCATCCCTATGTGC	  
SFRP4	   SFRP4_008__09630	   GCCACAGGCACAGCGCCACT	  
SIK2	   SIK2_001__09650	   AAAGTTTGATTATGTGAGGG	  
SIK2	   SIK2_003__09652	   ACTATCTTGCTAATCATGGC	  
SIK2	   SIK2_004__09653	   GGTTAAATGAGTCTGAAGCC	  
SKIV2L	   SKIV2L_005__09678	   CCGTGGAGCTCGGATGCACG	  
SKIV2L	   SKIV2L_008__09681	   TCCGAGCTCCACGGCCCGAA	  
SKIV2L	   SKIV2L_012__09685	   TGGGAGCTGCTGAACTTGCC	  
SLC26A7	   SLC26A7_005__09706	   CACGGCGTTGGCTGATATTA	  
SLC26A7	   SLC26A7_008__09709	   ATTATCCCAGACACAGTGTC	  
SLC26A7	   SLC26A7_010__09711	   GTATAATGTCTTCACACTGG	  
SLC30A1	   SLC30A1_003__09716	   CCCAGAAGAACACGTTCGGC	  
SLC30A1	   SLC30A1_005__09718	   GAGCCCCCATTACCTCGGCT	  
SLC30A1	   SLC30A1_007__09720	   GCCACCCAGAAGAACACGTT	  
SNRPA	   SNRPA_014__09987	   GCGGGTCTCGGGAACTGCCA	  
SNRPA	   SNRPA_015__09988	   GGTTGTTGATATAAATAGTG	  
SPATA4	   SPATA4_004__10074	   AGGGTATTTGACACAGACTG	  
SPATA4	   SPATA4_005__10075	   CGGGAGCTCTTCGGCGCATG	  
SRSF9	   SRSF9_001__10306	   ATCGAGCTCAAGAACCGGCA	  
SRSF9	   SRSF9_004__10309	   GGTTCTTGAGCTCGATCTCG	  
SRSF9	   SRSF9_010__10315	   CCCGACCTCCATAAGTCCTG	  
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STAU2	   STAU2_001__10394	   AGAGAAAACTGCAATGTGTC	  
STAU2	   STAU2_003__10396	   GGGGTTGGACTCTATTGAAA	  
SURF4	   SURF4_003__10505	   CACCTGGTCGGCGAAGTCCT	  
SURF4	   SURF4_005__10507	   CCGTGCCCATCAGGTCGTTC	  
SURF4	   SURF4_007__10509	   GGGCGCCTGCGATTGGACCC	  
tetR	   tetR_001__10775	   CGCATTAGAGCTGCTTAATG	  
tetR	   tetR_003__10777	   GCCAGCTTTCCCCTTCTAAA	  
tetR	   tetR_010__10784	   TAGAGCAGCCTACATTGTAT	  
TNRC6A	   TNRC6A_006__11036	   CTTGGCATTATTATTAGTGC	  
TNRC6A	   TNRC6A_011__11041	   TGTTCCTGGTGGCGAAATCG	  
TNRC6A	   TNRC6A_012__11042	   TTCACGAGGATACCGAGGCA	  
TP53	   TP53_005__11087	   CATCAAATCATCCATTGCTT	  
TP53	   TP53_017__11099	   AATCAACCCACAGCTGCACA	  
TP53	   TP53_025__11107	   GACCTGCCCTGTGCAGCTGT	  
TRIM71	   TRIM71_004__11308	   CCGGCGCGCCCGTTCTTGGG	  
TRIM71	   TRIM71_005__11309	   CGACGACGCGGACGAGTTGG	  
TRIM71	   TRIM71_006__11310	   CTAAGCAGGAAGGCGGACGA	  
TTC27	   TTC27_004__11410	   TCCTGAGGGTGTAAGTCAAC	  
TTC27	   TTC27_006__11412	   ATTCACCATCTAGAGTGAGC	  
TTC27	   TTC27_015__11421	   TTCCTACAATTGCTACTGGA	  
UPF3A	   UPF3A_004__11613	   CAACCGGAGGACGAAGTTGG	  
UPF3A	   UPF3A_009__11618	   GCGGTGGAACTGCACTTCTA	  
UPF3A	   UPF3A_011__11620	   GGCATGCGCTCGGAAAAGGA	  
VPS54	   VPS54_007__11688	   TAGGATCGTTTAATGCTGCT	  
VPS54	   VPS54_011__11692	   TTGATCTGTAACTAGAGATG	  
YAP1	   YAP1_011__11864	   GGTTGCCCGGGTCCGGACGG	  
YAP1	   YAP1_020__11873	   GGGCCAGAGACTACTCCAGT	  
YAP1	   YAP1_032__11885	   GCAGCAGAATATGATGAACT	  
ZMYM4	   ZMYM4_006__12095	   GAAACCTGATCAAATTGTTT	  
ZMYM4	   ZMYM4_009__12098	   TCCATAAGACATGCTGTCAA	  
ZMYM6	   ZMYM6_008__12109	   GAAAGCCTGGGTTCAACTGC	  
ZMYM6	   ZMYM6_012__12113	   CAAAGCAGTGGTACCACAGC	  
ZNF518A	   ZNF518A_010__12170	   TGCAGAAACACTTTCAAATG	  
ZNF518A	   ZNF518A_015__12175	   AATGGTGGTACCTAATACCT	  
ZNF518A	   ZNF518A_016__12176	   ACTGTTGTATGCATTTGGTT	  
ZNF536	   ZNF536_003__12223	   CTGGCCGCTCATGGGCACGT	  
ZNF536	   ZNF536_007__12227	   GCATACTGGCCGTTGAGGAC	  
ZNF536	   ZNF536_008__12228	   GCTCCGCCGAAGACACTCCA	  
ZNF638	   ZNF638_002__12258	   ATAGATCCAGGCCTCATAAA	  
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ZNF638	   ZNF638_011__12267	   TCTCCTCGAGGATTAAACCT	  
ZNF800	   ZNF800_002__12306	   GGCTTCTAGGAGATCATTTA	  
ZNF800	   ZNF800_009__12313	   AGTGGTTGCTGTAACAAAGG	  
ZNF800	   ZNF800_010__12314	   ATAATTGAGTGCTTTCGATC	  
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Table 4. List of primers used to amplify and deep-sequence samples from shRNA and 

CRISPR screens. 

 

Screen Primer)name
Forward,)reverse,)or)
sequencing)primer Sequence

shRNA 5'BstX+2+illum Forward

AATGATACGGCGACCACCGACAC
TCTTTCCCACAAAAGGAAACTCAC
CCTAAC

shRNA/CRISPR 3'XHO+2+illum Reverse
CAAGCAGAAGACGGCATACGAGC
GGTAATACGGTTATCCACG

shRNA BstXCSolexaC5'Cseq Sequencing
GAGACTATAAGTATCCCTTGGAG
AACCACCTTGTTGG

CRISPR newpol3index1 Forward

AATGATACGGCGACCACCGAGAT
CGGAAGAGCACACGTCTGAACTC
CAGTCACACAGTGCACAAAAGGA
AACTCACCCTAAC

CRISPR newpol3index2 Forward

AATGATACGGCGACCACCGAGAT
CGGAAGAGCACACGTCTGAACTC
CAGTCACAGTCACCACAAAAGGA
AACTCACCCTAAC

CRISPR newpol3index3 Forward

AATGATACGGCGACCACCGAGAT
CGGAAGAGCACACGTCTGAACTC
CAGTCACTCTCAGCACAAAAGGA
AACTCACCCTAAC

CRISPR newpol3index4 Forward

AATGATACGGCGACCACCGAGAT
CGGAAGAGCACACGTCTGAACTC
CAGTCACTGAGTCCACAAAAGGA
AACTCACCCTAAC

CRISPR newpol3index5 Forward

AATGATACGGCGACCACCGAGAT
CGGAAGAGCACACGTCTGAACTC
CAGTCACCACTGTCACAAAAGGA
AACTCACCCTAAC

CRISPR newpol3index6 Forward

AATGATACGGCGACCACCGAGAT
CGGAAGAGCACACGTCTGAACTC
CAGTCACCTGACACACAAAAGGA
AACTCACCCTAAC

CRISPR newpol3index7 Forward

AATGATACGGCGACCACCGAGAT
CGGAAGAGCACACGTCTGAACTC
CAGTCACGAGACTCACAAAAGGA
AACTCACCCTAAC

CRISPR Truseq+index
SequencingC(TruseqCindexC
only)

GATCGGAAGAGCACACGTCTGAA
CTCCAGTCAC

CRISPR illum+g+lib+seq Sequencing

ACTCACCCTAACTGTAAAGTAATT
GTGTGTTTTGAGACTATAAGTATC
CCTAGC
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Chapter 3 – General Summary 

The work presented here represents the first unbiased attempts to discover novel 

regulators of miR-142 and RNAi. In the study of miRNAs and RNAi in general, the screens 

performed are the first to be done in a pooled format, getting around several of the drawbacks of 

arrayed screening. In addition, the CRISPR-Cas9 screen was the first to be performed focusing 

on miRNA/RNAi activity, thus distancing the biology from the awkward use of shRNAs to study 

the very machinery required for their function. 

 

Future experiments examining miR-142 activity 

The hit lists from the shRNA and CRISPR-Cas9 screens yield promising inroads toward 

the understanding of how miR-142 functions, and they also give us some lessons on how the 

screening platform used, the transgene expression, and antibiotics can influence a screen. 

Manipulation of the core miRNA machinery easily influences the activity of miR-142, as 

expected. The challenge now is to identify which, if any, of the validated genes not in the 

canonical miRNA pathway alter the expression or activity of miR-142.  

Despite our inability thus far to demonstrate any robust change in miR-142 basal 

expression upon FXR1 editing, we have not ruled out effects on RISC activity, as FXR1 editing 

does appear to increase levels of the miRNA sensor. If FXR1 can be established to affect miR-

142 activity, the next areas of research interest would include an assessment into the breadth of 

miRNAs regulated in this manner. A more general study into all miRNAs would touch on a 

broader question that has not yet been explored in the field: what are the individual contributions 

for each of the three Fragile X genes toward the expression or activity of miRNAs? Profiles of 

miRNAs regulated by the Fragile X family have not been performed in a comprehensive manner, 
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and so these individual and combinatorial contributions remain poorly characterized. We look to 

identify the set of miRNAs affected by FXR1, in addition to FXR2 and FMR1, using 

combinatorial edits of each of the three genes.  

Other than FXR1, other hits that have been assessed may have roles in transgene 

expression (FAM208A) or DNA-damage (PSME4), which would cause these genes to enrich 

independent of miR-142. These other phenotypes highlight a possible need to execute parallel 

screens from multiple angles, using unrelated antibiotics for selection pressure, and perhaps 

screening with multiple sensor clones and constructs to minimize transgene-specific effects. 

Outside of the basal expression of miR-142 in B cells, several other genome-wide screens 

can be performed to assess the factors affecting the dynamic expression of miR-142, which 

occurs in several contexts, including development, the innate immune response, and the 

circadian cycle. Several viruses also rely on the miR-142 network to the degree that several 

viruses have developed miR-142 mimics and house crucial miR-142 binding sites on their 

genomes (75,126,127). Screens performed during viral infection could yield other important 

miR-142 regulating genes that would not otherwise be found in an assessment of basal 

expression or dynamic expression in other biological contexts.  

 

The future of screening in the wake of CRISPR technology 

During the execution of the CRISPR-Cas9 screen, the first two CRISPR-Cas9 screens 

were published, establishing the viability of the system to study various phenotypes at an 

unbiased, genome-wide scale (128,129). My screen lends further credence to the technology’s 

potential. CRISPR-Cas9 technology has vastly increased the different types of low-throughput 
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and high-throughput experiments that can be performed, and a full review on these applications 

is written elsewhere (130).  

Briefly, some of the applications for CRISPR-Cas9 technology include the ability to 

theoretically edit any locus in the genome, to knockdown coding and non-coding genes alike, 

and to activate the expression of genes. The ability to edit any region of the genome (131) in a 

high-throughput manner enables researchers to explore more than just the protein-coding 

genome and assay a large set of conserved genomic regions for phenotypic relevance. This will 

lead to screens editing putative enhancers, miRNA loci, regions with disease-relevant single 

nucleotide polymorphisms (SNPs), 5’ and 3’ UTR regulatory elements, and ultra-conserved non-

coding elements (UCNEs). Utilizing dCas9-KRAB, or CRISPRi, will enable the first functional 

screens targeting a set of long non-coding RNAs (lncRNAs). Activating systems such as dCas9-

VP64 (132), dCas9-SunTag (133), and dCas9-p300 Core (134) may serve as a high-throughput 

replacement for cDNA library screens, enabling the overexpression of proteins, miRNAs, and 

lncRNAs with the same simple set of tools. Each of these different applications widens the 

possibilities for almost any phenotype of interest. Indeed, future screens looking at miRNA 

activity may look at gene classes never examined before in the context of miRNA biology. 

One paradigm shift in the field of high-throughput screening is the assessment of genetic 

interaction. Instead of looking at gene manipulations one at a time, looking at combinatorial gene 

manipulations allows researchers to see genes that are functionally similar, indicating that the 

genes are part of the same gene network, or even code for different parts of a larger protein 

complex. Screens of this nature have been used in yeast genetics for decades. With the recent 

construction of an epistasis map (or EMAP) of putative gene networks controlling ricin toxicity 

(94), genetic interaction screens have been shown to be viable in mammalian cells. However, 
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this EMAP was constructed from double-shRNA libraries, which knockdown their targeted 

genes, but do not fully mimic the full knockout screens performed in yeast. With the advent of 

CRISPR-Cas9, experiments in mammalian cells have been brought a step closer toward the yeast 

screens. The development of several different Cas9 platforms to edit, epigenetically inhibit, and 

activate genes allow for more types of genetic interaction screens to mimic double-knockouts, 

double-siRNA knockdowns, or introduction of two cDNAs. The Cas9 sgRNA has also been 

shown to be very customizable (135), allowing the possibility for one Cas9 protein to activate or 

inhibit genes depending on the sgRNA it has bound. A recent demonstration of the activity of 

another CRISPR system, Cpf1, in human cells gives another option toward using both Cas9 and 

Cpf1 together to produce gene manipulations going in opposite directions (136). Genetic 

interaction studies may reveal new networks and complexes governing the expression of certain 

miRNAs. The customizations of Cas9 sgRNAs can also localize protein fusions to specified 

genomic locations. This may provide possibilities to test in a high throughput manner how 

genomic structure regulates expression of specific genes, which has not really been explored for 

most genes, let alone miRNAs. 

In short, there are seemingly endless possibilities for the types of high-throughput screens 

that can be performed with CRISPR systems. CRISPR screening technology will prove crucial 

toward understanding the genetic networks governing disease-relevant miRNAs.  
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