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MicroRNAs (miRNAs) associate with members of the Argonaute protein family 

and downregulate partially complementary messenger RNAs (mRNAs) (1).  miRNA 

activity is tightly regulated during development and in normal physiologic settings, while 

gain or loss of these control mechanisms can contribute to disease (2-4).  To identify 

new mechanisms that regulate the miRNA pathway, we employed CRISPR-Cas9 

genome-wide loss-of-function screening (5, 6) coupled with a fluorescent miRNA 

pathway reporter.  These experiments revealed an unanticipated role for the ANKRD52-

PPP6C serine/threonine phosphatase complex as a critical regulator of miRNA activity 

in human cells.  Loss of this complex significantly impaired global miRNA 
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function.  Genetic and biochemical studies revealed that phosphorylation of Argonaute2 

(AGO2) on a set of highly conserved serine residues, S824-S834, blocks target mRNA 

engagement.  Constitutive activity of the ANKRD52-PPP6C complex is necessary to 

remove these inhibitory phosphates and thereby allow miRNA-mediated silencing.  A 

genome-wide CRISPR-Cas9 suppressor screen performed in ANKRD52–/– cells 

identified CSNK1A1 as the inhibitory AGO2 kinase that phosphorylates these sites.  

Together, these findings reveal a previously uncharacterized AGO2 phosphorylation 

cycle, uncovering a major mechanism through which the miRNA pathway is regulated 

and highlighting the power of iterative CRISPR-Cas9 screening for the dissection of 

biological pathways directly in human cells. 
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CHAPTER ONE 

Introduction and Review of Literature 
 

Nucleic acids are essential for life 

 

 Living organisms depend upon the production of protein through elaborate 

molecular processes first initiated by transcription of deoxyribonucleic acid (DNA) into 

ribonucleic acid (RNA) (7).  The process of translation employs the ribosome to produce 

protein by directly reading the protein sequence information embedded within the 

messenger RNA (mRNA) strand.  Curiously, not all RNA strands code for protein 

sequences.  RNAs that do not code for protein sequences, non-coding RNAs, can 

participate in a range of functions involved in cellular homeostasis (8).  Their numbers 

are vast, and the roles they serve are being elucidated at a growing pace. 

Early work demonstrated a critical role for non-coding RNAs in driving the 

process of translation.  Transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs) are two 

such species that were identified as key components of the molecular machinery for this 

event (9).  Later work identified a class of RNAs involved in the regulation of splicing, 

the process by which large sequences of RNA are precisely resected from a precursor 

mRNA (pre-mRNA) (10).  More recent studies have established a role for an additional 

class of non-coding RNAs, long non-coding RNAs (lncRNAs), in governing complex 

processes such as chromatin remodeling and transcription (11).     

The discovery of microRNAs (miRNAs) 
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 Studies of heterochronic genes in C. elegans yielded the surprising discovery 

that small RNAs of only  22 nucleotides in length are capable of repressing mRNAs 

sharing partial complementarity (12-14).  These foundational studies prompted a race to 

characterize the mechanisms by which these small RNAs function and the extent to 

which they are present across various organisms.   Further studies determined that this 

type of small RNA includes hundreds of members and exists across multiple phyla (15-

17).  The term microRNA (miRNA) was coined to identify this class of small RNAs.  

Several key observations were made at this point.  Not only are miRNAs present across 

multiple phyla, many miRNAs were determined to be conserved across phyla.  The 

expression pattern for miRNAs was studied and found to vary in some cases based on 

the tissue or point in organismal development.  Not only was miRNA expression 

correlated with development, studies also revealed that particular miRNAs, such as lin-4 

in C. elegans, are required for proper development.  Together, these studies identified a 

novel, abundant class of RNA that regulates gene expression at the post-transcriptional 

level. 

The biogenesis of miRNAs 

 

 Ambros and colleagues observed two small RNA species when examining the 

RNA products from lin-4 (12).  They correctly hypothesized that the larger product of 

approximately 60 nt, lin-4L, was processed into the smaller form, lin-4S.  Many years 

would pass before the literature finally confirmed this assertion.  The RNase III enzyme 

Dicer was discovered to cleave small RNA hairpins, known as precursor miRNAs (pre-

miRNAs), and promote the formation of the final mature miRNA duplex (18, 19).  The 

origins of the pre-miRNA species were found to result from nuclear processing of longer 



3 
 

 
 

primary miRNA transcripts, pri-miRNAs (20).  Kim and colleagues went on to identify the 

RNase III family member Drosha as the primary nuclease for cleaving pri-miRNAs into 

pre-miRNA hairpins (21).  Mature miRNA sequences of approximately 22 nucleotides in 

length are bound by members of the Argonaute protein family, and these proteins 

mediate the functions of miRNAs (19, 22).  The mature complex of a miRNA and 

Argonaute protein is formed as a pre-miRNA is processed by Dicer, and the resulting 

duplex is loaded into Argonaute where a single, functional miRNA strand is retained 

(23).   

The mechanisms of miRNA function 

 

 The first reports of miRNAs appreciated the existence of sequence 

complementarity between a miRNA and a given mRNA target (12, 13).  The discovery 

that Argonaute proteins mediate the functions of miRNAs led to a series of reports 

documenting various mechanisms by which AGO-miRNA complexes are able to silence 

targeted transcripts.  Ambros and colleagues noted that despite the ability of lin-4 to 

reduce the protein levels of LIN-14, the levels of the lin-14 mRNA were unchanged (12).  

This observation strongly supported a role for miRNAs in suppressing translation of a 

targeted mRNA but not necessarily reducing mRNA levels.  Many later reports 

supported a role for miRNAs in impairing translation, specifically at the initiation step, of 

targeted transcripts (24-26).  In contrast, more comprehensive studies looking at the 

global transcriptome supported a role for miRNAs in reducing mRNA levels as well (27, 

28).  Though miRNAs do appear to function in part through translational repression, the 

dominant mechanism by which they function for most targets involves triggering 

transcript decay (29-32).  Curiously, a later assessment of lin-14 mRNA levels 
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confirmed that lin-4 also suppresses LIN-14 protein expression by triggering transcript 

decay (33).   

Diverse functions of mammalian miRNAs 

 

 To date, hundreds of mammalian miRNAs have been identified (34, 35).  Given 

that most mRNAs are conserved targets for miRNA regulation, a vast network of 

potential functions for miRNAs exists (36).  Animal knockout experiments have been 

fruitful for demonstrating the in vivo roles for individual miRNAs and miRNA families in 

mammalian physiology and disease.  Loss of a central component of miRNA 

biogenesis, Dicer1, results in embryonic lethality in mice (37).  Hemizygous loss of a 

conserved cluster of miRNAs, the miR-17-92 cluster, in mice and humans results in 

skeletal abnormalities (38).  Homozygous loss of the cluster in mice results in impaired 

lung, heart, and B cell development (39).  Loss of miR-138 in mice promotes enhanced 

motor activity and drives lethal epilepsy (40).  Deletion of the miR-290-295 cluster 

facilitates partially penetrant lethality in mutant embryos and leads to germ cell defects 

in surviving animals (41).  In some cases, deletion of a miRNA or miRNA cluster does 

not yield an overt phenotype unless the animal undergoes some period of stress.  For 

example, loss of the miR-143/145 cluster yields no obvious phenotype in mouse 

development or baseline homeostasis (42).  However, these animals exhibit a profound 

deficit in tissue regeneration following the stress of chemically-induced colitis. In sum, 

these reports illustrate a few of the many in vivo studies that have established a 

biologically significant role for miRNAs in governing cellular homeostasis. 

Oncogenesis and the miRNA pathway 
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 MicroRNA dysregulation has been documented in numerous disease states 

using human tissue samples as well as with complementary animal models (4).  In no 

area has this perhaps been more rigorously investigated than in oncogenesis.  Within 

mouse models, overexpression of select miRNAs has been demonstrated to drive 

lymphomagenesis (43, 44).  Enforced expression of either miR-155 or miR-21 is 

capable of promoting B cell lymphoma in mice.  Similarly, overexpression of a portion of 

the miR-17-92 cluster cooperates with Myc-driven oncogenic programs to drive 

lymphomagenesis in mice (45).  Later studies highlighted the role of a single pair of 

miRNAs, miR-19a and miR-19b, in driving Myc-induced lymphomagenesis (46, 47).  In 

contrast, therapeutic delivery of miRNAs with proposed tumor suppressor functions has 

been demonstrated to impair oncogenic progression in genetic murine models of 

cancer.  For example, systemic delivery of miR-26 by an adeno-associated virus 

impedes tumor progression of a murine model of liver cancer (48). 

Regulatory mechanisms of the miRNA pathway 

 

 The regulation of the miRNA pathway has been the subject of intense scrutiny 

since the initial discovery of miRNAs.  Given the consequences of dysregulation of the 

pathway, it is no surprise that a plethora of regulatory points have emerged to govern 

miRNA activity (2).  Many of these mechanisms rely upon controlling the production or 

turnover of individual miRNAs or a bulk population of miRNAs.  Transcriptional 

regulation is commonly employed to produce a given miRNA or miRNA family when 

needed.  The pro-growth pri-miR-17-92 cluster is transcribed in response to 

transactivation by Myc, a mechanism commonly exploited in lymphomagenesis (49).  

Levels of miR-16 family members are known to fluctuate throughout the cell cycle, and 
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this regulation was determined to be at the level of transcription (50).  Some miRNA 

members respond to circadian transcriptional programs, as seen through the ability of 

REV-ERBalpha to regulate the pri-miR-122 transcription (51).  Systematic mapping of 

hundreds of primary miRNA transcripts in mouse and human cells has provided a useful 

tool for those wishing to characterize potential transcriptional regulatory events in the 

miRNA pathway (52).   Undoubtedly, this particular node of regulation will continue to be 

characterized for the hundreds of annotated miRNAs. 

 Post-transcriptional regulation of miRNA production is another reported 

mechanism to regulate miRNA activity.  One extensively studied example of this 

phenomenon involves impaired production of mature let-7 from its precursor forms (53, 

54).  Binding of Lin28 to pri-let-7 impairs the ability of DROSHA to process this RNA to 

the pre-let-7 form, and binding of Lin28 to pre-let-7 promotes turnover of this RNA 

precursor (55).  These mechanisms together act to reduce let-7 levels with significant 

biological consequences, particularly with respect to accelerating oncogenic 

progression (56).  The activity of DROSHA is subject to regulation by other regulatory 

factors as well.  A non-canonical function of p53 has been documented by which it 

associates with the DROSHA processing complex and enhances the processing of a 

subset of miRNAs (57).  Additionally, cell confluency has been shown to affect the 

activity of the DROSHA complex through the Hippo signaling pathway (58).  These 

examples illustrate a few of the mechanisms by which cells exert post-transcriptional 

control over the miRNA pathway. 

 The central proteins enabling the functions of miRNAs are adorned by post-

translational modifications (59-64).  Some of these modifications are triggered by acute 
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stress and serve to orchestrate a coordinated response by the miRNA pathway.  For 

example, hypoxic conditions promote phosphorylation of AGO2 at Y393, and this event 

impairs the biogenesis and therefore activity of select miRNAs (63).  In other cases, 

constitutive modification of a miRNA pathway component is necessary for efficient 

silencing in the absence of acute stress.  These events allow the pathway to overcome 

inherent limitations of the unmodified machinery.  An example includes the dependence 

of Drosha upon phosphorylation for its proper localization (65, 66).  Defining the post-

translational events that are fundamental for optimal activity of the miRNA pathway 

remains an open area of inquiry. 

Identifying novel regulatory mechanisms of the miRNA pathway 

 

 Characterizing the full complexity of the miRNA pathway is a daunting task, and 

elucidating the many regulatory mechanisms in place to govern its function remains a 

fruitful area of research.  Interrogating this question does not require a single formulaic 

approach but can be accomplished through various means.  Comprehensive, genome-

scale screens for fundamental regulatory mechanisms of miRNA activity have been 

successfully used in C. elegans and D. melanogaster (67, 68).  Such studies allow one 

to identify regulatory components necessary for miRNA function under physiological 

conditions.  To my knowledge, no comprehensive genome-scale loss-of-function study 

has been carried out to identify novel regulatory components of the miRNA pathway 

directly in human cells.  Traditionally, such a screen may have relied upon the use of 

small interfering RNAs (siRNAs) or small hairpin RNAs (shRNAs) as a platform for 

silencing genes using RNA interference (RNAi) (69).  Unfortunately, the proteins 
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mediating miRNA and siRNA functions in human cells are shared (70); therefore, an 

alternative genome-scale screening strategy is required.   

Alternative genome-scale screening approaches 

 

 Recent advances in genome engineering have provided novel platforms for 

conducting genome-wide screens.  The discovery of a programmable RNA-guided DNA 

endonuclease system in bacteria [Clustered Regularly Interspaced Short Palindromic 

Repeats (CRISPR), CRISPR associated protein (Cas9)] provided a multifunctional tool 

that has been adapted for genetic manipulations in human cells (71-73).  Loss-of-

function studies using Cas9 have been extended to the genome-scale and successfully 

used to identify novel regulators of diverse cellular functions (6, 74).  Performing a 

genome-wide loss-of-function screen using CRISPR-Cas9 to uncover novel regulatory 

mechanisms of the miRNA pathway allows one to escape three key limitations of 

screens using RNAi.  (1) RNAi cannot facilitate a complete genetic loss-of-function, 

whereas effective CRISPR-Cas9 targeting can ablate gene function (75).  (2) Off-target 

effects plague RNAi studies given that many unintended mRNA targets are subject to 

regulation by exogenous siRNAs or shRNAs via a mechanism similar to endogenous 

miRNAs (75).  In contrast, careful design of single guide RNAs (sgRNAs), the factors 

necessary for targeting of Cas9, can offer very stringent specificity (76).  (3) The activity 

of CRISPR-Cas9 is not dependent upon the miRNA pathway, in stark contrast to an 

RNAi-based screen. 

Projected goals 
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 Previous genome-wide screens for regulators of the miRNA pathway have 

yielded several novel candidate genes (67, 68).  For this project, I intend to design a 

novel screening platform using CRISPR-Cas9 to identify biologically significant 

regulators of miRNA function directly in human cells.  Carrying out the screen under 

physiological cell culture conditions will allow me to identify novel putative regulators of 

the pathway, with a strong possibility of identifying factors necessary for miRNA function 

in the absence of acute stress.  Completing this stage of the project will provide a list of 

novel putative regulators of the pathway.  We then plan to validate candidate regulators 

and rigorously dissect the mechanisms by which several of these genes function.  In 

sum, this project will provide a list of candidate regulators for other groups to dissect 

further, but more importantly, this project itself will define the mechanisms by which 

several genes act to regulate miRNA function in humans.
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CHAPTER TWO 

An Argonaute Regulatory Phosphorylation Cycle Revealed 

by Iterative CRISPR-Cas9 Screening 
 

Introduction 

 The miRNA pathway is subject to numerous regulatory mechanisms under 

physiological growth conditions and in response to acute stress (2).  To identify novel 

regulatory components of the pathway, a fluorescent reporter could be established to 

provide a readout of miRNA activity in living cells.  Coupling fluorescence activated cell 

sorting (FACS) analysis and an established CRISPR-Cas9 loss-of-function screening 

system (6, 77) would allow one to utilize a fluorescent reporter of miRNA activity and 

search for novel regulators.  An existing miRNA target sequence (78) could be adapted 

for use with Green Fluorescence Protein (GFP) to generate such a reporter.   

A key question in designing the reporter involves determining which individual 

miRNA will serve as a suitable representative miRNA.  Ideally, such a miRNA would be 

abundantly expressed across multiple cell lines and have an established biological 

significance, should any findings be specific to just that miRNA.  The miR-17-92 cluster 

contains two miRNAs, miR-19a and miR-19b, whose expression drives Myc-driven 

lymphomagenesis in mice (46, 47, 79).  miR-19a and miR-19b, collectively referred to 

as miR-19, are abundantly expressed in the stably diploid colon cancer cell line, 

HCT116 (80).  Additionally, previous studies have demonstrated successful genome-

scale screening using this cell line (81), making it a strong candidate cell line for further 

comprehensive genome-wide loss-of-function screens.  
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 In this study, a fluorescent reporter was generated to detect miR-19 activity in 

human cells.  A genome-scale loss-of-function screen was performed using an 

established CRISPR-Cas9 library targeting over 19,000 protein-coding genes and over 

1,000 annotated miRNAs in humans (5, 6).  Hits from the screen were scored for 

statistical significance, and many of the strongest hits were subjected to further 

mechanism-based studies.  These subsequent experiments revealed a novel 

transcriptional network underlying the biogenesis of miR-19.  They also revealed a 

novel phosphoregulatory cycle that can uncouple Argonaute’s ability to bind miRNAs 

and mRNA targets.   

Results 

 

To apply genome-wide CRISPR-Cas9 screening to interrogate the miRNA 

pathway, we envisioned a strategy wherein a cell line expressing a fluorescent reporter 

of miRNA activity would be transduced with a pooled library consisting of Cas9 and a 

repertoire of single guide RNAs targeting most protein-coding genes (6) (Fig. 1).  Cells 

deficient in miRNA activity could then be enriched by fluorescence activated cell sorting.  

Subsequent determination of sgRNA representation in the sorted versus unsorted cells 

using high-throughput sequencing would potentially allow the identification of novel core 

components and regulators of the pathway. 
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Figure 1: Design of a CRISPR-Cas9 screen to identify regulators of the 

miRNA pathway. 
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To implement this strategy, we first generated a reporter cell line that provides a 

sensitive fluorescent read-out of miRNA activity.  An enhanced green fluorescent 

protein (EGFP) transcript with a 3' untranslated region (UTR) embedded with eight 

imperfectly complementary binding sites for miR-19, an abundant model miRNA, was 

constitutively expressed in the stably diploid cell line HCT116 (82).  Since miR-19 has 

established oncogenic activity in multiple tumor types (46, 79), we reasoned that 

specific regulators of this miRNA as well as global regulators of the miRNA pathway 

would both be of potential interest, should they emerge from the screen.  A control cell 

line with EGFP lacking miR-19 binding sites was generated in parallel.  To assess the 

regulation of these reporters, respectively termed HCT116EGFP-miR19 and HCT116EGFP, by 

the miRNA pathway, cells were transduced with lentiviruses expressing Cas9 and either 

a negative control sgRNA, an sgRNA targeting EGFP, or an sgRNA targeting the 

essential miRNA biogenesis factor DROSHA (Fig. 2, top).  As expected, DROSHA loss 

of function derepressed EGFP specifically in HCT116EGFP-miR19 cells whereas EGFP-

targeting sgRNAs efficiently silenced EGFP in both lines.  Further confirming the 

regulation of the miRNA reporter by endogenous miR-19, transfection with antisense 

miR-19 inhibitors strongly enhanced EGFP expression in HCT116EGFP-miR19 but not 

HCT116EGFP cells (Fig. 2, bottom).   

 Having validated the responsiveness of HCT116EGFP-miR19 cells to perturbations of 

the miRNA pathway, a genome-wide CRISPR-Cas9 screen was carried out by infecting 

these cells with a pooled lentiviral sgRNA library targeting over 19,000 human genes 

and 1864 miRNAs (5).  After 14 days of growth, cells with relative impairment of the 

miRNA pathway were enriched by collecting the brightest 0.5% of cells by FACS.  This 
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cut-off was chosen based on simulations demonstrating that collecting cells in this gate 

could theoretically yield >150-fold enrichment of highly effective sgRNAs that target 

essential genes in the miRNA pathway (Appendix, Table 1).  Moreover, these 

simulations suggested that even partially effective guides that incompletely impair 

miRNA-mediated silencing would be strongly enriched.  sgRNA representation in the 

sorted and unsorted cells was enumerated by high-throughput sequencing and the 

RNAi Gene Enrichment Ranking (RIGER) algorithm was used to identify genes targeted 

by multiple enriched sgRNAs, representing high-confidence hits (83) (Appendix, Table 

2).  A parallel screen in HCT116EGFP cells was carried out to identify false positives that 

directly regulate EGFP expression (Appendix, Table 3).  A large number of established 

core components of the miRNA pathway and miR-19 itself were identified as highly 

significant hits in HCT116EGFP-miR19 but not HCT116EGFP cells (Figures 3-4), establishing 

the sensitivity of this approach to identify known and potentially novel components of 

the pathway.  

Among the most highly ranked genes without a previously defined role in the 

miRNA pathway, we noted two classes of potentially novel regulators: genes associated 

with transcriptional regulation (BRD4, CTNNB1, and POU2F1) and components of the 

serine/threonine protein phosphatase 6 (PPP6) complex (ANKRD52 and PPP6C).  

Validation studies confirmed that loss of function of any of these five genes measurably 

derepressed EGFP in HCT116EGFP-miR19 but not HCT116EGFP cells (Figures 5-6). 
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Figure 2: miR-19 reporter cell lines respond to perturbations of the miRNA 
pathway.  Functional validation of the HCT116EGFP-miR19 and HCT116EGFP reporter 
cell lines.  EGFP fluorescence was assessed in cells transduced with lentiCRISPR 
vectors expressing the indicated sgRNAs (top) or after transfection with antisense 
miR-19 inhibitors (bottom). 
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Figure 3: Multiple known and novel regulators revealed in the HCT116EGFP-miR-

19 screen.  RIGER analysis of screening results in HCT116EGFP-miR19 cells.  Red dots 
indicate known components of the miRNA pathway while blue dots represent 
putative novel regulators. 
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Figure 4: RIGER analysis reveals lack of enrichment for screen hits from the 
HCT116EGFP-miR-19 screen. RIGER analysis of screening results in HCT116EGFP cells.  
Red dots indicate known components of the miRNA pathway while blue dots 
represent putative novel regulators. 
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Figure 5: Knockout of candidate miRNA regulators in HCT116EGFP-miR-19 cells.   
Flow cytometry demonstrating derepression of EGFP in HCT116EGFP-miR19 cells after 
transduction with lentiCRISPR vectors targeting the indicated candidate genes. 
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Figure 6: Knockout of candidate miRNA regulators in HCT116EGFP cells.  Flow 

cytometry analysis of EGFP in HCT116
EGFP

 cells after transduction with lentiCRISPR 
vectors targeting the indicated genes.  
 



20 
 

 
 

Given that CTNNB1 and BRD4 promote MYC expression (84, 85), a known 

positive regulator of miR-19 transcription (49), we speculated that these genes indirectly 

regulate miR-19 expression.  In keeping with this hypothesis, clonally-derived  

CTNNB1–/– and BRD4–/– cells exhibited reduced expression of MYC, reduced 

expression of the miR-17-92 primary transcript (pri-miR-17-92) which encodes miR-19, 

and reduced mature miR-19 levels (Figures 7-9).  POU2F1–/– cells also exhibited 

reduced pri-miR-17-92 and mature miR-19, but MYC expression was unchanged, 

suggesting that POU2F1 promotes transcription of pri-miR-17-92 through an alternative 

mechanism.       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Hypothesized scheme of regulation for three transcription-
associated genes.  BRD4 and CTNNB1 are both known to regulate the transcription 
of MYC.  POU2F1 may directly regulate the transcription of the miR-17-92 cluster. 
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Figure 8: Clonal knockouts of BRD4, CTNNB1, and POU2F1 were generated.  
Western blot experiments confirm that clonal knockout cell lines were established in 
HCT116 for three different genes.  Two independent clones were derived per cell 
line.  Asterisk indicates a non-specific band. 
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Figure 9: BRD4, CTNNB1, and POU2F1 positively regulate miR-19 biogenesis.   
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) assays 
demonstrate reduced MYC expression in cells deficient for either BRD4 or CTNNB1.  
Loss of either BRD4, CTNNB1, or POU2F1 impairs biogenesis of miR-19 and is 
associated with a reduction in pri-miR-17-92. (Data generated by Tsung-Cheng 
Chang.)  
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The identification of ANKRD52 and PPP6C, interacting components of the PPP6 

complex (86), as high-scoring hits was of particular interest since it suggested that 

phosphorylation strongly regulates the activity of an essential miRNA pathway 

component.  Thus, we examined whether loss of ANKRD52 results in a global defect in 

miRNA-mediated silencing.  RNA-seq was performed on cells deficient for Argonaute 2 

(AGO2), revealing 431 genes that were significantly upregulated upon loss of this core 

factor in the miRNA pathway (Figure 10).  These genes were similarly upregulated in 

ANKRD52–/– cells (Figures 11 and 12), consistent with a general impairment of miRNA-

mediated silencing.  Diminished miRNA activity in ANKRD52–/– cells was not 

accompanied by a decrease in the steady-state abundance of a panel of representative 

miRNAs (Figure 13), indicating that the ANKRD52-PPP6C complex does not 

measurably regulate miRNA biogenesis.   

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Western blot analysis confirms loss of AGO2 expression.  All 
samples came from the same western blot and irrelevant lanes were removed.   
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Figure 11: Western blot analysis confirms loss of ANKRD52 expression.  All 
samples came from the same western blot and irrelevant lanes were removed.   
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Figure 12: Loss of ANKRD52 impairs miRNA-mediated silencing.  Cumulative 
distribution plot demonstrating that genes upregulated in AGO2−/− HCT116 cells 
(FDR ≤ 0.05) are similarly upregulated in ANKRD52−/− cells (Kolmogorov-Smirnov p 
value shown). 
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Figure 13: Loss of ANKRD52 does not impair miRNA biogenesis.  qRT-PCR was 
performed for the indicated miRNAs and expression levels were normalized to U6 
snRNA (N = 2 biological replicates, each assayed in triplicate).    
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Since Argonaute proteins are universal effectors of miRNA-mediated silencing, 

we hypothesized that human Argonautes may be dephosphorylated and activated by 

ANKRD52-PPP6C.  Consistent with this hypothesis, co-immunoprecipitation 

demonstrated that both ANKRD52 and PPP6C interacted with human AGO2 in an RNA-

independent manner (Figure 14).  Phos-tag electrophoresis, a sensitive method for 

detection of phosphorylated proteins (87), revealed that AGO2 migrated as a doublet, 

with dramatic enhancement of the slowly migrating form in cells deficient for ANKRD52 

or PPP6C (Figure 15).  Treatment with lambda protein phosphatase collapsed the 

doublet to a single band (Figure 16), confirming that the slower migrating species 

corresponds to phosphorylated AGO2 (p-AGO2).  Deficiency of ANKRD52 or PPP6C in 

multiple human cell lines similarly led to accumulation of phosphorylated AGO2 (Figure 

17), demonstrating that these observations are not limited to HCT116 cells.  We also 

observed enhanced phosphorylation of AGO1 in ANKRD52–/– cells (Figure 18), 

suggesting broader regulation of Argonaute proteins by the ANKRD52-PPP6C complex.  

 

 

 

 

 

 

 

 

 

Figure 14: FLAG-HA-AGO2 interacts with V5-ANKRD52 and V5-PPP6C.  Co-
immunoprecipitation of FLAG-HA-AGO2 (FH-AGO2) with V5-ANKRD52 or V5-
PPP6C with or without RNase A treatment. 
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Figure 15: Loss of either ANKRD52 or PPP6C increases steady-state levels of 
phosphorylated AGO2.  Phos-tag electrophoresis demonstrating enhanced AGO2 
phosphorylation in ANKRD52/PPP6C-deficient HCT116 cells. 
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Figure 16: Sensitivity of AGO2 phosphorylation to lambda protein 

phosphatase (PP).  Treatment of cell lysates with PP collapses the slowly 
migrating AGO2 band. 
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Figure 17: Loss of either ANKRD52 or PPP6C enhances AGO2 phosphorylation 
in multiple cell lines.  Phos-tag western blot analysis of AGO2 in multiple cell lines 
treating with lentiCRISPR virus targeting either ANKRD52 or PPP6C.   
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Figure 18: FLAG-HA-AGO1 phosphorylation is enhanced in ANKRD52−/− cells.  
Phos-tag western blot analysis of FLAG-HA-AGO1 (FH-AGO1) stably expressed in 

ANKRD52
+/+

 and ANKRD52
−/−

 HCT116 cells.  
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Mass spectrometry was used to identify the residue(s) in endogenous AGO2 that 

become hyperphosphorylated in the absence of ANKRD52.  Enhanced phosphorylation 

within a region of the PIWI domain containing four highly conserved serine residues and 

a single poorly conserved threonine residue (S824-S834) was detected in ANKRD52–/– 

cells, while the previously reported phosphorylation of S387(88) was not increased 

(Figure 19-21a).  Triply phosphorylated peptides spanning S824-S834 were detected, 

demonstrating phosphorylation of at least three residues in this region, with definitive 

detection of p-S824 (Figure 21b).  Since the large number of closely spaced serine and 

threonine residues prevented the assignment of additional phosphorylation sites to 

specific residues, we performed mass spectrometry using a panel of AGO2 alanine 

mutants sparing subsets of these putative phosphorylation sites.  This allowed definitive 

identification of phosphorylation at S828 and S831 (Figure 21c,d).  Confirming the 

correct identification of the relevant phosphorylation sites, mutating all five 

serine/threonine residues in this region to alanine (5xA) completely abolished the p-

AGO2 band observed by Phos-tag (Figure 22).  Interestingly, a single S828A mutation 

also fully abolished the AGO2 mobility shift, suggesting that phosphorylation of this 

residue may be necessary to trigger phosphorylation of additional amino acids within 

this region in a hierarchical manner.  
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Figure 19: Mass spectrometry reveals enhanced phosphorylation of AGO2 at 
S824-S834.  Quantification of the indicated endogenous AGO2 phosphopeptides 
relative to unphosphorylated peptide as determined by mass spectrometry.  1P, 2P, 
or 3P respectively denotes singly, doubly, or triply phosphorylated peptides spanning 
residues 815-837 of AGO2.  Superscript indicates peptide charge state.  ND, not 
detected. 
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Figure 20: Evolutionary conservation of AGO2 S824-S834.  Putative 
phosphorylation sites shown in red. 
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Figure 21: Identification of multiple definitively phosphorylated residues in the 
S824-S834 region of AGO2 by mass spectrometry. a, Full scan mass spectra 
zoomed to the region for the AGO2 815-837 peptide.  The unphosphorylated and 
multiply phosphorylated precursor ions are shown in red. Peak labels indicate the 
mass-to-charge ratios and the charge state.  The singly charged ion with grey label 
(top panel) does not correspond to peptide 815-837.  Data at two close elution time 

points are shown for ANKRD52
−/− 

to illustrate the unphosphorylated (0P), singly (1P), 
doubly (2P) and triply (3P) phosphorylated peptides. b, MS/MS spectra 

demonstrating phosphorylation of endogenous AGO2 at S824 in ANKRD52
−/−

 cells.  
Red bars denote site-determining ions. c, d, MS/MS spectra demonstrating 
phosphorylation of FH-AGO2 (T830A) at S824 and S828 (c) or phosphorylation of 

FH-AGO2 (S824A/T830A) at S828 and S831(d) in ANKRD52
−/−

 cells.  
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Figure 22: AGO2 phosphorylation is abolished by either an S828A mutation or 
a 5xA mutation.  Phos-tag analysis of FH-AGO2 mutants stably expressed in 
ANKRD52−/− cells. 
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We postulated that hyperphosphorylation of S824-S834 inhibits AGO2 activity, 

thus accounting for the defect in miRNA-mediated silencing in ANKRD52/PPP6C-

deficient cells.  The human AGO2 crystal structure revealed that the S824-S834 region 

is within an unresolved loop of the PIWI domain that is located in the vicinity of the 

miRNA:mRNA target interface (89, 90).  We therefore hypothesized that 

phosphorylation in this region may reduce the association of AGO2 with miRNAs and/or 

targets.  Immunopurification of endogenous AGO2 from ANKRD52+/+ or ANKRD52–/– 

cells demonstrated equivalent miRNA association (Figure 23a).  In contrast, 

AGO2:mRNA target association was dramatically reduced in ANKRD52–/– cells, as 

determined by assessing AGO2 binding to the miR-19 EGFP reporter mRNA and two 

established endogenous mRNA targets of different miRNAs (Figure 23b) (91, 92).   

 To further demonstrate that phosphorylation of AGO2 at S824-S834 inhibits 

target association, we used an established protocol (93) to capture AGO2:miRNA 

complexes with an RNA oligonucleotide that mimics a target of miR-21, an abundant 

miRNA in HCT116 cells (94) (Figure 24).  Whereas unphosphorylated AGO2 was 

efficiently recovered using this approach, the ability of the phosphorylated form to bind 

to the synthetic target was dramatically decreased (Figure 25).  Importantly, both 

phosphorylated and unphosphorylated forms of AGO2 were efficiently recovered by 

immunoprecipitation using an anti-AGO2 antibody, demonstrating that the relevant 

phosphoresidues were stable under these purification conditions. 

 To identify the specific phosphoresidues that impair AGO2 target association, we 

expressed a series of phosphomimetic mutants and assessed their target binding 

activity.  As expected, none of the mutations measurably decreased miRNA association 



38 
 

 
 

(Figure 26).  In contrast, we found that target association was significantly impaired by 

several of these substitutions, including glutamate mutations of all five serine and 

threonine residues in the S824-S834 region (5xE) and, more importantly, individual 

mutations or combinations of mutations that mimic definitive phosphorylation sites 

documented by mass spectrometry (S831E, S828E/S831E, and S824E/S828E/S831E) 

(Figure 27).  Interestingly, mutation of all serines and threonines in this region to alanine 

(5xA) enhanced target association, suggesting that phosphorylation of wild-type AGO2 

detectably inhibits target association at baseline. 

 To test whether phosphorylation of S824-S834 impacts other aspects of AGO2 

function in addition to target binding, we used the N peptide-boxB system (95) to tether 

wild-type or mutant AGO2 to a luciferase reporter transcript.  Both wild-type and 5xE 

N-AGO2 displayed equivalent silencing activity in this assay (Figure 28), 

demonstrating that these mutations result in an isolated defect in target binding but do 

not otherwise affect AGO2 activity.  Taken together, these findings establish that 

phosphorylation of S824-S834 represents a potent and specific mechanism through 

which the ability of AGO2 to bind target mRNAs is regulated. 
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Figure 23: AGO2 phosphorylation impairs mRNA target association but spares 
miRNA association. a, Measurement of AGO2-associated miRNA by qRT-PCR.  
miRNA recovery was normalized to the amount of AGO2 recovered and then 
normalized to wild-type value.  Average values from two biological replicates each 
assayed in triplicate shown.  Error bars indicate SD for this and all subsequent qRT-
PCR data. b, AGO2-target association assessed as described in (a). *p < 0.05, 
Student’s t test comparing ANKRD52−/− to WT. 
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Figure 24: AGO2 can be captured from cell lysates using a bait target 
oligonucleotide. Schematic of AGO2:miRNA target capture experiment. 
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Figure 25: An mRNA target mimic selectively captures non-phosphorylated 
AGO2. Phos-tag western blot demonstrating impaired association of 
hyperphosphorylated AGO2 with target oligonucleotide. 
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Figure 26: Phosphomimetic mutants of FH-AGO2 do not exhibit reduced 
miRNA association.  miRNA association of wild-type or mutant FH-AGO2 assessed 
as described in Figure 23 (N = 4 biological replicates, each assayed in triplicate). 
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Figure 27: Phosphomimetic mutants of FH-AGO2 exhibit reduced mRNA 
association.  mRNA association (EGFP miR-19 reporter transcript) of wild-type or 
mutant FH-AGO2 assessed as described in Figure 23 (N = 4 biological replicates, 
each assayed in triplicate). 
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Figure 28: A phosphomimetic mutant of AGO2 is competent to silence mRNA 
targets when directly tethered.  Schematic representation of AGO2 tethering 
experiments and results of luciferase assays demonstrating repression of luciferase-

BoxB (pGL3-BoxB) by N-AGO2 (WT) and N-AGO2 (5xE), but not by untethered 

AGO2 or N alone.  A luciferase transcript lacking BoxB sites (pGL3-Control) served 
as a negative control.  *p < 0.05; ** p < 0.01, Student’s t test (N = 3 biological 
replicates). 
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Having identified the phosphatase arm of this new AGO2 phosphorylation cycle, 

we next sought to identify the kinase that initiates this inhibitory mechanism.  Reasoning 

that loss of function of the kinase would rescue miRNA-mediated silencing in the 

ANKRD52-deficient state, we performed a secondary genome-wide CRISPR-Cas9 

screen in ANKRD52–/– HCT116EGFP-miR19 cells and collected the dimmest 0.5% of cells 

(Figure 29).  RIGER analysis revealed four serine/threonine kinases among the top 100 

hits: LATS2, CSNK1A1, mTOR, and SRPK1 (Figure 30, Table 4 of Appendix).  

Knockout of LATS2 or SRPK1 in the ANKRD52–/– background resulted in minimal 

recovery of EGFP repression (Figures 31a, b).  mTOR knockout or inhibition with 

rapamycin moderately rescued EGFP repression but did not influence AGO2 

phosphorylation (Figures 31c, d).  In stark contrast, knockout of CSNK1A1 in 

ANKRD52–/– cells (Figure 32) fully rescued repression of the EGFP reporter without 

increasing miR-19 levels (Figures 33a, 34), greatly reduced AGO2 phosphorylation 

(Figure 33b), and restored AGO2 target association (Figure 33c).  

Co-immunoprecipitation demonstrated an RNA-independent interaction between 

CSNK1A1 and AGO2 (Figure 35), supporting a direct role for CSNK1A1 in AGO2 

phosphorylation.  Moreover, the casein kinase I (CKI) family, of which CSNK1A1 is a 

member, prefers previously phosphorylated substrates conforming to the consensus 

(pS/pT/D/E)-X1-2-S/T, with the latter S/T representing the phospho-acceptor site(96, 97).  

Notably, the five serine/threonine residues within AGO2 S824-S834 all conform to this 

consensus motif, with S824 and S828 preceded by acidic residues and T830, S831, 

and S834 having the potential to be primed by hierarchical phosphorylation initiating at 

S828.  To directly determine whether full-length AGO2 is a direct substrate of 
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CSNK1A1, wild-type AGO2 or the 5xA mutant was purified from human cells, treated 

with lambda phosphatase to remove potential priming phosphorylation events, and 

incubated with recombinant CSNK1A1 in vitro.  Under these conditions, phosphorylation 

of wild-type but not 5xA AGO2 by CSNK1A1 was clearly detectable (Figure 36a).  To 

further explore the potential for hierarchical phosphorylation in this region, CSNK1A1 

kinase assays were performed with a series of peptides containing phosphoserines at 

positions corresponding to S824, S828, and S831 of AGO2 (Figure 36b).  

Unphosphorylated peptide was a poor substrate for CSNK1A1 under these conditions, 

suggesting that initial phosphorylation of this region is facilitated by contextual features 

present in full-length AGO2.  Likewise, pS824 only weakly stimulated further 

phosphorylation of this peptide.  In contrast, prior phosphorylation of S828 robustly 

promoted phosphorylation of S831 (but not T830), while pS831 efficiently primed 

phosphorylation of S834.  Taken together with our earlier data demonstrating a critical 

role for S828 in phosphorylation of AGO2 in whole cells (Figure 22), these findings 

support a model whereby initial phosphorylation of S828, and potentially S824, by 

CSNK1A1 is an inefficient event, perhaps stimulated by conformational changes in 

AGO2 or yet-to-be defined additional priming kinases or co-factors.  Once 

phosphorylated, however, pS828 stimulates efficient hierarchical phosphorylation of 

S831 followed potentially by S834 by CSNK1A1, rendering AGO2 incompetent for 

target binding until returned to an active state by the phosphatase activity of the 

ANKRD52-PPP6C complex (Figure 37). 
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Figure 29: Design of a CRISPR-Cas9 screen to identify suppressors of the 

ANKRD52−/− phenotype. 
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Figure 30: Four serine/threonine kinases emerge as hits from a genome-wide 
CRISPR-Cas9 suppressor screen.  RIGER analysis of screening results with 
serine/threonine kinases highlighted. 
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Figure 31: Analysis of three serine/threonine kinases identified in the CRISPR-
Cas9 suppressor screen. a, b, Flow cytometry demonstrating EGFP expression in 
HCT116EGFP-miR19 (a) or HCT116EGFP cells (b) after transduction with lentiCRISPR 
vectors targeting the indicated genes. (c), Flow cytometry demonstrating EGFP 
expression in HCT116EGFP-miR19 cells treated with the indicated dose of rapamycin.  
NT, not treated. (d), Phos-tag western blot analysis of AGO2 in ANKRD52−/− cells 
after treatment with rapamycin. 
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Figure 32: Characterization of ANKRD52−/−; CSNK1A1−/− cells.  Western blot 
analysis confirms loss of CSNK1A1 expression in HCT116 ANKRD52−/−; 
CSNK1A1−/− clonal knockout cells.  All lanes came from the same blot but irrelevant 
lanes were removed. 
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Figure 33: A CRISPR-Cas9 suppressor screen reveals CSNK1A1 as the 
inhibitory AGO2 kinase.  a, Flow cytometry demonstrating rescued repression of 
EGFP in ANKRD52−/− HCT116EGFP-miR19 cells transduced with lentiCRISPR vectors 
targeting CSNK1A1. b, Phos-tag electrophoresis reveals a strong reduction of 
phosphorylated AGO2 in ANKRD52−/−; CSNK1A1−/− cells. c, Relative association of 
miR-19a, miR-19b and EGFP target mRNA with AGO2 was assessed as described 
in Fig. 3a (N = 3 biological replicates). 
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Figure 34: Characterization of miR-19 expression in ANKRD52−/−; CSNK1A1−/− 
cells.  miR-19 expression normalized to U6 expression, assessed by qRT-PCR, in 
cells of the indicated genotypes (N = 4 biological replicates, each assayed in 
triplicate).     
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Figure 35: AGO2 and CSNK1A1 interact in an RNA-independent manner.  Co-
immunoprecipitation of V5-CSNK1A1 with FH-AGO2, with or without RNase A 
treatment. 
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Figure 36: AGO2 is a direct substrate of CSNK1A1.  a, In vitro CSNK1A1 kinase 
assays showing phosphorylation of full-length WT FH-AGO2 but not 5xA FH-AGO2 

with or without pre-treatment with PP. b, In vitro CSNK1A1 kinase assays 
demonstrating phosphorylation of peptides containing AGO2 S831 and S834 when 
primed by pS828 and pS831, respectively. 
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Figure 37: An AGO2 phosphorylation cycle regulates target mRNA 

engagement. 
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Discussion 

 

 CRISPR-Cas9 screening in the HCT116EGFP-miR19 cells revealed both global 

regulators of the pathway as well as specific regulators of the miR-17-92 cluster.  A 

genetic suppressor screen using similar methods yielded additional regulators of miRNA 

function.  Taken together, the results of these genetic screens demonstrate the 

feasibility and powerful sensitivity of coupling fluorescent reporters of miRNA activity to 

established CRISPR-Cas9 screening libraries.  We anticipate that these methods may 

be extended to study the regulation of many other regulatory networks governing 

miRNA function.   More broadly, these methods may be adapted to dissect the 

regulatory architecture of other molecular pathways by modifying the design of the 

fluorescent reporter. 

Global dysregulation of the miRNA pathway can significantly disturb mammalian 

development and compensatory responses to stress (37, 98, 99).  Elucidating the 

regulatory machinery that has evolved to tune the activity of the pathway remains a 

major priority.  Although some regulatory mechanisms are invoked in response to acute 

stimuli, others are necessary for optimal function of the pathway under baseline 

conditions (63, 65).  Here we have presented compelling evidence for an AGO2 

phosphorylation cycle that can regulate the pathway at the level of target association.  

Loss of the phosphatase arm of the cycle strongly impairs global miRNA function under 

normal growth conditions and genetic ablation of the AGO2 kinase, CSNK1A1, rescues 

silencing of a miR-19 reporter.   

 The existence of this Argonaute phosphorylation cycle now begs further 

interrogation into the biological contexts where cells engage the pathway to modify 
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silencing activity.  Tracking AGO2 phosphorylation across organismal development and 

examining the tissue-specific accumulation of p-AGO2 would provide a broad 

characterization of the potential contexts in which the levels of unphosphorylated AGO2 

and p-AGO2 are altered.  Similarly, surveying AGO2 phosphorylation under conditions 

known to acutely impair the pathway may provide deeper insight into the contexts in 

which the cycle functions to maintain homeostasis (100).  Perhaps a more significant 

way to reveal the functions of the Argonaute phosphorylation cycle will be to engineer 

mice carrying phosphomimetic or phosphomutant versions of AGO2.  Undoubtedly, 

further characterization of this novel cycle will clarify the importance of Argonaute 

phosphorylation in organismal homeostasis.  
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CHAPTER THREE 

Discussion 
 

Review of findings 

 

Elucidating biologically significant regulatory mechanisms of the miRNA pathway 

remains a major priority for the field.  We have characterized a previously unappreciated 

regulatory phosphorylation cycle for Argonaute by elucidating necessary components of 

both the kinase and phosphatase arms of the cycle.  These studies have also unveiled 

a regulatory architecture for the transcriptional regulation of the miR-17-92 cluster, with 

particular focus on the biogenesis of miR-19.   

Novel transcriptional regulators of the miR-17-92 cluster 

 

The miR-17-92 cluster remains perhaps one of the most intensely studied miRNA 

clusters with respect to development and oncogenesis in mammals.  Hemizygous loss 

of the miR-17-92 cluster leads to developmental abnormalities in humans (38).  

Engineered mutations in mice recapitulate many of these effects, including 

microcephaly and digital abnormalities.  Complete loss of the cluster is incompatible 

with life for mice (39).  Mice with homozygous loss of the cluster exhibit hypoplastic 

lungs, abnormal cardiac structures, and impaired B cell maturation.  Notably, the miR-

17-92 cluster is not alone among miRNA knockout mice demonstrating overt 

development abnormalities.  Deletion of members of the miR-196 family drives altered 

vertebral morphology in mice (101).  Mice deficient in miR-140 exhibit short stature, a 

finding consistent with the selective expression of miR-140 in the cartilage (102). 
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 The oncogenic role for the miR-17-92 cluster was established using animal 

models after early reports observed significant amplification of this non-coding RNA 

cluster in patient-derived tumor samples (103).  Lin He and colleagues demonstrated an 

in vivo role for the cluster in mediating Myc-driven lymphomagenesis in mice (45).  

Further studies carefully dissected the contributions of individual miRNAs within the 

cluster in promoting oncogenesis.  The loss of miR-19 alone was sufficient to 

significantly reduce the progression of Myc-driven lymphomagenesis and Myc-driven 

adenocarcinoma of the prostate in mice (47).  In sum, miR-19 alone is a significant 

contributor to the oncogenic phenotype associated with expression of the miR-17-92 

cluster. 

 Given the significant biological role for miR-19 in oncogenesis, identifying 

regulators of this miRNA alone could have significant implications for therapies targeting 

Myc-driven oncogenic events.  Our initial CRISPR-Cas9 loss-of-function screen to 

identify novel regulators of the miRNA pathway was sensitive to global regulators of the 

pathway, as well as specific regulators of miR-19.  Further studies identified a 

transcriptional network governing the expression of the pri-miR-17-92 transcript.  MYC 

is known to be a central driver of transcription of pri-miR-17-92 (49).  Genetic ablation of 

CTNNB1 or BRD4 results in nearly a 50% reduction in MYC transcript levels and a 

similar reduction in pri-miR-17-92 expression, consistent with reduced transcription of 

the cluster.  Curiously, mature miR-19a and miR-19b were both reduced approximately 

80% in BRD4 knockout cells, but loss of CTNNB1 only reduced expression of these 

miRNAs by 50%.  This discrepancy suggests that BRD4 may promote the biogenesis or 

stability of these miRNAs through an alternative mechanism in addition to promoting 
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MYC-driven expression of the host transcript.  Future studies should involve surveying 

the global miRNA landscape to determine if there is a widespread reduction in mature 

miRNA expression in BRD4/ cells.  If a global deficit is present, assessing the various 

stages of miRNA biogenesis and evaluating the half-lives of mature miRNAs would be 

appropriate angles of inquiry to begin dissecting the relevant deficiencies in the 

pathway. 

 The initial CRISPR-Cas9 screen also demonstrated a role for POU2F1, also 

known as OCT1, in promoting the biogenesis of mature miR-19.  Loss of POU2F1 did 

not reduce MYC expression, suggesting that this transcription factor promotes 

biogenesis perhaps by binding directly to the promoter for pri-miR-17-92.  An earlier 

report studying the transcription of the miR-17-92 cluster identified a putative binding 

site for an OCT protein family member in the promoter for the miRNA (104).  Mutation of 

this site reduced expression of a luciferase reporter approximately 50%.  Interpreting 

this study in the context of our loss-of-function studies of POU2F1 strongly implicates 

pri-miR-17-92 as a direct transcriptional target of POU2F1.  Further studies 

demonstrating direct binding of POU2F1 to the pri-miR-17-92 promoter would further 

support this hypothesis. 

 Our development of a CRISPR-Cas9 screening platform for regulators of the 

miRNA pathway provides a powerful tool for dissecting the transcriptional networks 

governing the expression of particular miRNAs.  This study identified at least three 

genes that are involved in promoting the transcription of the pri-miR-17-92 cluster.  The 

transcriptional networks governing the expression of other miRNAs could be studied by 

simply replacing the miRNA binding sites in the EGFP reporter with binding sites to 



61 
 

 
 

other miRNAs that are expressed at consequential levels.  Varying the cell type in which 

the CRISPR-Cas9 loss-of-function screen is performed would allow for the identification 

of transcriptional regulators of a miRNA within a specific cell type.  These potential 

variations on the initial screen highlight the flexibility of this screening approach, and the 

results obtained in the initial screen confirm its functionality for identifying regulators of 

specific miRNAs. 

A novel phosphorylation cycle for AGO2 

 

A second class of hits emerged from the screen, regulators of global miRNA 

function.  Many known components of the canonical miRNA biogenesis pathway 

emerged (2).  These include, but are not limited to, DROSHA, DGCR8, DICER1, and 

XPO5.  The presence of these genes as highly enriched hits from the screen confirmed 

the sensitivity of the screen for major molecular components of global miRNA function.  

Two components of a phosphatase complex, ANKRD52 and PPP6C, were revealed to 

be highly significant hits from the screen as well (86).  This observation led us to 

characterize the consequences for miRNA silencing when this complex is knocked out 

in human cells. 

 To study the extent to which the protein phosphatase 6 (PP6) complex regulates 

miRNA function, clonal knockout cell lines were derived for ANKRD52.  Attempts to 

generate clonal knockout cell lines for PPP6C were hampered by significant toxicity 

elicited upon loss of PPP6C.  RNA sequencing analysis confirmed significant 

upregulation of multiple mRNAs in ANKRD52/ that are also elevated in cells deficient 

for AGO2.  These results strongly support a role for ANKRD52 in promoting global 
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function of the pathway.  Mass spectrometry analysis allowed us to identify a region 

within AGO2 that becomes highly phosphorylated in the absence of ANKRD52 or 

PPP6C.  Further studies demonstrated that AGO2 cannot associate efficiently with 

mRNA targets when the protein is phosphorylated in this region, despite miRNA 

association remaining relatively unchanged.  Collectively, these observations suggest 

that the AGO2:miRNA complex can undergo temporary inactivation by phosphorylation 

at the S824-S834 region.  The existence of an on/off switch that preserves miRNA 

association could allow the cell to rapidly, but reversibly, downregulate the miRNA 

pathway.  Such a mechanism could be relevant for signaling cascades, development, 

and acute stress responses.  

 Identifying stimuli of AGO2 phosphorylation could reveal contexts in which 

inactivation of the miRNA pathway occurs and promotes a homeostatic response to 

some initiating event.  Elucidating the kinase or kinases responsible for AGO2 

phosphorylation could provide information about potential stimuli for phosphorylation.  A 

genome-wide suppressor screen in EGFP miR-19 reporter cells deficient for ANKRD52 

identified CSNK1A1 as the relevant AGO2 kinase.  Although alternative splicing and 

miRNA-mediated gene silencing are both known to regulate CSNK1A1 (105), the 

activity of the enzyme is not known to be strongly and acutely regulated by cell signaling 

events.  In this case, identifying the AGO2 kinase as CSNK1A1 did not immediately 

provide leads as to potential stimuli for AGO2 phosphorylation.   

 The CRISPR-Cas9 genome-wide suppressor screen also identified LATS2 and 

mTOR as potential AGO2 kinases.  Loss of either kinase partially rescues silencing of 

the EGFP miR-19 reporter in ANKRD52/ cells.  However, knockout of either LATS2 or 
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mTOR failed to rescue the hyperphosphorylation of AGO2 observed by Phos-tag 

western blotting.  These kinases may regulate the miRNA pathway through an 

alternative mechanism.  These observations leave open the possibility that other 

kinases could still directly phosphorylation AGO2 at the S824-S834 region.  Factors 

such as genetic redundancy, knockout toxicity, and ineffective sgRNAs may have led to 

CSNK1A1 being the only AGO2 kinase identified from the screen.  Further investigation 

aimed at identifying additional kinases for AGO2 would be feasible given the 

development of novel genome-wide gene activation screening systems (106).  One 

could perform a genome-wide CRISPR-Cas9 activation to determine if overexpression 

of a single kinase could drive AGO2 phosphorylation.   

 Deriving phospho-specific antibodies against p-AGO2 would provide useful tools 

for analyzing the relative levels of p-AGO2 across various tissues, developmental 

points, or disease states.  Our work has identified at least three definitively 

phosphorylated residues within the S824-S834 loop.  These include S824, S828, and 

S831.  In vitro kinase assays also suggest that S834 may be directly phosphorylated by 

CSNK1A1 if AGO2 is phosphorylated at S831.  Deriving phospho-specific antibodies 

against each of these four sites would yield a useful toolkit for finely dissecting relative 

levels of phosphorylation and the kinetics of phosphorylation within the S824-S834 loop.  

Successful phospho-specific antibody production may also allow one to 

immunoprecipitate p-AGO2 and search for novel protein and/or RNA interactions.  

Although we anticipate p-AGO2 is inactive with respect to its miRNA-mediated silencing 

function, there may be additional functions of p-AGO2 that are yet to be appreciated.   



64 
 

 
 

 The deep evolutionary conservation of the pS824-pS834 loop (107) suggests 

that Argonaute proteins in other organisms, such as D. melanogaster and C. elegans, 

may regulate Argonaute activity through phosphorylation of this region.  Identifying 

orthologues of ANKRD52, PPP6C, and CSNK1A1 in other organisms could then be 

coupled to loss-of-function studies and analysis of the phosphorylation state of 

Argonaute.  Semi-quantitative mass spectrometry and/or Phos-tag western blots could 

be employed to assess Argonaute’s phosphorylation status.  Analysis of miRNA 

function under such genetic manipulations would also help determine if similar 

molecular components are used to regulate the activity of Argonaute in other 

organisms.  Studying Argonaute phosphorylation in other model organisms may also 

facilitate in vivo experiments that reveal the global consequences for an organism with 

deficiencies in the Argonaute phosphorylation cycle.   

 Characterizing the in vivo significance of AGO2 phosphorylation could be 

accomplished through murine models.  Phosphomutant and phosphomimetic versions 

of AGO2 could be knocked into the mouse genome (108), and the consequences for 

development and baseline homeostasis could be assessed in animals.  A 

phosphomimetic mutant of AGO2 would be expected to demonstrate significantly 

impaired function with respect to promoting miRNA activity.  The expression of AGO2 is 

essential for mouse development (98), and the loss of various miRNAs impairs proper 

development (39, 101, 102).  A phosphomimetic mutant of AGO2 may demonstrate 

altered development if the activity of the miRNA pathway is globally dysregulated.   

In vivo studies targeting the elucidated components of the AGO2 phosphorylation 

cycle may also stimulate an appreciation for the biological significance of the cycle.  For 
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example, PPP6C is commonly mutated in melanoma and basal cell carcinoma (109, 

110).  Genetic ablation of PPP6C accelerates ultraviolet-B-induced skin carcinogenesis 

and accelerates chemically-induced skin carcinogenesis as well (111, 112).  CRISPR-

Cas9 targeting of ANKRD52 in mouse non-small cell lung cancer cells accelerates 

primary tumor growth in mice (113).  Loss of heterozygosity for CSNK1A1 in mice 

deficient for p53 in the gut results in invasive carcinoma (114).  Each of these findings 

linking loss-of-function of the one of the critical regulators of AGO2 phosphorylation to 

accelerated oncogenesis provides an opportunity to investigate the potential 

contributions of dysregulated miRNA function to each phenotype.   

 Numerous situations could exist in which AGO2 phosphorylation is altered in 

either a compensatory or pathological manner.  However, understanding the 

fundamental necessity for the AGO2 phosphorylation cycle remains a paramount 

priority.  Loss of either ANKRD52 or PPP6C clearly traps Argonaute in a 

hyperphosphorylated and inhibited state in which mRNA target association is strongly 

reduced.  However, loss of CSNK1A1, a kinase essential for the phosphoinhibition of 

AGO2, has only been demonstrated to fully rescue repression of the EGFP miR-19 

reporter in ANKRD52-deficient cells.  More comprehensive transcriptome-wide analysis 

will be necessary to see if loss of this kinase globally rescues miRNA-mediated 

silencing.  Perhaps deletion of CSNK1A1 alone or expressing 5xA phosphomutant 

AGO2 in AGO2-deficient cells would result in perturbed miRNA function.  These 

experiments could provide direct support for the necessity of AGO2 phosphorylation in 

maintaining efficient function of the pathway.   
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Adapting fluorescent reporters and CRISPR-Cas9 screening to dissect other pathways 

 

A final lasting contribution of this work to the broader scientific community 

includes the development of a flexible screening platform for dissecting the machinery 

of molecular pathways using fluorescent reporters and established CRISPR-Cas9 

genome-scale libraries (5, 6).  Several parameters of the initial CRISPR-Cas9 screen 

were chosen after rounds of iterative experimentation and data analysis in collaboration 

with Dr. Yang Xie’s lab at UT Southwestern.  Experimental measurements of knockout 

efficiency and reporter responsiveness were generated, and the analysis of these data 

guided our selection of precise gates for FACS analysis.  Library preparation and 

sequencing parameters were optimized with significant assistance from Dr. Vanessa 

Schmid at the Eugene McDermott Center for Human Growth and Development.  The 

published technical methods for conducting a genome-scale CRISPR-Cas9 screen 

using the approaches derived in this work may be adapted by other groups.  

Fluorescent reporters could be designed to measure such processes as gene 

transcription, post-transcriptional regulation, and the post-translational regulation of 

proteins fused to EGFP.  These reporters could then be coupled to the methods 

established in this study for detecting regulators of a biological process.   

Summary 

 

Despite over a decade of intensive study, mechanisms that regulate miRNA-

mediated silencing are incompletely understood.  By applying iterative rounds of 

genome-wide CRISPR-Cas9 screening to this problem, we have uncovered a new 

AGO2 phosphorylation cycle that potently regulates target mRNA engagement.  The 
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deep conservation of the relevant phosphorylation sites in metazoan Argonaute proteins 

suggests that this mechanism is broadly utilized to regulate the pathway in diverse 

species.  Moreover, these findings demonstrate that miRNA abundance or loading into 

Argonaute proteins does not necessarily equate with miRNA silencing activity, 

highlighting target association as a major level of control of the pathway.  We anticipate 

that the highly flexible fluorescent marker-based CRISPR-Cas9 screening strategy 

described here will facilitate the functional dissection of other important biological 

pathways directly in human cells.
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CHAPTER FOUR 

Methods 
 

Construction of miR-19 reporter 

 

EGFP was PCR amplified from EGFP-hAGO2 (Addgene #21981) and cloned into 

pMSCV-Puro (Clontech) using the BglII and XhoI restriction sites.  The puromycin 

resistance cassette was then removed by EcoRI and ClaI digestion and replaced with 

an insert containing eight imperfect miR-19 binding sites [modeled from (78)], 

synthesized as a gBlock (IDT) (sequence in Appendix, Table 5).  For EGFP only 

reporter, the puromycin resistance cassette was removed by EcoRI and ClaI digestion 

followed by re-ligation after filling-in overhangs. 

 

Generation of HCT116 reporter cell lines 

 

MSCV-EGFP and MSCV-EGFP-miR-19 retrovirus was generated by first seeding 6x105 

cells per well in a 6-well dish.  The following day, cells were transfected using 1 µg of 

plasmid (MSCV-EGFP or MSCV-EGFP-miR-19), 3 µL of FuGENE HD (Promega), and 

200 µL Opti-MEM (Thermo Fisher) per well according to manufacturer’s instructions.  

Media was changed the next day.  Two days after transfection, media was collected and 

passed through a 0.45 µm SFCA sterile filter.  Recipient HCT116 cells were transduced 

overnight at an MOI of approximately 0.2 using media supplemented with 8 µg/mL 

polybrene (EMD Millipore).  Cells expressing EGFP were enriched by FACS and single-

cell clonal lines were derived.   
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Generation of knockout cell lines using CRISPR-Cas9 

 

Heterogeneous knockout cell populations were generated using lentiCRISPR v2 

(Addgene #52961) or lentiCRISPR-hygro.  lentiCRISPR-Hygro was constructed by 

replacing the puromycin resistance ORF in lentiCRISPR v2 with a hygromycin 

resistance ORF.  A silent mutation was introduced into a BsmBI restriction site within 

the hygromycin resistance ORF to prevent fragmentation of the vector when cloning 

sgRNA oligos.  sgRNA sequences (Appendix, Table 5) were cloned as described 

previously (6).  An sgRNA targeting an irrelevant gene (PPID) or a non-targeting guide 

were used as negative controls.   

To generate active lentivirus, 6x105 293T cells were first seeded in 6-well dishes and 

transfected the following day using a 5:3:2 ratio of lentiCRISPR:psPAX2 (Addgene 

#12260):pMD2.G (Addgene #12259) using FuGENE HD and 1 µg of total plasmid per 

well.  Media were changed the next day.  Two days after transfection, media were 

collected and passed through a 0.45 µm SFCA sterile filter.  Media containing the virus 

were diluted 1:1 with fresh media and used to transduce recipient cells overnight in a 

final polybrene concentration of 8 µg/mL.  Media were changed 24 hours later, and cells 

were split into fresh media containing 1 µg/mL puromycin 48 hours after transduction.   

To generate clonal knockout lines, single-cell cloning was performed after infection with 

lentiCRISPR v2, lentiCRISPR-hygro, or after transient transfection of PX330 (Addgene 

#42230) targeting the gene of interest.   
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Transfection with miR-19 inhibitors 
 

3x105 reporter cells were seeded per well in six-well dishes.  Cells were transfected the 

following day with a mixture of inhibitors for miR-19a and miR-19b at 5 nM each 

(MiRIDIAN microRNA Hairpin Inhibitors, GE Dharmacon) using Lipofectamine 

RNAiMAX (Thermo Fisher).  Fluorescence was assessed by flow cytometry 48 hours 

after transfection.   

 

Genome-wide CRISPR-Cas9 screening 
 

Lentiviral sgRNA library production 

The human GeCKO v2 library was obtained from Addgene (#1000000048) and 

amplified according to the provided instructions.  Plasmid was purified from bacterial 

pellets using the Qiagen plasmid maxi kit.  Active lentivirus was prepared in 293T cells 

by first seeding 3.2x106 cells per 10 cm dish.  GeCKO library A and library B were 

prepared independently using 15 dishes per library.  The day after seeding, each dish 

was transfected using 10 µg of total plasmid (5:3:2 ratio of GeCKO 

library:psPAX2:pMD2.G), 30 µL of FuGENE HD, and 900 µL of Opti-MEM.  Media was 

exchanged the following day.  Media collections at 48 and 72 hours after transfection 

were pooled prior to filtering through a 0.45 µm SFCA sterile filter.  Aliquots of the library 

were snap frozen on dry ice and ethanol before being stored at -80°C.  Library titer was 

determined as described (6).   
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Transduction of reporter cell lines with lentiCRISPR library 

Replicate genome-wide CRISPR-Cas9 screens using HCT116EGFP-miR-19, HCT116EGFP, 

or ANKRD52–/– HCT116EGFP-miR-19 cells were performed for lentiCRISPR libraries A and 

B.  For each transduction, five 12-well plates were seeded with 5x105 reporter cells per 

well.  An overnight transduction was performed the following day by diluting virus to an 

MOI of 0.2-0.4 in 8 µg/mL polybrene.  Cells were then trypsinized and pooled before 

being plated into fresh medium in six 15 cm dishes.  48 hours later, cells were 

trypsinized, pooled, counted, and seeded into five 15 cm dishes with 1 µg/mL puromycin 

using 2.4x107 cells per dish.  In parallel, a small aliquot of cells was used to confirm that 

an MOI of 0.2-0.4 was achieved.  Cells were passaged for 12-14 days before sorting.  

At every passage, 1x107 cells were seeded per dish into four 15 cm dishes with medium 

containing puromycin.  At least 2x107 cells were transduced with each library for each 

screen, corresponding to ~300X or greater coverage. 

 

Cell sorting 

Two days prior to sorting, ten 15 cm dishes with 1.2x107 cells per dish were seeded for 

each library-reporter pair.  Samples were prepared for FACS by trypsinization in 0.25% 

trypsin-EDTA (Thermo Fisher) for 7 minutes.  Cells were dissociated by pipetting up and 

down approximately 20 times with a P1000 pipet to minimize doublets.  Dissociated 

cells were pipetted directly into media, pelleted at 300 g for 5 minutes, and washed 

once with PBS.  Cells were resuspended at 1.4x107 cells per mL in PBS supplemented 

with 3% FBS.  Cells were sorted at the UT Southwestern Flow Cytometry Core Facility 
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using a MoFlo cell sorter (Beckman Coulter).  The brightest or dimmest 0.5% of cells 

were collected based on EGFP fluorescence.  Cell sorting was performed on 

approximately 9x107 cells, and typical yields ranged from 2x105 – 3x105 sorted 

bright/dim cells.  Cells were pelleted at 300 g and frozen at -80°C for genomic DNA 

(gDNA) extraction.  Unsorted cells were similarly collected.   

 

Genomic DNA extraction 

gDNA was extracted from the unsorted cells using the Qiagen DNeasy Blood & Tissue 

Kit according to the manufacturer’s instructions.  Extractions were performed on 4x107 

cells using 5x106 cells per column to ensure enough gDNA for 300X coverage of the 

library.  DNA was eluted by adding 125 µL of water to each column.  The same eluate 

was added back to the column for a second elution.  The DNA concentration in the final 

eluate was assessed using the Qubit dsDNA BR assay kit (Thermo Fisher).     

To facilitate maximum recovery of gDNA from the sorted cells, a previously described 

method (115) was used  with the following modifications:  Sorted cell pellets were 

resuspended in 500 µL of tissue lysis buffer, consisting of 460 µL of STE buffer [1 mM 

EDTA (pH 8.0), 10 mM Tris-HCl (pH 8.0), 100 mM NaCl] supplemented with 10 µL of 

0.5 M EDTA, 10 µL of proteinase K [10 mg/mL in TE buffer containing 10 mM Tris-HCl 

(pH 8.0) and 1 mM EDTA], and 20 µL of 10% SDS.  Pellets were digested overnight at 

55°C while shaking at 1000 rpm on a Thermomixer (Eppendorf).  The following day, 5 

µL of 2 mg/mL RNase A was added to each tube and incubated at 37°C for 1 hr while 

shaking at 1000 rpm.  Extractions were performed with an equal volume of pH 7.9-
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buffer saturated phenol, followed by phenol:chloroform:isoamyl alcohol (25:24:1), 

followed by chloroform.  20 µg of glycogen (Roche) and 1.5 mL of 100% ethanol was 

added to each tube and DNA was precipitated at -80°C for 1 hr followed by 

centrifugation at 18,000 g for 10 min at 4°C.  Pellets were washed with 1 mL of 75% 

ethanol, dried, and resuspended in 21 µL of water by incubating at 37°C for a minimum 

of 4 hrs. DNA concentration was determined with the Qubit dsDNA BR assay kit.   

 

Sequencing library preparation 

Methods to prepare PCR amplicon libraries for deep sequencing were adapted from a 

previously published protocol (6).  All primer sequences are provided in Appendix, Table 

5.  For unsorted cells, an initial round of PCR (PCR I) was performed using 6.6 µg of 

gDNA per 100 µL PCR reaction.  To maintain 300X coverage, 20 reactions were 

assembled for each sample.  For sorted cells, all extracted gDNA for a given sample 

was distributed into two 100 µL reactions.  In both cases, 18 cycles of amplification were 

performed using Herculase II Fusion polymerase (Agilent).  All reactions for a given 

sample from PCR I were then pooled together and a second round of PCR (PCR II) was 

performed to add the necessary adapters for Illumina sequencing.  Due to variable PCR 

efficiency between samples, the cycle number for PCR II was adjusted so that each 

library was amplified in a 50 µL reaction to a common endpoint with respect to DNA 

quantity (approximately 50 ng of DNA library in a 50 µL PCR sample).   

DNA was purified for sequencing using AMPure XP beads (Agencourt) according to the 

manufacturer’s instructions with the following modifications:  Each 50 uL PCR II reaction 
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was mixed with 25 uL of beads and incubated for 5 minutes.  Magnetic separation was 

used to collect the supernatant.  The supernatant was mixed with 90 µL of beads and 

incubated for 5 minutes.  The supernatant was collected and discarded.  Beads were 

washed twice with 200 µL of 70% ethanol and then dried for approximately 12 minutes.  

Bound DNA was eluted from the beads using 40 µL of water.      

 

Next-generation sequencing 

Prior to sequencing, all DNA libraries were analyzed using the Bioanalyzer High 

Sensitivity DNA Analysis Kit (Agilent).  Library concentration was then determined by 

qPCR using the KAPA Library Quantification Kit for Illumina platforms.  All samples 

were sequenced on an Illumina HiSeq 2500 or a NextSeq 500 with 75 bp single reads.  

~15-20 million reads were sequenced per library. 

 

Sequencing data analysis 

A reference file for all sgRNAs in the library was acquired from Addgene, and identical 

sgRNAs targeting more than one protein-coding gene were removed.  Demultiplexed 

FASTQ files were mapped to the reference file using Bowtie 2 requiring unique 

alignments with no mismatches. Normalized read counts were calculated as described 

previously (6).  Screen hits were identified using RIGER (83) with the following 

parameters: log fold-change ranking, 1x106 permutations, second best rank (SBR) 

scoring algorithm.    
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qRT-PCR 
 

RNA was extracted from cells using the miRNeasy Mini Kit (Qiagen) with an on-column 

DNase digestion.  cDNA was generated using either the SuperScript IV First-Strand 

Synthesis System (Thermo Fisher) or MultiScribe Reverse Transcriptase (Thermo 

Fisher).   SYBR Green assays were performed using the SYBR Green PCR Master Mix 

(Applied Biosystems) using primer pairs listed in Appendix, Table 5.  TaqMan assays for 

mature miRNAs were performed using pre-designed assays (catalog numbers provided 

in Appendix, Table 5 and the TaqMan Universal Master Mix II (Applied Biosystems).  A 

custom Taqman assay was designed for pri-miR-17-92 (sequences provided in 

Appendix, Table 5). 

 

RNA-seq 
 

Wild-type, AGO2–/–, and ANKRD52–/–  HCT116EGFP-miR-19 cells were used for RNA-seq.  

Three independent clonal AGO2–/– and ANKRD52–/–  knockout cell lines and 3 biological 

triplicates of wild-type cells were sequenced.  5.0x105 cells were seeded per well in six-

well dishes.  Cells were harvested 48 hours later, and RNA was extracted using the 

RNeasy Mini Kit (Qiagen) with an on-column DNase digestion.  Sequencing libraries 

were generated using the TruSeq Stranded mRNA LT Sample Prep Kit (Illumina) and 

run on a NextSeq 500 using the NextSeq 500/550 High Output v2 Kit, 75 cycle 

(Illumina).  Data were analyzed as reported previously (116) with updated versions of 

edgeR (v3.8.6) and Cufflinks (v2.2.1). 
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Co-immunoprecipitation assays 
 

For all co-IP assays, 3.2x106 293T cells were seeded one day before transfection.  

Cells were transfected using Fugene HD with 10 µg of total plasmid.  Media were 

changed the following day.  Cells were harvested 48 hours after transfection.  Cells 

were washed once, scraped in PBS, and lysed on ice for 10 minutes in 1 mL of lysis 

buffer composed of 25 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM MgCl2, 0.5% NP-40, 

1 mM DTT, and a protease inhibitor cocktail (cOmplete EDTA-free, Roche).  Lysates 

were spun at 10,000 g for 10 minutes.  Supernatants were collected and diluted with 0.5 

volumes of fresh lysis buffer.  1.5 µL of IP antibody [anti-V5 (Invitrogen Cat# 46-0705) or 

anti-HA (Cell Signaling Cat# 2367S)] was added to each sample and rotated at 4°C for 

30 minutes.  30 µL of washed Dynabeads Protein G (Thermo Fisher) were added to 

each sample and incubated for 6 hours.  RNase A (Thermo Fisher) was added to a final 

concentration of 20 µg/mL where indicated.  Samples were washed four times in ice-

cold lysis buffer.  50 µL of 2X Laemmli sample buffer were added to each sample and 

aliquots were used for western blot analysis.  

 

Western blot antibodies 
 

Antibodies used for western blotting included anti-HA (2367S, Cell Signaling), anti-V5 

(46-0705, Invitrogen), anti-AGO2 (SAB4200085, Sigma), anti-GAPDH (2118S, Cell 

Signaling), anti-alpha-Tubulin (T6199-200UL, Sigma), anti-BRD4 (13440S, Cell 

Signaling), anti-CTNNB1 (9587S, Cell Signaling), anti-POU2F1 (8157S, Cell Signaling), 

anti-ANKRD52 (A302-372A, Bethyl), and anti-CSNK1A1 (sc-6477, Santa Cruz).   
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Phos-tag SDS-PAGE electrophoresis 

 

SDS-PAGE gels with 7% acrylamide were supplemented with Phos-tag AAL solution 

(Wako) according to manufacturer’s recommendations.  Gels were run at 100V in an 

XCELL SureLOCK Mini-Cell (Invitrogen) until the dye front completely exited the gel.  

Gels were incubated in transfer buffer supplemented with 1 mM EDTA for 10 minutes.  

Gels were then soaked in normal transfer buffer for 10 minutes.  Proteins were 

transferred to a nitrocellulose membrane and standard western blotting procedures 

were subsequently followed. 

For lambda phosphatase treatments, lysates were generated as described in the co-

immunoprecipitation assays.  50 µL of lysate was mixed with 10X MnCl2 buffer and 10X 

reaction buffer provided with the lambda protein phosphatase kit (NEB).  Samples 

treated with enzyme received 1 µL of purified lambda protein phosphatase.  Incubations 

were performed for 45 minutes at 30°C, and samples were subjected to chloroform-

methanol precipitation (117) prior to phos-tag electrophoresis.   

 

 

Mass spectrometry 
 

Endogenous AGO2 was purified from ANKRD52+/+ and ANKRD52–/– HCT116 cells.  

AGO2–/– cells were used as a control.  1x107 cells were seeded per 15 cm dish, and 

eight dishes were used per cell line.  AGO2 was immunoprecipitated using methods 
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adapted from an established protocol (118) with 100 µL of Dynabeads Protein G loaded 

with 18 µg of anti-AGO2 antibody (SAB4200085, Sigma) per purification.  IP eluates 

were resuspended in 5x Laemmli sample buffer.   

FH-AGO2 constructs (WT, T830A, S824A/T830A) were stably expressed using MSCV-

puro in ANKRD52–/– cells.  1x107 cells were seeded per 15 cm dish, and eight dishes 

were used per cell line.  Media were changed 48 hours later.  Cells were scraped in 

PBS 72 hours after plating.  Lysates were generated using methods similar to the co-

immunoprecipitation assays, with the exception that a phosphatase inhibitor cocktail 

(PhosStop, Roche) was included and lysate supernatants were diluted with one volume 

of lysis buffer.  Proteins were immunoprecipitated using 100 µL of Dynabeads Protein G 

loaded with 20 µg of anti-FLAG antibody (F1804, Sigma).  Beads were rotated at 4°C 

for 3 hours.  Beads were washed five times in lysis buffer.  Proteins were eluted using 

70 µL of 2x Laemmli sample buffer per 100 µL of beads.         

Purified AGO2 proteins were separated by SDS-PAGE and stained using InstantBlue 

(Expedeon). Gel slices containing AGO2 bands were reduced by DTT, alkylated by 

iodoacetic acid, and digested with trypsin (Trypsin Gold; Promega). The digestion was 

stopped by adding formic acid, followed by peptide extraction in acetonitrile. Extracted 

peptides were desalted by C18 ZipTip (Millipore). 

Peptide mixtures were separated by C-18 resin (100 Å, 3 µm, MICHROM Bioresources) 

in-house packed into a silica capillary emitter (100 µm ID, 100 mm resin length). LC 

gradient was generated by a Dionex Ultimate 3000 nanoLC system (Thermo Scientific), 

using mobile phase A: 0.1% formic acid and B: 0.1% formic acid in acetonitrile. Mobile 

phase gradient: 2% B at 0-15 min, 30% B at 81 min, 35% B at 85 min, 40% B at 87 min, 
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60% B at 95 min, 80% B at 96-107 min and 2% B at 108-120 min. Flow rate: 600 nL/min 

at 0-13.5 min, 250 nL/min at 13.5-120 min.  

Peptide eluents were sprayed online with a nano-electrospray ion source (Thermo 

Scientific) at spray voltage of 1.5 kV and capillary temperature of 250° C.  High 

resolution MS analysis was performed on a QExactive Quadrupole-Orbitrap Hybrid 

mass spectrometer (Thermo Scientific), which operates in data-dependent mode with 

dynamic exclusion of 30s.  Full scan MS was acquired at the m/z range of 300-1650, 

resolution of 70,000 and automatic gain control (AGC) target of 3e6. The top 15 most 

intense ions were subsequently selected for HCD fragmentation at resolution of 17,500, 

collision energy of 27 and AGC target of 1e5. 

Proteome data analysis was performed using Mascot (Matrix Science) and Proteome 

Discoverer (1.4, Thermo Scientific). The raw data were searched against the human 

proteome database (Uniprot, UP000005640) plus common contaminants. Static 

modification was cysteine carbamidomethylation; variable modifications were serine or 

threonine phosphorylation, methionine oxidation and glutamine or asparagine 

deamination. Precursor mass tolerance was 20 ppm and fragment mass tolerance, 0.05 

Da. Maximum number of miscleavage sites allowed was 2. After peptide identification, 

precursor ion intensities were quantified manually in XCalibur using extracted ion 

chromatogram.  

 

Cloning, mutagenesis, and expression of cDNA constructs 
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Sequences of all primers used for cloning are provided in Appendix, Table 5.  FLAG-

HA-AGO2 (FH-AGO2) was PCR amplified from pIRES-neo-FLAG/HA AGO2 (Addgene 

#10822) and subcloned into pcDNA3.1+.  FH-AGO2 mutants were generated using the 

QuikChange II XL Site-Directed Mutagenesis Kit (Agilent) or by cloning customized 

gBlocks (IDT) into the parental pcDNA3.1+ vector containing FH-AGO2 (sequence of all 

mutants provided in Appendix, Table 5).  For stable expression of wild-type or mutant 

FH-AGO2, constructs were subcloned into pMSCV-puro (Clontech).  FLAG-HA-AGO1 

was subcloned from pIRESneo-FLAG/HA AGO1 (Addgene #10820) into pMSCV-PIG 

(Addgene #21654).  V5-tagged ANKRD52 (corresponding to NP_775866.2) was 

constructed by PCR amplification from HCT116 cDNA followed by cloning into 

pcDNA3.1+.  cDNA clones for human PPP6C and CSNK1A1 were obtained from the 

Invitrogen Ultimate ORF LITE Library (Clone ID #IOH7224 and IOH59150, respectively) 

and subcloned into pCAGIG (Addgene #11159) using Gateway LR Clonase (Thermo 

Fisher).  For tethering assays, a 5X BoxB sequence adapted from a previous report (95) 

was designed as a gBlock (IDT) and cloned in the XbaI site of pGL3-Control (Promega) 

(sequence in Appendix, Table 5).  For the N constructs, a gBlock containing the N 

peptide sequence with an HA tag (95) was subcloned into pcDNA3.1-FH-AGO2, 

replacing the FLAG-HA tag.  To generate control plasmid expressing N-HA peptide 

alone, the N-HA sequence was PCR amplified and cloned into pcDNA3.1+.  

 

AGO2:miRNA and AGO2:mRNA association studies 
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For experiments involving endogenous AGO2, parental HCT116 cells were used.  For 

analysis of FH-AGO2 miRNA or mRNA binding, cells stably expressing the indicated 

wild-type or mutant FH-AGO2 protein were first generated by infecting AGO2–/– HCT116 

cells with MSCV retroviruses.  Then, for each IP sample, 6x106 cells were seeded per 

10 cm dish.  Cells were harvested 48 hours later by scraping in PBS.  Pelleted cells 

were resuspended in 1 mL of a lysis buffer consisting of 25 mM Tris-HCl (pH 8.0), 150 

mM NaCl, 2 mM MgCl2, 0.5% NP-40, 1 mM DTT, a protease inhibitor cocktail 

(cOmplete, EDTA-free, Roche), and 250 U/mL Recombinant RNasin Ribonuclease 

Inhibitor (Promega).  Cells were lysed on ice for 10 minutes.  Samples were spun at 

10,000 g for 10 minutes.  Supernatant fractions were retained.  Protein concentration 

was determined using the Bio-Rad DC Protein Assay Kit, and all samples were adjusted 

to the same concentration with lysis buffer.  Dynabeads Protein G (Thermo Fisher) were 

prepared by pre-incubating with 1.5 µg of antibody [either anti-FLAG (F1804, Sigma) or 

anti-AGO2 (SAB4200085, Sigma)] and pre-blocking with 0.5 mg/mL BSA, 0.5 mg/mL 

yeast tRNA, and 0.2 mg/mL heparin.  Each sample was incubated with 25 µL of 

prepared Dynabeads Protein G for 3 hours at 4°C.  Samples were washed three times 

in lysis buffer.  Captured protein was eluted from the beads using either 2.5 mg/mL 3X 

FLAG peptide (Sigma) or 3.5 mg/mL AGO2 peptide [sequence derived from (118), 

synthesized at the UT Southwestern Protein Chemistry Technology Core] dissolved in 

lysis buffer.  80% of the eluate was harvested for RNA extraction and 20% was diluted 

with 2x Laemmli sample buffer for western blot analysis.  For each IP, qRT-PCR assays 

were performed to determine input and IP levels for mature miRNAs and mRNA targets 

of interest.  Western blot analysis was performed to determine the relative amount of 
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AGO2 in the IP eluate.  RNA quantity as a percent of input was determined for all IP 

eluates and then normalized to the relative amount of protein captured in each eluate.         

 

AGO2 capture using an mRNA target mimic 
 

Experiments to capture AGO2 loaded with miRNA were adapted from a previously 

published method(93).  ANKRD52+/+ and ANKRD52–/– HCT116EGFP-miR-19 cells were 

seeded at 1.35x107 cells per dish in six 15 cm dishes per cell line.  48 hours later, cells 

from each dish were scraped in PBS, pelleted, and lysed on ice for 10 minutes in 1 mL 

of a buffer containing 25 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM MgCl2, 0.5% NP-

40, 1 mM DTT, a protease inhibitor cocktail (cOmplete, EDTA-free, Roche), a 

phosphatase inhibitor cocktail (PhosStop, Roche), and 250 U/mL Recombinant RNasin 

Ribonuclease Inhibitor (Promega).  Lysates were spun at 10,000 g for 10 minutes and 

supernatants were further diluted with one volume of lysis buffer.  To assess binding of 

AGO2 to the target mimic, 1.8 mL of each lysate was incubated with 50 µL of washed 

Dynabeads MyOne Streptavidin C1 (Thermo Fisher) pre-loaded with 300 pmol of wild 

type or mutant RNA oligonucleotide (Appendix, Table 5) and pre-blocked with 1 mg/mL 

BSA, 0.5 mg/mL yeast tRNA, and 0.2 mg/mL heparin.  To assess AGO2 

phosphorylation after immunoprecipitation, 1.8 mL of each lysate was incubated with 50 

µL of washed Dynabeads Protein G (Thermo Fisher) pre-incubated with 5 µL of anti-

AGO2 antibody [SAB4200085, Sigma (118)] and pre-blocked as noted previously.  

Lysates were incubated with beads for 3 hours at room temperature.  Beads were 

washed four times in lysis buffer before 50 µL of 2X Laemmli sample buffer was added.  
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Phos-tag electrophoresis was performed on captured protein complexes and on input 

protein samples subjected to chloroform-methanol precipitation (117). 

 

Tethering assays 
 

293T cells were seeded in 24-well plates using 7.5x104 cells per well. Cells were 

transfected the following day using FuGENE HD and 301 ng of total plasmid.  Each 

transfection consisted of 1 ng of phRL-SV40 (Promega), 20 ng of pGL3-Control or 

pGL3-BoxB, 150 ng of pcDNA3.1+ (expressing tethered or untethered proteins), and 

130 ng of empty pcDNA3.1+.  Cells were harvested 24 hours later for luciferase activity 

assays using the Dual-Luciferase Reporter Assay System (Promega).  Firefly luciferase 

activity was normalized to Renilla luciferase activity in each well to control for variation 

in transfection efficiency.  Biological triplicates were performed for each transfection. 

 

Rapamycin treatment of reporter cells 
 

ANKRD52–/– HCT116EGFP-miR-19 cells were seeded in 6-well dishes at 6x105 cells per 

well.  The following day, cells were treated with 10, 50, or 200 nM rapamycin for 72 

hours (fresh media with rapamycin was exchanged at 48 hours).  Cells were harvested 

in 2X Laemmli sample buffer at the experimental endpoint.  

 

In vitro kinase assays using immunopurified FLAG-HA-AGO2 
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AGO2–/– cells were infected with MSCV retroviral constructs to stably express wild-type 

FH-AGO2 or 5xA FH-AGO2.  FH-AGO2-expressing cells were seeded using 1.5x107 

cells per dish in 15 cm dishes with three dishes per cell line.  Lysates were generated 

using methods similar to the co-immunoprecipitation assays, with the exception that 2 

mL of lysis buffer was used per dish.  Lysates were diluted with one volume of lysis 

buffer.  FH-AGO2 was immunoprecipitated using 9 µg of anti-FLAG antibody (F1804, 

Sigma) and 150 µL of washed Dynabeads.  Samples were rotated at 4°C overnight.  

Beads were washed three times with lysis buffer and then treated with lambda protein 

phosphatase (NEB) for 45 minutes.  Beads were washed three times with lysis buffer 

and then resuspended in 100 µL reaction buffer composed of 25 mM Tris-HCl (pH 7.5), 

10 mM MgCl2, 2.5 mM DTT, 0.01% Triton X-100, 0.5 mg/mL BSA, 0.5 mM EGTA, 0.5 

mM Na3VO4, 5 mM beta-glycerophosphate, 170 ng of recombinant CSNK1A1 (PV3850, 

Thermo Fisher), and 200 µM [-32P]ATP (SA = 100-500 cpm/pmol).  Reactions were 

incubated at 37°C for 2 hrs.  Beads were separated and mixed with 50 µL of 2X 

Laemmli sample buffer.  SDS-PAGE was performed, and gels were stained using 

SimplyBlue SafeStain (Invitrogen).  32P signal was detected using a phosphor screen 

(GE Healthcare) and Typhoon FLA 7000 (GE Healthcare).   

 

In vitro kinase assays using AGO2 peptides 

 

In vitro CSNK1A1 kinase assays were performed using assay conditions adapted from 

manufacturer recommendations (Recombinant CSNK1A1, PV3850, Thermo Fisher).  All 

reactions were performed in a 50 µL volume for 90 minutes at 30°C.  Assay buffer was 
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composed of 25 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 2.5 mM DTT, 0.01% Triton X-

100, 0.5 mg/mL BSA, 0.5 mM EGTA, 0.5 mM Na3VO4, 5 mM beta-glycerophosphate, 1 

mM peptide (Appendix, Table 5), 170 ng of recombinant CSNK1A1, and 200 µM [-

32P]ATP (SA = 100-500 cpm/pmol).  Reactions were terminated using 75 mM H3PO4 

and spotted onto P81 phosphocellulose squares.  Samples were washed four times in 

75 mM H3PO4 for 5 minutes per wash and immersed in acetone for 5 minutes before 

drying.  32P incorporation was assessed by Cerenkov counting.   
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APPENDIX 
 

Table 1: Simulated sgRNA enrichment in the top 0.5% brightest cells. 
 

 
sgRNA fold enrichment (sorted / unsorted) 

Magnitude 

derepression (% of 

DROSHA) 

100% 

guide 

efficacy 

80% 

guide 

efficacy 

60% 

guide 

efficacy 

40% 

guide 

efficacy 

20% 

guide 

efficacy 

100 189.62 151.84 113.62 76.54 38.62 

80 156.66 126.82 93.7 63.82 31.8 

60 97.68 79.6 57.9 39.18 20.14 

40 38.8 30.88 23.32 16.22 8.76 

20 8.48 7.4 5.74 4.54 2.84 

      

*NOTE:  Magnitude derepression is represented as the percentage of the maximum 

possible derepression of the EGFP reporter, assuming DROSHA knockout results in 

complete miRNA loss of function.  Guide efficacy indicates percentage of cells 

infected with a given sgRNA-expressing lentivirus that acquire a null phenotype. 
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Table 2: Top 50 genes by RIGER analysis of CRISPR-Cas9 screen in 

HCT116EGFP-miR19 cells. 
Gene NES Gene 

rank 

p-value p-value 

rank 

ANKRD52 0.0000653

7 

1 0.00000

1 

1 

XRN1 0.0002288 2 0.00000

1 

2 

hsa-mir-19b-1 0.0005649 3 0.00000

2 

5 

PPP6C 0.0006047 4 0.00000

2 

6 

DROSHA 0.0008498 5 0.00000

2 

3 

DDX6 0.001062 6 0.00000

2 

4 

DICER1 0.001389 7 0.00000

3 

7 

POU2F1 0.001536 8 0.00000

5 

8 

CTNNB1 0.001716 9 0.00000

6 

9 

XPO5 0.001749 10 0.00000

6 

10 



88 
 

 
 

DGCR8 0.002239 11 0.00001

1 

11 

PRSS42 0.004118 12 0.00004

6 

12 

BMP1 0.004347 13 0.00004

8 

13 

BRD4 0.004805 14 0.00006

9 

14 

ARHGAP15 0.005981 15 0.00012

8 

15 

PPEF1 0.006569 16 0.00017 16 

AGO2 0.006602 17 0.00017 17 

TMEM234 0.007354 18 0.00021

1 

19 

ZFX 0.007403 19 0.00021

4 

20 

SLC16A6 0.008171 20 0.00026 21 

TGM5 0.00871 21 0.00029

9 

23 

P2RY12 0.008776 22 0.00030

4 

24 

GPR135 0.008825 23 0.00030

8 

25 
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OSMR 0.009021 24 0.00031

9 

26 

C19orf82 0.009211 25 0.00020

6 

18 

TAF7 0.009266 26 0.00033

7 

27 

C2orf72 0.009429 27 0.00034

2 

28 

TLX2 0.00956 28 0.00035 29 

TGIF1 0.01016 29 0.00038

8 

31 

hsa-mir-1306 0.01227 30 0.00035

4 

30 

CDH3 0.0152 31 0.00088

5 

34 

RBP3 0.01585 32 0.00094

9 

35 

MAGEB4 0.01616 33 0.00099

4 

36 

CYP27A1 0.01652 34 0.00103

8 

37 

TMEM102 0.01781 35 0.00118

9 

39 
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CLN5 0.01788 36 0.00119

8 

40 

EGLN3 0.01809 37 0.00123

3 

41 

CREB5 0.01868 38 0.00131

3 

42 

NonTargetingControlGuideForHuman_

0262 

0.01892 39 0.00029 22 

FAT1 0.01938 40 0.00143

7 

43 

GK2 0.01986 41 0.00150

3 

44 

KMT2D 0.01995 42 0.00080

1 

33 

hsa-mir-92a-1 0.01997 43 0.00105

1 

38 

CNOT2 0.02064 44 0.00162

3 

47 

FGFR1 0.0209 45 0.00166

9 

48 

GPR83 0.02118 46 0.00171

2 

49 
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RPS6KA5 0.02128 47 0.00173

2 

50 

ZNF641 0.02162 48 0.00178

4 

51 

DIXDC1 0.0217 49 0.0018 52 

UPK2 0.02172 50 0.00180

1 

53 
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Table 3: Top 50 genes by RIGER analysis of CRISPR-Cas9 screen in 

HCT116EGFP cells. 
Gene NES Gene 

rank 

p-value p-value 

rank 

STK40 0.002925 1 0.000019 1 

AQP12B 0.005491 2 0.000098 2 

IRS1 0.008449 3 0.000279 3 

YTHDC1 0.009152 4 0.000331 4 

ZC3H15 0.009789 5 0.000365 5 

ST8SIA2 0.01041 6 0.000409 6 

PLEKHA2 0.01074 7 0.000433 7 

PPP1R9A 0.01119 8 0.000475 8 

RPL27 0.01126 9 0.000484 9 

FLRT3 0.0118 10 0.000535 10 

ANGPT1 0.01208 11 0.000558 11 

RGS17 0.01229 12 0.000581 12 

NKX3-2 0.0124 13 0.000593 13 

IL20RB 0.01317 14 0.000679 14 

RS1 0.01343 15 0.000698 15 

NEIL3 0.01347 16 0.0007 16 

NIPSNAP1 0.01399 17 0.000756 17 

CLEC3A 0.01425 18 0.000786 18 

C2orf88 0.01441 19 0.000809 19 
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QRICH1 0.01456 20 0.000819 20 

TRMT61B 0.01466 21 0.000825 21 

NCOA5 0.01616 22 0.000994 22 

TMOD3 0.01626 23 0.001007 23 

SMAD9 0.01636 24 0.001019 24 

MIER2 0.017 25 0.00109 25 

TMPRSS11A 0.01783 26 0.00119 27 

SOX4 0.01793 27 0.001209 28 

MMP7 0.01811 28 0.001235 29 

RBBP9 0.01816 29 0.00124 30 

ANK3 0.01891 30 0.001351 32 

PAK3 0.01901 31 0.001363 33 

BDH2 0.01907 32 0.001376 34 

SMIM21 0.01928 33 0.001418 35 

RFX3 0.01958 34 0.001474 36 

VSIG1 0.01979 35 0.001497 37 

KIF14 0.02026 36 0.001572 38 

NUP37 0.02043 37 0.001591 39 

AADAT 0.02064 38 0.001623 40 

EAPP 0.02089 39 0.001667 41 

LOC554223 0.0209 40 0.001669 42 

FAM110B 0.02164 41 0.001786 44 

KLHL28 0.02169 42 0.001797 45 
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MRPL50 0.02178 43 0.001815 46 

ZNF605 0.02257 44 0.001936 47 

RPS6KA5 0.02314 45 0.002047 48 

ATP9A 0.02345 46 0.002098 49 

CELF2 0.02419 47 0.002231 50 

C5orf54 0.02432 48 0.002252 51 

C4BPB 0.02468 49 0.002304 52 

IPO5 0.02473 50 0.002318 53 
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Table 4: Top 50 genes by RIGER analysis of CRISPR-Cas9 screen in 

ANKRD52 / HCT116EGFP-miR19 cells. 
Gene NES Gene 

rank 

p-value p-value 

rank 

PRDM4 0.00003268 1 0.000001 1 

LATS2 0.00008171 2 0.000001 4 

CELF1 0.0001634 3 0.000001 2 

IGF2BP3 0.0005066 4 0.000001 3 

MBNL1 0.0009478 5 0.000002 5 

CSNK1A1 0.001454 6 0.000003 6 

NF2 0.002811 7 0.000017 7 

EP300 0.00286 8 0.000018 8 

COL6A3 0.002909 9 0.000019 9 

MGME1 0.003219 10 0.000023 10 

MRGBP 0.00335 11 0.000024 11 

APMAP 0.003791 12 0.000039 12 

FKBPL 0.004086 13 0.000044 13 

MGA 0.005736 14 0.000114 14 

CSDE1 0.006161 15 0.00014 15 

CASP10 0.008449 16 0.000279 16 

VSX1 0.008825 17 0.000308 17 

SDCBP2 0.009723 18 0.000361 18 

RBBP9 0.01002 19 0.000376 20 
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KEAP1 0.01128 20 0.000485 23 

JAK3 0.01134 21 0.000492 24 

SNX5 0.01167 22 0.000519 25 

CST9L 0.01208 23 0.000558 26 

YAE1D1 0.01245 24 0.0006 28 

EIF3H 0.01275 25 0.000628 29 

TH 0.01322 26 0.000682 30 

STRAP 0.01347 27 0.0007 31 

VPS39 0.0135 28 0.000703 32 

TMEM144 0.01361 29 0.000714 33 

SLC52A3 0.01369 30 0.000723 34 

hsa-mir-5000 0.01371 31 0.000439 21 

ZCCHC17 0.01422 32 0.000784 35 

NRD1 0.01446 33 0.00081 36 

RIT2 0.01474 34 0.000838 38 

CALCA 0.01499 35 0.000863 39 

HIST1H2BA 0.015 36 0.000864 40 

NKX2-4 0.01512 37 0.000877 41 

TCTA 0.0158 38 0.000943 42 

HMHB1 0.01628 39 0.000832 37 

SEMA3D 0.01654 40 0.001039 44 

FAR2 0.01667 41 0.001052 45 

TMEM74B 0.01727 42 0.001124 46 
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C1orf54 0.0174 43 0.001142 47 

TCL1B 0.01753 44 0.001167 48 

CMTR2 0.01776 45 0.001002 43 

GNB2L1 0.01838 46 0.001275 49 

ENTPD6 0.01868 47 0.001313 50 

EIF4G1 0.01892 48 0.001354 53 

C16orf71 0.01907 49 0.001376 54 

SRSF6 0.01956 50 0.001469 56 
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Table 5: Oligonucleotide and peptide sequences. 
Generati

on of 

MSCV 

Reporte

rs 

  

Primer 

name 

Description Sequence (5' to 3')  

EGFP_

Fwd_Bg

lII   

Forward 

primer to 

amplify 

EGFP 

CTGAGAGATCTACCATGGTGAGCAAGG 

EGFP_

Rev_Xh

oI  

Reverse 

primer to 

amplify 

EGFP 

CTGAGCTCGAGTTACTTGTACAGCTCGTCCATG 

   

gBlock 

name 

Description Sequence (5' to 3')  

miR-

19_Imp

erfect 

gBlock with 

8x miR-19 

binding sites 

cloned into 

MSCV-EGFP 

GAATTCCTGGTTAACGACGGGTCCCTCAGTTTTGCCCTATTTGCACAA

ATTTCAGTTTTGCCCTATTTGCACAGGGTCCCTCAGTTTTGCCCTATTT

GCACAAATTTCAGTTTTGCCCTATTTGCACAGGGTCCCTCAGTTTTGCC

CTATTTGCACAAATTTCAGTTTTGCCCTATTTGCACAGGGTCCCTCAGT

TTTGCCCTATTTGCACAAATTTCAGTTTTGCCCTATTTGCACAGGGTCC

CGACGTTTAAACGACATCGAT 

  
*Bold lettering indicates miR-19 binding sites. 
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Cloning 

lentiCRI

SPR-

Hygro 

  

Primer 

name 

Description Sequence (5' to 3')  

Lcv2_H

ygro_Fw

d 

Generate 

PCR product 

with hygro 

cassette 

(forward) 

CTGAGGGATCCGGCGCAACAAACTTCTCTCTGCTGAAACAAGCCGGA

GATGTCGAAGAGAATCCTGGACCGATGAAAAAGCCTGAACTCAC 

Lcv2_H

ygro_Re

v 

Generate 

PCR product 

with hygro 

cassette 

(reverse) 

CTGAGTGTACACGGTCGGCATCTACTCTAT 

Lc_Hyg

_Mut_F 

Subclone 

hygro 

fragment with 

mutant 

BsmBI site 

(forward) 

ACCGCGACGTCTGTCGAGAAGTTTCTGATCGAAAAGTTCGACAGCGTG

TCCGACCTGATGCAGCTCTCGGAGGGCGAAGAATCTCGTGCTTTC 

Lc_Hyg

_Mut_R 

Subclone 

hygro 

fragment with 

mutant 

BsmBI site 

(reverse) 

CCAGAGGTTGATTGTCGACTT 
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Oligonucleotides used to 

generate knockout cell 

lines 

 

Primer 

name 

Description Sequence (5' to 3')  

DROSH

A-1F 

sgRNA 

sequence 

targeting 

DROSHA 

(forward) 

caccgGGGAGACTGTGATCCGGTAG 

DROSH

A-1R 

sgRNA 

sequence 

targeting 

DROSHA 

(reverse) 

aaacCTACCGGATCACAGTCTCCCc 

EGFP1-

1F 

sgRNA 

sequence 

targeting 

EGFP 

(forward) 

caccgGGGCGAGGAGCTGTTCACCG 

EGFP1-

1R 

sgRNA 

sequence 

targeting 

EGFP 

(reverse) 

aaacCGGTGAACAGCTCCTCGCCCc 

PPID-1F sgRNA 

sequence 

caccgAAAGGCATTGGACACACGAC 



101 
 

 
 

targeting 

PPID 

(forward) 

PPID-

1R 

sgRNA 

sequence 

targeting 

PPID 

(reverse) 

aaacGTCGTGTGTCCAATGCCTTTc 

human_

Non-

Target-

1F 

sgRNA 

sequence, 

non-targeting 

(forward) 

caccgATCGTTTCCGCTTAACGGCG 

human_

Non-

Target-

1R 

sgRNA 

sequence, 

non-targeting 

(reverse) 

aaacCGCCGTTAAGCGGAAACGATc 

AGO2-

1F 

sgRNA 

sequence 

targeting 

AGO2 

(forward) 

caccgTAACGCCTGCAAGCTCACGC 

AGO2-

1R 

sgRNA 

sequence 

targeting 

AGO2 

(reverse) 

aaacGCGTGAGCTTGCAGGCGTTAc 

ANKRD

52-1F 

sgRNA 

sequence 

caccgCCTGTTGAGCAGCCTCAACG 
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targeting 

ANKRD52 

(forward) 

ANKRD

52-1R 

sgRNA 

sequence 

targeting 

ANKRD52 

(reverse) 

aaacCGTTGAGGCTGCTCAACAGGc 

ANKRD

52-2F 

sgRNA 

sequence 

targeting 

ANKRD52 

(forward) 

caccgGCGTTCCCTACTCTCGCAGA 

ANKRD

52-2R 

sgRNA 

sequence 

targeting 

ANKRD52 

(reverse) 

aaacTCTGCGAGAGTAGGGAACGCc 

PPP6C-

1F 

sgRNA 

sequence 

targeting 

PPP6C 

(forward) 

caccgCAGTTCTGAACAGTTCACAA 

PPP6C-

1R 

sgRNA 

sequence 

targeting 

PPP6C 

(reverse) 

aaacTTGTGAACTGTTCAGAACTGc 
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PPP6C-

2F 

sgRNA 

sequence 

targeting 

PPP6C 

(forward) 

caccgTCAACACCAGTAACAGTGTG 

PPP6C-

2R 

sgRNA 

sequence 

targeting 

PPP6C 

(reverse) 

aaacCACACTGTTACTGGTGTTGAc 

BRD4_F

1 

sgRNA 

sequence 

targeting 

BRD4 

(forward) 

caccgTAAGATCATTAAAACGCCTA 

BRD4_

R1 

sgRNA 

sequence 

targeting 

BRD4 

(reverse) 

aaacTAGGCGTTTTAATGATCTTAc 

BRD4_F

2 

sgRNA 

sequence 

targeting 

BRD4 

(forward) 

caccgGTCGATGCTTGAGTTGTGTT 

BRD4_

R2 

sgRNA 

sequence 

targeting 

aaacAACACAACTCAAGCATCGACc 
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BRD4 

(reverse) 

CTNNB

1_F1 

sgRNA 

sequence 

targeting 

CTNNB1 

(forward) 

caccgAGAACGCATGATAGCGTGTC 

CTNNB

1_R1 

sgRNA 

sequence 

targeting 

CTNNB1 

(reverse) 

aaacGACACGCTATCATGCGTTCTc 

CTNNB

1_F2 

sgRNA 

sequence 

targeting 

CTNNB1 

(forward) 

caccgAATGCAGTTCGCCTTCACTA 

CTNNB

1_R2 

sgRNA 

sequence 

targeting 

CTNNB1 

(reverse) 

aaacTAGTGAAGGCGAACTGCATTc 

POU2F

1_F1 

sgRNA 

sequence 

targeting 

POU2F1 

(forward) 

caccgAGGAGCAATCTCAACAGCCC 
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POU2F

1_R1 

sgRNA 

sequence 

targeting 

POU2F1 

(reverse) 

aaacGGGCTGTTGAGATTGCTCCTc 

POU2F

1_F2 

sgRNA 

sequence 

targeting 

POU2F1 

(forward) 

caccgGTTGAGATTGCTCCTCCTAC 

POU2F

1_R2 

sgRNA 

sequence 

targeting 

POU2F1 

(reverse) 

aaacGTAGGAGGAGCAATCTCAACc 

mTOR_

1F 

sgRNA 

sequence 

targeting 

mTOR 

(forward) 

caccgCCAGCTCAGATGCCAATGAG 

mTOR_

1R 

sgRNA 

sequence 

targeting 

mTOR 

(reverse) 

aaacCTCATTGGCATCTGAGCTGGc 

mTOR_

2F 

sgRNA 

sequence 

targeting 

caccgGCTCCAGCACTATGTCACCA 
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mTOR 

(forward) 

mTOR_

2R 

sgRNA 

sequence 

targeting 

mTOR 

(reverse) 

aaacTGGTGACATAGTGCTGGAGCc 

CSNK1

A1_1F 

sgRNA 

sequence 

targeting 

CSNK1A1 

(forward) 

caccgTGTACTTATGTTAGCTGACC 

CSNK1

A1_1R 

sgRNA 

sequence 

targeting 

CSNK1A1 

(reverse) 

aaacGGTCAGCTAACATAAGTACAc 

CSNK1

A1_2F 

sgRNA 

sequence 

targeting 

CSNK1A1 

(forward) 

caccgTTTACCTTTAGCCCTTGCCA 

CSNK1

A1_2R 

sgRNA 

sequence 

targeting 

CSNK1A1 

(reverse) 

aaacTGGCAAGGGCTAAAGGTAAAc 
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LATS2-

1F 

sgRNA 

sequence 

targeting 

LATS2 

(forward) 

caccgTCCAAACTACATCGCACCCG 

LATS2-

1R 

sgRNA 

sequence 

targeting 

LATS2 

(reverse) 

aaacCGGGTGCGATGTAGTTTGGAc 

LATS2-

2F 

sgRNA 

sequence 

targeting 

LATS2 

(forward) 

caccgGATGTGTCTAACTGTCGGTG 

LATS2-

2R 

sgRNA 

sequence 

targeting 

LATS2 

(reverse) 

aaacCACCGACAGTTAGACACATCc 

SRPK1_

1F 

sgRNA 

sequence 

targeting 

SRPK1 

(forward) 

caccgATAATACCCCTGCTGACATT 

SRPK1_

1R 

sgRNA 

sequence 

targeting 

aaacAATGTCAGCAGGGGTATTATc 
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SRPK1 

(reverse) 

SRPK1_

2F 

sgRNA 

sequence 

targeting 

SRPK1 

(forward) 

caccgAGATCTGAAACTCAGCACCG 

SRPK1_

2R 

sgRNA 

sequence 

targeting 

SRPK1 

(reverse) 

aaacCGGTGCTGAGTTTCAGATCTc 

  
*Lowercase letters denote sequences added for cloning 

   

Oligonucleotides used 

for CRISPR-Cas9 

Screening 

 

Primer 

name 

Description Sequence (5' to 3')  

Gecko_

F1 

PCR I 

Forward 

Primer 

AATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCG 

Gecko_

R1 

PCR I 

Reverse 

Primer 

TCTACTATTCTTTCCCCTGCACTGTtgtgggcgatgtgcgctctg 

Gecko_

F2_A 

PCR II 

Forward 

Primer A 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTtAAGTAGAGtcttgtggaaaggacgaaacaccg 
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Gecko_

F2_B 

PCR II 

Forward 

Primer B 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTatACACGATCtcttgtggaaaggacgaaacaccg 

Gecko_

F2_C 

PCR II 

Forward 

Primer C 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTgatCGCGCGGTtcttgtggaaaggacgaaacaccg 

Gecko_

F2_D 

PCR II 

Forward 

Primer D 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTcgatCATGATCGtcttgtggaaaggacgaaacaccg 

Gecko_

F2_E 

PCR II 

Forward 

Primer E 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTtcgatCGTTACCAtcttgtggaaaggacgaaacaccg 

Gecko_

F2_F 

PCR II 

Forward 

Primer F 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTatcgatTCCTTGGTtcttgtggaaaggacgaaacaccg 

Gecko_

F2_G 

PCR II 

Forward 

Primer G 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTgatcgatAACGCATTtcttgtggaaaggacgaaacaccg 

Gecko_

F2_H 

PCR II 

Forward 

Primer H 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTcgatcgatACAGGTATtcttgtggaaaggacgaaacaccg 

Gecko_

F2_I 

PCR II 

Forward 

Primer I 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTacgatcgatAGGTAAGGtcttgtggaaaggacgaaacaccg 

Gecko_

F2_J 

PCR II 

Forward 

Primer J 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTtAACAATGGtcttgtggaaaggacgaaacaccg 
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Gecko_

F2_K 

PCR II 

Forward 

Primer K 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTatACTGTATCtcttgtggaaaggacgaaacaccg 

Gecko_

F2_L 

PCR II 

Forward 

Primer L 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTgatAGGTCGCAtcttgtggaaaggacgaaacaccg 

Gecko_

F2_M 

PCR II 

Forward 

Primer M 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTcgatACGACAGAtcttgtggaaaggacgaaacaccg 

Gecko_

F2_N 

PCR II 

Forward 

Primer N 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTtcgatACACTGTGtcttgtggaaaggacgaaacaccg 

Gecko_

F2_O 

PCR II 

Forward 

Primer O 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTatcgatGACACGACtcttgtggaaaggacgaaacaccg 

Gecko_

F2_P 

PCR II 

Forward 

Primer P 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTgatcgatACTCGATGtcttgtggaaaggacgaaacaccg 

Gecko_

F2_Q 

PCR II 

Forward 

Primer Q 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTcgatcgatGTGATAGCtcttgtggaaaggacgaaacaccg 

Gecko_

F2_R 

PCR II 

Forward 

Primer R 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTacgatcgatGAGACACTtcttgtggaaaggacgaaacaccg 

Gecko_

F2_S 

PCR II 

Forward 

Primer S 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTaACTCAGAGtcttgtggaaaggacgaaacaccg 
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Gecko_

F2_T 

PCR II 

Forward 

Primer T 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTtaCACTCGTAtcttgtggaaaggacgaaacaccg 

Gecko_

F2_U 

PCR II 

Forward 

Primer U 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTctaGACATACAtcttgtggaaaggacgaaacaccg 

Gecko_

F2_V 

PCR II 

Forward 

Primer V 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTgctaCACACAGAtcttgtggaaaggacgaaacaccg 

Gecko_

F2_W 

PCR II 

Forward 

Primer W 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTagctaTACACTCAtcttgtggaaaggacgaaacaccg 

Gecko_

F2_X 

PCR II 

Forward 

Primer X 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCT

CTTCCGATCTtagctaTCAGCTATtcttgtggaaaggacgaaacaccg 

Gecko_

R2 

PCR II 

Reverse 

Primer  

CAAGCAGAAGACGGCATACGAGATGTGACTGGAGTTCAGACGTGTGC

TCTTCCGATCTtctactattctttcccctgcactgt 

   

   

TaqMan 

Assays 

for 

miRNAs 

  

miRNA 

assayed  

Catalog 

number 

(Thermo 

Fisher) 

Assay Numer 
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miR-19a 4427975 000395 

miR-19b 4427975 000396 

miR-92a 4427975 000430 

let-7b 4427975 000378 

let-7d 4427975 002283 

miR-16 4427975 000391 

miR-21 4427975 000397 

miR-26a 4427975 000405 

   

Primers 

for 

SYBR 

Green 

qRT-

PCR 

assays 

  

Primer 

name 

Description Sequence (5' to 3')  

CCNE1

_SYBR_

F 

CCNE1 

Forward 

Primer 

ggccaaaatcgacaggac 

CCNE1

_SYBR_

R 

CCNE1 

Reverse 

Primer 

gggtctgcacagactgcat 

EGFP_

SYBR_2

_F 

EGFP 

Forward 

Primer 

cctgaagttcatctgcacca 
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EGFP_

SYBR_2

_R 

EGFP 

Reverse 

Primer 

ggtcagggtggtcacgag 

HMGA2

_SYBR_

F 

HMGA2 

Forward 

Primer 

tccctctaaagcagctcaaaa 

HMGA2

_SYBR_

R 

HMGA2 

Reverse 

Primer 

acttgttgtggccatttcct 

MYC_S

YBR_F 

MYC 

Forward 

Primer 

CACCACCAGCAGCGACTCT 

MYC_S

YBR_R 

MYC 

Reverse 

Primer 

CTTTTCCACAGAAACAACATCGAT 

   

Custom 

TaqMan 

assay 

for pri-

miR-17-

92 

  

Oligonu

cleotide 

name 

Description Sequence (5' to 3')  

Hsa_17-

92_F 

pri-miR-17-

92 primer 

(forward) 

GGCCAGCCGAAGATGGT 



114 
 

 
 

Hsa_17-

92_R 

pri-miR-17-

92 primer 

(reverse) 

GCAGTTAGGTCCACGTGTATGACA 

Hsa_17-

92_Prob

e 

TaqMan 

probe 

CGGCTACTCCTCC 

   

Cloning 

ANKRD

52 from 

cDNA 

  

Primer 

name 

Description Sequence (5' to 3')  

ANKRD

52_5’_fr

agment

_F 

Primers used 

to amplify 5' 

part of 

ANKRD52 

from cDNA 

(forward) 

CTGAGGCTAGCCCTCAGCATCACGGACCA 

ANKRD

52_5’_fr

agment

_R 

Primers used 

to amplify 5' 

part of 

ANKRD52 

from cDNA 

(reverse) 

GCACATGCTCATTGCTGAGT 

ANKRD

52_3’_fr

Primers used 

to amplify 3' 

part of 

ACATGTTCCCCCTGCACTTA 
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agment

_F 

ANKRD52 

from cDNA 

(forward) 

ANKRD

52_3’_fr

agment

_R 

Primers used 

to amplify 3' 

part of 

ANKRD52 

from cDNA 

(reverse) 

CTGAGGAATTCCACCCAGTCGTGTTCTCCTT 

   

AGO2 

Mutant 

Sequen

ces 

  

Mutant 

name 

AGO2 DNA 

sequence (5' 

to 3', region 

D823 - N835 

of AGO2) 

 

WT GACAGTGC

TGAAGGAA

GCCATACC

TCTGGGCA

GAGTAAC 

 

5xA GACGCTGC

TGAAGGAG

CCCATGCC
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GCTGGGCA

GGCTAAC 

5xE GACGAGGC

TGAAGGAG

AGCATGAG

GAGGGGCA

GGAGAAC 

 

S824A GACGCTGC

TGAAGGAA

GCCATACC

TCTGGGCA

GAGTAAC 

 

S828A GACAGTGC

TGAAGGAG

CCCATACC

TCTGGGCA

GAGTAAC 

 

T830A GACAGTGC

TGAAGGAA

GCCATGCC

TCTGGGCA

GAGTAAC 

 

S831A GACAGTGC

TGAAGGAA

GCCATACC

GCTGGGCA

GAGTAAC 
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S834A GACAGTGC

TGAAGGAA

GCCATACC

TCTGGGCA

GGCTAAC 

 

S824A/

T830A 

GACGCTGC

TGAAGGAA

GCCATGCC

TCTGGGCA

GAGTAAC 

 

S824E GACGAGGC

TGAAGGAA

GCCATACC

TCTGGGCA

GAGTAAC 

 

S828E GACAGTGC

TGAAGGAG

AGCATACC

TCTGGGCA

GAGTAAC 

 

T830E GACAGTGC

TGAAGGAA

GCCATGAG

TCTGGGCA

GAGTAAC 

 

S831E GACAGTGC

TGAAGGAA

GCCATACC
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GAGGGGCA

GAGTAAC 

S834E GACAGTGC

TGAAGGAA

GCCATACC

TCTGGGCA

GGAGAAC 

 

S824E/

S828E 

GACGAGGC

TGAAGGAG

AGCATACC

TCTGGGCA

GAGTAAC 

 

S824E/

S831E 

GACGAGGC

TGAAGGAA

GCCATACC

GAGGGGCA

GAGTAAC 

 

S828E/

S831E 

GACAGTGC

TGAAGGAG

AGCATACC

GAGGGGCA

GAGTAAC 

 

S824E/

S828E/

S831E 

GACGAGGC

TGAAGGAG

AGCATACC

GAGGGGCA

GAGTAAC 
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Generati

ng 

construc

ts for 

tetherin

g 

assays 

  

Primer 

name 

Description Sequence (5' to 3')  

LNHA_F Primers to 

amplify the 

lambda N HA 

peptide 

(forward) 

CCAAGCTGGCTAGCGTTTA 

LNHA_

R 

Primers to 

amplify the 

lambda N HA 

peptide 

(reverse) 

CTCAGGAATTCTTAGCCGCTAGCGTAATCGGGCACG 

   

gBlock 

name 

Description Sequence (5' to 3')  

5X_Box

B 

5X BoxB 

insert cloned 

into pGL3-

Control 

CTGAGTCTAGATTCCCTAAGTCCAACTACTAAACTGGGGATTCCTGGG

CCCTGAAGAAGGGCCCCTCGACTAAGTCCAACTACTAAACTGGGCCCT

GAAGAAGGGCCCATATAGGGCCCTGAAGAAGGGCCCTATCGAGGATA

TTATCTCGACTAAGTCCAACTACTAAACTGGGCCCTGAAGAAGGGCCC

ATATAGGGCCCTGAAGAAGGGCCCTATCGAGGATATTATCTCGAGTCT

AGACTGAG 
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LNHA_

AGO2_

Fragme

nt 

LNHA_AGO2 

fragment 

cloned into 

pcDNA3.1-

AGO2 (WT 

and 5xE) 

CTGAGGGATCCACTAGTCCAGTGTGGTGGAATTCACCATGGACGCAC

AAACACGACGACGTGAGCGTCGCGCTGAGAAACAAGCTCAATGGAAA

GCTGCAAACCCACCGCTCGAGGCTGCCCAAGCTTACACCATGGCCTA

CCCTTATGACGTGCCCGATTACGCTAGCGGCCGCATGTACTCGGGAG

CCGGCCCCGCACTTGCACCTCCTGCGCCGCCGCCCCCCATCCAAGGA

TATGCCTTCAAGCCTCCACCTAGACCCGACTTTGGGACCTCCGGGAGA

ACAATCAAATTACAGGCCAATTTCTTCGAAATGGACATCCCCAAAATTG

ACATCTATCATTATGAATTGGATATCAAGCCAGAGAAGTGCCCGAGGA

GAGTTAACCTGAG 

   

RNA oligonucleotides 

used to capture 

AGO2:miR-21 

 

Oligonu

cleotide 

name 

Description Sequence (5' to 3')  

WT_mi

R-

21_Capt

ure_Olig

o 

5' biotin 

modification, 

2'-O-

methylated 

throughout 

(WT) 

GAUGAACCACUCAGAGACAUAAGCUAAUCUA 

Mutant_

miR-

21_Capt

ure_Olig

o 

5' biotin 

modification, 

2'-O-

methylated 

throughout 

(Mutant) 

GAUGAACCACAGUCAGACUAUUCGAUAUCUA 
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Peptide

s used 

for in 

vitro 

kinase 

assays 

  

Peptide 

name 

Description Peptide sequence 

WT Wild-type 

AGO2 

sequence 

D-K-E-H-D-S-A-E-G-S-H-T-S-G-Q-S-N-G-R-D-R 

5xA 5xA AGO2 

sequence 

D-K-E-H-D-A-A-E-G-A-H-A-A-G-Q-A-N-G-R-D-R 

pS824 Phosphoseri

ne at S824 

D-K-E-H-D-pS-A-E-G-S-H-T-S-G-Q-S-N-G-R-D-R 

pS828 Phosphoseri

ne at S828 

D-K-E-H-D-S-A-E-G-pS-H-T-S-G-Q-S-N-G-R-D-R 

pS824_

S828 

Phosphoseri

ne at S824, 

S828 intact, 

3XA 

D-K-E-H-D-pS-A-E-G-S-H-A-A-G-Q-A-N-G-R-D-R 

pS828_

T830 

Phosphoseri

ne at S828, 

T830 intact, 

3XA 

D-K-E-H-D-A-A-E-G-pS-H-T-A-G-Q-A-N-G-R-D-R 

pS828_

S831 

Phosphoseri

ne at S828, 

D-K-E-H-D-A-A-E-G-pS-H-A-S-G-Q-A-N-G-R-D-R 



122 
 

 
 

S831 intact, 

3XA 

pS831_

S834 

Phosphoseri

ne at S831, 

S834 intact, 

3XA 

D-K-E-H-D-A-A-E-G-A-H-A-pS-G-Q-S-N-G-R-D-R 
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