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SUMMARY

Reprogramming of somatic cells to induced pluripotent stem cells (iPSCs) holds enormous

promise for regenerative medicine, but the underlying mechanisms remain poorly understood. We

report a systematic dissection of human cellular reprogramming by combining a genome-wide

RNAi screen, innovative computational methods, extensive single-hit validation and mechanistic

dissection of relevant pathways and networks. We identify novel reprogramming barriers,

including genes involved in transcription, chromatin regulation, ubiquitination, dephosphorylation,

vesicular transport and cell adhesion. Specific a disintegrin and metalloproteinase (ADAM)

proteins are inhibitors of reprogramming, and the disintegrin domain of ADAM29 is necessary

and sufficient for this function. Clathrin-mediated endocytosis can be targeted with small

molecules and opposes reprogramming by positively regulating TGFβ signaling. Genetic

interaction studies of endocytosis or ubiquitination reveal that barrier pathways can act in linear,

parallel or feed-forward loop architectures to antagonize reprogramming. Our online resource

summarizing these results provides a global view of barriers to human cellular reprogramming.
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INTRODUCTION

Cells generally become committed to increasingly differentiated fates during normal

development, but experimental paradigms for cellular reprogramming have shown that

differentiation is reversible. Initial methods for reprogramming included somatic cell nuclear

transfer to enucleated oocytes (Gurdon et al., 1958) or fusion with pluripotent stem cells

(Tada, 1997), both of which were technically difficult to dissect at the mechanistic level.

The finding that overexpression of a key transcription factor leads to fibroblast-to-muscle

transdifferentiation (Davis et al., 1987) suggested that perhaps other cell-fate transitions

could similarly be induced. The recent discovery that combinations of transcription factors

can reprogram somatic cells to induced pluripotent stem cells (iPSCs) has transformed stem

cell research and holds enormous promise in regenerative medicine (Takahashi and

Yamanaka, 2006; Takahashi et al., 2007; Yu et al., 2007). Understanding the process of

reprogramming may also shed light on events that take place during cellular transformation

in cancer (Daley, 2008; Ramalho-Santos, 2009). However, due to the low efficiency and

protracted nature of the process, the mechanisms that underlie the generation of iPSCs

remain poorly understood.

Recent studies have revealed that reprogramming to the iPSC state is a multi-step process

involving large-scale changes in the transcriptional and epigenetic state of somatic cells

along the path to pluripotency (Buganim et al., 2012; Polo et al., 2012). Importantly, the

somatic cell is not a tabula rasa and expresses genes that antagonize reprogramming, as has

been shown for tumor suppressors (p53, INK4a/ARF, LATS2) (Kawamura et al., 2009; Qin

et al., 2012; Zhao et al., 2008) and H3K9 methyltransferases (SETDB1, SUV39H, EHMT2)

(Chen et al., 2013). In addition, focused RNAi screens have revealed other pathways that act

as barriers to reprogramming, such as TGFβ signaling (Samavarchi-Tehrani et al., 2010),

H3K79 methylation by DOT1L (Onder et al., 2012), or protein ubiquitination (Buckley et

al., 2012). These findings suggest that other critical barriers to reprogramming are likely to

exist, but no genome-wide functional screen has yet been carried out in mouse or human

iPSC generation.

RNAi provides a powerful technique for exploiting a cell’s endogenous machinery for

mRNA degradation to obtain selective gene knockdown. Well-based genome-wide RNAi

screens, where cells are transfected in separate wells with small pools or individual siRNAs,

have been carried out successfully, including for the identification of genes that regulate

human embryonic stem cell (ESC) self-renewal and pluripotency (Chia et al., 2010).

However, the throughput of this approach is limited, particularly in the context of iPSC

generation, because of the low reprogramming efficiency. An alternative to well-based

screens yielding much higher throughput is a pooled short hairpin RNA (shRNA)-based

screen combined with next generation sequencing (NGS). This approach has a significantly
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larger dynamic range and has enabled genome-wide screens at an unprecedented scale

(Bassik et al., 2013; 2009). However, the extraction of robust biological information from

genome-wide screen data is still challenging: the problems of false-positive hits caused by

off-target effects, false-negative hits caused by ineffective RNAi, and variance in

sequencing depth can limit reliability.

We use ultracomplex EXPANDed pooled shRNA libraries to report a genome-wide screen

for barriers to human cellular reprogramming. We introduce a multi-objective optimization

technique for analyzing NGS-based shRNA screen data, and combine our method with

systems-level meta-analyses and in vitro experiments to discover critical barriers to

reprogramming genome wide. Our integrative approach identifies 956 genes predicted to act

as barriers to reprogramming, including genes involved in transcription, chromatin

regulation, ubiquitination, dephosphorylation, vesicular transport and cell adhesion. We

mechanistically dissect the roles of disintegrin proteins and clathrin-mediated endocytosis as

reprogramming barriers, and show that barriers from different pathways interact and can

have combinatorial effects to antagonize reprogramming. The results are compiled into an

online resource (http://song.igb.illinois.edu/ipsScreen/), allowing researchers to browse,

query, and visualize the analysis.

RESULTS AND DISCUSSION

Genome-Wide shRNA Libraries and NGS Enable an Unbiased Screen for Barriers to
Reprogramming

We sought to implement a robust and unbiased screen for barriers to human iPSC

generation. We used a recently described method (Bassik et al., 2009) to perform a genome-

wide shRNA library screen targeting 19,527 human genes with an average coverage of 30

independent shRNAs per gene. Human BJ fibroblasts were co-infected with lentivirus

expressing these shRNAs along with OCT4, SOX2, KLF4, cMYC (4F) and p53 RNAi

(p53i). We chose to add p53i because it has been shown to enhance reprogramming

efficiency (Kawamura et al., 2009; Zhao et al., 2008). Moreover, data from a pilot screen

demonstrates that p53i increases the sampling rate of fully reprogrammed cells and, hence,

improves sensitivity in the detection of reprogramming barriers (Figure S1A). Importantly,

all of our downstream hit validation was done in the absence of p53i (see below). Following

the appearance of colonies with iPSC characteristics on day 28, we Fluorescence-activated

cell sorting (FACS) purified the transduced cells for TRA-1-81, a marker of fully

reprogrammed human iPSCs (International Stem Cell Initiative et al., 2007). Integrated

shRNAs were then recovered and identified by PCR amplification from genomic DNA of

both the TRA-1-81+ and TRA-1-81-cell populations and quantified by NGS (Figure 1A).

The relative frequency of reads mapping to a given shRNA in TRA-1-81+ compared to

TRA-1-81-, expressed as an odds ratio θ, estimates the positive effect size of that shRNA on

reprogramming and, thus by inference, the negative effect size of its targeted gene as a

potential reprogramming barrier. We call an shRNA active if it has greater odd of being

sequenced in TRA-1-81+ compared to TRA-1-81-, i.e. if θ > 1 with sufficient coverage. To

assess gene-wise collective shRNA activity levels and to quantify the negative effect size of

a given gene on reprogramming, we combined the log-transformed odds ratios for all active
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shRNAs targeting a gene into a single statistic using a random-effects model. The combined

statistic, δ, controls for variance in knockdown efficiency and variance in sequencing depth-

of-coverage by estimating them separately from the data. We then developed a gene ranking

algorithm based on multi-objective optimization (Handl et al., 2007). This technique

simultaneously maximizes collective shRNA activity and the number of distinct active

shRNAs. The result is a gene ranking which controls for off-target effects, since highly

ranked genes are precisely the ones that demonstrate a reproducible effect across multiple

shRNAs enriched in the TRA-1-81+ population. To assign statistical significance to gene

ranks, we computed p-values using a permutation test with 5,000 permutations of the read

counts. False discovery rates (FDRs) were computed based on library swap to adjust for

multiple-hypothesis testing. We compared this multi-objective optimization algorithm,

which we call HitSelect, with existing methods, such as RIGER (Luo et al., 2008) and RSA

(König et al., 2007), and found that HitSelect has greater sensitivity and specificity, and is

less prone to off-target effects (Figure S1B). This approach generated 956 TRA-1-81+

screen hits at the 5% significance level, corresponding to a FDR of 7% (Extended

Experimental Procedures and File S1).

A Genome-Wide Screen Confirms Known Barriers to Reprogramming

To validate our screen, we used as positive controls previously identified gene barriers, as

well as the experimentally validated targets of micro-RNAs (miRNAs) known to enhance

reprogramming efficiency. Known barrier genes show significant activity levels in

TRA-1-81+ compared to TRA-1-81-(Figure 1B, C). Specifically, we identified 26 barrier

genes whose knockdown has been previously shown to enhance the efficiency of

reprogramming, including genes associated with tumor suppression (CDKN2B), epithelial-

to-mesenchymal transition (TGFBR2), heterochromatin (EHMT2, MECP2, RBL2,

SMARCC2), and extracellular matrix and adhesion (ARHGAP26, RHOC, CD44) (Figure

1C and Table S1). These positive controls are significantly enriched in the TRA-1-81+

population (Figure 1B). Targets of miRNAs known to enhance human reprogramming

efficiency, such as miR-17, miR-200 and miR-372 (Gregory et al., 2008; Li et al., 2011;

Subramanyam et al., 2011), also show significant enrichments in the TRA-1-81+ population

(Figure 1B). As negative controls, we used control coding sequences represented in the

library (GFP, ampicillin resistance or luciferase), a random gene list, or validated targets of

miR-218, a known tumor suppressor not linked to reprogramming. These controls all show

weak median activity (below δ=1) and statistically insignificant enrichment in the

TRA-1-81+ population (Figure 1B). Overall, these data indicate that our approach is well

validated by the successful identification of previously reported barriers to reprogramming.

This work focuses on genes that act as barriers to reprogramming for two main reasons: a)

they can be easily knocked down to improve the efficiency of iPSC generation, providing

straightforward single hit validation; b) a search for shRNAs enriched in the TRA-1-81-

population is complicated by the high heterogeneity of that population, which is not the case

in the TRA-1-81+ population. Nevertheless, we also identified shRNAs for multiple known

positive regulators of reprogramming enriched in the TRA-1-81-population, including

OCT4, SOX2, NANOG, PRDM14, CHD1, PARP1, KDM2A, KDM2B and KDM3B

(Figure 1C).
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Analysis of Screen Hits Identifies Ubiquitination, Cell Adhesion/Motility and Endocytosis
Pathways as Putative Barriers to Reprogramming

We took an integrated approach to identifying barrier pathways and prioritizing genes for

downstream validation. We clustered the 956 TRA-1-81+ screen hits by Interpro protein

domain, Gene Ontology (GO) cellular component and GO biological process annotations via

DAVID (Huang et al., 2009). The most frequently annotated protein domain is “WD40

repeat conserved site” (Figure 2A). This domain often serves as a substrate for protein-

protein interactions, and the WD40 annotation cluster contains multiple ubiquitin

conjugating enzymes and ligases. The importance of the ubiquitination pathway is

highlighted by the recent finding that the E3 ligase F-box and WD-40 domain protein 7

(FBXW7) functions as a barrier to reprogramming in mouse (Buckley et al., 2012). FBXW7

is also a hit in our screen, and is part of the WD40 annotation cluster. Using GeneMANIA

(Zuberi et al., 2013) to aggregate published genetic interaction data, we identified multiple

screen hits documented to interact with FBXW7 (Figure 2B). Thus, the role of

ubiquitination as a barrier to reprogramming may be conserved (see below, Figure S3).

Also enriched among screen hits are annotations associated with cell adhesion and secretion,

as well as adhesion-related extracellular protein domains (Figure 2). The most statistically

significant protein domain annotation cluster is “Proto-cadherin”. Protocadherins are the

largest mammalian sub-family of cadherins and have been implicated in cell adhesion and

signal transduction. Gene network analysis reveals that there is a dense co-localization sub-

network of protocadherins among screen hits (Figure 2B). There are also a large number of

proteins containing a “Fibronectin type III” domain, as well as a significant number of

metallopeptidases. Several members of the metallopeptidase cluster are ADAM proteins.

These molecular functions are likely related to the fact that the most enriched biological

process term is “Cell adhesion”. Thus, pathways mediating cell adhesion and extracellular

matrix interactions are likely to contain barriers to reprogramming (see below, Figure 4).

Lastly, screen hits showed a significant enrichment for functional annotations related to

endocytosis (Figure 2). This enrichment occurs across all three annotation categories. The

second most frequently annotated biological process is “Vesicle-mediated transport”.

Moreover, the largest cellular component annotation clusters include multiple compartments

of the endocytic pathway, such as “Cytoplasmic vesicle”, “Lysosome” and “Vacuole”.

Together, this analysis suggests that endocytosis-mediated trafficking is a barrier to

reprogramming (see below, Figure 5).

We also examined published time-course data on gene expression and chromatin marks

from reprogramming experiments in mouse. In particular, we considered two recent datasets

where secondary mouse embryonic fibroblasts (MEFs) were reprogrammed by dox-

inducible expression of 4F (Golipour et al., 2012; Polo et al., 2012). Both groups analyzed

the gene expression profiles of intermediate populations during reprogramming, while Polo

et al. additionally profiled H3K4me3 and H3K27me3 genome-wide. A key feature of both

experimental designs was a strategy to enrich intermediate populations for cells with the

potential to give rise to iPSCs. Interestingly, our re-analysis of these datasets reveals that

functional annotations associated with cell adhesion, motility and extracellular matrix
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interactions are over-represented among genes down-regulated during the course of

reprogramming in the Polo et al. data (Figure S2A). Furthermore, in the data of Golipour et

al., there is significant enrichment for annotations associated with endocytosis in genes

downregulated as reprogramming proceeds (Figure S2B). Thus, several of the pathways

implicated as barriers by our functional analysis in human reprogramming have expression

patterns consistent with such a role during the course of mouse reprogramming.

Taken together, our integrative analysis indicates that pathways associated with

ubiquitination, cell adhesion/motility and endocytosis are putative reprogramming barriers.

Other potential barriers include genes with roles in transcription, chromatin regulation, and

dephosphorylation (Figure 2).

Single-Gene Analyses Validate Reprogramming Barriers from Multiple Pathways

To assess whether genes and pathways enriched in the 956 TRA-1-81+ hits truly represent

reprogramming barriers, we subjected 23 genes to rigorous validation. In addition to genes

related to ubiquitination (UBE2D3, UBE2E3, RNF40), ADAM family genes (ADAM7,

ADAM21, ADAM29), and endocytosis (ARSD, SLC17A5, DRAM1), we also tested protein

tyrosine phosphatases (PTPRJ, PTPRK, PTPN11), chromatin regulators (ATF7IP, ARID4A,

CENPB, MED19), transcription factors (TTF1, TTF2, TMF1, T) and miscellaneous others

(RPL30, PLCE1, INPP5K). For each gene, we chose the two most highly active shRNAs

from the screen and performed single-gene validation of its knockdown effect on

reprogramming. RNAi for 20 out of 23 genes tested (a hit validation of 87%) leads to

significant increases in iPSC colony count compared with non-sense (NS) shRNA control

(Figure 3A). The fold increase in reprogramming efficiency ranges from 1.5 to 4.2, which is

comparable with previous studies of knockdown of reprogramming barriers, including

p53/p21 (Kawamura et al., 2009; Zhao et al., 2008), LATS2 (Ohi et al., 2011), DOT1L and

SUV39H1 (Onder et al., 2012). Knockdown of genes by shRNAs was confirmed by RT-

PCR (Figure 3B).

We next present further validation and mechanistic dissection of the ubiquitin, cell adhesion

and motility, and endocytosis pathways. To facilitate exploration of the entire screen data,

we implemented our integrative analysis into a publicly available website. This resource

combines the RNAi screen data from this study with a large collection of published genetic

and epigenetic data, functional annotation analysis, gene interaction network analysis, and

gene kinetics during reprogramming (http://song.igb.illinois.edu/ipsScreen/). Researchers

are able to query, browse, and visualize this data collection.

The Ubiquitin Pathway Is a Barrier to Reprogramming

Fbxw7, an E3 ubiquitin ligase, was recently described as a barrier to mouse iPSC generation

(Buckley et al., 2012). Our systems approach confirms and extends these findings to a much

broader network of genes in human reprogramming. A variety of conjugating enzymes

(UBE2D3, UBE2E3), ubiquitin ligases (RNF40, FBXW7, NEDD4, MARCH3), and

deubiquitination enzymes (USP9X, OTUB2) are targeted in the TRA-1-81+ population

(Figure S3A and File S2). Single-gene validation shows that knocking down UBE2D3,

UBE2E3, or RNF40 individually significantly increases reprogramming efficiency
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compared to non-sense (NS) shRNA control, validating their functional role in

reprogramming (Figure 3). We confirmed that iPSCs generated with RNF40 shRNAs

express, in addition to TRA-1-81, the pluripotency markers NANOG, SSEA3 an SSEA4 at

the protein level (Figure S3B), and express mRNAs of endogenous pluripotency factors at

levels similar to human ESCs (Figure S3C). We further show that RNF40i increases

reprogramming efficiency without accelerating cell expansion rates (Figure S3D). Finally,

we show that inhibition of multiple members of the ubiquitin pathway increases the protein

levels of the reprogramming factor OCT4 (Figure S3E), in support of previous mouse

studies (Buckley et al., 2012). These results reveal that the previously reported role of the

ubiquitin pathway as a reprogramming barrier in mouse is conserved in human and

demonstrate the power of our systems approach to expand upon the pathways identified.

Cell Adhesion and Motility in Reprogramming

Genes involved in the controlled turnover of actin filament needed for cell motility are

enriched for screen hits (Figure 4A and File S2). Actin, coronin, and RHOC, factors needed

for filament assembly, branching, and disassembly are all significant hits in the screen.

Moreover, several of the screen hits have well-documented interactions with the

extracellular matrix, including MMP14, ADAM7, ADAM21 and ADAM29. Knockdown of

ADAM7, ADAM21 or ADAM29 individually significantly increases human iPSC

generation efficiency (Figure 3), with the most notable effect seen for ADAM29. We

confirmed by immunofluorescence and qRT-PCR that iPSCs generated with ADAM29

shRNAs express high levels of several pluripotency markers, comparable to levels in hESCs

(Figures 4B and 4C). . In addition, ADAM29i does not increase iPSC generation efficiency

by accelerating cell expansion rates (Figure 4D). ADAM29 knockdown at both mRNA and

protein levels and the consequential enhancement of reprogramming efficiency were

confirmed with two independent shRNAs (Figure S4A, B, C). Moreover, we found that

over-expression of ADAM29 significantly reduces reprogramming efficiency (Figure 4E)

and decreases human ESC colony formation efficiency (Figure S4D), indicating that

ADAM29 impedes both establishment and maintenance of the pluripotent state. To study the

mechanism of ADAM29 as a reprogramming barrier, we mutated the metalloprotease and

disintegrin domains of ADAM29, and over-expressed the altered proteins during

reprogramming. Mutation of the disintegrin domain, but not the metalloprotease domain,

abolishes the adverse effect of ADAM29 on reprogramming efficiency (Figure 4E, F).

Remarkably, we found that adding a short synthetic peptide corresponding to the disintegrin

loop of ADAM29 to the culture medium, but not a mutated peptide, significantly reduces

iPSC colony formation efficiency (Figure 4G).

These data demonstrate that specific ADAM proteins are potent reprogramming barriers and

that the disintegrin domain is necessary and sufficient for their activity during

reprogramming. Disintegrin was originally identified from snake venom metalloprotease,

which inhibits blood coagulation and is known to regulate Integrin-dependent cell adhesion.

Multiple reports document the interaction between the ADAM disintegrin domain and

Integrins, and the specificity of this interaction is mediated by a tripeptide motif in the

disintegrin domain (Figure S4E) (Calvete et al., 2005; Igarashi et al., 2007). Interestingly,

the screen hits that belong to the ADAM family, ADAM7, ADAM21 and ADAM29, all
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have an ECD tripeptide motif (Figure S4F), which can inhibit specific Integrin dimers

including those containing α6. During reprogramming, parental fibroblasts predominantly

express Integrin α5, which is not targeted by the ECD motif (Calvete et al., 2005), while

iPSCs/ESCs express high levels of Integrin α6 (Figure 4H). Integrin α6 is a component of

the Laminin receptor, and in turn Laminin is important for maintaining self-renewal of

human ESCs and iPSCs (Rodin et al., 2010). Together, these findings suggest that ECD-

containing ADAM proteins may antagonize an Integrin switch that occurs during

reprogramming to pluripotency, a model that deserves further exploration. Notably, both

ADAM7 and ADAM29 are often found mutated in melanoma (Wei et al., 2011), suggesting

that ADAM dysfunction may also contribute to cellular transformation in certain cancers.

Endocytosis Is a Barrier to Reprogramming

To obtain a global view of the negative effect size of the endocytosis pathway on

reprogramming, we aggregated all screen-hit genes with endocytosis-related GO biological

process annotations (File S2). Remarkably, multiple screen hits were associated with a

variety of components of the endocytic pathway: receptor-targeting ubiquitin ligases

(MARCH3, RNF40, NEDD4); the mediator of vesicle transport, clathrin (CLTA); plasma-

membrane remodeling and early-endosome fusion genes (EHD2, RABEP1); and endosomal/

lysosomal surface proteins (MCOLN1, VPS25, ARSD, HSPA8, SCARB2, SLC17A5,

DRAM1) (Figure 5A and File S2). Interestingly, NEDD4 has been reported to ubiquitinate

cell surface receptors for lysosomal degradation (Persaud et al., 2011), suggesting a potential

crosstalk between the endocytosis and ubiquitin pathways during reprogramming.

As validation of these findings, we found that knocking down DRAM1, SLC17A5 or ARSD

individually with shRNAs leads to a significant increase in iPSC generation relative to non-

sense (NS) shRNA control (Figure 3). We also used small molecules to inhibit the

endocytosis pathway. We found that two clathrin-specific inhibitors, Pitstop1 and Pitstop2,

can dramatically increase reprogramming efficiency, whereas structurally related controls

(Kleist et al., 2011) have no effect (Figure 5B). Furthermore, Pitstop2 can also increase

iPSC generation efficiency when episomal vectors are used to reprogram human dermal

fibroblasts (HDF) (Figure S5A). Therefore, the effect of Pitstop is independent of the

retroviral infection used in standard reprogramming methods or specific fibroblast lines. We

confirmed that iPSCs generated with Pitstop2 express mRNA and protein levels of

pluripotency markers similar to human ESCs (Figure 5D). In addition, Pitstop2 does not

affect cell expansion rates during iPSC generation (Figure S5B). These data demonstrate

that clathrin-mediated endocytosis is a barrier to reprogramming. Inhibitors of endocytosis

may thus be added to the panel of small molecules that enhance reprogramming efficiency.

Endocytosis functions as a master organizer of signaling circuits by modulating the

abundance of receptors, their ligands, and downstream effectors at different membrane

compartments. We sought to further probe the mechanism by which endocytosis acts as a

reprogramming barrier. Treatment of cells with Pitstop2 at different time points post

infection with 4F revealed that endocytosis acts at an early stage of reprogramming (Figure

5E). During that stage, reprogramming cells must undergo a mesenchymal-epithelial

transition (MET) (Samavarchi-Tehrani et al., 2010; Subramanyam et al., 2011), and we
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found that Pitstop2 up-regulates the epithelial marker E-cadherin at day 12 of

reprogramming (Figure S5C, D). Of note, it has been shown that clathrin-mediated

endocytosis positively regulates TGFβ signaling by recycling the receptors (Scita and Di

Fiore, 2010), and TGFβ signaling is a known barrier to reprogramming that inhibits MET

(Samavarchi-Tehrani et al., 2010; Subramanyam et al., 2011). In support of a role for the

endocytosis pathway in TGFβ signaling, we found that Pitstop2 inhibits phosphorylation and

activation of SMAD2/3, in particular SMAD2, during reprogramming (Figure S5C). Using

GeneMANIA, we found that the endocytosis and TGFβ signaling pathways can interact at

multiple levels (Figure S5E). Members of the TGFβ pathway, such as MAPK3 and SMAD2,

are also screen hits as reprogramming barriers (Figure S5E). Importantly, in the presence of

the TGFβ inhibitor SB431542, Pitstop2 does not further decrease the level of

phosphorylated SMAD2/3 (Figure 5F), nor does it further increase iPSC generation

efficiency (Figure 5G). Taken together, these data indicate that clathrin-mediated

endocytosis antagonizes reprogramming via a linear positive interaction with the TGFβ

signaling pathway.

Given the observation that inhibition of endocytosis is unable to synergize with inhibition of

TGFβ signaling to increase reprogramming efficiency, we tested the effect of combining

Pitstop2 with RNAi for members of other barrier pathways. In contrast to TGFβ signaling,

we found that Pitstop2 can further enhance the iPSC generation efficiency of cells treated

with UBE2E3i, RNF40i, ADAM29i, SLC17A5i, PTPN11i, ATF7IPi or TTF2i (Figure 5H).

The interaction of Pitstop2 with the lysosomal protein SLC17A5 (also known as SIALIN)

suggests that the lysosomal sub-pathway could have additional effects on reprogramming

unrelated to TGFβ signaling. Remarkably, when ADAM29i, ATF7IPi and Pitstop2 are

combined together, reprogramming efficiency can be elevated by up to 15 fold (Figure 5H).

These data indicate that endocytosis can act in parallel with other barriers, including the

ubiquitination and ADAM pathways, to antagonize reprogramming.

Identification of Feed-Forward Loops Between Reprogramming Barriers

To further explore potential interactions between validated reprogramming barriers, we

searched the literature for experiments where one of the barrier genes significantly changed

at transcriptional level (t-test p-value < 0.05) after RNAi against a second barrier gene.

Using GeneMANIA, we also aggregated evidence of tissue-specific co-expression of barrier

genes, and identified common barrier-gene protein domains. In the resulting barrier gene

interaction network (Figure 6A thin edges), RNF40 stands out as a hub (i.e., it has both the

highest “betweenness” and “closeness” centralities). We verified these interactions in human

BJ fibroblasts and found that RNF40i induces both positive and negative effects on the

expression of other barrier genes. RNF40i leads to significant increases in the expression of

ADAM29, PTPN11, TTF2, TMF1, and MED19. RNF40i also induces a significant down-

regulation of SLC17A5, PTPRJ, and CENPB (Figure 6A thick arrows, B). Transcriptional

effects of RNF40i likely result from its role in regulating the levels of transcription factors

such as OCT4 (Figure S3E) and in ubiquitinating H2B, a histone mark involved in

transcriptional elongation and stem cell differentiation (Karpiuk et al., 2012). Thus,

inhibition of a reprogramming barrier can alter the expression of other barriers in

unexpected ways. We next tested the effect of combining RNF40i with RNAi for other
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barriers with which RFN40 interacts at the expression level (Figure 6B). RNF40i together

with PTPN11i, MED19i, SLC17A5i or PTPRJi produces combinatorial effects on

reprogramming efficiency (Figure 6C). These data suggest that different barrier pathways

interact in dynamic feed-forward loops (FFLs) that can be classified as either coherent or

incoherent and are thought to provide noise filtering and response delay capabilities to

stabilize cell types (Mangan and Alon, 2003). As examples of coherent FFLs with an OR-

gate integration, RNF40 positively regulates the other barrier genes SLC17A5 and PTPRJ.

This kind of network motif can stabilize cells against transient fluctuating signals and can

delay the response to removing the source repressor, which corresponds to RNF40 in our

case. Thus, even though knockdown of RNF40 attenuates the second barrier’s expression,

the residual amount of the second barrier can still partially suppress reprogramming without

RNF40; as a result, simultaneous RNAi against the second barrier itself drastically relieves

the suppression of reprogramming by the FFL as a whole (Figure 6D). Incoherent FFLs with

an OR-gate integration has not been studied extensively to date, but we found that such

network motifs can also inhibit reprogramming. For example, RNF40 represses the other

barrier genes PTPN11 and MED19, so that knockdown of RNF40 alone aberrantly up-

regulates PTPN11 and MED19, acting as a built-in compensatory suppression mechanism

against reprogramming. In this case, a persistent knockdown of RNF40 may only transiently

lower the barrier against reprogramming, because the subsequent derepression of PTPN11

and MED19 can help raise back the barrier. However, the dampening of the increase in

reprogramming efficiency that could result from this derepression of a second barrier can be

relieved via knockdown of the second gene (Figure 6D). The FFLs with OR-gate integration

thus provide partial redundancy in cell fate control, and removing the redundancy with

multiple RNAi manifests itself in the observed combinatorial knockdown effect (Figure 6C).

Barriers can of course interact in multiple ways, not just at the transcriptional level.

Nevertheless, the FFLs identified here contribute to revealing some of the complex

interactions between barrier pathways. Taken together, our genetic interaction studies reveal

that barrier pathways can act in linear, parallel (Figure 5) or feed-forward loop (Figure 6)

architectures to antagonize reprogramming, and show that iPSC generation efficiency can be

greatly increased by simultaneous targeting of different reprogramming barriers.

PERSPECTIVE

We use an ultracomplex EXPANDed shRNA library to report the application of a genome-

wide screen to the process of human cellular reprogramming to pluripotency. Our integrative

study reveals multiple pathways as reprogramming barriers, including ubiquitination,

endocytosis, cell adhesion, interaction with extracellular matrix, dephosphorylation, and

transcription. Moreover, we found that different barrier pathways interact in complex

combinatorial ways to antagonize reprogramming to the iPSC state. The data are

implemented as a fully searchable integrative online resource to facilitate other studies of

reprogramming.

Our genome-wide RNAi screen provides a systematic approach to interrogate iPSC

generation. Several key aspects underlie the successful identification of the reprogramming

barriers reported here: 1) the high (30 shRNAs) per-gene coverage of the library reduces off-

target effects in hit selection; 2) using NGS for screen readout provides a large dynamic
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range; 3) a multi-objective optimization algorithm with greater sensitivity and specificity,

and less prone to off-target effects than existing methods, helps reduce false positive hits; 4)

systems-level analyses combining large-scale integration of public data with independent

functional validation assays elucidate functional pathways. Benefiting from these aspects,

our screen has a scale of 600,000 shRNAs tested and a hit validation rate of 87%, whereas

previous genome-wide shRNA/siRNA screens tend to have lower scales (average <40,000)

and average <50% success rates (Table S2).

More generally, our work provides a model for combining a genome-wide screen with large-

scale data mining in contexts other than iPSC generation. Our preliminary findings indicate

that some of the pathways identified may represent barriers to the induction of stem-like

phenotypes in other cellular and disease processes. We applied our de-convolution method

to a genome-wide screen for barriers against the proliferation of ovarian carcinoma stem

cells (Tan et al., 2013). Cross-referencing our iPSC screen hits with the hits in carcinoma

stem cells found 35 overlapping genes at the 5% significance level, and DAVID functional

analysis identified transcription factors, cell membrane proteins, and ubiquitin pathway

genes to be enriched in these hits (Figure S6). Of note, RNF40 was detected in both screens.

Also enriched in both screens is arginine methyltransferase PRMT1, previously discussed as

part of the FBXW7 interaction network (Figure 2B). Thus, our platform provides an

integrative approach for identifying pathways that may act as barriers beyond the setting of

reprogramming to pluripotency, including in cancer. We further anticipate that this approach

will be useful in the dissection of direct lineage reprogramming and may reveal shared and

unique aspects of different reprogramming paradigms.

EXPERIMENTAL PROCEDURES

Pooled shRNA Libraries

The design method for generating ultracomplex EXPANDed shRNA libraries targeting the

human genome has been previously described (Bassik et al., 2009; 2013). In brief, the

library contains approximately 30 independent shRNAs per gene for all human protein-

coding genes (19,527 in total), for a total of ~600,000 shRNAs, hence the term

“ultracomplex”. The full list of shRNA sequences present in the library is available upon

request. Pooled sequences coding for the shRNAs were cloned downstream of a U6

promoter in a modified pSicoR lentiviral vector containing a CMV-Puro-T2A-mCherry

cassette. All vectors were pooled to generate one lentiviral library representing the 600,000

shRNAs. The entire pooled library was then used to generate lentiviruses at the UCSF

ViraCore.

RNAi Screen in Human iPSC Generation

Human primary newborn foreskin (BJ) fibroblasts were seeded at 630,000 cells per 15cm-

dish the day before infection. Sixteen 15-cm dishes were used in total for the whole library

screen, to represent 50 cells per shRNA. Cells were infected with concentrated retroviruses

(Harvard Gene Therapy Initiative) leading to the over-expression of OCT4, SOX2 and

KLF4 (MOI=10) and c-MYC (MOI=1) (4F), in combination with a lentivirus expressing an

shRNA against p53 (MOI=1) (Zhao et al., 2008) and the lentiviral shRNA library (MOI=3).
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On d28 after infection, cells were trypsinized, live TRA1-81 (MAB4381, Millipore) staining

was performed, and TRA-1-81+ and TRA-1-81-populations were isolated by FACS

(FACSAria II, BD).

Bioinformatic Analyses

TRA-1-81+/TRA-1-81-differential shRNA effect size was estimated by read-count odds-

ratio. shRNA effect sizes were summarized gene wise using a random effects model. Gene

ranking was performed using multi-objective optimization, with collective shRNA effect

size and the number of distinct shRNA as criterion. Significance was assessed using a

permutation test, and library swap was used to control for false discovery in multiple

hypothesis testing (Extended Experimental Procedures). Functional annotations were

analyzed via DAVID (Huang et al., 2009) and gene interaction networks constructed via

GeneMANIA (Zuberi et al., 2013) and Cytoscape. Betweenness centrality is defined as the

number of shortest-paths through the network that pass through a given node. Closeness

centrality is defined as the inverse of the sum of all shortest-path distances, from a given

node, to all other nodes in the network.

Single-Gene Validation

For gene knockdown, the 2 most enriched shRNAs against each gene from the screen data

were cloned into the lentiviral vector pSicoR downstream of a U6 promoter. Each shRNA

was cloned into a separate pSicoR-CMV-Puro-T2A-GFP lentiviral vector. Viruses inducing

the expression of 2 shRNAs against the same gene were combined together with 4F before

infecting cells, unless otherwise indicated. Table S3 includes the target sequences of all

shRNAs used for follow-up experiments. For gene over-expression, cDNA was cloned into

the lentiviral vector pGAMA downstream of an EF1α promoter. Mutations were generated

using QuickChange (Agilent) according to the manufacturer’s instructions. On d20-d28 after

infection, live Tra1-81 (MAB4381, Millipore) staining was performed, and iPSC colonies

were counted. All reprogramming experiments were performed in triplicates, and error bars

represent standard deviation. *, p<0.05; **, p<0.01; ***, p<0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

Genome-Wide RNAi Screen Reveals Known and Novel Barriers to Human Cell

Reprogramming

ADAM29 Antagonizes Reprogramming via Its Disintegrin Domain

Clathrin-Mediated Endocytosis Antagonizes Reprogramming by Enhancing TGFβ

Signaling

Different Barrier Pathways Have a Combined Effect on Reprogramming Efficiency
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Figure 1. A Genome-Wide RNAi Screen Identifies Known and Novel Regulators of Human iPSC
Generation
(A) Design of the genome-wide RNAi screen in human iPSC generation. (B) Positive

control genes consisting of known barriers identified from the literature and the

experimentally validated targets of miR-17, miR-200, and miR-372 (miRNAs known to

enhance reprogramming efficiency) are enriched in TRA-1-81+. Shown are the medians of

the distributions of collective shRNA activity levels for these genes. The statistical

significance was measured by a hypergeometric test. (C) Each dot on the graph is a gene.

The x-axis shows the number of distinct active shRNAs targeting the gene. The y-axis
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represents the collective shRNA activity level δ on a log scale; this summarizes the read-

count odds ratios of all active shRNAs targeting a given gene. Genes with greater statistical

significance are color-coded towards red. The top 1% most significant genes are denoted by

stars. Examples of known barriers or enhancers of reprogramming are indicated.
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Figure 2. An Integrated Resource Identifies Barrier Pathways to Reprogramming
(A) Screen hits, significant at the 5% level, were clustered by over-represented GO

biological process, GO cellular component, and Interpro protein domain annotations using

the DAVID functional analysis tool. Shown are the clusters with the 5 highest enrichment

scores. Each cluster is represented by the most frequently occurring annotation term. On the

y-axis is the number of genes in each cluster. The p-value shown was obtained by using

Fisher’s method to combine DAVID assigned p-values for individual annotation terms

within a cluster. (B) Gene functional annotations, aggregated via DAVID, were compiled
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into an interactive tree-map, available online (http://song.igb.uiuc.edu/ipsScreen/docs/

david_treemap.html). All genes shown are screen hits at the 5% significance level. Gene

lists for subclusters were analyzed for network structure. This identified several gene

networks and subclusters. (1) A genetic interaction network for the ubiquitin ligase FBXW7.

This network documents that FBXW7 can directly and indirectly interact with multiple

screen hits from a variety of pathways. (2) A dense network of protocadherins. Two genes

are connected with an edge if their expression correlates across tissue types. (3) Genetic

interaction networks for ADAM family proteins. (4) A subcluster enriched for endocytosis

functional annotations.
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Figure 3. Single-Gene Validation of Reprogramming Barriers
(A) Individual knockdown of screen hits in different pathways increases the efficiency of

human iPSC generation. The number of iPSC colonies was counted 25 days after infection

of human BJ fibroblasts with 4F control, 4F with non-sense (NS) shRNA control, or 4F with

the two most highly active shRNAs targeting the indicated gene. Error bars represent

standard deviation compared to 4F+NS. * p<0.05; **, p<0.01; ***, p<0.001. (B) Reduction

in the levels of gene expression achieved by shRNA constructs was confirmed by qRT-PCR.
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Figure 4. DAMs Are a Barrier to Reprogramming and Act Via their Desintegrin Loop Domain
(A) Screen hits at the 5% significance level with GO biological process annotations related

to cell motility and adhesion are highlighted. (B) 4F+ADAM29i induced iPSCs show strong

positive immunostaining for pluripotency markers NANOG, SSEA3 and SSEA4. Scale bar,

300 m. (C) 4F+ADAM29i-induced iPSCs express endogenous pluripotency markers at

similar levels to 4F iPSCs and ESCs. (D) Growth curves of fibroblasts infected with 4F, 4F+

non-sense (NS), and 4F+RNF40i, counted on D0, D4, D8, and D13 post-infection. RNF40i

does not substantially alter total cell numbers during the first 13 days of reprogramming.
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Error bars represent standard deviations. (E) ADAM29 over-expression reduces

reprogramming efficiency, and the disintegrin domain is critical for the barrier function of

ADAM29 in reprogramming. BJ fibroblasts over-expressing wild-type (WD) or mutated

ADAM29 (H333A in the active site of the metalloprotease domain; E461A and ECD461

deletion in the disintegrin domain) were induced to pluripotency by 4F. (F) Over-expression

of wild-type or mutated ADAM29 was confirmed by Western Blotting. Tubulin was used as

loading control. (G) ADAM29 disintegrin loop peptide reduces reprogramming efficiency.

Human BJ fibroblasts were infected with 4F. Four days later, a synthetic ADAM29

disintegrin loop peptide (100 g/ml) was added. A peptide with substitutions of the three

critical residues (ECD) was used as controls. (H) Human ESCs H9 express higher levels of

Integrin α6, and lower levels of Integrin α5 and β1 compared with BJ fibroblasts.
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Figure 5. Endocytosis Is an Early-Acting Barrier to Reprogramming that Enhances TGF β
Signaling
(A) Screen hits at the 5% significance level with GO biological process annotations related

to endocytosis and lysosome are highlighted. (B) Inhibition of clathrin-dependent

endocytosis by small molecules Pitstop1 and Pitstop2 increases human iPSC generation

efficiency. Human BJ fibroblasts were infected with 4F. Four days later, clathrin inhibitors

(Abcam) were added to medium at a final concentration of 45 M (Pitstop1) and 30 M

(Pitstop2) until colonies were counted. Pitstop1 Neg and Pitstop2 Neg, compounds

structurally related to Pitstop1 and Pitstop2 respectively but lacking the ability to inhibit
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endocytosis (Kleist et al., 2011), were used as controls. (C) 4F+Pitstop2 iPSCs show strong

immunostaining for pluripotency markers NANOG, SSEA3 and SSEA4. Scale bar, 300 m.

(D) 4F+Pitstop2 iPSCs express endogenous pluripotency markers at similar levels to 4F

iPSCs and ESCs. (E) Endocytosis acts as a barrier at an early stage of reprogramming.

Human BJ fibroblasts were infected with 4F. Pitstop2 was added to the medium at the time

points indicated. (F) Pitstop2 and TGFβ inhibitor SB431542 (SB, 2 μM) lead to a decrease

in pSMAD2/3 levels by Western Blotting. Tubulin was used as loading control. (G) Both

Pitstop2 and SB431542 (D2-D14) increase human iPSC generation efficiency. However,

when combined together, no additional increase is observed. (H) Pitstop2 further enhances

reprogramming efficiency upon knockdown of multiple other barriers.
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Figure 6. Genetic Interactions Between RNA40 and Other Reprogramming Barriers
(A) In this barrier-gene network, non-directional interactions (colored edges) were identified

via a literature search, and genetic interactions were inferred from knockdown experiments.

We consider gene A to interact with gene B if B’s expression changes significantly (t-test p-

value < 0.05) after the knockdown of A (red edges). Genes sharing common protein

domains (blue edges), and genes which are co-expressed in the same tissue type (purple

edges), were aggregated via GeneMANIA. Directional interactions (thick black edges) were

identified in human fibroblasts from knockdown experiments shown in (B). (B) RNF40i
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affects the expression of other barrier genes. qRT-PCR was performed in BJ fibroblasts

infected with non-sense (NS) shRNA control or shRNAs against RNF40. (C) The net effects

on reprogramming efficiency of simultaneous knockdown of RNA40 and each of the other

barrier-genes shown exceed the effect of knocking down either gene alone. (D) RNF40

forms coherent and incoherent feed-forward loops in the barrier-gene network.
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