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During normal development, cells gradually acquire
more differentiated fates. Several strategies, referred to
as cellular reprogramming, can reverse the natural direc-
tion of the differentiation process. The reprogramming
of somatic cells to a pluripotent state can be achieved by
either nuclear transfer (Gurdon 1962; Wilmut et al.
1997) or cellular fusion between somatic and embryonic
stem (ES) cells (Tada et al. 2001). In addition, the seminal
work of Yamanaka (Takahashi and Yamanaka 2006)
showed that the expression of pluripotency-associated

factors (OCT4, SOX2, KLF4, and cMYC, collectively re-
ferred to as OSKM) also could be used to reprogram
somatic cells to an ES-like cell type known as induced plu-
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previously using functional screens (Qin et al. 2014;
Sakurai et al. 2014; Yang et al. 2014; Cheloufi et al.
2015). An inherent technical difficulty of working with
primary cells is that once in culture, they eventually un-
dergo replicative or stress-induced senescence (Kuilman
et al. 2010). To overcome this issue, genetic tricks to
blunt senescence (for example, overexpressing hTERT or
knocking down p53 expression) have sometimes been
used to screen for genes limiting reprogramming (Qin
et al. 2014), indirectly highlighting that senescence con-
stitutes an intrinsic cellular barrier to iPSC generation
(Krizhanovsky and Lowe 2009; Banito and Gil 2010).
Key tumor suppressors such as p53, p16'N%4¢ or p21¢'"*
control the senescence response to OSKM, and their inhi-
bition increases reprogramming (Banito et al. 2009; Hong
et al. 2009; Kawamura et al. 2009; Li et al. 2009; Marion
et al. 2009; Utikal et al. 2009). However, little else is un-
derstood about the mechanisms governing senescence in-
duction during reprogramming and how similar it is to
other types of senescence.

Senescence is a cellular program that restrains the rep-
lication of damaged or old cells by imposing a stable cell
cycle arrest. As part of the senescence program, cells un-
dergo additional phenotypic alterations, including remod-
eling of their chromatin or secreting a complex mixture of
factors known as the senescence-associated secretory phe-
notype (SASP) (Kuilman et al. 2010; Salama et al. 2014).
Senescent cells are present in injured, preneoplastic, old,
and diseased tissues and influence many phenotypes
through the SASP (Coppe et al. 2010). In general, the accu-
mulation of senescent cells is detrimental (Munoz-Espin
and Serrano 2014), and their elimination ameliorates
many age-related pathologies (Baker et al. 2016), whereas
senescence induction limits fibrosis (Krizhanovsky et al.
2008) and cancer (Collado and Serrano 2010). Senescent
cells found in old or injured tissues also create a permis-
sive environment for in vivo reprogramming (Mosteiro
et al. 2016). This has been linked to increased production
of IL-6 as part of the SASP, as IL-6 facilitates reprogram-
ming by activating cMYC and PIM1 (Brady et al. 2013).
Given the physiological relevance of senescence and
that it constitutes an intrinsic barrier for reprogramming,
understanding how senescence is regulated during repro-
gramming is important. Genetic screening is a powerful
tool that has been exploited with success to identify genes
regulating senescence (Jacobs et al. 2000; Rowland et al.
2005; Acosta et al. 2008; Tordella et al. 2016; Wang et
al. 2016) or cellular reprogramming (Qin et al. 2014;
Sakurai et al. 2014; Yang et al. 2014).

In this study, we screened for shRNAs blunting repro-
gramming-induced senescence. An inherent limitation
of pooled screens is the protracted process of retesting, val-
idation, and characterization of identified candidates. To
speed this up, we combined single-cell RNA sequencing
(scRNA-seq) with shRNA screens. Using this approach,
we discovered that, by regulating senescence, mechanistic
target of rapamycin (mMTOR) controls cell-intrinsic and
cell-extrinsic mechanisms with opposing effects on repro-
gramming. Moreover, our study highlights the advantages
of combining functional screens with scRNA-seq analysis.

LR
Exploring the senescence program induced by OSKM

Expression of the reprogramming factors (OSKM) in
IMR90 human fibroblasts causes a senescence-like growth
arrest (Fig. 1A,B) that constitutes an intrinsic barrier to re-
programming (Banito et al. 2009). Similar to oncogenic
RAS®*?V the expression of OSKM induces the cyclin-de-
pendent kinase (CDK) inhibitors (CDKIs) p15'™K4b,
p16'™NK4 and p21°'®*, which are involved in implement-
ing the stable growth arrest associated with senescence
(Fig. 1C).

To better characterize OSKM-induced senescence, we
took advantage of RNA sequencing (RNA-seq). Gene set
enrichment analysis (GSEA) found signatures for senes-
cence and the SASP significantly enriched in the tran-
scriptome of cells expressing OSKM (Fig. 1D). Other
signatures showed a similar association with OSKM-
and RAS-induced senescence. For example, TGF-B-depen-
dent signatures were up-regulated in both types of senes-
cence (Supplemental Fig. S1A). In some instances,
although the effect of RAS or OSKM expression was qual-
itatively equivalent, the strength of the responses differed.
For example, although signatures associated with prolifer-
ation were down-regulated upon RAS or OSKM expres-
sion (Supplemental Fig. S1B), a stronger growth arrest
was associated with RAS expression (Fig. 1E). Overall,
we observed a moderate correlation between the tran-
scriptional changes induced by RAS and OSKM (Spear-
man correlation=0.33) (Fig. 1F). Among the genes
regulated in common (Fig. 1G; Supplemental Fig. S1C),
gene ontology (GO) analysis highlighted several senes-
cence processes (such as down-regulation of terms related
to mitosis and cell cycle or up-regulation of inflammatory
responses) (Fig. 1H; Supplemental Fig. S1D). Besides these
commonalities, the specific nature of the OSKM and RAS
transcriptional programs was also evident. For example,
GO terms associated with epithelial-to-mesenchymal
transition and development and differentiation processes
were preferentially regulated by OSKM rather than RAS
expression (Fig. 11; Supplemental Fig. S1E). Overall, the
above results confirm that OSKM expression induces a
senescence program with distinctive characteristics.
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* Fg J'; 1. Expression of OSKM results in the induction of a characteristic senescence program in IMR90 human fibroblasts. (A) Senes-
cence markers in IMR90 fibroblasts infected with control (vector), a polycistronic vector expressing OSKM or RAS. At 12 d after infection,
senescence was assayed by crystal violet staining (top), senescence-associated p-galactosidase (SA-p-Gal) activity (middle), and BrdU in-
corporation after an 18-h pulse (bottom). Bar, 100 pM. (B) Quantification of BrdU and SA-p-Gal-positive cells after infection with the in-
dicated vectors. (***) P<0.001. (C) Quantitative RT-PCR (QRT-PCR) showing the mRNA expression levels of CDKN2B (encoding
p15'™NK4P)  CDKN2A (p16'™N%*%), and CDKN1A (p21'™}) after infection with the indicated vectors. (*) P <0.05; (***) P <0.001. (D) Gene
set enrichment analysis (GSEA) showing enrichment of signatures associated with senescence and the SASP in OSKM versus vector-ex-
pressing IMR9O0 cells. (NES) Normalized enrichment score. (E) Heat map showing gene expression of cell cycle genes (Chang et al. 2004) for
IMR9O0 cells infected with vector, RAS, and OSKM. Log, expression values (rlog) were row-normalized using Z-scores, and only genes that
have higher expression in RAS or OSKM compared with vector are shown in the heat map. Both genes and samples were clustered using
hierarchical clustering. (F) Scatter plot showing log, fold change (FC) in gene expression between RAS versus vector and OSKM versus
vector. Genes changing (false discovery rate [FDR] < 0.05; log, fold change < -1 or log, fold change > 1) are shown in color. (G) Venn dia-
gram showing common down-regulated genes between RAS versus vector and OSKM versus vector. Down-regulated genes were defined
as those with log, fold change < -1 and FDR <0.05. (H,l) Gene ontology (GO) term analysis of common genes down-regulated upon
OSKM- and RAS-induced senescence (H) or down-regulated only in OSKM-induced senescence (1). First, for each senescence type, genes
differentially regulated compared with control (vector) by log, fold change < —1 (P < 0.05) were selected. Next, common genes were upload-
ed to the online bioinformatics database Metascape (http:/metascape.org) for GO term detection and clustering. Same-colored dots fall
into a function category similar to the given title. Only statistically significant categories (P < 0.05) are shown.

candidate genes were selected using the criteria described cells (day 37 vs. day 0) (Fig. 2B,C). After retesting ShRNAs
in Supplemental Figure S2A. A shRNA library targeting targeting the top screen candidates, we found that infec-
these candidates (average coverage of six shRNAs per tion with shRNAs targeting four of these genes
gene; 3153 shRNAs in total) was generated and screened (CDKN1A, MTOR, MYOT, and UBE2E1) resulted in a
similarly (Fig. 2A). Statistical analysis identified ShRNAs consistent bypass of OSKM-induced senescence (Fig. 2D;
significantly enriched with time in OSKM-expressing Supplemental Fig. S2D).
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* Fg i‘» 2. An shRNA screen identifies modulators of reprogramming-induced senescence. (A) Time line and strategy of a secondary
shRNA enrichment screen. IMR90 fibroblasts were infected with an OSKM expression vector followed by a pooled shRNA library in


http://genesdev.cshlp.org/
http://www.cshlpress.com

To validate the screen results, IMR90 fibroblasts were
infected with OSKM and two individual shRNAs target-
ing each candidate. We assessed the ability of the different
shRNAs to knock down their targets (Supplemental Fig.
S3A-C). MYOT expression was below the detection limit,
and its knockdown could not be confirmed despite inde-
pendent shRNAs reproducing the bypass of senescence
phenotype (data not shown). The ability of shRNAs tar-
geting CDKN1A, MYOT, MTOR, and UBE2E1 to prevent
OSKM-induced senescence was confirmed by increased
proliferation (Fig. 2E), a higher percentage of cells in-
corporating BrdU (Fig. 2F; Supplemental Fig. S3D), and a
decrease in the percentage of senescence-associated -
galactosidase (SA-B-Gal)-positive cells when compared
with IMR90 cells infected with OSKM and a control
vector (Fig. 2G,H; Supplemental Fig. S3E). Since p21¢'™*
has been implicated previously in controlling repro-
gramming-induced senescence (Banito et al. 2009), these
results suggest that our screen successfully identified
genes regulating senescence.

scRNA-seq as an approach to facilitate the analysis
of shRNA screens

An important bottleneck in genetic screens such as the
one described in this study is the retesting, validation,
and characterization of the identified candidates. The ad-
vent of sScCRNA-seq has made it possible to analyze gene
expression at a cellular level rather than relying on aver-
age levels from cell populations (Tanay and Regev 2017).
We hypothesized that by performing scRNA-seq in paral-
lel with measuring shRNA enrichment in bulk popu-
lations, the characterization of our screen candidates
could be accelerated.

Toevaluate thisapproach, we first assessed the accuracy
of detecting shRNAs in single cells (Fig. 3A). The shRNAs
were embedded in miR-E, an improved miR-30-based
backbone (Fellmann et al. 2013), which is expressed from
a RNA polymerase Il (Pol I1)-dependent promoter (Dickins
et al. 2005). While most shRNA transcripts use the polya-
denylation (poly-A) signal in the 3’ long terminal repeat
(LTR) of the virus, we noted the presence of two putative
poly-A signals (ATTAAA) in the 3’ context of miR-E, rais-
ing the possibility that protocols relying on poly-A priming
could detect those transcripts. To call the shRNAs, we
used reads that mapped to the shRNA-specific sequence
and overlapped with the miR-E backbone (Supplemental
Fig. S4A). The shRNA reads correlated with the total num-
ber of reads per cell (Supplemental Fig. S4B) and were de-
tected only in cells transduced with shRNAs (Fig. 3B).
Most cells contained a single sShRNA (116 out of 300 cells)
(Fig. 3C), and most shRNAs were present in just one cell
(310 out of 359 shRNAS) (Fig. 3D).

Next, we performed scRNA-seq of IMR90 cells infected
with OSKM and specific ShRNAs (as summarized in Fig.
3E). Cells were infected independently with different
shRNAs targeting each screen candidate (three sShRNAs
targeting MTOR and CDKNZ1A and two targeting MYOT
and UBE2EL1, respectively). The scRNA-seq information
allowed us to assign shRNAs to most of the cells (Fig.

3E), and transcriptome analysis confirmed the down-regu-
lation of TP53, CDKN1A, MTOR, and UBE2E1 in cells
infected with the corresponding shRNAs (Fig. 3F). More-
over, CDKN1A, a p53 target gene, was also down-regulat-
ed in OSKM-shp53 cells. We could not detect MYOT
expression, as in our previous experiments.

Finally, to understand whether the scRNA-seq data
could identify expression differences associated with the
knockdown of the different candidates, we performed un-
supervised hierarchical clustering (Fig. 3G; Supplemental
Fig. S4C). The cells segregated into five stable clusters,
each enriched for cells infected with shRNAs targeting a

different gene. We used t-distributed stoch1[(infe-g[(3(310)T74CGells
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* Fg i‘» 3. Coupling scRNA-seq with shRNA assignment identifies expression profiles associated with gene knockdown. (A) Strategy of
scRNAT—seq analysis of IMR90 cells infected with OSKM and an shRNA library. RNA-seq libraries were prepared using the ICELL8 single-
cell system. (B) The number of shRNA-specific reads plotted for IMR90 cells infected with empty shRNA vector (no shRNA-specific in-
sert; n =50), OSKM and shRNA library cells (OSKM/Lib; n
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TGF-p-mediated p21°'"* induction contributes to OSKM-
induced senescence

To investigate how MTOR regulates senescence, we com-
pared the effect of knocking down MTOR in OSKM- or
RAS-induced senescence. While MTOR depletion pre-

vented OSKM-induced senescence, it did not affect the
RAS-induced senescent arrest (Fig. 5A). This was consis-
tent with our previous data (Herranz et al. 2015). Indeed,
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* Fg kf; 5. Investigating how mTOR inhibition affects OSKM-induced senescence. (A) Knockdown of MTOR by two different shRNAs
prevented the growth arrest induced by OSKM (top row), but not by RAS (bottom row), as measured by crystal violet staining. (B) Inhibi-
tion of MTOR by rapamycin prevents the growth arrest induced by OSKM (top row) but not by RAS (bottom row). IMR90 fibroblasts were
infected with OSKM or RAS and treated with 0.3 and 1.0 nM rapamycin (Rapa) the next day. At 12 d after infection, cells were seeded at
low density and cultured for 16 more days in the absence of rapamycin before plates were stained with crystal violet. (C,D) Inhibition of
mTOR by rapamycin blunts the induction of CDKIs, but the levels revert back to basal only in OSKM-induced senescence. IMR90 fibro-
blasts were infected with empty vector or OSKM- or RAS-expressing vectors and were treated the next day with DMSO (-) or increasing
doses of rapamycin. At day 10 after infection, the cells were collected for qRT-PCR analysis of mMRNA expression (C) or immunofluores-

cence (D

that rapamycin restored expression of proliferation-asso-
ciated genes in OSKM-expressing but not RAS-expressing
cells (Supplemental Fig. S6A). Based on the scRNA-seq
data, we examined the expression of CDKN2A, CDKN2B,
and CDKNZ1A to understand how mTOR inhibition
prevents OSKM-induced (but not RAS-induced) senes-

cence. Consistent with the scRNA-seq data, CDKN2B
was highly induced by OSKM, and this induction was di-
minished upon mMTOR inhibition (Fig. 5C). A similar pat-
tern was observed for CDKN2A and CDKNZ1A, although
the induction was more modest. RAS expression induced
the expression of all three CDKIs more robustly. Although
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treatment with rapamycin blunted the up-regulation of all
three CDKIs in response to either OSKM or RAS expres-
sion, their expression only came back to (or below) basal
levels in OSKM-expressing cells treated with rapamycin
(Fig. 5C). Analysis of p16'™K% expression by Western
blot or immunofluorescence analysis confirmed both a
lower induction of p16'™%*2 |evels and a stronger decrease
upon rapamycin treatment in OSKM-expressing cells
than in RAS-expressing cells (Fig. 5D; Supplemental Fig.
S6B).

We next examined the relative contribution of
CDKNI1A, CDKN2A, and CDKN2B to OSKM-induced
senescence. Despite the extent of CDKN2B induction
(Figs. 4E, 5C), CDKN2B knockdown with two indepen-
dent siRNAs did not prevent the growth arrest caused
by OSKM (Fig. 5E; Supplemental Fig. S6C; data not
shown). On the other hand, knocking down CDKNZ1A or
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* Fs £ 6. Dual effect of mTOR inhibition
in iPSC reprogramming. (A) Reprogramming
of Cas9-expressing TNG MKOS MEFs was
initiated 1 d after transfection with a piggy-
Bac transposon carrying an inducible MKOS
cassette and the indicated gRNA expression
gRNA expression cassette. Numbers of total
and Nanog-GFP* colonies were counted on
day 14. See Supplemental Figure S7, B and
C, for an expanded version of this figure. Er-
ror bars represent the SD of three indepen-
dent experiments. (*) P<0.05; (**) P<0.01;
(***) P <0.001; (ns) not significant. (B) Dose-
and time-dependent effect of rapamycin on
reprogramming. Rapamycin (0.3 and 1.0
nM) was added for 3, 6, or 14 d after MKOS
induction. Resulting iPSC colonies were
stained for alkaline phosphatase (AP) after
14 d. Data were normalized to untreated
cells. Error bars represent the SD of three in-
dependent experiments (days 0-3 and 0-6).
Data from one experiment are shown for
days 0-14. (*) P<0.05; (**) P<0.01; (***) P<
0.001. (C) Dose-dependent effect of rapamy-
cin on reprogramming. Rapamycin (0.3 and
1.0 nM) was added for 3 d after MKOS induc-
tion. Resulting iPSC colonies were stained
for alkaline phosphatase after 14 d. (D) Re-
programming of Cas9-expressing Nanog-
GFP MEFs was performed after transfection
of a piggyBac transposon carrying inducible
MKOS-ires-mOrange and U6-driven gRNA
expression cassettes in the presence or ab-
sence of 500 nM TGF- RI inhibitor (AlK5i;
Tocris, A83-01) and 5 nM rapamycin (Rap).
Numbers of total and Nanog-GFP* colonies
were counted on day 14. Error bars represent
the SD of three independent experiments. (*)

P <0.05; (**) P <0.01; (ns) not significant. (Green) Statistics for Nanog" colonies; (black) statistics for total number of colonies. (E) Repro-
gramming efficiency of transgenic MKOS MEFs treated with conditioned medium (CM) from MEFs infected with control vector, RAS, or
RAS and shRNAs against Mtor. CM was collected after 3 d and reconstituted with 4x concentrated reprogramming medium before being
added to the transgenic MEFs. Alkaline phosphatase-positive (AP*) colonies were counted, and data were normalized to cells treated with
CM from RAS/ctr. Error bars represent the SD of four independent experiments. (**) P <0.01; (***) P <0.001. Representative images are
shown. (F) Scheme summarizing the dual action of MTOR on regulation of senescence and reprogramming of iPSCs. (Green arrows) in-

duction; (red arrow) inhibition.

constructs rendered similar results (Supplemental Fig.
S7F). Overall, the above experiments suggest that regula-
tion of senescence by mTOR exerts opposing effects dur-
ing cellular reprogramming (as summarized in Fig. 6F).

-

A better understanding of the mechanisms regulating cel-
lular reprogramming is needed to increase its efficiency.
Multiple efforts have been made to identify the different
barriers that inherently limit cellular reprogramming
(Qin et al. 2014; Sakurai et al. 2014; Yang et al. 2014). Sen-
escence is one of these cell-intrinsic barriers (Banito et al.
2009). Despite the pathophysiological relevance of senes-
cence, not much is known about how senescence is regu-
lated during reprogramming beyond the involvement of
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the key tumor suppressors p53, pl , and p2
(Krizhanovsky and Lowe 2009; Banito and Gil 2010).

To gain further insight, we screened for shRNAs pre-
venting OSKM-induced senescence. Our assay identified
genes regulating OSKM-induced senescence without
the confounding effects of reprogramming itself. We iden-
tified shRNAs targeting four genes: CDKN1A, MTOR,
MYOT, and UBE2E1. While CDKN1A (which encodes
for p21'"1) and MTOR had been shown previously to reg-
ulate senescence or senescence-related phenotypes, this is
the first evidence suggesting that MYOT and UBE2EL1 reg-
ulate senescence. MYOT encodes for myotilin, whose
main known function is to be part of the Z-disc of sarco-
meres (Otey et al. 2005). Despite identifying multiple
shRNAs targeting MYOT in the screen and confirming
their effects with two independent shRNAs, expression
of MYOT was hard to detect in IMR90 cells. UBE2EL1 is
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an E2 ubiquitin-conjugating enzyme (Nuber et al. 1996).
Proteasome-dependent protein degradation had been ob-
served previously during senescence (Deschenes-Simard
et al. 2013). Whether UBE2E1 plays a role in that process
will need to be studied. Given that the role of p21¢'"* in
reprogramming and reprogramming-induced senescence


http://genesdev.cshlp.org/
http://www.cshlpress.com

Plasmids

For de novo generation of miRE-based shRNAs, 97-mer oligonu-
cleotides containing the shRNA fragment were PCR-amplified
using primers miRE-Xho-fw and miRE-EcoOligo-rev and cloned
into the pRLL lentiviral backbone as before (Fellmann et al.
2013). shRNA sequences are listed in Supplemental Table S1.

shRNA libraries and screening

Details of the shRNA libraries used and the screen protocol are in
the Supplemental Material.

Library preparation for determining shRNA enrichment

Genomic DNA was extracted from 10° cells collected at different
time points during the screen using the Gentra Puregene cell kit
(Qiagen) as described by the manufacturer. Solexa adapters and a
sample-specific barcode (3 nucleotides [nt] for pGIPZ and 4 nt for
pRLL), to allow for multiplexing, were ligated by PCR using 2 pg
of extracted DNA as a template. Individual barcoded PCR prod-
ucts were purified using the QIAquick gel extraction kit (Qiagen),
guantified using the Qubit 2.0 Fluorometer, and pooled by com-
bining equal quantities (40 ng each). Prior to sequencing, the re-
sulting Solexa library was quantified using qPCR and the
Bioanalyzer Agilent high-sensitivity DNA kit (Agilent Technolo-
gies) to estimate the average size of the library. Of the library, 12
pM was applied to an Illumina flow cell for cluster generation and
sequenced on an lllumina Genome Analyzer lIx system or HiSeq
2500 in rapid-run mode (50-base-pair single read), following the
manufacturers’ protocols.

Statistical analysis of the shRNA screens

FASTA files produced from the sequencing runs were processed,
and sequences were demultiplexed with CASAVA version 1.8.
The reverse complement of each read was aligned to the custom
shRNA libraries using Bowtie (version 0.12.8). Candidates were
ranked using Fisher’s combined P-value and edgeR. The Fisher’s
combined test allowed P-values across independent data sets to
be combined, bearing on the same overall hypothesis (Fisher
1925).

Immunofluorescence and high-content analysis

Cells were fixed in 4% formaldehyde for at least 30 min, washed
with PBS, and permeabilized with 0.2% Triton X-100 for 5 min.
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