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Senescence stimuli activate multiple tumor suppressor pathways to initiate cycle arrest and a differentiation
program characteristic of senescent cells. We performed a two-stage, gain-of-function screen to select for the genes
whose enhanced expression can bypass replicative senescence. We uncovered multiple genes known to be involved
in p53 and Rb regulation and ATM regulation, two components of the CST (CTC1–STN1–TEN1) complex involved
in preventing telomere erosion, and genes such as REST and FOXO4 that have been implicated in aging. Among the
new genes now implicated in senescence, we identified DLX2, a homeobox transcription factor that has been shown
to be required for tumor growth and metastasis and is associated with poor cancer prognosis. Growth analysis
showed that DLX2 expression led to increased cellular replicative life span. Our data suggest that DLX2 expression
reduces the protein components of the TTI1/TTI2/TEL2 complex, a key complex required for the proper folding and
stabilization of ATM and other members of the PIKK (phosphatidylinositol 3-kinase-related kinase) family kinase,
leading to reduced ATM–p53 signaling and senescence bypass. We also found that the overexpression of DLX2 ex-
hibited a mutually exclusive relationship with p53 alterations in cancer patients. Our functional screen identified
novel players that may promote tumorigenesis by regulating the ATM–p53 pathway and senescence.
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Cellular senescence was originally described as the irre-
versible growth arrest that determines the replicative
life span in cultured primary cells (Hayflick andMoorhead
1961). Subsequent studies have identified telomere attri-
tion as a primary cause of the replicative senescence pro-
gram (Bodnar 1998; d’Adda di Fagagna et al. 2003). Cells
can sense critically shortened or deprotected telomeres
as DNA double-strand breaks (DSBs); thus, they activate
the DNA damage response (DDR) network, which relays
the signal to tumor suppressor pathways to halt cell cycle
progression (Smogorzewska and de Lange 2002; Herbig
et al. 2004).Many studies have demonstrated the accumu-
lation of senescence markers during the aging process
(Dimri 1995; Herbig et al. 2006). Many senescence regula-
tors, such as p16 and p53, are also known to prevent
tumorigenesis (Chen et al. 2005; Collado 2005; Micha-
loglou et al. 2005). In addition to its tumor suppressor
function, senescence has also been implicated in the pro-
motion of tissue repair (Krizhanovsky 2008), development

(Munoz-Espin et al. 2013; Storer et al. 2013), and regener-
ation regulation (Krishnamurthy 2006; Sousa-Victor et al.
2014).While senescence clearly has positive roles as noted
above, it also has potentially detrimental roles, as it has
been linked to aging itself and age-related inflammation.
Recent studies have shown that the systemic ablation of
senescent cells alleviates premature aging phenotypes in
mousemodels (Baker 2011), confirming its part in the pro-
motion of aging and age-related diseases.
In addition to short telomere-triggered replicative sen-

escence, a myriad of other stressors such as tumor
suppressor loss, hyperactive oncogenic mutation (Serrano
et al. 1997), oxidative stress (von Zglinicki 2002), aneu-
ploidy (Meena et al. 2015), and genotoxic chemical ex-
posure have also been shown to induce senescence,
resulting in a variety of cellular alterations. These include
strongly elevated secretion of cytokines and chemokines
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through the senescence-associated secretory phenotype
(SASP) pathway (Coppe et al. 2008; Kuilman 2008; Acosta
2013), remodeling of the extracellular matrix (ECM)
through secretion of metalloproteases and ECM compo-
nents (Krizhanovsky 2008), alteration of gene expression
networks (Shah 2013), and a globally reshaped epigenetic
landscape (Cruickshanks et al. 2013). Despite the fact that
a variety of senescence stimuli and consequences exist, a
unifying feature of all types of senescence is irreversible
cell cycle arrest.

The p53 tumor suppressor pathway plays a pivotal role
in the initiation of senescence cell cycle arrest. The DDR
network through ATM and ATR activates the p53 tumor
suppressor, which in turn engages its downstream tran-
scriptional effectors, including a critical CDK inhibitor,
p21, which suppresses inhibitory phosphorylation on RB
by several CDK–cyclin complexes to arrest the cell cycle.
While, in some cell types, the disruption of the p53–p21
axis is sufficient for bypassing senescence (Herbig et al.
2004), in other cell types (e.g., epithelial cells), additional
senescence cell cycle arrest pathways are engaged (Beausé-
jour et al. 2003). One such pathway is the p16–Rb axis,
which is activated by a parallel, less-understood program
downstream from ATM and ATR and prevents inhibitory
RB phosphorylation by the CDK4/6–Cyclin D complex,
establishing another important roadblock to cell cycle
progression. Under certain conditions, p15, an INK4 fam-
ily member related to p16, can mediate Raf-induced sen-
escence (Kuilman et al. 2008).

Given the complexity of senescence pathways and their
many roles inmammalian biology, it is very likely that ad-
ditional senescence regulators exist that function in
known senescence pathways and possibly new pathways.
To better understand the senescence regulatory mecha-
nism, we performed a gain-of-function screen to probe
for genes that bypass senescence when expressed.

Results

Outline for a genome-wide gain-of-function replicative
senescence bypass screen

Multiple tumor suppressor pathways, such as the p53–p21
pathway and the p16–Rb pathway, regulate the human
replicative senescence program. Furthermore, we cannot
exclude the possibility that additional pathways that af-
fect senescence may exist. Thus, it might be difficult for
normal cells to fully bypass senescence with a single ge-
netic alteration. To sensitize our strains, we used cells ex-
pressing theHPV E6 or E7 oncoproteins in BJ fibroblasts to
selectively attenuate either the p53 or the Rb pathway, re-
spectively. Thus, using these strains, we could screen for
regulators of the remaining pathways in a sensitized back-
ground. We hypothesized that regulators of the p53 path-
way could be selectively uncovered from the E7 BJ cells,
and Rb pathway regulators could be identified from the
E6 BJ cells.

We generated a lentiviral library containing ∼15,000
ORFs from the human ORFeome 5.1 library (http://
horfdb.dfci.harvard.edu/hv5) (Rual et al. 2004) and infect-

ed mid-aged, proliferating E6 or E7 BJ cells by lentiviral
transduction at a low multiplicity of infection (MOI) of
0.5. Cells were puromycin-selected and subsequently pas-
saged for a prolonged period after the majority of the pop-
ulation ceased proliferating due to replicative senescence.
In theory, cells containing an individual ORF that bypass-
es senescence retain their proliferation potential despite
the widespread onset of senescence in the screen cell pop-
ulation and thus become relatively enriched in the end
sample (Fig. 1A). We quantified the relative enrichment
of eachORF in the pooled librarywith amicroarrayhybrid-
ization protocol. First, we recovered the ORFeome DNA
from the start and end sample genomic DNA by PCR am-
plification.The start andendPCRproductswere thenused
for generating Cy3- or Cy5-labeled complementary RNA
probes for competitive microarray hybridization that al-
lowed the quantitation of the enrichment score measured
by the Cy5/Cy3 ratio. We used customized microarrays
made of multiple oligonucleotide probes for each ORF
for quantification and plotted genes based on their average
log2 enrichment score andZ-score across screen replicates
as a measure of senescence bypass phenotype (Fig. 1A).

We tested two customized microarrays made of 25-nu-
cleotide (25-mer) probes or 60-mer probes for each ORF
for quantification purposes. While the two platforms pro-
duced largely overlapping results, the 25-mer array con-
tained >10 probes per gene compared with the 60-mer
array, which contained three probes per gene on average,
indicating that it carries higher fidelity with potentially
less bias caused by outlier probes due to signal saturation
or cross-hybridization. Therefore, we focused on the
25-mer array hybridization data for the primary screen
analysis.

Bioinformatic analysis of the primary screen

We plotted the genes from the E6 and E7 screens based on
the log2 enrichment score and Z-score (Fig. 1B; Supple-
mental Tables S1, S2). Surprisingly, we found an outlier
annotated as p53 as the strongest hit from the E7 screen.
We examined the DNA sequence of the p53 ORF in the
ORFeome 5.1 library and found that it contains two point
mutations (P72R and P278A) that occur in cancer. We
confirmed that theORFwas a dominant-negativemutant,
as its expression suppressed p21 expression (Supplemental
Fig. S1). This finding suggested that the E7 screen could
successfully identify regulators affecting the p53 pathway
in senescence. We noticed that the dominant-negative
p53 ORF failed to bypass senescence in the E6 screen de-
spite the strong enrichment in the E7 screen, indicating
the selectivity of this sensitized background for identify-
ing p53-independent regulatory genes in E6 BJ cells.

We applied a Z-score cutoff of 1.65 (P < 0.05, one-tailed
test) to select the enriched screen candidates (E7 screen:
log2 enrichment of >1.3, n = 433; E6 screen: log2 enrich-
ment of >1.19, n = 340) (Fig. 1B). To visualize the screen re-
sults, we used the Ingenuity Pathway Analysis (IPA) tools
to connect scored candidates with known interactions
and regulatory relationships according to the Ingenuity
knowledgebase of literature. For the E7 screen results,
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Figure 1. Outline of the replicative senescence primary screen. (A) The human ORFeome library 5.1 was introduced to proliferating E6/
E7 BJ fibroblasts by lentiviral transduction at a low MOI of 0.5. Transduced cells were pooled together as the start sample and then pas-
saged after the population became senescent. Cells that bypassed senescence became enriched in the end pool, as indicated by the sche-
matic growth curve. Genomic DNAwas extracted from start and end sample for recovering the ORFeome by PCR. Start and end sample
PCR products were used to generate differentially labeled cRNAprobes formicroarray hybridization. (B) E7 and E6 screen results from 25-
nucleotide (25-mer) array hybridization plotted by Z-score (left Y-axis) and log2 enrichment score (right Y-axis). A mutant p53 ORF was
recovered as an outlier from the E7 screen. (C ) A network containing multiple p53 functional interacting proteins identified from the
genes scored from the E7 screen. Genes shown in red are those scored from the screen.
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one of the top networks derived from the candidates
contains multiple p53-interacting proteins (Fig. 1C),
including MDM2, PPM1D, and ATM, suggesting the
identification of relevant p53 pathway regulators and/or
effectors scored from the screen. Note that the ORF that
we scored as ATM was actually a truncation of the ATM
ORF that is also likely to act in a dominant-negativeman-
ner. Along these lines, NBN, which is required for ATM
activation and connects ATM to the MRE11–RAD50
complex, also scored. It, too, is likely to act in a domi-
nant-negative manner when overproduced, as it interacts
independently with ATM and MRE11–RAD50. We no-
ticed that, besides the well-known p53-interacting pro-
teins mentioned above, this network contained many
additional p53-interacting proteins. Since p53 is involved
in many aspects of biological process regulation, it would
be interesting to explore the additional genes relevant to
p53 in the context of senescence. In the top network
derived from the E6 screen candidates (Supplemental
Fig. S2), we observed E2F2 and several other RB-interact-
ing proteins, including CDK2, Cyclin A, and MDM2.
MDM2 is known to promote p53 degradation; however,
it has also been shown to promote RB degradation in a
p53-independent manner (Sdek et al. 2005; Uchida et al.
2005). Thus, our screen system identified known p53
and Rb regulators in the senescence screen.

Next, we explored the disease and biological functions
related to the screen candidates using the IPA suite of
analysis tools. Cancer was the top-scoring disease catego-
ry in the disease analysis along with several specific can-
cer subtypes, suggesting that some of the additional
novel candidate genes from the screen might represent
new cancer drivers (Supplemental Fig. S3A,B; Supplemen-
tal Table S3). For the biological function analysis, we iden-
tified annotations related to cell proliferation, cell cycle
progression, and DNA repair and replication, suggesting
that our screen could identify genes with functional rele-
vance to cellular senescence.Wealso performed a gene on-
tology (GO) termanalysis searchbasedongene lists ranked
by screen enrichment score with the Gorilla tools (http://
cbl-gorilla.cs.technion.ac.il). After applying a false discov-
ery rate (FDR) q-value threshold of 0.05, we identified sev-
eral significantly enriched GO terms from the E7 screen
data set but not the E6 screen data set, including several
GO terms related to cellular senescence (Supplemental
Fig. S3C; Supplemental Table S4). The genes associated
with the senescence GO terms on top of the screen list
were TP53, CDK6, ATM, and CTC1. The identification
ofCTC1was particularly interesting, since this gene is in-
volved in telomere maintenance, as we discuss below.

Genes scoring in both the E6 and E7 branches

In principle, in addition to genes that affect either the p53
or Rb branches, we should be able to identify a third class
of genes that affect both branches. For example, we could
detect DDR genes that affect sensing of the short telomere
signal, genes that reduce telomeric erosion, or genes
whose overproduction induce telomerase activity. Anoth-
er example of a gene that we identified in both branches is

the oncogene MDM2. MDM2 is an E3 ubiquitin ligase
that is capable of destroying both p53 and RB proteins.
We identified a total of 170 genes that scored in both E6
and E7 screens (Z-score > 1.65) (see Supplemental Fig.
S4A; Supplemental Table S5). Several additional genes of
this class of genes are described below.

Telomere maintenance: the CST (CTC1–STN1–TEN1)
complex

As telomere shortening initiates replicative senescence,
we would expect to identify genes that reduce telomere
shortening, enhance its end protection, or enhance telo-
merase activity itself. One candidate that scored strongly
in both the E6 and E7 screens wasCTC1. CTC1 encodes a
protein component of the CST complex. This complex
binds to the 3′ telomeric overhang to promote telomere
C-strand fill-in synthesis byDNApolymerase α, offsetting
telomere attrition caused by exonuclease-mediated end
processing independent of telomerase activity (Wu et al.
2012). If excessive exonuclease resection is not corrected
by efficient fill-in resynthesis prior to the next round of
DNA replication, then one sister chromosome’s telomere
will become substantially shorter and could engage the
DDR to induce senescence. Stimulating resynthesis re-
duces the rate of shortening, and, therefore, the CST com-
plex can play a positive role in reducing the telomere
attrition rate and avoiding senescence. Interestingly, we
found that another component of the CST complex,
TEN1 (ORFeome plate ID: 31007@E10), also scored in
both the E6 and E7 screens (Supplemental Fig. S4B). The
identification of two out of three members of the CST
complex indicates that our screeningmethod can identify
genes related to telomere maintenance.

Additional factors linked to senescence or aging
identified in both screens

We examined the literature for genes on our list that have
previous links to senescence or aging in physiological or
pathological contexts. We found several such genes (Sup-
plemental Fig. S4B).REST, a transcriptional repressor that
has been suggested to be both a tumor suppressor and an
oncogene in different contexts (Negrini et al. 2013), was
found in both E6 and E7 screens. Interestingly, a recent
study showed that REST displays neuroprotective func-
tions and can ameliorate aging-related neurodegenerative
disease (Lu et al. 2014). In addition, RFC1, which encodes
a replication factor C subunit involved in DNA replica-
tion and repair, was also scored in both the E6 and E7
screens. It has been reported that RFC1 is cleaved and in-
activated in the Hutchinson-Gilford progeria syndrome
(HGPS) (Tang et al. 2012), and this inactivationmight con-
tribute to the replicative cell arrest inHGPS.We also iden-
tified FOXO4, a member of the FOXO transcription factor
family whose orthologs have been shown to regulate life
span and age-related diseases inmodel organisms (Kenyon
2010; Eijkelenboom and Burgering 2013). Although it is
not clear whether FOXO4 can affect age-related physiolo-
gy in mammals, studies have suggested that FOXO4 is
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involved in protection against oxidative stress at the cellu-
lar level (Essers et al. 2004; van der Horst et al. 2006),
which may link to cellular aging. Together, our find-
ings strongly suggest that our screen data contain genes
with functional relevance to telomere maintenance and
other pathways involved in pathological/physiological
aging.

Design of a barcode sequencing-based
secondary screen

Due to the high complexity of the ORFeome library and
the repeated rounds of cell passaging to allow replicative
senescence to occur naturally, we were concerned that
the screen might be susceptible to bottlenecking effects
and random noise. Furthermore, the microarray-based
quantification method has a narrow detection dynamic
range determined by the quality and the length of the
probe used, and the ORFeome amplification step was
prone to PCR bias due to the intrinsic heterogeneous na-
ture of the ORFeome library. We decided to rescreen our
primary screen candidates for validation purposes.
In our secondary validation screen, we sought to im-

prove the screening process by developing an array of bar-
coded lentiviral expression vectors. We generated a
collection of 200 gateway destination vectors, each of
which contained a cassette containing a unique 25-mer
barcode sequence flanked by PCR amplification sequenc-
es (Supplemental Fig. S5). We used genes that scored well
in the primary screen along with negative control ORFs
and individually subcloned them into the barcoded lenti-
viral vector collection such that each ORF was linked to
a defined barcode (Supplemental Fig. S5). We selected
genes for constructing one sublibrary for E7 screen hits
(log2 > 1.75 n = 85) and a second for the E6 screen hits
(log2 > 1.75 n = 67) with the 25-mer microarray hybridiza-
tion-derived candidates. The relatively high throughput of
the sequencing platform allowed us to include additional
genes with a log2 enrichment score above an arbitrary
threshold (E7 screen: average log2 > 1.59 with log2 > 1.95
in at least two replicates, n = 56; E6 screen: log2 > 1.45, n
= 91) (Supplemental Table S6) in the sublibraries accord-
ing to the 60-mer microarray hybridization results.
Hence, we constructed one sublibrary with a total of 141
genes to perform a secondary screen on E7-expressing
cells and another of 158 genes to perform a secondary
screen on E6-expressing cells (Supplemental Table S7).
The barcoded sublibraries were introduced into presenes-
cent, proliferating E6 or E7 BJ cells and mixed with cells
infected with a pool of 40 barcoded control ORF viruses
to repeat the senescence bypass assay. Each ORF’s senes-
cence bypass phenotype was monitored using the barcode
abundance change determined by sequencing the start
and end sample barcodes (Fig. 2A; Supplemental Tables
S8, S9).

Improved screen performance in the secondary screen

Comparedwith the pool of 40 control ORFs, our candidate
genes in the sublibraries achieved significantly higher log2

enrichment scores (Fig. 2B), indicating that our sublibrary
content, selected based on the primary screen results, out-
performed controls in the assay. Note that we excluded
the mutant p53 ORF during the sublibrary construction
to avoid potential bottlenecking effects; however, we nev-
ertheless identified multiple strong negative regulators of
p53 with robust enrichment scores. For example, the P53
signaling pathway is regulated by a negative feedback loop
mediated by the phosphatase PPM1D and the E3 ubiqui-
tin ligase MDM2. In the primary screen, PPM1D and
MDM2 both scored modestly. In the secondary screen,
we identified PPM1D and MDM2 again with greatly
improved enrichment scores (PPM1D log2 enrich-
ment of >10, Z-score = 6.4; MDM2 log2 enrichment of
>8, Z-score = 5.2) (Fig. 2C). Note that two variants of
PPM1D ORFs with different barcodes scored with nearly
identical enrichment scores, suggesting a high level of re-
producibility. In the E6 sublibrary screen, while both
CDK2 and E2F2 were rescored, interestingly, RHOA, a
GTPase involved in the p21/p27 and p16/p18/p19 family
CDK inhibitor regulatory circuit (Zhang et al. 2009), was
identified as one of the highest scoring hits (Fig. 2C). To-
gether, in our secondary screen, the barcoded sequencing
platform allowed us to improve the screen performance
for selecting genes affecting senescence.

Validation of selected screen candidates

We noticed that the genes scored from the E7 sublibrary
screen exhibited a higher log2 enrichment score than
those scored from the E6 screen. We also identified senes-
cence-relatedGO terms from the E7 branch of the primary
screen.We reasoned that this might be due to the fact that
the p53 pathway plays a more dominant role in regulating
replicative senescence than the Rb pathway in BJ cells.
Therefore, we decided to focus on the E7 sublibrary hits
for further validation. We chose a handful of E7 screen
candidate ORFs with varying senescence screen scores
to test individually, including a pair of highly related ho-
meobox transcription factors (DLX2 and DLX6), a p53 tar-
get gene (TP53I13), a secreted protein (PSG3), a ubiquitin
peptidase (UPS15), a transcription factor (MYF6), and a
p53-interacting histone demethylase (KDM4D) as well
as PPM1D, a p53 phosphatase, as a positive control.We in-
troduced individual ORFs from the ORFeome library to
presenescent E7 BJs, repeated the growth curve analysis,
and monitored cellular replicative life span. PPM1D,
DLX2, DLX6, TP53I13, KDM4D, and USP15 each showed
a senescence bypass phenotype when tested individually
(Supplemental Fig. S6), while PSG3 and MYF6 failed to
validate (Supplemental Fig. S6). Previous reports have sug-
gested that some of the validated genes are involved in the
p53 or cell cycle regulation. For example, USP15 was
shown to stabilize MDM2 to promote p53 degradation
(Zou et al. 2014), which could explain why it scored. We
noticed that the TP53I13 and the DLX6 ORFs appeared
to be truncated in the ORFeome library when compared
with theNCBI reference sequence; therefore, further anal-
ysis of full-length ORFs will be required to elucidate the
function of these ORFs in senescence.

DLX2 bypass of senescence by inhibition of ATM
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Homeobox transcription factor DLX2 identified
from the screen

The transcription factor DLX2 belongs to the distal-less
homeobox transcription factor family. DLX2 has been re-
ported to be involved in embryonic brain, retina, and cra-
niofacial development (de Melo et al. 2005, 2008;
Petryniak et al. 2007; Gordon et al. 2010). In addition to
its role in development, high DLX2 expression has been
found in a variety of cancers (Yilmaz et al. 2011), and stud-
ies have shown thatDLX2 expression associateswith poor
prognosis in glioblastoma and gastric cancer (Tang et al.
2013; Yan et al. 2013). A recent study found that DLX2
is involved in regulating TGF-β-induced growth arrest,
and loss of DLX2 inhibits melanoma tumor growth and
metastasis in mouse models (Yilmaz et al. 2011). We
found that the full-length DLX2 ORF scored strongly in
our primary and secondary senescence screens, and, in
our validation assay, we found that DLX2 had a strong
phenotype for regulating senescence. Therefore, we decid-
ed to investigate the mechanism by which DLX2 expres-
sion leads to the bypass of senescence.

We validated the DLX2 senescence bypass phenotype
by infecting relatively old, presenescent E7 BJ cells (Sup-

plemental Fig. 6B). To test the possibility that DLX2
may increase replicative life span by affecting normal pro-
liferation programs, we introduced DLX2 to mid-aged,
nonsenescent cells andmonitored proliferation and popu-
lation doubling (Fig. 3A). We found that DLX2 expression
did not alter the growth rate until the cells became aged,
before the onset of senescence, suggesting that the senes-
cence bypass phenotype was not due to the cumulative
effect of proliferation alteration in a nonsenescent popula-
tion. We also confirmed the senescence bypass phenotype
by staining for senescence-associated β-galactosidase
(SA-β-Gal) (Fig. 3B,C). In addition, we did not observe sig-
nificant cell death in control and DLX2-expressing cells
during the entire course of the growth curve experiment
(data not shown).

DLX2 expression suppresses p53 activation

Since the p53–p21 pathway plays a pivotal role in senes-
cence regulation in response to DNA damage and since
we identified DLX2 together with several other known
p53 regulators in the E7 senescence screen, we examined
the status of the phosphorylation mark of p53 activation

Figure 2. Outline of the secondary senescence subli-
brary bypass screen. (A) Candidates picked from the
primary screen hits were linked to individual bar-
codes and introduced to young E6 or E7 cells by lenti-
viral transduction. Puromycin-selected cells were
pooled and passaged after they became senescent. Ge-
nomic DNA from the start and end sample was used
to amplify the barcodes linked to individual ORFs.
The relative abundance of each barcode was deter-
mined by next-generation sequencing. (B) Box and
whisker plot of log2 enrichment score of 40 control
ORFs and the E6 and E7 sublibraries. The E6 and E7
barcoded sublibraries displayed higher log2 enrich-
ment than a pool of 40 control ORFs. The P-value
was calculated by two-tailed unpaired t-test. (C ) E7
and E6 sublibrary screen results plotted by Z-score
(left Y-axis) and log2 enrichment score (right Y-axis).
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on Ser15 and p21 expression level in both young and sen-
escent cells (Fig. 4A,B). We found that DLX2 expression
led to reduced p53 Ser15 phosphorylation and p21 expres-
sion. As critically shortened telomeres are considered the
main source of DNA damage in replicative senescence,
we also treated nonsenescent cells with ionizing radiation
(IR) to generate DNA DSBs. We found that DLX2 expres-
sion also suppresses p53–p21 activation and γ-H2AX for-
mation in IR-treated cells (Fig. 4C,D), suggesting that
DLX2 expression may suppress the DDR–p53 pathway
in a general manner that is not telomere-specific.

DLX2 suppression of p53 activation requires
the DLL and the homeodomain

DLX2 is a transcription factor that contains a homeodo-
main at the C terminus (amino acids 153–211) and a
DLL domain in the N terminus (amino acids 51–132).
To determine the domain requirement for DLX2 function,
we generated DLX2 mutants with deletions in either the
DLL domain (Δ51–132) or homeodomain (Δ153–211) as
well as a mutant ORF that has mutated five arginines
and lysines in the homeodomain required for DNA bind-
ing (R203A, R204A, K206A, K208A, and K209A) (Fig.
4E). Using a tetracycline (tet)-inducible vector, we con-

firmed that both the DLL domain and the homeodomain
were required for p53 and DDR suppression by DLX2 in-
duction (Fig. 4E).

DLX2 expression leads to reduced ATM and DNA-PKcs
protein levels

Short telomeres and DSBs activate the DDR kinase
ATM, which activates p53 transcriptional activity by
phosphorylation of p53,MDM2, andCHK2. To further ex-
plore the mechanism by which DLX2 expression attenu-
ates p53 and bypasses senescence, we examined the
activation of ATM on Ser1981. We found that after 4 d
of doxycycline induction of DLX2 expression, E7-express-
ing fibroblasts exhibited reduced phosphorylated and total
protein levels of ATM. This finding suggests that DLX2
may suppress senescence by its regulation of ATMprotein
levels (Fig. 5A).
Like ATM, DNA-PKcs also responds to DNA damage

by phosphorylating downstream factors, including p53.
Therefore, we examined whether DLX2 induction also af-
fected the protein level of DNA-PKcs (Fig. 5B). Interesting-
ly, DLX2 induction profoundly reduced DNA-PK protein
level. We quantified the mRNA level of ATM and DNA-
PKcs by RT-qPCR and found that DLX2 induction did
not affect ATM and DNA-PKcs mRNA levels (Fig. 5C),
suggesting the involvement of post-transcriptional mech-
anisms. Both ATMandDNA-PKcs belong to the phospha-
tidylinositol 3-kinase-related kinase (PIKK) family, which
contains four additional members: mTOR, ATR, SMG1,
and TRAPP. We examined the mTOR, ATR, and SMG1
protein amounts by Western blotting and found that the
other PIKK protein levels were also reduced after DLX2 in-
duction (Fig. 5B,D), indicating that DLX2 affects all PIKK
family proteins. In addition, we tested DLX2 mutant in-
duction for ATM and DNA-PK level change and found
that the DLL domain and the homeodomain were re-
quired for ATM and DNA-PK reduction (Fig. 5E).

DLX2 expression reduces ATM protein levels during
senescence

DLX2 overexpression in proliferating cells resulted in re-
duced PIKK protein levels. However, we wanted to exam-
ine PIKK levels under the physiologically relevant
conditions of senescence. Therefore, we asked whether
DLX2 expression also reduces PIKK protein levels during
the onset of replicative senescence. We found that senesc-
ing E7 cells containing vector alone express substantial
levels of ATM and mTOR, while age-matched DLX2-ex-
pressing cells have markedly reduced levels of ATM and
mTOR (Fig. 6A). We also blotted for DNA-PKcs, but
DNA-PK levels in replicative senescent cells could not
be detected (data not shown). We hypothesized that this
might be a characteristic of replicative senescence-medi-
ated differentiation.
Similar to replicative senescence, Ras-induced senes-

cence is alsomediatedby theDDR.SinceDLX2expression
attenuates ATM protein levels and p53 activation, we
asked whether DLX2 expression also attenuates Ras-

Figure 3. DLX2 expression bypasses replicative senescence. (A)
Growth curve of E7 cells infected with DLX2-expressing vector
or control vector. (B) Staining for SA-β-Gal activity in DLX2-ex-
pressing and control cells. (C ) Quantitation of SA-β-Gal staining.
Error bars represent the standard deviation across three technical
replicates.
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induced senescence.We found that 2wk after Ras virus in-
fection, hTERT immortalized BJ cells expressing DLX2
showed reduced activation of p53 and the DNA damage
marker γH2AX (Fig. 6B). Consistent with our results
with replicative senescence, DLX2 expression also led to
reduced levels ofATMandDNA-PKcsprotein (Fig. 6C), in-
dicating a conserved mechanism of the DLX2–ATM regu-
lation across senescence caused by different stimuli.

DLX2 expression leads to reduced Triple T
(TTI1/TTI2/TEL2) complex component levels

The fact that DLX2 expression affects the levels of multi-
ple PIKK familymembers prompted us to explorewhether
DLX2 was involved in a general post-transcriptional regu-
latory mechanism shared by the whole PIKK family. One
such mechanism is PIKK protein stabilization by the Tri-
ple T complex (Takai et al. 2007; Hurov et al. 2010). The
Triple T complex contains three components: TEL2,
TTI1, and TTI2. This complex interacts with PIKKs and
the R2TP complex to recruit theHSP70/90 chaperonema-
chinery for the proper folding and stabilization of the
PIKKs (Horejsi et al. 2010). Genetic ablation and siRNA-

mediated knockdown of Triple T genes have been shown
to reduce PIKK protein levels (Hurov et al. 2010).

To ascertain whether DLX2 expression impacts the Tri-
ple T complex, we examined the protein levels of TEL2
andTTI1 after DLX2 induction byWestern blot.We found
that DLX2 induction indeed lowered the protein levels of
TEL2 and TTI1 (Fig. 7A,B); however, DLX2 expression did
not affect TEL2 and TTI1 mRNA levels (Fig. 7C). Since it
is known that impaired PIKK kinase folding leads to lyso-
some-mediated protein degradation (Rao et al. 2014), we
tested whether lysosomal protease inhibition would re-
store ATM and DNA-PKcs protein levels in the presence
of DLX2 expression. We observed that leupeptin, a lyso-
somal protease inhibitor, restored ATM and DNA-PK lev-
els afterDLX2 induction, indicating thatDLX2 expression
results in impaired protein folding and degradation of
PIKKs mediated by the Triple T complex (Fig. 7D).

DLX2 overexpression and p53 alteration exhibit
a mutually exclusive pattern

Because DLX2 is mostly expressed during embryonic de-
velopment, and its expression was undetectable in the

Figure 4. DLX2 expression suppresses p53
activation. (A) DLX2 expression reduced
p53 and p21 activation in old (population
doubling [PD] = 52) E7 cells. (B) DLX2 ex-
pression reduced p53, p21, and H2AX
activation in young, nonsenescent cells
(PD < 45). (C ) DLX2 expression reduced
p53 and H2AX activation after IR-induced
DNA damage. Cells were either treated
with 10 Gy of IR or mock-treated and were
harvested 24 hr after treatment. Whole-
cell lysate was used for Western blot. (D)
Time-course analysis of γH2AX levels in
cells expressing DLX2 versus control. Cells
were treatedwith 10Gy of IR and harvested
at the indicated times. (E, left) TheDLL and
thehomeodomainwere required for p53and
H2AX activation suppression by DLX2 in-
duction. E7 BJ cells containing the tetracy-
cline (tet)-inducible wild-type or mutant
DLX2 were treated with 1 µg/mL doxycy-
cline for 4 d and harvested for Western
blot. (Right) Scheme of DLX2 protein
domaindeletionandpointmutation clones.
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young and senescent diploid fibroblast cells that we used
(data not shown), it is unclear whether DLX2 is involved
in senescence in normal fibroblasts. On the other hand,
cancer cells need to evade the senescence barrier, often
by inactivating key senescence pathways such as the
p53 pathway. According to our data, DLX2 expression re-
duces the Triple T complex proteins, leading to the
reduced protein amount of ATM and the suppression of
the ATM–p53 signaling. Given these findings, we exam-
ined the relationship between DLX2 overexpression and
p53 alterations (mutation, copy number variation, and
mRNA level change) observed in cancer patients with
the cBioPortal tool (Cerami et al. 2012; Gao et al. 2013).
We searched for large-scale data sets with accessible
DNA and RNA sequencing data. In a recently published
study of breast cancer patients (Ciriello et al. 2015),
DLX2 was overexpressed in a modest fraction of patients
(32 out of 971, 3%), while p53 alterations occurred in
369 out of 971 (39%) patients. Interestingly, we found
that cases with DLX2 overexpression exhibited a mutual-
ly exclusive pattern with p53 alterations (P = 0.0048)
(Fig. 7E,F), suggesting that overexpressed DLX2 may ne-
gate the need for p53 mutations in cancer cells.

Discussion

In this study, we describe a genome-wide gain-of-function
screen for replicative senescence bypass performed in a
sensitized cellular background.

In the primary E7 screen, we uncovered a dominant-
negative p53 ORF. Our network analysis revealed that
many known regulators of the p53 and RB pathways
were identified from the top networks derived from the
E7 and the E6 screen candidate lists. These findings sug-
gest that we can find relevant genes from our screen and
justify the use of a sensitized genetic background for
senescence screens. In our analysis of genes scored in
both E6 and E7 screens, we identified the CST complex
component genes CTC1 and TEN1, suggesting that our
screen successfully identified factors involving the telo-
mere maintenance machinery and that additional telo-
mere maintenance proteins might also be among the
other candidates on our list. In addition, we uncovered a
group of genes related to aging pathology or physiology, in-
cluding REST, RFC1, and FOXO4, indicating that our
screen may identify additional senescence regulators
with a broad physiological impact.
Our primary screen efforts appeared to have identified

multiple genes relevant to senescence. However, due to
the multiple rounds of cell passaging and the large size
of the ORFeome library, we reasoned that the screen accu-
racy may be undermined by potential bottlenecking ef-
fects and noise accumulation. Despite this, we were able
to derive gene networks with candidates known to inter-
act with p53 or Rb, which gave us confidence in the qual-
ity of the screen that we feel will provide a contextual
basis for constructing future hypotheses for interested
readers.

Figure 6. DLX2 expression reduced PIKKs during
senescence. (A) E7 BJ cells constitutively expressing
DLX2 exhibited reduced levels of ATM and mTOR
compared with senescent empty vector (EV) control
cells. (B,C ) DLX2 expression reduced p53 and H2AX
phosphorylation inRas-inducedsenescence inhTERT
immortalizedBJ cells.DLX2expression led to reduced
levels of ATM, DNA-PK, and mTOR compared with
control cells. Cells were infected with retroviral
H-RasV12 virus and harvested 14 d after infection.

Figure 5. DLX2 expression reduces ATM, DNA-
PKcs, and mTOR protein levels. (A) DLX2 induction
reduced phosphorylated ATM (Ser1981) and total
ATM protein levels. (B) DLX2 induction reduced
ATM, DNA-PKcs, and mTOR protein levels. (C )
DLX2 induction did not alter mRNA levels of ATM
and DNA-PKcs. Error bars represent the standard
deviation across three technical replicates. (D) E7 BJ
tet-DLX2 induction reduced SMG1 and ATR protein
levels. (E) E7 BJ cells with tet-inducible wild-type and
mutant DLX2 were treated with doxycycline for in-
duction and harvested for ATM and DNA-PK West-
ern blot. E7 BJ cells containing the tet-inducible
DLX2 vector were treated with 1 µg/mL doxycycline
for 4 d

DLX2 bypass of senescence by inhibition of ATM

GENES & DEVELOPMENT 301



To further improve our screen quality,we performed an-
other round of validation screens with an improved assay
for quantitation. We reconstructed sublibraries consisting
of candidates with DNA barcodes and rescreened them
with a next-generation sequencing-based quantification
method. This barcode sequencing method has significant
advantages over the microarray method of the primary
screen: (1) The sequencing method can achieve a higher
detection dynamic range than the microarray approach,
(2) the probe quality and cross-hybridization issues associ-
ated with microarray are eliminated, and (3) the inherent
PCR bias associated with ORFeome amplification is min-
imized by the use of DNA barcodes. Furthermore, the bar-
coded sublibraries contain many fewer ORFs than the
original genome-wide library, and this reduced pool size
improved the resolution of the secondary screen assay.

Indeed, we found that the secondary library screens un-
covered candidateswith high enrichment scores related to
existing senescence pathways. In the E7 sublibrary screen,
known p53 regulators showed improved ranking com-
pared with the primary screen results. For example,
MDM2 and PPM1D were among the top 15 candidates.

USP15, another validated top candidate, has also been
shown to affect p53 levels via MDM2 stabilization (Zou
et al. 2014). In the E6 sublibrary screen, we identified
RHOA, a Rho GTPase protein at the top of the scored
gene list that is involved in negatively regulatingmultiple
INK4 family genes, including p16INK4a, p18INK4c, and
p19INK4d, in cancer cells. We noticed that the E6 screen
candidates generally displayed less striking Z-scores com-
pared with the E7 screen candidates in the sublibrary
screen. We reasoned that this might be due to the fact
that the p53 pathway plays a more prevalent role than
the Rb pathway in BJ cell replicative senescence. There-
fore, we chose to primarily focus on the E7 screen hits
for validation purposes.

Among the seven genes that we chose to validate, five
genes (DLX2, DLX6, USP15, KDM4D, and TP53I13)
exhibited a life span extension phenotype along with
PPM1D, corresponding to an approximate validation
rate of 70%. PSG3 andMYF6 did not validate when tested
individually. We reasoned that virus integration sites or
double virus integration could contribute to the occur-
rence of a small fraction of false positives in the screen

Figure 7. DLX2 expression leads to re-
duced Triple T complex component levels.
(A) DLX2 induction led to reduced TTI1
protein level in E7 BJ and IMR90 cells. (B)
DLX2 induction led to reduced TEL2 pro-
tein levels in IMR90 cells. (C ) DLX2 in-
duction did not alter the mRNA level of
TTI1, TTI2, and TEL2. (D) Leupeptin treat-
ment restored DLX2-induced ATM pro-
tein reduction. E7 BJ cells with inducible
DLX2 were induced with 1 µg/mL doxycy-
cline for 5 d and then treated with DMSO
or 100 µM leupeptin 24 hr prior to harvest-
ing. (E) Statistics of DLX2–p53 mutual
exclusivity. The P-value was calculated by
Fisher’s exact test. (F ) Visual overview of
patients with DLX2 overexpression and
p53 alteration. Data from all 971 patients
are plotted horizontally on the X-axis, with
each bar representing five patients. (Top
row) p53 alteration status. (Blue) Cases
with p53 alteration; (gray) normal p53. (Bot-
tom row)DLX2overexpression status. (Red)
Cases with DLX2 overexpression; (gray)
normal DLX2 expression levels. Data were
acquired from the cBioPortal Web tool
(http://www.cbioportal.org).

Wang et al.

302 GENES & DEVELOPMENT

http://www.cbioportal.org
http://www.cbioportal.org
http://www.cbioportal.org
http://www.cbioportal.org
http://www.cbioportal.org


data. Alternatively, it is possible that they may only en-
richwhen cells weremixedwith other nonexpressing pop-
ulations in a competition situation.
From this screen, we discovered that the expression of

homeobox transcription factor DLX2 exhibited a strong
effect in extending replicative life span. DLX2 is involved
in the negative regulation of the TGF-β pathway, and
depletion of DLX2 expression leads to inhibition of
melanoma tumor growth andmetastasis inmousemodels
(Yilmaz et al. 2011). In our experimental context, we
found that DLX2 did not appear to regulate the TGF-β
pathway (data not shown) in BJ fibroblast cells but instead
attenuated the ATM–p53–p21 axis in both proliferating
and senescent cells.Weobserved thatDLX2 expression re-
duced ATM protein levels, and further analysis revealed
that DLX2 expression led to reduced protein levels of Tri-
ple T complex components, which are required for the
proper folding and stabilization of PIKK family members,
including ATM, ATR, DNA-PK, mTOR, SMG1, and
TRRAP (Hurov et al. 2010). Our findings suggest a model
inwhichDLX2expressiondestabilizes criticalDDRkinas-
esATMand/orDNA-PKvia reductionofTripleT complex
components and results in suppressed p53 pathwayactiva-
tion.Consequently, the expression ofDLX2 allows cells to
continue to proliferate in the presence of senescence stim-
uli such as critically shortened telomeres or DNA lesions
associated with oncogenic Ras mutant expression.
Because DLX2 is only transiently expressed during em-

bryonic development and because its expression was ab-
sent in the fibroblast cell lines that we tested, it is
unclear whether DLX2 participates in the regulation of
normal senescence. However, DLX2 expression correlates
with tumor progression, metastasis, and poor prognosis in
a variety of human cancers, including melanoma, lung
cancer, breast cancer, prostate cancer, glioblastoma, and
gastric adenocarcinoma. It is possible thatDLX2-mediated
suppression of the Triple T-ATM–p53 regulatory mecha-
nism is involved in cancer progression in the context of
senescence and/or apoptosis regulation. Accordingly, we
found that, in a recently publishedbreast cancer patient se-
quencing study (Ciriello et al. 2015), DLX2 is overex-
pressed in a small subset of patients (3%, 32 of 971
cases). Its overexpression pattern is mutually exclusive
with p53 alterations (P = 0.0048), suggestingDLX2 overex-
pressionmaynegate the p53 pathway in the absence of p53
alterations. Future efforts with mouse models and DLX2
loss-of-function studies will be needed to further test this
possibility.
The two sensitized screens thatwe performed identified

a large number of new candidate senescence genes that
will serve as a resource for future analyses. The identifica-
tion of so many genes implicated in the ATM, p53, RB,
and telomere pathways suggests not only that the screens
worked well but that many of the other candidates will
likely be impacting these same pathways. The genes
that scored in both arms are particularly interesting, as
they may give us clues to how senescence is initiated
and how telomere attritiion and telomerase are regulated.
This gene set will significantly impact our understanding
of senescence in the future.

Materials and methods

Cell culture and general procedures

Human diploid BJ fibroblasts and IMR90 fibroblasts were ob-
tained from American Type Culture Collection and were main-
tained in 3% O2 conditions. Cells were grown in DMEM-
glutamax (Invigtrogen) with 15% FBS, penicillin–strepomycin,
and 0.1 mM nonessential amino acids (Invitrogen). E6/E7-ex-
pressing BJs were generated by infecting with retrovirus derived
from MSCV-E6 and MSCV-E7 vectors, which were gifts from
the deLange laboratory. Retrovirues and lentiviruses were pack-
aged in 293T cells transfected with gene expression vectors of in-
terest together with helper plasmids (for retrovirus, VSVg and
Gag/pol; for lentivirus, VSVg, Gag/pol, TAT, and Rev) (Luo
et al. 2009). Viral infections were carried out in the presence of
4 µg/mL hexadimethrine bromide.

Growth curve and SA-β-Gal assays

Cells were plated at a density between 1 × 106 and 1.5 × 106 per
10-cm tissue culture plate (127 × 103 to 191 × 103 per square cen-
timeter) and fed every 2–3 d. Cells number wasmonitored using a
Coulter counter for calculating population doublings. Cells were
continuously passaged until the growth curve became flat. The
SA-β-Gal assay was performed using a senescent cell staining
kit (Sigma) following the manufacturer’s instructions.

Plasmids and cloning

pWZL-hygro-HRasV12 and pWZL-hygro control vectors for the
Ras-induced senescence experiments were obtained from Add-
gene. pHAGE-TREx lentiviral vector was used for constitutive
DLX2 expression in E7 BJ and IMR90 cells, and this vector was
previously described (Yoon et al. 2014). A pHAGE-CMV-N-Flag-
HA lentiviral vector was used for DLX2 expression in hTERT im-
mortalized BJ cells.
The DLX2 mutant ORFs used for domain analysis were gener-

ated by overlap extension PCR and subsequently cloned into a
pDONR-223 vector with BP cloning followed by LR reaction
into pHAGE-Inducer-20 (Meerbrey et al. 2011).

Immunoblotting and antibodies

Cells were lysed in 1×NuPAGELDS sample buffer supplemented
with 1× Bond-Breaker TCEP (Life Technologies) and 1× Halt pro-
tease and phosphatase cocktail (Life Technologies) on ice. The
whole-cell lysates were sonicated briefly to break down the chro-
matin. Samples were boiled for 5 min at 95°C and then loaded to
4%–12% Bris-Tris SDS protein gel or 3%–8% Tris acetate SDS
protein gel (Life Technologies).
The antibodies used were as follows: p53 (Calbiochem, DO-1),

phospho-p53s15 (Cell Signaling, 9284), p21 (Calbiochem, OP64),
DLX2 (Abcam, ab30339), γH2AX (Millipore, 05–636), vinculin
(Sigma, V9131), phospho-ATMs1981 (Abcam, ab81292), ATM
(Genetex, GTX70103), DNA-PKcs (Bethyl Laboratories, A300-
517A), mTOR (Cell Signaling, 4517), ATR (Bethyl Laboratories,
A300-137A), SMG1 (Bethyl Laboratories, A300-394A), TTI1
(Bethyl Laboratories, A303-451A), and TEL2 (ProteinTech,
15975-1-AP).

RT-qPCR

Total RNAwas isolated using theRNAeasyminikit (Qiagen), and
cDNA was synthesized using a SuperScript VILO cDNA

DLX2 bypass of senescence by inhibition of ATM

GENES & DEVELOPMENT 303



synthesis kit (Invitrogen) according to the manufacturer’s in-
structions. Quantitative RT–PCR was performed in triplicate or
quadruplicate using the TaqMan gene expression master mix
(Invitrogen) with TaqMan gene expression assay (Life Technolo-
gies) on an Applied Biosystems Fast 7500machine using GAPDH
as the endogenous normalization control, and data were normal-
ized to empty vector control cells. The IDs for the TaqMan assays
used were as follows: ATM (Hs01112314_m1), DNA-PKcs
(Hs04195439_s1), TTI1 (Hs00384863_m1), TTI2 (Hs002283
57_m1), TEL2 (Hs0021 1542_m1), GAPDH (Hs02758991_g1),
and p21 (Hs99999142_m1).

ORFeome-based senescence bypass primary screen

The general workflow of the senescence primary screen is de-
scribed in Figure 1. Approximately 8 × 106 infected cells were cul-
tured in three replicates, with a representation of 500 copies per
ORF in the library. The start and end sample cells were harvested
with >1 × 107 cells per pellet. Pellets were lysed in 10 mM Tris
(pH 8.0), 10 mM EDTA, 0.5% SDS, and 0.2 mg/mL Proteinase
K overnight at 55°C. Genomic DNA was extracted with phase-
lock tubes with phenol:chloroform and chloroform. The sample
was then digested with 25 µg/mL RNase A for overnight incuba-
tion at 37°C and extracted with phaselock tubes again as de-
scribed above. DNA was precipitated with ethanol and washed
with 75% ethanol three times before being resuspended in
H2O. TheDNAwas PCR-amplified with Takara hot start Taq po-
lymerase (RR006B) with primers flanking the ORF expression
cassette (primer 1, 5′-GATCCCTACCGGTGATATCC-3′; prim-
er 2, 5′-TAATACGACTCACTATAGGGAGAGGCCCTCTAGT
CGACCTAGC-3′). Purified PCR products were used to generate
cRNA probes with a T7 RNA polymerase kit (MEGAscript,
Ambion). After purification with Ambion Megaclear kits, the
cRNAwas further labeledwith a ULS labeling kit (Kreatech: start
sample cy3; end sample, cy5). Differentially labeled cRNA was
hybridized to customized 25-mer or 60-mer microarray chips
fromAgilent. Themicroarrayswere readwith anAgilent scanner.

Primary screen data analysis and candidate selection
for sublibrary screens

We processed the probes by filtering out the low-intensity probes,
and an individual gene enrichment score was calculated based on
the average cy5/cy3 signal ratio across multiple probes of the
same gene and normalized to the population median enrichment
score. The 60-mer array contained many low-intensity probes;
therefore, after filtering, this platform provided only∼60% cover-
age compared with the 25-mer array data. We ranked genes based
on average log2 enrichment score across three biological repli-
cates and used the genes scored from the 25-mer microarray
with an arbitrary cutoff Z-score of >1.65 for Ingenuity pathway
network analysis.
For E7 sublibrary construction, we selected candidates with an

average log2 enrichment of >1.75 across all three replicates ac-
cording to the 25-mer array data and additional complementary
genes from the 60-mer array data based on the following criteria:
(1) average log2 enrichment of >1.59 and (2) scored with log2 en-
richment of >1.95 in at least two out of three screen replicates.
For E6 sublibrary construction, we selected candidates with an
average log2 enrichment of >1.75 from the 25-mer array data
and additional genes with an average log2 enrichment of >1.45 ac-
cording to the 60-mer array data. We picked 40 unscored ORFs
from one ORFeome plate (31045) as control ORFs for the subli-
brary screen.

Construction of the barcoded sublibrary

A synthetic 2 X2 5-mer barcode pool from IDT was PCR-ampli-
fied with universal primer containing homology with the
pHAGE-TREX vector (primer 1, 5′-AGAGATCCAGTTTGGAC
TAGGCTAGCCGGTGTCGGTCTCGTAGTT-3′; primer 2,
5′-AGTTATGTAACGACATGCATGCTAGCGTCGTCCAGCTG
CGAACGA-3′). The PCR products were gel-purified and mixed
with NheI linearized pHAGE-TREX vector following the SLIC
(sequence- and ligation-independent cloning) cloning protocol
(Li and Elledge 2007). The cloning reaction mix was incubated
for 30 min at 37°C and transformed into ccdB-resistant Escheri-
chia coli. Single colonies were picked after transformation, and
the plasmid DNAwas used for determining the exact barcode se-
quence by Sanger sequencing. Next, 200 barcoded pHAGE-TREX
destination vectors with available barcode information were ar-
rayed on 96-well plates.
LR reaction was carried out in a 96-well plate with individual

ORF entry clones and barcoded pHAGE-TREX destination
vectors, and the individual LR reaction products were used to
transform competentE. coli cells in 96-well plates. After transfor-
mation, the E. coli from 200wells were pooled together to prepare
the sublibrary DNA for virus packing purpose.

Barcoded sublibrary screen

The workflow of the barcoded sublibrary screen is described in
Figure 2. Specifically, 1 × 106 cells were infected with the E6 or
E7 barcoded sublibrary with lowMOI. The same number of cells
was infected with the barcoded control ORF pool andmixed with
the sublibrary cells to form the start cell population. The cells
were passaged after reaching senescence, and both start and end
cells were harvested for extracting genomic DNA. The genomic
DNA was PCR-amplified with the following primers: primer 1
(5′-CGCCGAATTCACAAATGGCAGT-3′) and primer 2 (5′-GGA
CATCCGAGCTCGATATCATCG-3′). The PCR products were
subsequently amplified with indexing primers, pooled together,
and sequenced with a customized sequencing primer (5′-CTAG
GCTAGCCGGTGTCGGTCTCGTAGTT-3′). Each gene’s en-
richment score was calculated using the relative barcode abun-
dance in the start and end sample and normalized to the
average control ORF enrichment score.
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