A kinase shRNA screen links LATS2
and the pRB tumor suppressor
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pRB-mediated inhibition of cell proliferation is a complex process that depends on the action of many proteins.
However, little is known about the specific pathways that cooperate with the Retinoblastoma protein (pRB) and
the variables that influence pRB’s ability to arrest tumor cells. Here we describe two shRNA screens that identify
kinases that are important for pRB to suppress cell proliferation and pRB-mediated induction of senescence
markers. The results reveal an unexpected effect of LATS2, a component of the Hippo pathway, on pRB-induced
phenotypes. Partial knockdown of LATS2 strongly suppresses some pRB-induced senescence markers. Further
analysis shows that LATS2 cooperates with pRB to promote the silencing of E2F target genes, and that reduced
levels of LATS2 lead to defects in the assembly of DREAM (DP, RB [retinoblastoma], E2F, and MuvB) repressor
complexes at E2F-regulated promoters. Kinase assays show that LATS2 can phosphorylate DYRK1A, and that it
enhances the ability of DYRK1A to phosphorylate the DREAM subunit LIN52. Intriguingly, the LATS2 locus is
physically linked with RB1 on 13q, and this region frequently displays loss of heterozygosity in human cancers.
Our results reveal a functional connection between the pRB and Hippo tumor suppressor pathways, and suggest
that low levels of LATS2 may undermine the ability of pRB to induce a permanent cell cycle arrest in tumor cells.
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The ability of the Retinoblastoma protein (pRB) to block
cell proliferation is thought to be central to its functions
as a tumor suppressor. There is no single binding partner
that mediates these effects, but pRB has multiple activ-
ities that contribute to the initiation and maintenance of
a permanent cell cycle arrest. This is illustrated by the
sequence of changes that is seen following the reintro-
duction of pRB into pRB-deficient human osteosarcoma
Sa0S2 cells. Within 12 h of pRB expression, cells cease to
enter S phase and the population starts to accumulate in
the G1 phase of the cell cycle (Hinds et al. 1992, Ji et al.
2004). An early effect of pRB expression is the up-regulation
of p27°"/KIP 4 change mediated by pRB’s interaction with
Skp2 and APC/C (Ji et al. 2004; Binne et al. 2007). While
elevated p27°"/%” initiates cell cycle arrest in SaOS2
cells (Ji et al. 2004), pRB-initiated repression of E2F targets
helps to promote cell cycle exit by preventing the expres-
sion of proliferation-promoting genes. pRB cooperates with
a variety of repressor complexes, including the DREAM
(DP, RB [retinoblastoma), E2F, and MuvB) complex, to
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establish a repressive chromatin structure and silence the
expression of E2F targets (Blais and Dynlacht 2007;
Burkhart and Sage 2008). In some cell types, pRB-arrested
cells undergo differentiation, and pRB’s ability to physi-
cally interact with differentiation-promoting factors
such as Runx2 (Thomas et al. 2001) or RBBP2/KDM5A
(Benevolenskaya et al. 2005) can be important for this
activity. The sustained expression of pRB in SaOS2 cells
leads to an irreversible arrest, and many cells begin to
express senescence-associated B-galactosidase (SA-B-gal),
a marker often found in senescent cells (Alexander and
Hinds 2001).

Stress- or oncogene-induced senescence is a tumor sup-
pressor mechanism induced by the activated oncogenes
that drive cellular transformation and mediated by pro-
liferative stress signals (Serrano et al. 1997; Ben-Porath
and Weinberg 2005; Courtois-Cox et al. 2008). pRB has a
unique role in the repression of E2F target genes during
senescence (Chicas et al. 2010) and is needed for the for-
mation of senescence-associated heterochromatin foci
(SAHF), compact heterochromatin structures that are
not essential for senescence (Kosar et al. 2011) but have
been proposed to promote efficient silencing of E2F-
regulated genes and permanent cell cycle exit (Narita et al.
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2003; Ye et al. 2007). pRB'’s role in senescence is distinct
from its role in differentiation and requires an intact
LXCXE motif (Talluri et al. 2010) that mediates interaction
with corepressor complexes like BRG1, BRM, HDAC's,
HP1, and Suv3-9H1/2 (Nielsen et al. 2001; Blais et al. 2007;
Burkhart and Sage 2008). In response to senescence signals,
PRB and E2F localize to PML bodies (Ferbeyre et al. 2000;
Zhang et al. 2005; Vernier et al. 2011) and repress E2F-
responsive promoters, perhaps through SAHF. In the forma-
tion of SAHF, pRB acts in parallel with histone chaperones
HIRA/ASFla. Phosphorylation of HIRA and HP1y promotes
the formation of SAHFs, containing macroH2A, HP1vy, and
HMGA (Narita et al. 2003; Zhang et al. 2005, 2007; Adams
2007, 2009). More recently, SAHF have been shown to
dampen the DNA damage response, thereby suppressing
apoptosis and promoting senescence (Di Micco et al. 2011).

The evidence that pRB-mediated inhibition of cell
proliferation is a complex, multistep process that depends
on the combined activity of many different components
raises the possibility that its ability to stop cell prolifera-
tion is influenced by cooperating pathways. Currently,
little is known about the pathways that modify pRB-
induced phenotypes. Here, we took advantage of SaOS2-
TR-pRB cells that allow pRB to be re-expressed in a tightly
controlled manner. Like many tumor cells, SaOS2 cells
contain multiple mutations. For example, these cells are
mutant for both pRB and p53, and it is likely that the
effects of re-expressing pRB in SaOS2 cells will differ
somewhat from cell cycle control or senescence responses
that occur in primary cells. Nevertheless SaOS2-TR-pRB
cells provide a system to study the effects of functional
PRB in cancer cells and are amenable to screening.

Using two separate lentiviral shRNA knockdown
screens, we identified kinases that are necessary for pRB
to suppress cell proliferation in SaOS2-TR-pRB cells and
kinases that impact pRB-induced increase of SA-B-gal
activity. The results show that these readouts of pRB
action require overlapping but different sets of proteins.
Unexpectedly, we found that pRB induction of some
markers of senescence is strongly suppressed by reduced
levels of LATS2. Subsequent experiments showed that
pRB-induced repression of E2F targets is compromised
when LATS2 levels are low, and that reduced LATS2 leads
to defects in the recruitment of DREAM complexes to
E2F-regulated promoters. This functional interaction is
especially intriguing because LATS2 is physically linked
to RB1 on human chromosome 13 and the copy number
of LATS?2 is reduced in many tumor cell lines. We suggest
that low levels of LATS2 in cells that retain an intact copy
of RBI may compromise pRB’s ability to silence E2F targets,
potentially creating an environment that helps cells to
evade oncogene-induced senescence.

Results

Identification of kinases that are important
for pRB-induced inhibition of cell proliferation

To identify kinases that impact the ability of pRB to arrest
cell proliferation, duplicate sets of SaOS2-TR-pRB cells,
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grown in 96-well plates, were infected with lentiviral
vectors carrying a shRNA library (one vector per well).
The screening library consisted of 2112 lentiviral ShRNA
vectors targeting 415 human kinases, with an average of
4.5 shRNAs targeting each kinase (Moffat et al. 2006;
Grueneberg et al. 2008). Four days after lentiviral infec-
tion and puromycin selection, pRB expression was in-
duced in one set of the infected plates by changing to
tetracycline-containing medium. The second set of plates
was kept in non-tetracycline-containing medium. Changes
in cell proliferation and viability were monitored over a 4-d
time period following pRB expression by staining cells with
Alamar blue, a redox-sensitive dye that gives an absorbance
that is directly proportional to the number of viable cells
(Grueneberg et al. 2008).

The re-expression of pRB in SaOS2 cells causes a robust
G1 arrest. Over time, the inhibition of cell proliferation
results in a measurable decrease in cell number when
compared with uninduced cells. Using Alamar blue stain-
ing data gathered at the start of tetracycline treatment
(time 0) and after 4 d of pRB expression, we calculated
a factor of repression (Fg). The 4-d time point was chosen
so that even minor changes in proliferation would give a
clear difference in cell number. The Fy represents the ratio
between the proliferation of the cell population seen after
4 d in cultures that lack pRB versus pRB-expressing cells.
For example, control cells infected with scramble shRNA
grew to 335% of the starting cell number in the absence of
PRB, but this was reduced to 206% when pRB expres-
sion was induced, and is represented by a Fr of 1.63 (P <
0.001 x 10~ 74) (Supplemental Fig. SLA).

Fr values were calculated for each of the shRNA con-
structs, attributing a numerical value to the change in cell
proliferation caused by pRB in the presence of each kinase-
targeting shRNA. These were converted to a Z-score to
evaluate the impact of each individual shRNA on pRB-
mediated inhibition of cell proliferation, in comparison
with the whole-screen data set. We assumed that shRNA
treatments that modify the degree of pRB-induced arrest
would alter the Fr from that of scramble shRNA controls
(Fr = 1.63, confidence interval of Zg g9 between 1.6 and 1.66)
(Supplemental Fig. S1A). Figure 1A shows all sShRNAs that
changed the Fr with a Z-score of >|2|. Supplemental Table
S1 lists all of the kinases that gave a Z-score of >|3| and
gave similar effects when targeted by at least two inde-
pendent hairpins.

Many shRNAs have an effect on cell proliferation them-
selves, and these effects obscure changes in pRB-induced
arrest. To adjust for this, the proliferation data were ana-
lyzed using a two-dimensional scatter plot (Fig. 1B) that
compares the influence of shRNAs on cell proliferation
induced by pRB with their effects on non-pRB-expressing
cells. Using the two-dimensional analysis, and minimizing
off-target effects by considering only kinases that were tar-
geted by at least two independent shRNAs, we identified
39 genes whose knockdown significantly reduced pRB’s
ability to suppress proliferation (Fig. 1B, green rectangles) and
19 genes that enhanced pRB’s effects (Fig. 1B, red squares).

As expected, kinases identified by this screening ap-
proach included several that have been linked previously
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Figure 1. shRNAs that modify pRB-induced growth
arrest. After infection of SaOS2 TR-pRB cells with
shRNAs targeting different kinases and selection with
puromycin for 3 d, cells were induced to express pRB or
kept without tetracycline to serve as controls. Cell
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liferation + pRB and was used to score for shRNAs that
influenced pRB-mediated cell cycle arrest. (A) Percent-
age of growth of uninduced (light) or induced (dark) cells
for all hairpins that either reduce or increase the Fy
with a Z-score of >|2|. The shRNAs in the graph are
ranked according to their effect on the growth of the
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uninduced cells. shRNAs that enhanced proliferation
arrest (increased Fg) are clustered mainly to the Ieft,
while those that reduce the effect of pRB (decreased Fg)
are to the right. Hits are evident due to their aberrant
pattern. (B) Two-dimensional scatter plot of the pRB-
induced proliferation arrest screen results. Each dot
represents percent growth values for the same shRNA
from uninduced (—pRB) cells (X-axis) and from cells
with induction of pRB (Y-axis). The majority of shRNAs
shows similar ratios of percent proliferation between
uninduced (—pRB) and induced (+pRB) cells, and there-
fore appears along the trend line. The shRNAs that
change this ratio appear either above (inhibitors of the
pRB-mediated arrest) or below (enhancers of the pRb-
mediated arrest) this line. The distance from the trend
line corresponds to the strength of the effect. Shown in
green (inhibitors) or red (enhancers) are the genes that
significantly alter pRB-induced cell cycle arrest. (C) List
of kinases whose knockdown inhibited or enhanced G1
arrest. Shown are the genes that differed at least three
standard deviations from the trend line and scored with
two or more shRNAs.
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to tumorigenesis or that have known effects on cell pro-
liferation. Kinases whose knockdown reduced the effects
of pRB include MAP2K4 (mutated or deleted in 5% of
tumors) (Su et al. 2002), ACVR1 (knockdown of ACVRI1
prevents TGFB-SMAD signaling [Craft et al. 2007], and
inhibition of ACVRI1B leads to pancreatic carcinomas [Su
et al. 2001]), and ZAP70 (involved in the inhibition of ERK/
JNK signaling) (Alonso et al. 2003; Rahmouni et al. 2006).
On the other hand, the list of kinases whose knockdown
enhanced the effect of pRB included genes like ROCK2,
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CRK7, and GUCY2F that, conversely, are overexpressed or
show gain-of-function mutations in cancer cells (Kamai
et al. 2003; Capra et al. 2006; Wood et al. 2006).

Kinases that impact pRB-induced increase
of SA-B-gal activity

Cell cycle arrest is a relatively immediate consequence of
PRB expression and occurs within 24 h after pRB induc-
tion. Approximately 72 h after pRB expression, SA-B-gal,



a marker that is often seen in senescent cells, begins to
appear in the population of SaOS2 TR-pRB cells. Senes-
cent cells are thought to be irreversibly arrested, and
there is accumulating evidence that premature cellular
senescence has an important role in tumor suppression
(Kuilman et al. 2010).

In parallel with the screen that scored the effects on cell
number, we screened the library of shRNAs for con-
structs that affected a marker of pRB-induced senescence.
The shRNA library was transduced into SaOS2-TR-pRB
cells, pRB expression was induced with tetracycline, and,
after 84 h of pRB expression, cells were fixed and analyzed
for SA-B-gal (Supplemental Fig. S1B). At this time point,
not all cells were SA-B-gal positive, making it possible
to score enhancement or suppression. Because SA-B-gal
is difficult to quantify in a high-throughput format, we
examined the staining under the microscope and com-
pared the intensity and percentage of stained cells with
controls on a scale between 1 and 5, with 3 representing
the control level, 1 being a strong decrease, and 5 being
a strong increase.

shRNAs that promote
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Overall, fewer shRNA constructs scored in the SA-
B-gal screen than the proliferation screen. This may in
part be due to the lower sensitivity of the assay compared
with the measurements of cell proliferation. shRNAs that
either increased or decreased the extent of pRB-induced
SA-B-gal staining were identified, and, as described above,
we focused only on kinases that were targeted by two or
more independent hairpins (examples are shown in Fig.
2A, with the complete lists of shRNA targets in B). As ex-
pected, several of the shRNAs that scored in this screen
target kinases that are known to regulate senescence path-
ways, including PAK6, RAF1, or IRAK (Courtois-Cox et al.
2006; Ranuncolo et al. 2008; Orjalo et al. 2009). In addition,
some of the shRNAs that enhanced the SA-B-gal activity
had targets that have been shown to be up-regulated in
tumors or cancer cell lines, including HIPK1 (up-regulated
in breast cancer) (Kondo et al. 2003), MAP2K5 (increased
expression associated with metastatic prostate cancer)
(Mehta et al. 2003) and RAGE (activated in cancer and it
promotes chronic inflammation, a favorable microenvi-
ronment for tumor formation) (Gebhardt et al. 2008).

Figure 2. Knockdown of different kinases
alter the pRB-induced increase in SA-B-gal
activity. SaOS2 TR-pRB cells were infected,
selected, and induced as described in Figure
1. After 84 h of pRB expression, cells were
fixed and stained for SA-B-gal (blue), a classi-
cal marker of senescence. The intensity of
the staining was analyzed by light micros-
copy (10X objective) and scored using a scale
from 1 (reduced) to 5 (enhanced). (A) Exam-
ples of SA-B-gal staining of SAOS2 cells
following shRNA knockdown of indicated
genes and 84 h of induction of pRB from
analyzed 96-well plates. (B) List of shRNAs
that inhibited (green) or enhanced (red) the
senescence phenotype induced by pRB. The
hairpins are shown ranked in decreasing
order, depending on number of hairpins that
scored per gene and intensity of staining.
(+++) Strong change with two or more hair-
pins; (++) strong and medium change with
two or more hairpins; (+) medium change
with two hairpins.

senescence

CCRK
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Pathway analysis

Ingenuity Pathway Analysis (IPA) software was used to
find networks and functional themes in the kinases
identified by two screens. Each data set gave multiple
networks, ranked by scores between 13 and 48 (represent-
ing P-values of P = 107!3 to 10™*® for the probability that
these genes were included in the network by chance
alone) (summarized in Supplemental Tables S3-S5). The
highest-scoring networks from both screens contained
subgroups of stress-activated protein kinases (SAPKs), in-
cluding MAPK9, MAPK 10 (JNK1/2J, MAPK13 (p38MAPK),
and MAP2K4 (cell proliferation screen), and MAP2KS5,
MAP4K2, and MAP2K1 (senescence screen). Stress-activated
kinases (p38MAPK)| are known to contribute to pl6™E+4A
up-regulation, a key activator of pRB in senescent cells
(Deng et al. 2004). Diverse cellular stressors—such as
proinflammatory cytokines, irradiation, reactive oxygen
species (ROS), osmotic shock, DNA damage, and acti-
vated oncogenes—trigger activation of these kinases. For
instance, chronic Ras/ERK signaling or ROS are shown to
converge on p38SMAPKs mediated by MKK3/6 or MINK
(Deng et al. 2004; Nicke et al. 2005). The IPA analysis sug-
gests that both pRB-induced cell cycle arrest and a pRB-
induced senescence-like state are stimulated via stress-
activated pathways. Additional networks assemble around
central molecules like the ERK1/2, NFkB, Hsp90, TGEFR,
PI3K/AKT, p38MAPK, and Ras signaling pathways (Sup-
plemental Tables S3-S5) that have all been connected
previously to pRB (Wang et al. 1999; Shim et al. 2000;
Takebayashi et al. 2003).

All three major MAPK cascades (ERKs, JNKs, and
P38MAPKs) have been linked to stress-induced prema-
ture senescence. Likewise, Hsp90, Ras, NFkB, TGFB, and
PIBK/AKT have been connected to oncogene-induced se-
nescence (Courtois-Cox et al. 2006; Maruyama et al. 2009;
Ren et al. 2009; Restall and Lorimer 2010). The finding that
components of these pathways scored strongly in our
screens is consistent with the idea that SaOS2 cells have
evolved to escape oncogene-induced senescence, and
that this process can be reactivated by re-expression
of pRB.

Our dual-screening strategy allowed us to compare the
effects of shRNAs on two different readouts of pRB func-
tion that have been proposed to be associated with its role
as a tumor suppressor. Cell cycle arrest and exit is a pre-
requisite for induction of senescence, and we expected
to find overlap between the results of the two screens.
shRNAs that scored in both assays are listed in Supple-
mental Tables S1 and S2. Since proliferation arrest is
necessary for senescence, it is unlikely that shRNAs would
bypass arrest without affecting senescence. The automated
cell proliferation assay was more accurate and sensitive
than the manually scored SA-B-gal assays, and it is possible
that many of the shRNAs that scored solely in the pro-
liferation screen may have had effects on SA-B-gal activity
levels that we failed to detect. However, we were interested
to note that 24 of the 41 kinases identified by the SA-B-gal
screen did not score in the cell proliferation assays (in-
cluding all Z-scores >|2|). This suggests that there may be
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specific pathways that are not required for pRB to arrest the
cell cycle, but that may be important for pRB-arrested cells
to enter a senescence-like state (as reflected by SA-B-gal
activity). This distinction is potentially significant because
PRB’s activity is regulated by cdk phosphorylation, and
cells arrested in G1 by pRB can potentially be driven
back into cycle, whereas senescent cells are permanently
arrested. IPA analysis placed 18 out of these 24 kinases
together in a highly scoring network that focuses around
ERK1/2, JNK, PI3K/AKT, and p38MAPK as central com-
ponents (Supplemental Fig. S2).

Potentially, changes in the activity of any number of
these kinases may allow tumor cells to evade some of the
effects of pRB. In this regard, one of the more intriguing
hits is LATS2. LATS2 is part of a well-studied tumor sup-
pressor pathway (the Hippo pathway) that was first dis-
covered in Drosophila (Edgar 2006; Harvey and Tapon
2007). The Hippo pathway plays a central role in growth
regulation by inhibiting proproliferative and anti-apoptotic
functions of YAP1 and YAP1-related proteins (Zeng and
Hong 2008). Although the Hippo pathway is conserved
from flies to humans, and the homozygous inactivation of
hpo or wts causes tissue overgrowth in flies (Justice et al.
1995; Xu et al. 1995; Harvey et al. 2003; Huang et al. 2005),
currently, there are few examples of homozygous muta-
tion of LATS2 in human tumors. LATS2 depletion en-
hances H-RasV12-dependent cell migration, providing
evidence that loss of LATS2 can enhance some aspects of
cell transformation (Aylon et al. 2009).

shRNAs targeting LATS2 were among the strongest
and most consistent suppressors of pRB-induced SA-B-gal.
This is intriguing because LATS2 is located near RBI on
chromosome 13 (LATS2 maps to 13ql1-q12, while RB1
maps to 13q14.2), and genomic studies have shown that a
large number of cancer cell lines are heterozygous for both
RB1 and LATS?2 (see the Discussion). Our results suggest
that LATS2 functionally cooperates with pRB, and we
sought to understand why low levels of LATS2 impacts
some pRB-induced phenotypes.

LATS?2 is important for pRB induction
of a senescence-like state and promotes
the complete silencing of E2F target genes

First, we examined the effects of LATS2 depletion on
pRB-induced phenotypes. Depletion of LATS2 did not
change the amount of pRB induced in the SaOS2-TR-pRB
cells or pRB’s ability to induce the expression of p2.7°F/XIP
(Fig. 3A). Consistent with this, two-dimensional FACS
analysis showed that pRB suppressed S-phase entry and
drove the accumulation of cells in G1 in LATS2-depleted
cells (Fig. 3B), similar to control-treated cells.

Depletion of LATS2 strongly reduced both the number
of cells that stained positive for SA-B-gal following pRB
induction and the intensity of the staining (Fig. 3C). shRNAs
often provide only a partial knockdown of the target. Two
independent shRNAs targeting LATS2 strongly suppressed
pRB-induced SA-B-gal activity even though LATS2 levels
were only reduced to slightly less than half of their normal
levels.
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el o SO (Alexander and Hinds 2001). Several additional experi-
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leF ! fibroblasts (Fig. 3E) and suppressed SA-B-gal staining
induced by pRB, pl6™%*A and H-RasV12 in both IMR90
and RPE cells (Fig. 3F; Supplemental Fig. S4). Thus, in
multiple assay systems in which pRB is activated, re-
ducing the level of LATS2 strongly suppressed the appear-
ance of markers of senescence.

Figure 3. LATS?2 is required for pRB-dependent senescence. The
effect of sShRNA-mediated LATS2 knockdown on pRB-dependent
GI1 arrest and senescence. (A) Knockdown of LATS2 does not
interfere with p27°™/X™® induction following pRB expression.
S Protein extracts were prepared, and equal amounts of protein

E control Rasv12 were subjected to SDS-PAGE and Western analysis for the
indicated proteins. (B) Two-dimensional FACS analysis of SaOS2

cells after pRB induction. Control or LATS2 shRNAs were

transduced into SaOS2 cells. After 36 h of tetracycline induction,

cells were pulsed with BrdU, fixed, and subjected to flow

cytometric analysis. Knockdown of LATS2 does not interfere

(] i with pRB-induced Gl arrest. The box highlights S-phase cells
e marked by BrdU. The cell cycle profile is represented in a FL2-H
histogram (DNA content analyzed by propidium iodide staining).
(C) shRNAs against LATS2 decrease SA-B-gal staining in SaOS2
cells after 84 h of induction of pRB expression. Cells were
transduced with either a scrambled control shRNA or two
o different shRNAs against LATS2. LATS2 shRNAs show a reduced
. a a2 level of SA-B-gal staining (blue) compared with control shRNA-
1 1 ‘ 1 containing cells (scramble). (D) Western blot analysis of LATS2

scramble

shLATS2
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expression after knockdown using two independent shRNAs.
Protein abundance was determined by digital quantification
(Adobe Photoshop) from Western blot scans. Each value was
g converted to percentage of protein level in the scramble shRNA
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Formation of SAHF is thought to be a multistep pro-
cess. PML bodies are proposed to play a mediatory role in
SAHF formation by acting as sites for the assembly of
macromolecular regulatory complexes and protein mod-
ification (Zhang et al. 2005, 2007). Depletion of LATS2
had only a slight effect on the appearance of PML bodies
(Supplemental Fig. S3A) and a minor effect on the
changes in cell morphology (increased cell size and
increased granularity) associated with pRB-induced se-
nescence in Sa0S2 cells (Supplemental Fig. S3B). This
suggests that reduced LATS2 influences some aspects
of senescence but does not affect pRB-induced changes
in morphology.

The strong defects in SAHF formation and reduction in
SA-B-gal staining suggested that LATS2-depleted cells have
difficulty establishing a fully senescent state. Consistent
with this, SaOS2 cells that were arrested with a pulse of
PRB expression were more easily able to re-enter the cell
cycle, as revealed by EdU incorporation, if first depleted of
LATS?2 (Fig. 3G).

The formation of SAHF has been linked to the silencing
of E2F target genes and requires an intact pRB pathway
(Narita et al. 2003). Quantitative PCR (qPCR) was used
to measure the repression of E2F target genes by pRB
in control SaOS2-TR-pRB cells or cells expressing a
LATS2-targeting shRNA. In control cells, E2F target
genes are strongly down-regulated after 24 h of pRB ex-
pression. Although knockdown of LATS2 does not in-
terfere with induction of p27<"/X" or with pRB-induced
cell cycle arrest, we observed a clear defect in pRB-initiated
repression of E2F target genes in cells with reduced
LATS2 (Fig. 4A,B). In most cases, the knockdown of
LATS2 had no effect on gene expression in the absence
of pRB, suggesting that reduced LATS2 impairs the re-
pression of E2F targets in response to pRB (Fig. 4C). The
failure to completely silence E2F transcription provides
a simple explanation for the defect in some aspects of
senescence: In previous studies, inhibition of E2F-medi-
ated repression has been shown to interfere with pRB-
mediated induction of senescence markers (Rowland
et al. 2002; Talluri et al. 2010). The expression of E2FI,
itself an E2F-regulated target, was slightly increased
when LATS2 is depleted in the absence of pRB (Fig. 4D).
Even though this did not result in a simultaneous in-
crease in expression of EQF targets, it is possible that a
small change in the levels of activator E2Fs could also
contribute to the failure to silence E2F targets. In sum-
mary, reducing the level of LATS2 impairs the repression
of E2F target genes, and this likely contributes to a partial
bypass of senescence.

These results suggest that LATS2 facilitates the re-
pression of E2F targets. To test the feasibility of such
a model, we compared the levels of expression of LATS2
and E2F-regulated genes across a panel of 428 cancer and
normal cell lines. A heat map of expression data for LATS2
and E2F target genes, as well as RB1 and the transcriptional
coactivators of the Hippo pathway (TEAD, YAP1, and
WWTRI1), is shown in Figure 4E. Several prominent
clusters are clearly evident within the data, including a
cluster of nontransformed cells that show high expression
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of LATS2 and low expression of E2F targets and a cluster of
blood cell lines and small cell lung cancer cells that have
the converse pattern. Overall, the data show an inverse
relationship between LATS2 expression and the expres-
sion of E2F target genes. The statistical correlation of
LATS2 expression with E2F target genes compared with
a random gene set resulted in a significant two-sided
P-value of 0.014. These observations are consistent with
the idea that LATS2 promotes E2F repression, while low
levels of LATS2 correlate with increased expression of E2F
targets.

LATS2 promotes DREAM-mediated silencing
of E2F targets

The best-known target of the LATS kinases is the tran-
scriptional coactivator YAP1. The mammalian LATS1
and LATS2 proteins regulate the nuclear localization of
YAPI1 and repress its transcriptional activity. Chromatin
immunoprecipitation (ChIP) and microarray (ChIP—chip)
experiments for the TEAD transcription factor, one of the
main binding partners of YAP1, show that the mamma-
lian genome contains many potential YAPI-regulated
binding sites (Zhao et al. 2008). Therefore, one model to
explain the effect of LATS2 on the expression of E2F tar-
gets was the possibility that YAP1 and E2F might con-
verge on many of the same promoters. To test whether
E2F1 and YAPI1 synergistically activate E2F-dependent
promoters, we asked whether E2F1 and an activated
variant of YAP1 (YAP15!%74) can increase transcription of
E2F target genes when they are coexpressed. We exam-
ined several E2F targets that showed increased expression
in the presence of pRB in the LATS2-depleted cells and
performed qPCR analysis of their mRNA after exogenous
expression of E2F1, YAP1, or the combination of proteins.
Although YAP15!272 activated expression from its targets
(Supplemental Fig. S4), and E2F1 expression induced ex-
pression of multiple E2F-dependent genes, no additive
effect was seen when E2F1 and YAP1 were coexpressed,
even when both transcription factors were strongly over-
expressed (Fig. 5A,B). Consistent with this, we note that,
although LATS2 and E2F-regulated genes show an inverse
pattern of gene expression across the panel of cancer cell
lines, low levels of LATS2 do not strongly correlate with
the elevated expression of previously described YAP1
targets such as CTGF and SERPINE] (Fig. 4E), making it
unlikely that changes in YAP1 activity could explain
a connection between LATS2 and E2F.

An alternative possibility is that LATS2 has additional
substrates. Previous studies have shown that p130/DREAM
repressor complexes are major repressors of E2F-regulated
promoters in quiescent and senescent cells, and that de-
pletion of the DREAM protein LIN9 from SaOS2 cells
strongly suppresses pRB-induced SA-B-gal staining (Gagrica
et al. 2004). ChIP experiments with antibodies to the
DREAM complex components pl30, LIN54, and LIN9
showed that the binding of these proteins to E2F target
promoters increased when pRB was expressed (Fig. 6A),
suggesting that DREAM repressor complexes mediate the
pRB-initiated silencing of E2F-regulated promoters in
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Figure 4. LATS2 is required for complete repression of
E2F target genes by pRB. E2F target gene expression was
analyzed after knockdown of LATS2 and puromycin
selection. Total RNA of SaOS2 cells was extracted and
reverse-transcribed to prepare cDNA. qPCR was carried
out and the mRNA expression levels of indicated genes
were analyzed using the level of GAPDH as a reference.
The Y-axis represents the percentage of mRNA expres-
sion of the indicated genes relative to the expression
level of noninduced scrambled shRNA-containing con-
trol cells normalized to GAPDH (set to 100%). Error
bars represent the standard deviation of three data
points. (A) qPCR analysis confirms the reduction of
LATS2 expression level in the shRNA-treated cells that
were analyzed for E2F target gene expression (shown in
B) without and with induction of pRB expression. (B)
Comparison of E2F target gene expression in control
cells and LATS2 shRNA-containing cells before and
after induction of pRB expression for 36 h or 72 h. The
bar graph represents the fold change of E2F target gene
expression in —pRB versus +pRB cells. (C) The effect of
LATS2 knockdown on E2F target gene expression in
uninduced SaOS2-TR-pRB cells analyzed by qPCR. (D)
qPCR analysis of E2F1 mRNA levels in control and
LATS2 knockdown cells. (E) Microarray expression data
derived from tumor cell lines support the idea of co-
operation between the Hippo pathway kinase LATS2
and the pRB-E2F pathway. The heat map represents the
hierarchical clustering analysis of the gene expression
data for E2F target genes, RB1, LATS2, and other Hippo
pathway members such as YAP and YAP target genes.
Horizontal columns represent individual genes and
vertical rows represent the separate cell lines from
a panel of 428 cancer and normal cell lines (Supplemen-
tal Table S6). Red and green correspond to the high and
low expression of the gene transcripts, respectively. The
bar indicates relative expression of transcripts using
a log2 transformed scale. The statistical analysis of the
correlation between expression of LATS2 and E2F target
genes resulted in a P-value of 0.014.
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Figure 5. Analysis of YAPI- or E2F1-dependent activation of
E2F target genes. YAPI, the transcriptional coactivator that is
negatively regulated by the Hippo pathway, does not increase
transcriptional activation of E2F target genes. (A) Analysis of the
indicated E2F target gene mRNA expression levels in SaOS2
cells expressing a constitutively active YAP1 variant (S127A),
tetracycline-induced E2F1, or the combination of both. (B) The
YAPI and E2F1 expression levels were analyzed in parallel to
the E2F targets in A to confirm the increase in expression levels.

Sa0S2 cells (Fig. 6A, top panel). Strikingly, the binding of
LIN54 and LIN9 to E2F-regulated promoters was reduced
when LATS2 was depleted (Fig. 6A, bottom panel), in-
dicating that the depletion of LATS2 reduces either the
formation of DREAM complexes or the ability of DREAM
complexes to bind stably to E2F-regulated promoters. Con-
sistent with this result, shRNAs targeting LIN9 or LIN54
strongly suppressed pRB-induced SA-B-gal staining in
Sa0S2-TR-pRB cells, confirming that DREAM contributes
to pRB-mediated induction of senescence markers. Indeed,
the effect of targeting LIN9 or LIN54 was similar to the
effects caused by the knockdown of LATS2 (Supplemental
Fig. S6).

Recent work has identified the DYRK family of kinases
as important regulators of DREAM complex assembly,
with DYRK1A phosphorylation of LIN52 promoting the
formation of the repressor complex (Litovchick et al.
2011). Interestingly, shRNAs targeting the DYRK family
of kinases scored multiple times in the screens (Figs. 1B,
2B; Supplemental Tables S1, S2), providing additional
support for the idea that DREAM repressor complexes
are important for pRB-induced arrest. Knockdown of
DYRKI1A and DYRK2 also suppressed pRB-induced SA-
B-gal activity in SaOS2-TR-pRB cells (Fig. 6B) and reduced
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pRB-initiated repression of E2F targets (Fig. 6C). Indeed,
depletion of DYRK1A caused a reduction in the binding
of LIN54 and LIN9 to E2F-regulated promoters (Fig. 6A)
that was comparable with the change seen in LATS2-
depleted cells.

The similar phenotypes resulting from the depletion
of LATS2 and DYRK suggest that these kinases may act in
the same pathway. The amino acid sequences of both
DYRKI1A and DYRK2 contain putative consensus phos-
phorylation sites for the LATS2 kinase (HxH/R/KxxS/T)
(Hao et al. 2008). The LATS2 kinase phosphorylates
DYRKIA in a dose-dependent manner when the proteins
are incubated in vitro (Fig. 7A,B). To test whether LATS2
modulates DYRK1A activity, we took advantage of the
recent discovery that DYRKIA phosphorylates LIN52
(Litovchick et al. 2011). We immunoprecipitated LATS2
from 293 cells, incubated it with purified DYRKIA and
kinase buffer containing ATP, and then examined the
ability of DYRK1A to phosphorylate LIN52-GST in vitro.
Preincubation with LATS2 strongly enhanced DYRK1A-
dependent phosphorylation of LIN52-GST, compared
with controls (Fig. 7C). LATS2 complexes showed no
activity toward LIN52-GST, suggesting that the effects of
LATS2 on LIN52-GST phosphorylation were mediated
via DYRK1A. Taken together, these results show that
LATS2 can phosphorylate DYRKIA and enhances DYR-
K1A’s ability to modify LIN52. Since DYRK1A-mediated
phosphorylation of LIN52 promotes the assembly of
DREAM complexes (Litovchick et al. 2011), this provides
a simple model to explain how LATS2 levels influence
DREAM-mediated repression. LATS2 cooperates with
DYRK kinases to promote the assembly of DREAM re-
pressor complexes at E2F-regulated promoters (Fig. 7D).
This silencing of E2F target genes is not essential for pRB
to arrest the cell cycle, perhaps because pRB also induces
p27. However, it is important for pRB induction of some
senescence markers and does seem to affect the ability of
pRB-arrested cells to re-enter the cell cycle.

Discussion

In this study, we identify sets of kinases that modify the
cellular response of tumor cells to pRB. pRB is a key com-
ponent of the tumor-suppressive mechanisms that cells
use to respond to insults and oncogenic signals. pRB’s
ability to stop cell proliferation and drive cells into a
permanently arrested state is an important barrier against
cell transformation. Although pRB is famously mutated
in some cancers, most human cancer cells express an
intact pRB protein, and the extent to which the function
of this protein can be reactivated and/or enhanced is un-
known. The results described here show that there are
many kinases that impact the ability of pRB to stop cell
proliferation, and the lists of kinases reported here rep-
resent an important starting point for the identification
of new ways to enhance pRB function.

Currently, it is uncertain which of pRB’s many molec-
ular functions are most critical for its role as a tumor
suppressor. In our screens, we assessed two related prop-
erties (pRB’s ability to suppress cell proliferation, and its
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Figure 6. LATS2 promotes DREAM com-
plex-mediated silencing of E2F target genes.
shRNA-mediated knockdown of LATS2 and
the DYRK kinases causes similar defects in
pRB-mediated phenotypes. (A) Analysis of
mammalian DREAM complex components
bound to E2F target gene promoters. SaOS2
cells with or without induced pRB expres-
sion and containing shRNAs targeting LATS2,
DYRKIA, or scramble control were analyzed
by ChIP using antibodies against p130, LIN9,
and LIN54. (Top panel) Binding to the indi-
cated EQF target gene promoters or control
AchR promoter was measured by qPCR and is
presented as percentage of input. The bottom
panel shows the percent decrease of binding
in either shLATS2- or shDYRK1A-containing
cells compared with scramble control cells
after 36 h of pRB expression. (B) Decrease in
pRB-induced appearance of the SA-B-gal se-
nescence marker after knockdown of DYRK1A
or DYRK2. shRNAs against the DYRKIA
and DYRK2 decrease SA-B-gal staining in
Sa0S2 cells after induction of pRB expres-
sion. (C) DYRKIA or DYRK2 knockdown
impairs the pRB-mediated repression of E2F
target genes. PCR analysis of E2F target gene
mRNA levels after knockdown of DYRKIA,
DYRK2, or LATS2 and induction of pRB for
36 h. The mRNA level of GAPDH is used as a
reference. The expression level of noninduced
scramble control shRNA-containing cells
normalized to GAPDH is set to 100%. The
graph shows the fold change of gene expres-
sion after pRB induction. Error bars represent
the standard deviation of three data points.
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ability to induce the appearance of a senescence marker)
that are different readouts of pRB action. Irreversible
proliferation arrest is a hallmark of senescence, and ex-
pression of SA-B-gal frequently characterizes this state.
However, cells can also enter a reversibly arrested state
that is distinct from senescence, and these cells typically
do not express SA-B-gal. Both senescence and reversible
proliferation arrest are likely relevant to tumor suppres-
sion. While some kinases were identified with both
assays, many scored preferentially in just one. Several
of the shRNAs that scored in these screens target stress-
activated kinases and components of well-known sig-
naling pathways (ERB2 and KIT) (Tang et al. 2008).
These hits are consistent with the idea that the SaOS2
cells used for screening are addicted to specific signal-
ing pathways, and thus are primed to undergo onco-
gene-induced senescence following the reintroduction
of pRB. However, other hits from the screens were com-
pletely unexpected, and reveal levels of functional co-
operation between pathways that had not been appreci-
ated previously.

The functional interaction between LATS2 and pRB is
particularly intriguing. The knockdown of LATS2 com-
promises pRB-induced repression of E2F-regulated genes
and suppresses the increase in SA-B-gal activity and
formation of SAHF. These findings are consistent with
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Figure 7. LATS2 promotes DYRKIA activity. LATS2
phosphorylates DYRKIA and enhances its kinase ac-
tivity in vitro. (A) LATS2 kinase modifies DYRKIA.
LATS2-V5 was expressed in 293T cells, immunoprecip-
itated, and subjected to a 3*P-yATP in vitro kinase assay
with 1 pg of inactivated DYRKIA as a substrate.
Phosphorylation of DYRKI1A is visualized by autoradi-
ography. (B) LATS2 in vitro kinase assay as shown in A,
with increasing amounts of inactivated DYRKI1A pro-
vided as substrate. (C) LATS2 increases the ability of
DYRKIA to phosphorylate LIN52. The DYRK1A kinase
was preincubated with LATS2-V5 in kinase buffer con-
taining unlabeled ATP and was subsequently assayed in
an in vitro kinase reaction as shown in A. Phosphory-
lation of purified LIN52-GST is used to assess DYRK1A
activity. Potentially, the increase in phosphorylated
LIN52-GST could be due to an increase in DYRK1A
enzymatic activity or enhanced substrate specificity
toward LIN52. Autophosphorylation of DYRK1A results
in the indicated band. (D) Model illustrating the relation-
ship between LATS2 and E2F target gene repression. See
the text for details.

<4 DYRK1A

(Coomassie staining)

previous studies showing that the transcriptional silenc-
ing of E2F target genes is important for the establishment
of a stable arrest and is implemented by changes in
chromatin organization that are characteristic marks of
senescent cells (Narita et al. 2003; Zhang et al. 2007). It
also is in accord with experiments demonstrating that the
failure to fully repress E2F targets interferes with aspects
of pRB-dependent senescence (Rowland et al. 2002; Talluri
et al. 2010). Our finding that LATS2 depletion reduces the
recruitment of the DREAM complex to E2F targets is also
consistent with evidence that the DREAM components
LIN9 and LIN54 are needed for pRB-induced SA-B-gal
staining in SaOS2 cells (Supplemental Fig. S6; Gagrica
et al. 2004), and that pRB and p130 are present at the
promoters of many proliferation-related genes in senes-
cent cells (Chicas et al. 2010). In keeping with studies
showing that the initial cell cycle arrest induced by pRB
in Sa0S2 cells is primarily dependent on the up-regulation
of p27°™/KI? the defect in E2F repression in LATS2-
depleted cells was not sufficient to prevent pRB from
arresting cells in G1, but these cells more easily re-entered
the cell cycle.

The discovery that LATS2 cooperates with pRB to es-
tablish a senescence-like arrest reveals an unexpected
link between the pRB and Hippo tumor suppressor path-
ways. We suggest that the level of LATS2 expression may



have an impact on pRB’s tumor suppressor activity by
reducing the ability of some pRB-arrested cells to perma-
nently exit the cell cycle. Remarkably, LATS2 and RB1
fall within a region on 13q that frequently exhibits loss of
heterozygosity (LOH) in primary human cancers (Yabuta
et al. 2000). An examination of array comparative geno-
mic hybridization (CGH) data available at the Sanger
database revealed that 43% (336 of 772) of human tumor
cell lines analyzed show LOH for either RB1, LATS2, or
both genes. Of these, 82% (276 of 336) show LOH for both
RB1 and LATS2. The evidence that a modest reduction
in the levels of LATS2 compromises the activity of pRB
raises the possibility that these large deletions may re-
duce the functionality of protein expressed from the re-
maining RB1 allele. Intriguingly, the specific mutation of
the remaining RB1 allele has been found in only a small
percentage of cell lines carrying 13q deletions, suggesting
that, in most cases, the remaining RB1 allele is intact.
Using the Catalogue of Somatic Mutations in Cancer
(COSMIC) obtained from the Sanger Institute (ftp://ftp.
sanger.ac.uk/pub/CGP/cosmic), we examined the fre-
quency of RBI mutation, pI6INK4 deletions/mutations,
and CCND1 amplifications in tumor cell lines with 13q
deletions. We found that 76% of the cell lines that showed
LOH for RB1 but not LATS2 had either a specific mutation
in the remaining RB1 allele, loss of p16INK4, or gains in
CCND1 that would compromise the activity of any wild-
type pRB. However, only 56% of cells that showed LOH for
both LATS2 and RB1 had these additional changes (P < 0.02,
significance tested by a two-tailed Z-test for two propor-
tions). Such a difference is consistent with the idea that
LOH for LATS2 may reduce the selective pressure for
further mutations within the “pRB pathway.” Clearly, addi-
tional experiments will be necessary to test this hypothesis.

Several studies have noted that the expression of
LATS2 is low in tumor cells (Jiang et al. 2006; Steinmann
et al. 2009; Strazisar et al. 2009), and the results described
here help to explain why this change might be advanta-
geous. These findings are also consistent with reports
showing that increased levels of LATS2 inhibit cell pro-
liferation and suppress tumorigenicity (Li et al. 2003), and
with evidence that LATS2 cooperates with p53 to pro-
mote an oncogenic stress checkpoint that opposes H-Ras-
dependent oncogenic transformation (Aylon et al. 2009).

Functional cooperation between coamplified genes has
been documented in several studies, including analysis
of the 17q12 amplicon in breast cancer (Kao and Pollack
2006) and gastrointestinal adenocarcinomas (Maqani
et al. 2006). The interactions between pRB and LATS2
suggest that 13q deletions may have the converse effect
of targeting the cooperative effects of synergistic tumor
suppressor pathways. It is noteworthy that the BRCA2
tumor suppressor is also frequently codeleted with RB1
and LATS2, and it is tempting to speculate that reduced
levels of BRCA2 may have additional effects on either
pRB or LATS2.

These results suggest that some Hippo pathway signals
may converge with the pRB pathway at the level of E2F
regulation. Interestingly, functional interactions between
the pRB and Hippo tumor suppressor pathways appear
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to be present in both flies and humans. Genetic studies
show that inactivation of the Drosophila rbf1 and wts
genes have strongly synergistic effects on cell prolifera-
tion. Cells that are mutant for both suppressors have
increased proliferation and continue to cycle even when
they have initiated differentiation (Nicolay et al. 2010).
Curiously, the mechanisms underlying the interactions
between these pathways are related, but distinct, in the
two species. In both flies and humans, the two pathways
converge on E2F regulation. In Drosophila, the mutation
of wts elevates E2F-dependent transcription, causing
ectopic cell proliferation that is de2f1-dependent. The
functional interaction between rbfl and wts mutants
occurs because dE2F1 and Scalloped/Yorkie (the ortho-
logs of mammalian YAP1/TEAD proteins) share com-
mon targets and cooperate in transcriptional activation
(Nicolay et al. 2011). In contrast, in mammalian cells,
LATS2 depletion has a more general effect on E2F targets
and increases E2F-dependent transcription primarily by
interfering with the assembly of E2F-mediated repressor
complexes. Nevertheless, the conservation of this genetic
interaction suggests that the functional cooperation be-
tween the pRB and Hippo tumor suppressor pathways is an
important component of cell proliferation control.

These results also add to the emerging view that the
mammalian Hippo pathway is neither linear nor simple.
YAP1 and its homolog, TAZ, are both substrates of the
Hippo pathway in human cells (Huang et al. 2005; Lei
et al. 2008). Recently, LATS1 has also been shown to
phosphorylate FOXL2 and enhance its activity as a tran-
scriptional repressor. LATS2 interacts with Omi, which
enhances its protease activity (Kuninaka et al. 2007), and,
by cooperating with the Androgen receptor (AR), LATS2
can act as a corepressor of AR-dependent transactivation
(Powzaniuk et al. 2004). In Drosophila, WWC1/KIBRA
complexes with Wts, leading to reduced Yki phosphory-
lation (Genevet et al. 2010), but neither protein has yet
been shown to be a direct phosphorylation target of the
LATS2 kinase. Our results indicate that DYRK1A may be
an additional target of LATS2, and that LATS2 cooperates
with DYRK family kinases to regulate the DREAM com-
plex (Litovchick et al. 2011), thus promoting the stable
repression of E2F targets. Potentially, this connection may
enable the central kinase cascade of the mammalian
HIPPO pathway (Fig. 7D) to influence the expression of
many proliferation-related genes.

Materials and methods

Cell lines and DNA constructs

IMR-90, hTERT-RPE-1, 293T, and SAOS-TR-pRB cells were
grown in Dulbecco’s modified essential medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin. Stable SAOS-TR-pRB cells (Binne et al. 2007) and
stable SAOS-TR-E2F1 cells (Morris et al. 2008) were described
before. pRB or E2F1 expression was induced by addition of tetracy-
cline (0.5 wg mL™! or 0.25 wg mL™!, respectively).

DNA fragments encoding LATS2 were amplified by PCR, and
were used with the pENTR Directional TOPO Cloning Kit
(Invitrogen) according to manufacturer’s instructions to create
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a pENTR-LATS2. LATS2 cDNA was subsequently transferred
into pLenti6/V5-DEST (Invitrogen) with LR clonase (Invitrogen)
to obtain the pLenti6-LATS2-V5 construct. Lentiviral constructs
containing p16™%44 and pRB (pWPL-p16™%44 and pWPIL-pRB| were
created using pDONR221 plasmids obtained from PlasmidID
(DF/HCC DNA Resource Core) and transferring the pl6™N¥44
and pRB ¢cDNA fragments into pWPI-DEST (Addgene, Didier
Trono) using the gateway cloning procedure (LR clonase,
Invitrogen). The DNA preparation, transfection, and virus
preparation methods have been published elsewhere (Pearlberg
et al. 2005). The pWPI-H-RasV12 and pWPI-YAP1-S127A plasmid
constructs were kindly provided by Anurag Singh and Jianmin
Zhang, respectively. LKO.1 shRNA vectors targeting LATS2
(NM_014572; sh#1, TRCN0000000880; sh#2, TRCNO000000883),
DYRKI1A (NM_001396; TRCN0000000525), DYRK2 (NM_003583;
TRCNO0000000651), LIN9 (NM_173083; TRCN0000115874), and
LIN54 (NM_194282, TRCNO0000107669) were obtained from the
RNAIi Consortium.

shRNA library, virus production, and infections

The kinase shRNA library used for screens is a subset of the
lentiviral shRNA library in the LKO.1 vector from the RNAi
Consortium. Kinase shRNAs were arrayed onto 96-well plates
along with scrambled shRNAs and were described before (Conery
et al. 2010). DNA preparation, transfection, and virus prepara-
tion methods have been published elsewhere (Pearlberg et al.
2005). The volume of virus to be used for infections was de-
termined in preliminary experiments in which virus amount was
titrated using resistance to puromycin and the effectiveness of
known lethal shRNAs. For both screens in SaOS2-TR-pRB cells,
2200 cells were plated in duplicate 96-well plates. The next day,
12 pL of lentivirus was added to each well along with 8 ug/mL
polybrene (Sigma). Plates were centrifuged at 2250 rpm for 30 min
and incubated overnight at 37°C. After ~16 h, the virus was
removed and fresh medium with 1 pg/mL puromycin (Sigma)
was added. After cells were incubated for 3 d, pRB expression
was induced in one of the plates infected in parallel by changing
to tetracycline-containing medium. The second plate was kept
in non-tetracycline-containing medium.

Cell proliferation and viability were analyzed over a 4-d time
period (0 h [before induction], and 48 h and 96 h of induction) by
using Alamar blue (Resazurin, Sigma) staining. Alamar blue is
a redox-sensitive dye that provides a readout for cell proliferation
and viability and where absorbance was directly proportional to
cell number (Grueneberg et al. 2008).

For the SA-B-gal screen, cells were grown, infected, and in-
duced as described above. pRB expression was induced for 84 h,
and cells were fixed in PBS containing 2% formaldehyde/0.2%
glutaraldehyde and stained for SA-B-gal (as described below) to
assess the level of senescence after pRB induction. After staining,
cells were analyzed using a light microscope (10X objective) and
scored for intensity and relative amount of stained cells on a
scale between 1 and 5, with 3 representing the control level, 1
representing inhibition, and 5 representing enhancement. Each
screen was carried out twice with an average of 4.5 independent
hairpins per gene, and SA-B-gal assays were also scored twice
independently.

Primary screen data analysis and hit determination

The Z-score for each shRNA was determined by comparing the
Fr (ratio between percent of growth after 4 d of non-pRB-
expressing vs. pRB-expressing cells) for each shRNA with the
mean Fy of the scramble shRNA controls for the data set and
calculating the number of standard deviations by which they
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differed. Hits were determined by comparing the Z-scores for
each kinase, and a hit was declared if the Z-score was >|3|
(Supplemental Table S1).

Senescent assay, immunofluorescence, and flow cytometry

Cells were fixed and stained for the senescence marker p-Galac-
tosidase (B-Gal) as described before (Dimri et al. 1995). Briefly,
cells were washed in PBS, fixed for 5-10 min in PBS containing
2% formaldehyde/0.2% glutaraldehyde, washed, and incubated
for 12-16 h (without CO,) in staining solution (1 mg/mL X-Gal
[Sigma] in 40 mM citric acid/sodium phosphate buffer at pH 6.0,
5 mM potassium ferrocyanide, 5 mM potassium ferricyanide,
150 mM NaCl, 2 mM MgCl,) at 37°C. Cells were washed briefly
with ddH,0, and staining was analyzed by light microscopy. The
number of senescent cells and the total number of cells were
counted in multiple fields (10X objective) to determine the
percentage of senescent cells.

PML bodies were detected by immunofluorescence staining,
as described before, using an anti-PML antibody (PGM-3, 1:200;
Santa Cruz Biotechnology) (Ferbeyre et al. 2000).

For visualization of SAHF, cells were fixed in 4% PFA and
stained with 0.2 pg/mL DAPI in PBS/0.1% Tween20/2.5% BSA.
Images of fixed nuclei were captured with a Hamamatsu Orca
AG cooled CCD camera mounted on a Nikon TI/Yokagawa CSU-
10 spinning-disk confocal microscope with a 100X, 1.4 NA
objective. The number of SAHF-containing cells and the total
number of cells were counted in multiple fields (40X objective)
to determine the percentage of SAHF-positive cells.

Flow cytometry was performed as described earlier (Binne
et al. 2007). Briefly, cells were labeled for 1 h with BrdU (GE),
fixed in 75% ethanol, denatured in 2 M HCI and 0.5% Triton
X-100, and neutralized in 0.1 M borate (pH 8.5). Cells were in-
cubated with anti-BrdU antibody (BD; 1:80 in PBS, 0.5% Tween-
20, 1% BSA) and secondary anti-mouse FITC-conjugated antibody
(1:400; BD). Cells were stained with 5 ug/mL propidium iodide in
PBS, 1% BSA, and 250 pg/mL RNase A. Cells labeled with EdU
were detected using the Click-iT EAU Flow Cytometry Assay kit
(Invitrogen) with modification of the protocol by fixation of cells
in 75% ethanol. Cell morphology (cell size and granularity) was
determined using flow cytometry on cells fixed in 1% para-
formaldehyde/PBS. All samples were analyzed using a BD FACS
Calibur flow cytometer and CellQuest software.

Pathway and network analysis

Kinases identified in our screens were imported into IPA (In-
genuity Systems, http://www.ingenuity.com) for canonical path-
way analyses. The statistical significance for each network was
determined by the IPA core analysis using a Fisher Exact test.
The networks were ranked by scores that represent the proba-
bility that these genes from our input list were included in the
network by chance alone. For example, networks with scores
of >6 have a P-value of <1 X 107%, and therefore a 99.999999%
confidence of not being generated by random chance (Calvano
et al. 2005).

Gene expression microarray analyses

Comparative whole-genome expression profiling was performed
on Affymetrix U133 X3P microarrays. Gene expression micro-
array analysis was done as described before (Singh et al. 2009).
Expression data were normalized using the MAS5 algorithm.
Normalized expression values are provided in Supplemental
Table S6. To generate heat maps of microarray expression data,
average linkage hierarchical clustering was performed using



Cluster 3.0 and Treeview Software (Eisen et al. 1998). By using
a comparable set of random genes, the statistical significance
of the correlation between LATS2 and E2F target genes was
analyzed. The correlation between expression of LATS2 and the
average expression of E2F targets was computed. In addition, the
average expression of a random set of genes (10,000 times) was
used to calculate the correlation to LATS2 expression. By
comparison of the calculated correlations, a two-sided P-value
of 0.014 was obtained. Repeating the same calculations with
correlation between expression of RB1 and E2F targets yielded
a two-sided P-value of 0.013.

Immunoblotting and antibodies

Western blot analysis was performed using standard procedures.
Protein extracts were prepared with lysis buffer (50 mM HEPES
at pH 7.8, 500 mM NaCl, 1% NP40, 5 mM EDTA, 1 mM DTT,
protease inhibitor cocktail, phosphatase inhibitor cocktail;
Roche). Lysates were subjected to SDS-PAGE and transferred to
PVDF membrane. The primary antibodies used were anti-LATS2
(Bethyl Laboratories), anti-p27“"/%™” (c157, BD), anti-pRB (G3-
245, BD), anti-p130 (Cell Signaling), anti-LIN9 and anti-LIN54
(Litovchick et al. 2007), B-actin (mouse; Sigma), and anti-V5 tag
(Invitrogen). Primary antibodies were used at 1:1000 in 5% milk
in TBS containing 0.1% Tween20. Secondary antibodies were
obtained from GE and were used at 1:10,000 dilutions.

RNA extraction and real-time qPCR

Total RNA extraction was carried out using the RNeasy kit
(Qiagen) as recommended by the manufacturer’s instructions
and was quantified using an absorption of 260 nm. Reverse
transcription of RNA samples (RT-PCR) was performed using
TagMan Reverse Transcription reagents (PE Applied Biosys-
tems). Relative levels of specific mRNA were determined using
the LightCycler 480 SYBR Green I Master reagent (Roche).
Quantification by the comparative CT method was carried out
as described in the procedures manual provided by the manu-
facturer. Amplification with GAPDH-specific primers was used
for normalization. All sequences of gene-specific primers are
available upon request.

ChIP

ChIP was performed essentially as described before (Rayman
et al. 2002) with minor modifications in cell fixation. Cells were
prefixed for 15 min in 1.5 mM disuccinimidyl glutarate (EGS),
followed by fixing in 1% formaldehyde for 15 min at room tem-
perature. The cross-linking reaction was quenched with 0.125 M
glycine follow by two washes with cold PBS. Precleared chroma-
tin was incubated with 2 pg of primary antibodies for 14 h at 4°C.
Washes and recovery of precipitated DNA were carried out as
described before. DNA was analyzed using the real-time qPCR
reaction. PCR primer sequences are available upon request.

Kinase assay

The LATS2 kinase assays was carried out as described before
(Zhao et al. 2007). 293T cells were transfected with LATS2-V5.
Forty-eight hours post-transfection, cells were lysed (50 mM
HEPES at pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40, ] mM
DTT, 1x Complete protease inhibitor cocktail, 1X PhosSTOP
[Roche]) and immunoprecipitated with 2 pg of anti-V5 antibody.
The immunoprecipitates were washed with lysis buffer, fol-
lowed by wash buffer (40 mM HEPES, 200 mM NaCl) and kinase
assay buffer (30 mM HEPES, 50 mM potassium acetate, 5 mM
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MgCl,, 5 mM MnCl,). The immunoprecipitated LATS2 was used
in a kinase assay reaction in the presence of 1 uM cold ATP and 5
nCi of [y-32P]-ATP for 30 min at 30°C, with 1 pg (or as indicated)
of GST-DYRKIA (Invitrogen) as substrate. For analysis of
DYRKI1A-mediated LIN52 phosphorylation, 0.5 pg of purified
LIN52-GST (Litovchick et al. 2011) was used in each sample. The
reactions were terminated with SDS sample buffer and subjected
to SDS-PAGE and autoradiography.
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