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Background: Ras mutation drives tumor initiation as well as invasion.
Results:The ZEB1 transcription factor is sequentially induced withmutation of Rb1 and Ras, and these inductions are required
for Ras-mediated tumor initiation and then invasion.
Conclusion: ZEB1 plays a critical role in initiation and progression of Ras-mediated tumors.
Significance: Induction ZEB1 is important for tumor initiation and invasion in a model of Ras-initiated cancer.

Rb1 restricts cell cycle progression, and it imposes cell contact
inhibition to suppress tumor outgrowth. It also triggers onco-
gene-induced senescence to block Rasmutation. Loss of theRb1
pathway, which is a hallmark of cancer cells, then provides a
permissive environment for Ras mutation, and Ras is sufficient
for invasive tumor formation in Rb1 family mutant mouse
embryo fibroblasts (MEFs). These results demonstrate that
sequential mutation of the Rb1 and Ras pathways comprises a
tumor initiation axis. Both Rb1 and Ras regulate expression of
the transcription factor ZEB1, thereby linking tumor initiation
to the subsequent invasion and metastasis, which is induced by
ZEB1. ZEB1 acts in a negative feedback loop to block expression
of miR-200, which is thought to facilitate tumor invasion and
metastasis. However, ZEB1 also represses cyclin-dependent
kinase (cdk) inhibitors to control the cell cycle; its mutation in
MEFs leads to induction of these inhibitors and premature
senescence.Here, we provide evidence for two sequential induc-
tions of ZEB1 during Ras transformation of MEFs. Rb1 consti-
tutively represses cdk inhibitors, and induction of ZEB1 when
the Rb1 pathway is lost is required to maintain this repression,
allowing for the classic immortalization and loss of cell contact

inhibition seen when the Rb1 pathway is lost. In vivo, we show
that this induction of ZEB1 is required for Ras-initiated tumor
formation.ZEB1 is then further inducedbyRas, beyond the level
seenwithRb1mutation, and this Ras superinduction is required
to reach a thresholdofZEB1 sufficient for repressionofmiR-200
and tumor invasion.

The Rb1 family comprises three members (Rb1, p107, and
p130) with overlapping functions that classically block cell
cycle progression (1, 2). Knockdown or mutation of Rb1 in
wild-typemouse embryo fibroblasts (MEFs)3 can reverse senes-
cence, demonstrating that Rb1 itself plays a key role in estab-
lishing the cell cycle block (3, 4). However, p107 becomes
induced upon Rb1 mutation, and DNA damage results from
Rb1mutation (3, 4), and together this induction of p107 and the
DNA damage goes on to trigger cell senescence despite the loss
of Rb1. Mutation of all three Rb1 family members eliminates
senescence (5, 6), but Rb1 itself is only frequently mutated in
rare tumors such as retinoblastoma, and the family is not col-
lectively mutated in tumors. Instead, in most tumors the Rb1
family is inactivated by hyperphosphorylation resulting from
deregulated cyclin-dependent kinase (cdk) activity (1, 2), and
such loss of the Rb1 pathway is a hallmark of cancer; it reverses
cell contact inhibition to allow tumor outgrowth, and it leads to
immortalization of MEFs (2–7). Induction of senescence by
Rb1 blocks proliferation of cells harboring activating Rasmuta-
tions (oncogene-induced senescence); thus, inactivation of the
Rb1 pathway removes a barrier to Ras mutation in vivo (5, 6, 8,
9). Ras mutation becomes sufficient for tumor initiation when
the Rb1 pathway is mutated in MEFs (6), demonstrating that
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Ras and Rb1 comprise two opposing arms of a cancer initiation
axis.
ZEB1 is an epithelial-to-mesenchymal transition transcrip-

tion factor thought to facilitate carcinoma invasion and metas-
tasis by causing a migratory mesenchymal phenotype in cancer
cells (10–14). It is repressed by Rb1 and induced by Ras (15, 16),
suggesting a mechanism for linking ZEB1 to this cancer initia-
tion axis. Indeed, in Ras-initiated pancreatic adenocarcinoma,
ZEB1 is induced, and invasive and metastatic cells are evident
remarkably early, even before a frank tumor can be identified
(17). Although expression of ZEB1 and invasion/metastasis are
generally associated with later stage tumors, these results sug-
gest that Rasmay accelerate the appearance of ZEB1 and result-
ing invasion/metastasis in tumors where it is mutated. ZEB1
acts in a negative feedback loop to repress expression of the
miR-200 family, which has a key role in tumor invasion and
metastasis (14, 18, 19); however, ZEB1 is also required tomain-
tain repression of cell cycle inhibitory cdk inhibitors, and its
down-regulation in ZEB1�/� and ZEB1�/� MEFs leads to a
ZEB1 concentration-dependent induction of these cdk inhibi-
tors and premature senescence (11, 20). Ras also drives sarcoma
formation, and ZEB1 expression is linked to invasion and
metastasis in these tumors, where epithelial-to-mesenchymal
transition would not appear to be a factor. Taken together,
these findings raise the possibility that ZEB1 may have roles
in tumor progression extending beyond the ZEB1/miR-200
loop thought to facilitate invasion and metastasis (21–25).
Here, we examined the role for ZEB1 in a tumormodelwhere

sequential mutations of the Rb1 family and Ras in primary cul-
tures of MEFs lead to generation of invasive sarcoma in nude
mice. We demonstrate two sequential inductions of ZEB1 in
this model, resulting first from mutation of Rb1 and then from
Ras mutation. The Rb1 pathway constitutively represses cdk
inhibitors, andwe show that induction of ZEB1when this path-
way is lost is required tomaintain repression of these inhibitors,
allowing for the classic immortalization and loss of cell contact
inhibition seen with Rb1 pathway mutation in cultured MEFs.
Importantly, we demonstrate that the block in senescence
resulting from this induction of ZEB1 is required subsequently
for Ras-initiated tumor formation in nude mice. Then, when
Ras is mutated, ZEB1 is further induced, and this induction by
Ras is required to reach a threshold of ZEB1 sufficient to cause
repression of miR-200, which we link to Ras-mediated tumor
invasion.

EXPERIMENTAL PROCEDURES

Cell Culture—Rb1 family mutant MEFs and control wild-
typeMEFs were fromT. Jacks. Cells derived from four separate
embryos were used with similar results. The cells were cultured
in DMEM with 10% heat-inactivated fetal bovine serum (26).
Ras-triple knock-out (TKO) MEFs were created by infection
with a V12Ras retrovirus and characterized with regard to Ras
expression and activation as described in detail previously (27).
Tumor Formation in NudeMice—Cells were injected subcu-

taneously into the hind limb of BALB/c nudemice as described
(26). Tumors were fixed in 10% buffered formalin, embedded in
paraffin, and sectioned for H&E.

RNA Extraction and Real-time PCR—RNA was extracted
using TRIzol, and cDNA was synthesized using the Invitrogen
RT kit (Invitrogen). SYBR Green real-time PCR was performed
using a Stratagene Mx3000P Real-time PCR system (26). PCR
primers are shown in supplemental Table 1. Three independent
samples, each in triplicate, were analyzed for each real-time
PCRcondition. The detection ofmiRNAswas as described (28).
Briefly, polyadenylation of at least 5 �g of the total RNA was
completed by a poly(A) polymerase kit (PAP; Ambion) in a
20-�l reaction volume according to themanufacturer’s instruc-
tions. The polyadenylated RNA was thereafter utilized directly
for cDNA preparation using a reverse transcription kit
(M-MLV reverse transcriptase; Invitrogen) and an adaptor
primer (5�-GCGAGCACAGAATTAATACGACTCACTAT-
AGG(T)12VN*-3�) in a 40-�l reaction volume. Real-time
quantitative PCR was performed using a universal primer (5�-
GCGAGCACAGAATTAATACGAC-3�) and a miRNA-spe-
cific primer (supplemental Table 2). Chromatin immunopre-
cipitation assays were performed as described previously (11),
and primers are shown in supplemental Table 3.
Knockdown of ZEB1—We have described lentiviral shRNA

knockdown of ZEB1 protein and mRNA previously (26). An
additional five lentivirus shRNA knockdown vectors obtained
from Open Biosystems were also used for knockdown of ZEB1
with equivalent results. Lentivirus with scrambled shRNA
sequences was used as a control in the experiments (26).
Immunostaining—Immunostaining for E-cadherin was per-

formed as described previously (11).

RESULTS

Induction of ZEB1 Is Required for Cell Immortalization and
Loss of Contact Inhibition When the Rb1 Pathway Is Mutated—
Rb1-E2F binds and represses the ZEB1 promoter, thus ZEB1 is
induced in Rb1�/� MEFs, and it is further induced when all
three Rb1 family members are mutated to generate TKOMEFs
(Fig. 1A) (5, 6, 16). ZEB1 expression remained induced as TKO
MEFs were passaged in culture (supplemental Fig. 1). TKO
MEFs are immortal in culture, and they display loss of cell con-
tact inhibition and consequently continue to proliferate after
they reach confluence (5, 6), leading to formation of foci that in
turn progress to large mounds (Fig. 1, B–D).

To assess the functional significance of ZEB1 induction in
TKO MEFs, we knocked its expression down using lentiviral
shRNA. Five TKO ZEB1 shRNA clones expressing varying lev-
els ofZEB1mRNAwere selected (Fig. 2A). The level ofZEB1 in
wild-type and ZEB1�/� MEFs is shown for comparison. The
most severe knockdown of ZEB1mRNA (clone 2, Fig. 2A) had
little effect initially on proliferation of the cells (Fig. 3A); how-
ever, with passage, proliferation diminished, and each of the
clones became senescent in a ZEB1 mRNA level-dependent
fashion (Fig. 3, B–D). It is of note that with TKO ZEB1 shRNA
clone 1, where ZEB1 mRNA is knocked down by only �50%,
the percentage of senescent cells at passage 6 is similar to that
seen in wild-type MEFs at this same passage (Fig. 3B). We then
concluded that induction of ZEB1 is required for immortaliza-
tion of TKOMEFs.
ZEB1 expression drives epithelial-to-mesenchymal transi-

tion, and we found previously that knockdown or mutation of
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ZEB1 led to an opposing mesenchymal-to-epithelial transition
inwild-typeMEFs, with induction of the epithelial specification
factor E-cadherin (11). Moreover, E-cadherin became ectopi-
cally expression in ZEB1 mutant mice (11). As in wild-type
MEFs, knockdown ofZEB1 in TKOMEFs led to epithelial mor-
phology and induction of E-cadherin (Fig. 3, E–G). No E-cad-
herin was evident in the parent TKOs (Fig. 3, H and I).

Interestingly, knocking down ZEB1 in TKO MEFs to a level
similar to that in wild-typeMEFs (clone 5, Fig. 2) was sufficient
to restore cell contact inhibition: TKO ZEB1 shRNA clone 5 at
passage 1 was allowed to remain at confluence for 3 weeks, and
no foci formation was evident (Fig. 3, E and F). We concluded
that induction of ZEB1 in TKOMEFs is required for the loss of
contact inhibition classically seen when the Rb1 pathway is
mutated in MEFs.
Induction of ZEB1 Is Required to Maintain Repression of cdk

Inhibitors after the Rb1 Pathway IsMutated—Cell contact inhi-
bition causes accumulation of cdk inhibitors such as p16 that
block activity of cdk4/6, which hyperphosphorylates and inac-
tivates Rb1. When cdk4/6 is inhibited, active hypophosphory-
lated Rb1 accumulates, leading to cell cycle arrest and eventu-
ally senescence (7, 8, 29–31). Senescence of wild-type MEFs

with passage in culture is also the result of induction of cdk
inhibitors. Chronic stimulation of the Ras pathway by serum
growth factors in the culture media leads to activation of p53
and accumulation of cdk inhibitors that block activity cdk4/6,
again leading to activation of Rb1 and senescence (32, 33).
Beyond p16 and inhibition of cdk4/6, other cdk inhibitors
including p21, p27, and p57 inhibit cdks important for Rb1-
independent events in cell cycle progression. Interestingly, Rb1
is important in maintaining constitutive repression of these
various cdk inhibitors: each of the inhibitors is modestly
induced in TKOMEFs compared with wild-type cells (Fig. 4A)
(5, 6), but the level of these inhibitors does not rise to a thresh-
old sufficient to arrest the TKO MEFs. However, it is of note
that proliferation of TKO MEFs is blocked if p21 and p27
become further elevated. When TKO MEFs are deprived of
mitogens, they arrest inG2, and this arrest is linked to induction
of p21 and p27 (34–36); mutation of p27 accelerates tumor
initiation and progression in tissues where the Rb1 family is
mutated, demonstrating that induction of p27 serves as a bar-
rier in vivo that blocks progression of Rb1 family mutant
tumors (37).
ZEB1 binds the promoters of genes encoding p21, p27, and

p57 and represses their transcription, and even heterozygous
mutation of ZEB1 is sufficient for induction of these cdk inhib-
itors and premature senescence inMEFs (11, 20). Therefore, we
wonderedwhether induction of ZEB1 in response to Rb1 family
mutationmight be important in preventing cdk inhibitors from
rising to a threshold sufficient to cause cell cycle arrest. Indeed,
when we knocked down ZEB1, these cdk inhibitors were dra-
matically induced in a ZEB1 concentration-dependent fashion
as TKOMEFs were passaged (Fig. 4B). It is of note that knock-
down of ZEB1 in TKO MEFs to a level similar to that in wild-
type MEFs (e.g. clone 5, Fig. 1A) led to induction of the cdk
inhibitors to levels well beyond those seen in wild-type MEFs,
demonstrating that ZEB1 induction becomes required tomain-
tain repression of these cdk inhibitors once the Rb1 pathway is
lost (e.g. clone 5, Fig. 4B). By contrast to the progressive induc-

FIGURE 1. ZEB1 is induced with Rb1 family mutation in MEFs, and Rb1 family mutation leads to loss of cell contact inhibition. A, real-time PCR comparing
ZEB1 mRNA expression in wild-type MEFs with MEFs with the indicated Rb1 family mutation. TKO indicates MEFs with all three Rb1 family members mutated
(6). Actb is �-actin, included as a control. Error bars, S.D. B, subconfluent TKO MEFs. C, TKO MEFs at confluence. The arrow denotes initial foci formation resulting
from loss of cell contact inhibition. D, TKO MEFs after 2 weeks at confluence. The arrow denotes initial foci that have progressed to form a large mound of cells.

FIGURE 2. Real-time PCR comparing levels of ZEB1 mRNA in wild-type and
ZEB1�/� MEFs with that in TKO MEFs and showing the effects of lentiviral
ZEB1 shRNA knockdown in clones of TKO MEFs. TKO indicates TKO MEFs
infected with a control lentiviral vector with a scrambled shRNA sequence
(“Experimental Procedures”). Error bars, S.D.
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tion of cdk inhibitors with passage in ZEB1 knockdown TKO
MEFs, E-cadherin mRNA induction occurred rapidly in TKO
ZEB1 shRNA-5 MEFs and thus did not require multiple pas-
sages (Fig. 4B).

Because p21 is a target of p53 (33), wewonderedwhether p53
might be required for senescence of MEFs when ZEB1 is

knocked down.We infected p53�/� MEFs with a ZEB1 shRNA
lentivirus or a control virus with a scrambled shRNA sequence;
as withwild-type or TKOMEFs the p53�/�MEFs arrested, and
large flat senescent cells were evident (Fig. 4, C and D). These
results demonstrate that senescence resulting from ZEB1
knockdown in MEFs does not require p53. It is of note that

FIGURE 3. Knockdown of ZEB1 in TKO MEFs does not affect initial proliferation, but it leads to epithelial morphology and induction of E-cadherin, and
it restores passage-dependent senescence and cell contact inhibition. A, initial proliferation of TKO ZEB1 shRNA clone 2 from Fig. 2 compared with
uninfected TKO MEFs. B, passage of clones in Fig. 2 compared with parent TKO and wild-type MEFs. See B below for a description of Ras-TKO ZEB1 shRNA-2.
C, example of senescent cells from B stained for senescent �-galactosidase (11). D, control proliferating TKO MEFs showing no �-galactosidase staining. E and
F, TKO ZEB1 shRNA clone 5 from Fig. 2 shown after 3 weeks at confluence. G, immunostaining of cells from F for E-cadherin. Note transition to epithelial
morphology and lack of foci formation. H and I, immunostaining of control TKO MEFs for E-cadherin. Error bars, S.D. Scale bars, 20 �m.

FIGURE 4. Mutation of the Rb1 family leads to modest induction of mRNAs for cdk inhibitors in TKO MEFs, whereas knockdown of ZEB1 leads to rapid
induction of E-cadherin mRNA (E-cad), and a more dramatic progressive induction of cdk inhibitors as cell are passaged. Senescence of the MEFs with
ZEB1 knockdown does not require p53. A, real-time PCR comparing mRNA expression in wild-type and TKO MEFs at passage 4 (P4). B, real-time PCR showing
that knockdown of ZEB1 in TKO ZEB1 shRNA clones from Fig. 2 leads to induction of mRNAs for E-Cad and cdk inhibitors. 5* indicates clone 5 cells at passage
1; other cells were passaged until they started to arrest (e.g. passage 2–3 for clones 2, 3, and 5; passage 6 for clone 1). C and D, infection of p53�/� MEFs with ZEB1
shRNA lentivirus leading to loss of proliferation and to large flat senescent-like cells, whereas a control virus with a scrambled shRNA sequence does not. GFP
is expressed from the lentivirus, thus denoting infected cells. Note the proliferation of uninfected GFP� cells and lack of proliferation of infected GFP� cells at
day 9 in D. 60 � 17 is the average percentage of infection at day 2. The boxed region at day 9 is shown at higher magnification on the left. Dotted lines outline
the large flat GFP� cell. Error bars, S.D. Scale bars, 20 �m.
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activation of p53 does not arrest TKO MEFs (5, 6). Taken
together, our results suggest that induction of ZEB1 in response
to Rb1 family mutation is required to maintain repression of
cdk inhibitors, which in turn allows for immortalization and
loss of cell contact inhibition when the Rb1 family is mutated in
TKOMEFs.
Ras Causes Superinduction of ZEB1 in TKO MEFs—Intro-

duction of V12Ras into TKO MEFs to create Ras-TKO MEFs
has been described previously (6, 27). Loss of function of all Rb1
family members is required to prevent oncogene-induced
senescence in response to Ras, and accordingly Ras-TKOMEFs
are tumorigenic when injected into nude mice (6). We found
that Ras superinduced ZEB1 in Ras-TKO MEFs to a level well
beyond that seen in parent TKOMEFs (Fig. 5A). This induction
of ZEB1 by Ras in primary culture MEFs is consistent with the
previous finding that Ras/Erk2 induces expression of ZEB1 in
an immortalized cell line (15). Because cdk inhibitor expression
was already low in TKOMEFs, superinduction of ZEB1 in Ras-
TKOMEFs had little noticeable addition effect on their expres-
sion (Fig. 5B).
By contrast to TKO MEFs, introduction of mutant Ras into

wild-type MEFs leads to oncogene-induced senescence, which
as noted above requires accumulation of an active Rb1 family
member. As opposed to TKO MEFs, Ras led to repression of
ZEB1 in the wild-typeMEFs along with induction of cdk inhib-
itors (Fig. 5C). We conclude that repression of ZEB1 by active

Rb1 family members that accumulate when Ras is introduced
into wild-type MEFs is dominant over its introduction by Ras.
Thus, loss of the Rb1 pathway, which is a hallmark of cancer
cells and is a prerequisite for Ras mutation, is required for Ras
induction of ZEB1.
Ras-TKO MEFs Become Dependent upon Elevated ZEB1 to

Block Senescence in Culture and for Tumor Formation in Nude
Mice—Next, we used lentivirus shRNA to knock down ZEB1 in
Ras-TKO MEFs. We chose cells with two different levels of
ZEB1 knockdown: Ras-TKO ZEB1 shRNA-1 had ZEB1
knocked down to a level similar to that in wild-type MEFs,
whereas in Ras-TKO ZEB1 shRNA-2 most of the superinduc-
tion ofZEB1 by Ras was reversed, but the level ofZEB1was still
above that in TKOMEFs (Fig. 5A). Not surprisingly, cdk inhib-
itors and E-cadherin were not significantly induced in Ras-
TKO ZEB1 shRNA-2 compared with Ras-TKO or TKO MEFs
because the level of ZEB1 was still beyond that seen in the par-
ent TKOMEFs (Fig. 5B). Ras-TKO ZEB1 shRNA-2MEFs were
still immortal and showed a proliferation rate similar to Ras-
TKOMEFs (Fig. 3B and 6A). However, knockdown of ZEB1 in
Ras-TKO ZEB1 shRNA-1 to a level similar to that seen in wild-
type MEFs led to rapid induction of cdk inhibitors and senes-
cence of the cells before they could be passaged (Figs. 5B and 6,
A–C). These results demonstrate that Ras causes TKOMEFs to
become highly dependent upon or addicted to elevated ZEB1,

FIGURE 5. Mutant Ras causes superinduction of ZEB1 in Ras-TKO MEFs, but it represses ZEB1 in wild-type MEFs (Ras-MEF). Two levels of ZEB1 knockdown
were used to assess the importance of ZEB1 induction in Ras-TKO MEFs. A, real-time PCR showing that ZEB1 is superinduced by Ras in Ras-TKO MEFs. Ras-TKO
ZEB1 shRNA-1 and Ras-TKO ZEB1 shRNA-2 show two different levels of lentiviral ZEB1 shRNA knockdown of ZEB1 in Ras-TKO MEFs. B, real-time PCR showing
that knockdown of ZEB1 in Ras-TKO MEFs to the level seen in WT MEFs (Ras-TKO ZEB1 shRNA-1) leads to rapid induction of E-cadherin (E-Cad) and cdk inhibitor
mRNAs, whereas knockdown ZEB1 only to reverse Ras superinduction (Ras-TKO ZEB1 shRNA-2) does not. Ras-TKO ZEB1 shRNA-1 MEFs were prior to passage,
and Ras-TKO ZEB1 shRNA-2 were at passage 2. C, real-time PCR showing Ras-mediated repression of ZEB1 and induction of p16 and p21 in wild-type (WT) MEFs.
Error bars, S.D.
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which is highlighted by this rapid induction of cdk inhibitors
and early senescence.
Ras Superinduction of ZEB1 Is Important for Repression of

miR-200—Our results above suggested that superinduction of
ZEB1 by Ras in TKO MEFs was not required for repression of
cdk inhibitors and E-cadherin (they were already fully
repressed in TKOMEFs); thus, we wondered what significance
this superinduction might have. ZEB1 represses expression of
miR-200 family members in the context of a negative feedback
loop, and the collective induction of ZEB1 and loss of mir-200
within the context of this loop is thought to be critical for tumor
invasion (14, 18, 19). Accordingly, miR-200 was induced in
ZEB1�/� MEFs (supplemental Fig. 2). Although the level of
miR-200 was reduced in TKO MEFs compared with wild-type
MEFs, in contrast to E-cadherin and cdk inhibitors, miR-200
was still evident in TKO MEFs (Fig. 7A). miR-200 expression
was further reduced in Ras-TKO MEFs (Fig. 7A), suggesting
that superinduction of ZEB1 by Ras is required for full repres-
sion ofmi-R200. Indeed, this Ras-dependent repression ofmiR-
200 was largely reversed in Ras-TKO ZEB1 shRNA-2 MEFs
(Fig. 7A). We conclude that repression of miR-200 requires a
higher threshold of ZEB1 than repression of cdk inhibitors and
E-cadherin and that superinduction of ZEB1 by Ras is required
to generate a level of ZEB1 sufficient to repressmiR-200. Con-
sistent with a direct effect of ZEB1 on miR-200 expression, we
found ZEB1 bound the promoters ofmiR-200 family members
in chromatin immunoprecipitation assays (Fig. 7B).
Superinduction of ZEB1 by Ras Is Required for Ras-initiated

Invasion of Sarcomas in Nude Mice—It has been reported pre-
viously that Ras-TKOMEFs are tumorigenic in nude mice (6),
and we found that these cells formed spindle cell sarcomas that
were highly invasive into surround host tissues (Fig. 8). As
noted above, it is thought that repression ofmiR-200 is impor-
tant for tumor invasion and metastasis (38–42). Therefore, we
wondered whether superinduction of ZEB1 by Ras and result-
ing repression ofmiR-200might be critical for the Ras-initiated
invasion of these tumors. To test this possibility, we injected
TKO ZEB1 shRNA-2 MEFs into nude mice. These cells also
generated spindle cell sarcomas ofmass and histology similar to
those formed with Ras-TKO MEFs, but these tumors were all
noninvasive (Fig. 8). Consistent with their lack of proliferation,
we did not observe tumors in nude mice with TKO ZEB1
shRNA-1 MEFs (Fig. 8). Taken together, these results demon-

strate that ZEB1 induction to the level seen in TKO MEFs is
required for Ras-dependent tumor initiation, and, Ras superin-
duction of ZEB1 beyond the level seen in TKO MEFs is then
required for Ras-initiated transition to tumor invasion.We sug-
gest that this Ras superinduction of ZEB1 is necessary to reach
a threshold required for full repression ofmiR-200.

DISCUSSION

Activation of the Rb1 pathway triggers oncogene-induced
senescence to suppress Ras mutation, and sequential mutation
of Rb1 andRas inMEFs provides amodel inwhich primary cells
transition to invasive sarcoma. In this model, we demonstrate
two sequential inductions of ZEB1, the first resulting from
mutation of Rb1 and the second from Ras mutation. Although
Rb1 classically represses genes in a cell cycle-dependent fashion
to regulate proliferation, a number of other genes have been
shown to be constitutively repressed by Rb1 in proliferating
cells. Such genes include proapoptotic factors as well as cdk
inhibitors (43). It has been suggested that release of constitutive
repression of such genes can serve a tumor suppressor function
that inhibits viability when the Rb1 pathway is lost. Although
there is an increase in cdk inhibitors in TKO MEFs compared
with wild-type MEFs, their expression does not rise to a level
sufficient to block cell cycle progression. Our results suggest
that induction of ZEB1 becomes critical to prevent an increase
in expression of these cdk inhibitors leading to cell cycle arrest
when the Rb1 pathway is lost. Evidence for this conclusion
comes fromour finding that knockdown of ZEB1 inTKOMEFs
to the level seen in wild-type MEFs leads to induction of cdk
inhibitors to a point well beyond that seen wild-type cells,
where the Rb1 pathway is present to provide repression.
Knockdown of ZEB1 in TKOMEFs led to progressive induc-

tion of cdk inhibitors, with the inhibitors accumulating as the
cells were passaged and the cells ultimately undergoing senes-
cence in a ZEB1 concentration-dependent fashion. The reason
for this delay in cdk inhibitor induction, which required multi-
ple passages, is unclear, but a similar delay was also evident
when ZEB1 mutant MEFs were placed in cell culture; several
passages were required for accumulation of cdk inhibitors and
premature senescence (11). One explanation for this delay is
that it represents the time period for decay of ZEB1 or reversal
of repressive epigenetic marks imposed by ZEB1 at the cdk
inhibitor gene promoters, but, this delay was not evident in

FIGURE 6. Ras-TKO ZEB1 shRNA-2 MEFs show a rate of proliferation similar to parent TKO Ras MEFs, whereas Ras-TKO ZEB1 shRNA-1 MEFs undergo
rapid senescence. A, cell proliferation assay. Note also in Fig. 3B that Ras-TKO ZEB1 shRNA-2 MEFs are immortal. B and C, Ras-TKO ZEB1 shRNA-1 MEFs at day
4 stained for senescent �-galactosidase. Error bars, S.D. Scale bars, 20 �m.
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induction of E-cadherin. A second possibility is that derepres-
sion of the cdk inhibitors, resulting fromknockdownofZEB1, is
not sufficient by itself for induction because an activation step,
resulting for example from serum growth factors in the culture
media, might be required once repression is removed. In this
regard it is of note that in Ras-TKOMEFs, where Ras mutation
causes constitutive activation of such growth factor pathways,
knockdownofZEB1 led to rapid induction of cdk inhibitors and
senescence before the cells could be passaged.
Introduction of mutant Ras into TKO MEFs leads to super-

induction of ZEB1, to a level well beyond that seen in TKO
MEFs. Interestingly, this Ras induction of ZEB1 is dependent
upon initial loss of the Rb1 pathway. Indeed, introduction of
mutant Ras into wild-type MEFs led to severe repression of

ZEB1. The explanation for this finding is that active Rb1, which
accumulates in response to Ras in the wild-type cells, represses
ZEB1, and this repression is dominant over the activation trig-
gered by Ras, thereby causing loss of the Rb1 pathway to
become a prerequisite for Ras induction of ZEB1. A partial
knockdown of ZEB1 in Ras-TKOMEFs, to reverse most of the
superinduction by Ras, did not affect cdk inhibitor expression
or proliferation of the cells in culture; nor did it affect the type
or size of tumors formed in nudemice. However, it blocked the
ability of the tumors to invade surrounding soft tissues.We link
this Ras superinduction of ZEB1 to repression ofmiR-200.
In summary, our results demonstrate two sequential induc-

tions of ZEB1 during progression of primary culture MEFs to
Ras-initiated invasive sarcoma. First, ZEB1 is derepressed with

FIGURE 7. Ras superinduction of ZEB1 is required for repression of miR-200. A, real-time PCR demonstrating that Ras superinduction of ZEB1 (which is
reversed in TKO ZEB1 shRNA-2 MEFs) is required for repression of miR-200. B, chromatin immunoprecipitation assays showing ZEB1 binding to the promoter
regions of miR-200 family members in vivo. c1 and c2 indicate primers covering two different sets of E boxes (potential ZEB1 binding sites) in the miR-200c
promoter (supplemental Table 3). IgG indicates control serum, and mock indicates no input chromatin. Gapdh is glyceraldehyde-3-phosphate dehydrogenase,
a negative promoter control for ZEB1 binding. H3 and H4 show positive controls of histone H3 and histone H4 binding.

FIGURE 8. Induction of ZEB1 in response to Rb1 family mutation is required for Ras to initiated sarcoma formation, whereas Ras superinduction of
ZEB1 is required for transition to invasive sarcoma. 50,000 cells were injected into nude mice, and tumors were harvested after 31 days. Representative H&E
sections of the tumor-host border are shown at the top, and sections of the tumor interior are shown below. The yellow arrow denotes the tumor-host border
in a Ras-TKO ZEB1 shRNA-2 MEF tumor. Red arrows indicate sites of invasion into host muscle and the green arrow invasion into adipose tissue in a Ras-TKO MEF
tumor. Scale bars, 50 �m.
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loss of the Rb1 pathway.We suggest that this initial induction is
required to prevent expression of cell cycle inhibitory cdk
inhibitors once their repression by Rb1 is lost. Importantly, this
induction of ZEB1 arising from Rb1 pathway mutation
becomes critical when Ras is mutated; reversal of the induction
(e.g. by knockdown of ZEB1 in Ras-TKOMEFs back to the level
seen in wild-type MEFs) triggered rapid senescence and
blocked Ras-initiated tumor formation in nude mice. The sec-
ond induction of ZEB1 is mediated by mutant Ras, and it is
dependent on the first induction because it requires initial loss
of the Rb1 pathway. This second induction is required for tran-
sition to invasive sarcoma and is linked to repression of miR-
200, which is a well known regulator of invasion andmetastasis.
We propose that this second induction of ZEB1 by Ras is nec-
essary for invasion because a higher threshold of ZEB1 is
required for repression ofmiR-200.
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