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Cancer cells exhibit the ability to proliferate indefinitely, but paradoxically, overexpression of cellular oncogenes
in primary cells can result in a rapid and irreversible cell cycle arrest known as oncogene-induced senescence (OIS).
However, we have shown that constitutive overexpression of the oncogene c-MYC in primary human foreskin fibroblasts
results in a population of cells with unlimited lifespan; these immortalized cells are henceforth referred to as iMYC. Here,
in order to further elucidate the mechanisms underlying the immortalization process, a gene expression signature of
three independently established iMYC cell lines compared with matched early passage c-MYC overexpressing cells
was derived. Network analysis of this “iIMYC signature” indicated that a large fraction of the downregulated genes
were functionally connected and major nodes centered around the TGFB, IL.-6 and IGF-1 signaling pathways. Here, we
focused on the functional validation of the alteration of TGF response during c-MYC-mediated immortalization. The
results demonstrate loss of sensitivity of iMYC cells to activation of TGFR signaling upon ligand addition. Furthermore,
we show that aberrant regulation of the p27 tumor suppressor protein in iMYC cells is a key event that contributes to loss
of response to TGFB. These findings highlight the potential to reveal key pathways contributing to the self-renewal of

cancer cells through functional mining of the unique gene expression signature of cells immortalized by c-MYC.

Introduction

Replicative senescence is a state of irreversible cell cycle arrest that
cultured human fibroblasts enter after approximately 80 popula-
tion doublings."* Bypass of senescence can result in immortaliza-
tion, an extension of lifespan that is critical for transformation of
normal cells.? Tumor cells have acquired the ability to proliferate
indefinitely, either by disabling senescence pathways or by activat-
ing genes that override senescence checkpoints.> Unsurprisingly,
regulators of cellular lifespan and senescence are known tumor
suppressors that are often disrupted in tumor cells.

Cancer cells characteristically lose expression of the tumor
suppressor genes pl6 and ARF encoded by the INK4A/ARF
locus,® which have been shown to directly induce cell cycle arrest
or cell death through the Rb- and p53-dependent tumor sup-
pressor pathways,”® respectively. Additionally, other cell cycle
regulators including p217 and p27%° are known to have tumor
suppressive functions through multiple mechanisms, including
limitation of cellular lifespan. Inactivation of the aforemen-
tioned tumor suppressors results in extension of lifespan but an
additional event required for immortalization is the expression
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of hTERT, the catalytic subunit of telomerase that is inactive in
most somatic cells and is responsible for maintenance of telomere
length.'"’ Indeed, hTERT expression successfully immortalizes

12 and has been shown to have a key role in tumori-

human cells,
genesis (reviewed in ref. 13).

Cell immortalization has not been clearly linked to activation
of oncogenes, as cells in culture that overexpress the known onco-
gene RAS soon arrest.' This phenomenon is known as oncogene-
induced senescence (OIS) and is dependent on functional p16"'¢
and ARF"7 as well as mTOR, which has been shown to be
required for induction of senescence during oncogene-induced
cell cycle arrest.”?* In contrast, we have shown that primary
human foreskin fibroblasts (HFFs) do not undergo OIS.* HFFs
overexpressing RAS not only continue to proliferate but also
exhibit properties of transformation including anchorage-inde-
pendent growth. However, RAS does not extend the lifespan of
HFFs.b

In contrast to RAS overexpression, we have shown that over-
expression of the oncogene ¢-MYC in HFFs resulted in the
establishment of immortalized cell populations.” These cells,
which we refer to here as iMYC, have continued to proliferate
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Figure 1. Gene expression signature of c-MYC-immortalized A
human fibroblasts, “iMYC.” (A) Schematic of the derivation of
c-MYC-immortalized cell lines, iMYC, from three independent
human foreskin fibroblast (HFF) isolates. HFFs were tran-
duced with a c-MYC expressing retroviral vector, pBabe-pu-
ro, as described previously in reference 17. Samples of iMYC
lines used in the described experiments were collected past
the “inflection point” (an event that occurred at >80 popula-
tion doublings) when cells were uniformly growing as an im-
mortalized population. For comparison, empty vector cells,
referred to as HFF-pB and c-MYC expressing HFFs, referred to
as eMYC, were collected prior to the “inflection point” within
the first 10-30 d in culture (thus “e” for early passage) where
cells have undergone fewer than 20 population doublings.
(B) Venn diagram indicating the overlap of significantly

upregulated (53) and downregulated (263) genes in three B
independently derived iMYC cells in comparison with eMYC.
The p-value of each overlap is shown. (C) K-means cluster-
ing analysis identified four groups of genes within the iMYC
signature that correctly separated the three cell lines: (1)
genes unchanged in eMYC but downregulated in iMYC, (2)
genes upregulated in eMYC but downregulated in iMYC to
pB levels, (3) genes downregulated in both eMYC and iMYC
but more strongly down in iMYC, (4) genes unchanged in
eMYC but up in iMYC.

with greater than 220 population doublings to date.
Immortalization by ¢-MYC was shown to be a repro-
ducible event in HFFs isolated from different foreskin
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donors, providing several independently established
iMYC lines. It has been shown that iMYC cells are
oligo-clonal and proliferate despite retention of func-
tional p53 and pl6 response pathways.”” These obser-
vations suggest that additional changes have occurred
to enable bypass of cellular lifespan limitations and
achieve immortalization. We previously demonstrated
that loss of ARF expression due to promoter methyla-
tion is one such change,"” but this was not sufficient for
immortalization.

In this study, we utilized genome-wide microarray
analysis of iMYC cells in comparison with their matched
early passage c-MYC overexpressing cells, referred to as
eMYC, to elucidate gene expression changes that occur
during immortalization by c-MYC. Expression profiles
obtained from three independently established iMYC
cell lines were analyzed. An iMYC characteristic signa-
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ture was obtained by identification of genes that were
commonly regulated in all three lines relative to their genetically
matched eMYC cells. In this iMYC signature, several candidate
genes and regulatory pathways were altered that affect cellular
proliferation and lifespan. We focused on the TGFp signaling
pathway, which has been shown previously to have a tumor sup-
pressive effect on untransformed cells.* Indeed, iMYC cells
did not show growth inhibition in response to treatment with a
TGEFR ligand, while eMYC cells did. Sensitivity to TGF ligand
in eMYC cells was dependent on increased levels of the tumor
suppressor p27 protein. These data reveal that the tcumor suppres-
sor function of the TGF pathway has been inactivated in iMYC
cells, thus eliminating an essential roadblock to c-MYC-induced
immortalization.
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Results

Establishment of the “iMYC signature” gene expression pro-
file. We previously showed that gain of h\TERT function and loss
of ARF expression were necessary but not sufficient for immor-
talization of human foreskin fibroblasts (HFFs) by ¢-MYC.” In
order to identify additional changes that cooperate with c-MYC
to immortalize HFFs, microarray analysis was performed on
samples from three independently established c-MYC immortal-
ized HFF lines, which we have identified as iMYC lines. These
iMYC lines were isolated after the slow-growth “inflection
point” that reproducibly occurred prior to establishment of an
immortalized cell population (Fig. 1A). Relative gene expression
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Network of iIMYC downregulated genes
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levels from iMYC cells were compared with expression profiles
obtained from HFFs transduced with empty control vector (pB)
as well as early passage number HFFs transduced with ¢MYC
retroviral vector (eMYC). These early passage samples were col-
lected within 10 passages after transduction (Fig. 1A). All com-
parisons were isogenic; each iMYC line was compared with its
matched parental HFF-pB line and eMYC line. In order to iden-
tify candidate genes involved in the immortalization process, and
not merely due to ¢-MYC overexpression, we focused on gene
expression changes in iMYC cells relative to those in eMYC cells.
Among all three cell lines analyzed, there were 53 genes upregu-
lated and 263 genes downregulated (Fig. 1B), and we will refer to
this gene set as the “IMYC signature” (see Table S1 for gene lists).
The statistical significance of the overlap indicated that the com-
mon gene expression changes in the iMYC lines were extremely
unlikely to be due to chance. For upregulated genes the p-value
of the overlap was <8.77E-73, and for downregulated genes the
p-value was even more significant at <5E-324. Calculation of the
p-values for pairwise overlaps of all possible combinations is also
shown in Table S2.

To further investigate more complex patterns of gene expres-
sion changes during the immortalization process, microarray data
for the iMYC signature gene set was also analyzed by considering
the expression levels of genes in the HFF-pB cells as the “basal”
level of expression in normal human fibroblasts. Regulation of
each gene in the iMYC signature was then evaluated by mea-
suring expression levels in iMYC cells compared with eMYC
cells and pB cells. K-means clustering analysis of differentially
expressed genes indicated that there were four groups of genes
that clustered the three different types of cells, HFF-pB, eMYC
and iMYC, correctly (Fig. 1C). One set of genes was unchanged
in eMYC cells but downregulated in iMYC cells (Group 1);
another set was upregulated in eMYC cells but not in iMYC cells
where the levels were comparable to pB (Group 2); a third set was
downregulated in eMYC cells, but even further downregulated
in iMYC cells (Group 3). Finally, the fourth group of genes iden-
tified by K-means clustering included all 53 upregulated genes,
which were unchanged in eMYC cells but upregulated in iMYC
cells (Group 4) (Fig. 1C). In summary, this analysis supports the
conclusion that the gene expression profile of iMYC cell lines
identifies these cells as separate entities whether their expression
profiles were compared with empty vector control or to eMYC
cells. These results also indicate that the gene expression changes
detected in the iMYC cell lines did not represent an amplifica-
tion of a c-MYC overexpression signature, but instead constitute
a distinct profile that consistently arises in c-MYC-mediated cell
immortalization.

Disruption of the TGFp signaling pathway in iMYC cells.
Pathway analysis of the iMYC signature was performed for both
the 263 downregulated gene set as well as for the 53 upregulated
genes. A broad overview of the known connections among the
263 downregulated genes based on an Ingenuity curated litera-
ture database (Fig. 2A) indicated that the majority of the genes
are functionally connected. Inspection of the network indicated
that several genes belong to the TGFp signaling pathway, form-
ing a subnetwork (enlarged inset, Fig. 2A). The enrichment for
genes belonging to the TGFR pathway was also verified utiliz-
ing Ingenuity Pathway Analysis canonical pathways (Fig. S1A;
p-value < 3.56E-03). Furthermore, the majority of these genes
were classified in Group 1 and Group 2 in the K-means clustering
analysis, indicating that downregulation of genes in the TGF
pathway occurred only in the iMYC cells.

In addition, other canonical pathways were significantly
enriched in the set of downregulated genes: IL-6 (Fig. S1B;
p-value < 2.55E-04), and IGF-1 receptor signaling (Fig. S1C;
p-value < 8.27E-03). In contrast, pathway analysis of the 53
upregulated genes indicated a single network group of function-
ally connected transcription factors, including KLF2, MEF2C
and several homeobox genes (see Table S1 for complete gene list).
These findings, combined with the statistical significance of the
gene overlap, suggest roles for these genes as possible co-factors
involved in the immortalization of cells by c-MYC.

Because TGFp signaling serves a tumor suppressive func-
tion in early stages of transformation by inducing growth arrest
in premalignant cells,” and, notably, the TGF@B pathway is a
2627 we decided to

focus on this pathway and to validate the microarray results.

well-defined repressor of ¢-MYC expression,

The genes downregulated in the iMYC signature are involved
in both canonical (reviewed in ref. 28) and noncanonical TGFR
signaling.?” These included TGFp receptor 1 (TGFBR1), which
is involved in canonical signaling,?® and betaglycan (TGFBR3),
which is involved in non-canonical signaling;* both receptors
have previously been shown to play potential roles in cancer
(reviewed in ref. 30). Other genes involved in TGF@ signaling
included the accessory protein decorin,® the signaling protein
Smadl,* and the pseudo-receptor BAMBI.** BAMBI was iden-
tified in the group of upregulated genes and therefore did not
appear in the network analysis (Fig. 2A). Altered expression of
these genes suggested that iMYC cells had selected for disruption
of the TGER signaling pathway.

Several of the genes in the TGFB pathway identified in the
iMYC signature were validated by real-time quantitative PCR
(gPCR) (Fig. 2B). The qPCR validated downregulation of TGF

receptors I and III and decorin, as well as upregulation of the

cells set as “1.”

Figure 2 (See opposite page). Downregulation of TGFB pathway genes in iMYC cells. (A) Network analysis of the iMYC signature showed that a

large number of the 263 commonly downregulated genes form a broad functional network as indicated by the connecting lines, each representing

a known literature-based link between the genes (Ingenuity Pathway Analysis database). A color key defining the types of interactions between the
genes is shown. The network centered around the TGFB pathway is enlarged for better visualization and the genes are highlighted in blue to show
direct involvement in TGF signaling or in gray to show indirect association with the pathway. Other major nodes are centered around IL-6 and IGF-1
(schematics of these pathways and the genes that are altered in iMYC cells are shown in Fig. S1). (B) Real-time quantitative PCR (qPCR) analysis of
genes in the iIMYC signature that are involved in TGFf signaling. Two of the three iMYC cell lines (iMYC 1: black bars; iMYC 2: gray bars) that were used
in microarray experiments were used for qPCR validation. Expression levels are normalized to GAPDH and shown relative to expression levels of eMYC
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TGEFR pathway pseudo-receptor BAMBI in two iMYC cell lines
relative to their matched eMYC cells, confirming the findings in
the iMYC signature. In addition, qPCR analysis showed down-
regulation of the TGFP responsive gene PAI-1 (SERPINE1),*
and its related gene protease nexin-1 (SERPINE2),% which had
been identified in the iMYC signature. In order to determine
whether these gene changes were specific to iMYC cells and not
observed in other immortalized populations, we assayed gene
expression levels in HFFs immortalized by hTERT. Compared
with expression levels in eMYC cells, both normal HFFs and
immortalized hTERT HFFs do not show the downregulation of
TGFR pathway genes that is observed in iMYC cells (Fig. S2).

In order to confirm that downregulation of TGF pathway
genes resulted in functional disruption of TGFB-induced signal-
ing, specifically whether TGF would inhibit cell growth, cells
were treated with TGFp1 ligand and assayed for proliferation
as a measure of responsiveness. Cells were counted 2 and 4 d
after addition of ligand. As a cell type control, empty vector pB
HFFs were also treated and assayed similarly; these cells showed
lictle growth inhibition in the presence of TGFB1 ligand, even
at the higher concentration (Fig. 3A). Strikingly, eMYC cells
showed decreased proliferation in the presence of ligand (Fig.
3B), demonstrating the growth inhibition by functional TGF
signaling in this cell population. In contrast, iMYC cells showed
a growth trend similar to control HFFs in the presence of ligand
(Fig. 3C), signifying a loss of responsiveness to TGFf signaling
in comparison to eMYC cells. These data indicate a functional
disruption of the TGFp signaling pathway in iMYC cell lines
and that resistance to TGF@ was acquired during immortaliza-
tion by c-MYC.

The tumor suppressor p27 contributes to inhibitory effects
of TGFB in early c-MYC cells. The TGFB pathway inhibits
cell growth through several known tumor suppressors including
p15,%038 p21,3240 and p27.3% We previously showed that p15 and
p21 expression remained intact in iMYC cells,"” indicating that
loss of sensitivity to TGF signaling was not dependent on these
proteins. Interestingly, we observed that upon treatment with
TGFR1 ligand, p27 protein levels increased in eMYC cells but
remained at basal levels in iMYC cells (Fig. 4A). These data sug-
gest that TGFB-induced growth inhibition in eMYC cells is at
least partly dependent on p27 and that the lack of p27 elevation
in iIMYC cells could explain the lack of growth arrest.

In order to determine whether p27 upregulation was respon-
sible for growth inhibition by TGF in eMYC cells, we knocked
down p27 by siRNA transfection prior to treatment with TGFB1
ligand (Fig. 4B). Upon knockdown of p27, the TGF@-induced
growth inhibition was partially relieved in eMYC cells compared
with cells that were transfected with a non-targeting siRNA con-
trol (Fig. 4C). These data support a key role of p27 in the pro-
liferative inhibition of eMYC cells by TGF@; furthermore, the
disruption of this response in iMYC cells is likely mediated by
the failure to upregulate p27 protein levels in response to TGEP.
It has been shown that TGF signaling prevents proteasome-
dependent degradation of p27,** a finding that is consistent with
our observation that TGFB-induced increase of p27 protein
in iMYC cells is only observed in the presence of proteasomal
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inhibitor (Fig. 4D). Although the toxicity of the inhibitor pre-
vented determination of whether increased p27 sensitized iMYC
cells to TGFB dependent growth inhibition, these results indi-
cate that stabilization of p27 protein in response to TGEFp is
disabled in iMYC cells. Overall, our observations that p27 pro-
tein increased in response to TGFP in eMYC cells and that this
response is lost in iMYC cells strongly suggest a mechanism by
which iMYC cells have bypassed the TGFB growth inhibitory

I‘CSpOIlSC.
Discussion

We have previously shown that constitutive overexpres-
sion of ¢-MYC consistently immortalizes human fibroblasts.
Furthermore, this reproducible phenomenon results in a cell pop-
ulation that shows no gross chromosomal changes that would
indicate crisis events.” The ability of ¢-MYC to immortalize
human fibroblasts isolated from different donors demonstrates
that this is a reproducible phenomenon attributable to ¢-MYC.
Additionally, iMYC cells are distinguishable from their HFF
donor-matched eMYC cells in several aspects, including toler-
ance to intact pl6 and p53 response pathways and epigenetic
downregulation of ARF."” These properties strongly suggest that
overexpression of ¢-MYC may favor and selects for additional
epigenetic changes to bypass replicative lifespan limitations and
oncogene-induced senescence, resulting in immortalization.

In this study, we compared gene expression changes in three
independent iMYC cell lines from their matched eMYC cells and
generated an expression profile common to iMYC cells, which
we referred to as the iIMYC signature. The iMYC signature rep-
resents genes that are candidate co-factors for immortalization
by c-MYC. These co-factors likely cooperate to bypass regulators
of lifespan, including oncogene-induced senescence and apop-
tosis pathways, in immortalization of human cells by ¢-MYC.”
K-means clustering analysis revealed that over half of the down-
regulated genes in the iMYC signature were already downregu-
lated in eMYC cells to some degree (Fig. 1C), suggesting that
regulation of these genes occurred during early stages of c-MYC
overexpression but iMYC cells selected for lower levels of expres-
sion. Perhaps more intriguing are genes downregulated in iMYC
cells that were unchanged or even upregulated in eMYC cells,
as the regulation suggests a selection for decreased expression of
these genes in iMYC cells.

Analysis of individual genes in the iMYC signature showed
that several genes in the TGFB pathway were downregulated,
suggesting that iMYC cells selected for disruption of TGEP sig-
naling. These genes were mostly classified in Groups 1 and 2 of
the K-means clustering (Fig. 1C). The primary receptor TGFf
receptor I and TGFp receptor III were downregulated in iMYC
cells, as were the genes decorin and Smadl. Downregulation of
these genes associated with the pathway and upregulation of the
pseudo-receptor BAMBI suggested additional means through
which TGFp signaling was disabled. Paradoxically, TGF inhib-
its cellular proliferation of pre-malignant cells but promotes
growth and metastasis of established tumors (reviewed in ref. 25).
Indeed, transformed cells often lose sensitivity to TGFB-induced
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Figure 3. Disruption of TGF@ signaling in iMYC cells. (A) Empty
vector control (pB) cells were plated, treated with 0.1 ng/ml or
0.2 ng/ml TGFB1 ligand and counted at 2 d and at 4 d. A growth
curve showing cell number on the indicated days is shown.

(B) eMYC cells were plated and treated as in (A). (C) iMYC cells
were plated and treated as in (A).

growth inhibition,

lated key genes in the pathway. Overexpression of
c-MYC alone does not bypass growth inhibition by TGFf,
as eMYC cells are sensitive to growth inhibitory effects of
activated TGF signaling (Fig. 3B), similarly to what has
been previously observed.” In contrast, iMYC cells have

and many cancers have downregu-
4549

lost sensitivity to TGFp signaling and continue to prolif-
erate despite activation of the TGF@ pathway (Fig. 3C),
suggesting that downregulation of TGFp signaling is key
to the immortalization process. Bypass of TGFB-induced
senescence has previously been shown in mouse kerati-

50

nocytes overexpressing activated v-7a5,>° and we showed

here that the case may also be true for human fibroblasts
immortalized by c-MYC.

TGEFR signaling effects are enforced through mul-
tiple tumor suppressors, including p15,°** which is de-
repressed in the presence of TGFB . Mechanisms of
growth suppression by TGFB independent of pl5 have
been previously observed, via repression of CDC25A°" and
E2F1 ** and activation of p21 and p27.%>* However, iMYC
cells continue to express p15 and p21 7 and therefore the
desensitization of iMYC cells to activated TGF signaling
cannot be attributed to these tumor suppressors. In con-
trast, p27 appeared necessary for maintenance of TGFp-
induced cell cycle arrest in tumor-derived cell lines.”" Here
we demonstrated that levels of p27 protein were increased
in response to TGF only in eMYC cells and not in iMYC
cells and this correlated with the ability of iMYC cells to
bypass TGFB-induced growth inhibition. We also showed
that treatment of iMYC cells with a proteasomal inhibi-
tor resulted in accumulation of p27 after TGF treatment,
indicating a disruption of the TGF response that prevents
degradation of p27. Therefore, the TGFB-induced increase
in p27 protein levels in eMYC cells compared with iMYC
cells can be explained by the inhibition of p27 protein deg-
radation in iMYC cells. Our findings strongly suggest that
p27 contributes to the differential response of eMYC and
iMYC cells to TGEB, and that in iMYC cells the lack of
response to TGFp includes, in addition to the transcrip-
tional downregulation of key TGF@ pathway genes, a fail-
ure to stabilize p27.

Cross-talk between c-MYC and TGFf centered around
p27 has been previously highlighted by the observation
that TGFB directly represses c-MYC>?¢ and this results
in downregulation of CKS1, a transcriptional target of
c-MYC and a co-factor of the E3 ubiquitin ligase SKP2
that targets p27 for proteasomal degradation.”” In addition,
TGEFR has been shown to directly decrease protein levels
of both SKP2 and CKSI, thus stabilizing levels of p27
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protein, which is essential for the growth
inhibition response.® Finally, the direct
connection between TGFR and c-MYC
in regulation of cellular growth is also
underscored by the finding that c-MYC
overexpression enables cancer cells to
bypass the growth arrest induced by
TGFB.% Our results correlate with these
findings and strongly suggest that in
order to continuously proliferate, iIMYC
cells selected for disruption of major com-
ponents of the TGF response, including
loss of the accumulation of p27.

Interestingly, tumor suppressors char-
acteristically disabled in immortalized
cells remain intact in the iMYC popu-
lation. Retention of functional p53 and
p21 enables iMYC cells to activate the
p53-dependent DNA damage response,
which may prevent gross genomic abnor-
malities that would prevent the stable
propagation of the iMYC population.
However, downregulation of ARF in
iMYC cells prevents p53 upregulation
in response to c-MYC overexpression,
thereby inactivating the growth suppres-
sive response to oncogene deregulation.
Therefore, retaining intact tumor sup-
pressors that function in normal cellular
maintenance may be necessary to ensure
survival of the iMYC cell population
and disruption of the TGFR pathway is
likely an alternative mechanism to avoid
growth inhibition.

Genes regulated by c-MYC have been
well-defined previously in reference 58.
Here, we focused on genes that are associ-
ated with c-MYC-dependent extension of
lifespan, which may include both direct
as well as indirect effects of stable over-
expression of c-MYC. In addition to the
TGFR pathway, the signature identifies
additional candidate genes that may be
significant in later stages of tumor pro-
gression or that may contribute to c-MYC
function in facilitating establishment of
pluripotent stem cells.”” In this respect, it
is interesting that the upregulated genes
in the iIMYC signature included sev-
eral transcription factors, among these
Kruppel-like factor 2 (KLF2), myogenic
factor 2C (MEF2C) and several homeo-
box genes (MSX1, DLX1 and 2), which
are functionally connected in the myo-
genic cell lineage. While the potential
roles of these transcription factors in the
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Figure 4. p27 protein turnover contributes to the differential growth response of eMYC and iMYC
cells to TGFp. (A) Western analysis of protein lysates from empty vector control (pB), eMYC (MYC)
and iMYC (iMYC) cells treated with TGFB1 ligand. Levels of p27 and GAPDH are shown. (B) Western
analysis of protein lysates from empty vector control (pB) and eMYC (MYC) cells transfected with
either non-targeting siRNA (-) or against p27 (+). Levels of p27 and GAPDH are shown. (C) eMYC
cells transfected with siRNA against p27 were plated 24 h after transfection, treated with 0.1 ng/
ml TGFR1 ligand and counted at 3 d after treatment. Levels of growth in TGFB1-untreated and
treated cells are shown relative to levels of growth in eMYC cells transfected with control siRNA
and treated with ligand. (D) Western analysis of protein lysates from empty vector control (pB),
eMYC (eMYC) and iMYC (iMYC) cells treated with TGFB1 ligand, MG132, or both 2 h prior to protein
harvest. Levels of p27 and GAPDH are shown.
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self-renewal capacity of iMYC cells remain to be established, it is
intriguing that a transcription factor of the same class, KLF4, is
one of the known combination of four genes that enables induction
of pluripotency of human fibroblasts.® It is tempting to speculate
that c-MYC overexpression may prevent differentiation, promot-
ing self-renewal and thus immortality of mesenchymal stem cells
existing in the initial HFF populations. As self-renewal, immor-
talization and lack of differentiation are crucial features of tumor
formation, elucidating pathways that cooperate with oncogenes
to extend cellular lifespan could provide new clues to this process
as well pinpoint relevant therapeutic targets.

Materials and Methods

Cell culture. Human foreskin fibroblast cell lines express-
ing empty vector pBABE or vector with gene sequence encod-
ing ¢-MYC were previously described in reference 17. Cells
were cultured in Dulbecco’s modified eagle medium (DMEM)
supplemented with 10% fetal bovine serum and penicillin-
streptomycin. For cell growth assays, equal number of cells per
cell line were plated and counted on the specified days after
plating.

Microarray analysis. Total RNA was purified using an
RNeasy kit (Qiagen, Valencia, CA). Genome-scale expression
analysis was performed using custom microarrays (Affymetrix,
Santa Clara, CA) containing oligonucleotide probes correspond-
ing to approximately 22,000 human genes. Microarray analysis
was performed as described in reference 61. Data were analyzed
using Rosetta Resolver™ software. We determined a p-value cut-
off of 0.01 for genes in all three samples. Upon publication of
this manuscript, microarray data will be available in GEO (www.
ncbi.nlm.nih.gov/geo/info/linking.html), under accession num-
ber GSE31002.

iMYC signature analysis. Fifty-three upregulated genes
and 263 downregulated genes were listed and input into the
Ingenuity Pathways Analysis program (Ingenuity, Redwood City,
CA) and analyzed for functional categorization and network
associations.

References 8. Belletti B, Nicoloso MS,

Real-time quantitative PCR. Cellular RNA was isolated with
Trizol (Invitrogen) and purified using RNeasy Mini Kit (Qiagen,
Valencia, CA). RT reactions were performed using Superscript
IT (Gibco, Carlsbad, CA) and random hexamers (Invitrogen).
Real-time quantitative PCR was performed using Tagman Gene
Expression Assays (Applied Biosystems, Foster City, CA) spe-
cific for the genes tested. Expression levels were normalized to
GAPDH control.

Protein gel blotting. Preparation of whole-cell lysates and
Protein gel blotting were performed as previously described in
reference 62. Equal amounts of protein (10-30 pg) per sample
were loaded onto pre-cast NuPAGE gels (Invitrogen, Carlsbad,
CA), transferred to PVDF membrane and probed with antibod-
ies to p27%*! (Clone 57, BD Biosciences, San Jose, CA), actin
(I-19, Santa Cruz Biotechnology, Santa Cruz, CA) and GAPDH
(ab8245, Abcam, Cambridge, MA). For samples treated with
MG132, MGI132 was administered to a final concentration of
10 ng/ml 2 h prior to harvest.

siRNA transfection. ONTARGETplus non-targeting siRNA
or ONTARGETplus SMARTpool siRNA against CDKNI1B/
p27 (Dharmacon, Lafayette, CO) were transfected using the
Lipofectamine RNAIMAX reagent (Invitrogen, Carlsbad, CA).

TGEFB treatment. Recombinant human TGEBRl (R&D
Systems, Minneapolis, MN) was resuspended in HCI/BSA as
directed and added to cells for a final concentration of 0.1 ng/ml
or 0.2 ng/ml.
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