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Abstract

MY C overexpression has been implicated in the pathogenesis of most types of human cancers.
MY C is likely to contribute to tumorigenesis by its effects on global gene expression. Previously,
we have shown that the loss of MY C overexpression is sufficient to reverse tumorigenesis. Here,
we show that there is a precise threshold level of MYC expression required for maintaining the
tumor phenotype, whereupon there is a switch from a gene expression program of proliferation to
a state of proliferative arrest and apoptosis. Oligonucleotide microarray analysis and quantitative
PCR were used to identify changes in expression in 3,921 genes, of which 2,348 were down-
regulated and 1,573 were up-regulated. Critical changes in gene expression occurred at or near the
MY C threshold, including genes implicated in the regulation of the G1-S and G,-M cell cycle

© 2008 American Association for Cancer Research.

Requests for reprints: Dean W. Felsher, Division of Oncology, Department of Medicine, Stanford University School of Medicine, 269
Campus Drive, Stanford, CA 94305. Phone: 650-498-5269; Fax: 650-725-1420; dfelsher@stanford.edu.

C.M. Shachaf and A.J. Gentles contributed equally to this work. S.K. Plevritis and D.W. Felsher are cosenior authors.

Note: Supplementary data for this article are available at Cancer Research Online (http://cancerres.aacrjournals.org/).

Disclosure of Potential Conflicts of Interest
O. Perez: employment, Nodality; consultant, BD Biosciences; patents related to phospho-flow technology. D.W. Felsher: consultant/
advisory board, Cell Biosciences. The other authors disclosed no potential conflicts of interest.


http://cancerres.aacrjournals.org/

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Shachaf et al.

Page 2

checkpoints and death receptor/apoptosis signaling. Using two-dimensional protein analysis
followed by mass spectrometry, phospho-flow fluorescence-activated cell sorting, and antibody
arrays, we also identified changes at the protein level that contributed to MY C-dependent tumor
regression. Proteins involved in mRNA translation decreased below threshold levels of MYC.
Thus, at the MYC threshold, there is a loss of its ability to maintain tumorigenesis, with associated
shifts in gene and protein expression that reestablish cell cycle checkpoints, halt protein
translation, and promote apoptosis.

Introduction

MY C is a transcription factor involved in the regulation of thousands of genes, binding to
more than 15% of human promoters (1-4). Recent reports have shown that MYC plays a
critical role in modifying chromatin structure and binds to specific modifications in the
DNA (5, 6). MYC is overexpressed in the majority of human cancers, suggesting that it
commonly plays a role in the pathogenesis of neoplasia (1-3). We and others have used
conditional transgenic model systems to show that the suppression of MY C overexpression
is sufficient to induce sustained tumor regression in different model systems (7-13). The
consequences of MYC inactivation in different tumors have shared certain common features
most notably that on MYC inactivation tumors variously undergo proliferative arrest,
differentiation, and apoptosis.

MY C has been generally presumed to induce tumorigenesis through its effects as a
transcription factor. We hypothesized that there may be a threshold level of MYC
expression required to maintain a tumor phenotype. At this threshold, there would be
specific changes in gene and protein expression that would define the ability of MYC to
function as an oncogene. To address this possibility, we titrated the levels of MYC
expression in our conditional tumor model of MY C-induced lymphoma by treating cells
with different concentrations of doxycycline. Changes in gene expression were measured by
oligonucleotide microarray analysis, quantitative PCR, and changes in protein expression by
two-dimensional protein gels, mass spectrometry, and antibody arrays. Phosphorylation
changes in proteins were measured by Phospho-Flow. We identified a specific level of MYC
required to maintain tumorigenesis and that this is associated with a switch from a cellular
state of proliferation to a state of arrest and apoptosis.

Materials and Methods

Transgenic mice

Histology

The “Tet system” was used to generate transgenic mice that conditionally express the human
MYC cDNA in T-cell lymphocytes, as previously described (9, 14). Tumorigenesis
experiments were performed as previously described (13).

Tissues were fixed in 10% buffered formalin and embedded in paraffin. Sections (5 pm)
were stained with H&E.
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Terminal deoxynucleotidyl transferase—mediated dUTP nick end labeling assay

Apoptotic cells were detected by the terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling assay in situ death detection kit (Roche Diagnostics) as described by
supplier. Cells were counterstained with 4/,6-diamidino-2-phenylindole (Vector
Laboratories).

Proliferation assay

Cells were grown in their respective medium requirements and cultures were pulsed with 0.1
mmol/L bromodeoxyuridine (BrdUrd) for 1 h. Cells were collected and fixed with 70%
ethanol and stained for BrdUrd incorporation according to the manufacturer’s instructions
(BD PharMingen).

Microarray analysis

For gene expression profiling, 50 pg of total RNA from each cell line and 50 g of pooled
sample reference mRNA (derived from the experimental samples at different concentrations
of doxycycline treatment) were differentially labeled with Cy5 and Cy3, respectively, and
cohybridized to Stanford MEEBO oligonucleotide microarrays according to standard
protocols.8

Microarrays were gridded and processed using TIGR SpotFinder version 3.11.9 Threshold
for spot inclusion was set at background + 2 SDs. Approximately 8% of spots were flagged
as bad and were excluded from further analysis. Spots with signal-to-noise ratio greater than
two were background checked, and integrated intensities were normalized using TIGR
Midas version 2.19. Intensities were corrected using local block Lowess normalization, and
SD regularization was performed within and across slides. Finally, a low intensity filter was
applied (minimum integrated intensity of 20,000 in both channels). Expression data were
converted to log, ratios using TIGR MeV, median centered by array.

To identify genes differentially expressed below/above threshold, we grouped them,
excluding the array at MY C threshold (doxycycline, 0.05 ng/mL), and used the two class
unpaired analysis option of significance analysis of microarrays (SAM). The false discovery
rate (FDR), which estimates the proportion of genes identified as significant by chance, was
adjusted to ~5%. Significant networks were identified by supplying to IPA the list of
significant SAM genes, together with their mean fold change.

Quantitation of mMRNA by real-time PCR

Total RNA was extracted and purified using Trizol reagent (Invitrogen). After DNase |
digestion (Invitrogen), 2 ug of total RNA were reverse transcribed by SuperScript Il reverse
transcriptase (Invitrogen) according to the manufacturer’s protocol. Real-time PCR analysis
was carried out on an ABI Prism 7900HT system (Applied Biosystems) using SYBR Green
(Stratagene). Standard curves were generated by a serial dilution of cDNA pooled from all

8http://WWW.microarray.org/doc/protocoI/H EEBO%20Array%20Hyb%20protocol%20%20(SOP)-B-1.doc
9http://www.tmzl.org
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RNA samples. Each mRNA is normalized to that of ubiquitin. Results were visualized using
TreeView (Eisen).

Immunodetection

Results

Cell extracts were prepared by washing 2 x 106 cells in ice-cold PBS and harvesting in lysis
buffer [20 mmol/L Tris (pH 7.5), 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA,
1% Triton X-100, 2.5 mmol/L NayPOy4, 1 mmol/L h-glycerolphosphate, 1 mmol/L NagVOy,
1 pg/mL leupeptin, 1 mmol/L phenylmethylsulfonyl fluoride, protease inhibitor cocktail
tablet (Boehringer Mannheim)]. Extracts were immuno-blotted using standard procedures.

Threshold level of MYC expression is required to maintain tumorigenesis

Conditional overexpression of MYC using the tetracycline regulatory system (Tet system)
drives development of T-cell lymphomas in FVB/N mice, as we have previously described
(8). Notably, we found that the tumors arising in these mice express MY C protein levels
similar to that expressed in human Burkitt’s lymphoma—derived tumor cell lines and at
higher levels than in proliferating EBV-transformed normal human lymphocytes (Fig. 1A;
Supplementary Fig. S1A and B). We conclude that in our tumor model system MYC is
expressed at levels that approximate those seen in Burkitt’s lymphoma.

Previously, we and others have described that the suppression of MY C overexpression is
sufficient to result in sustained tumor regression (7, 9-11, 14-16). To interrogate the precise
level of MYC overexpression required to maintain tumorigenesis in vivo, we transplanted
transgenic tumors into syngeneic hosts and then titrated levels of MYC expression in tumors
by providing the mice different concentrations of doxycycline in their drinking water. We
confirmed that in this way we could titrate the level of MYC protein expression (Fig. 1B;
Supplementary Fig. S1C). Importantly, tumors in mice regressed when they were treated
with >0.1 ug/mL doxycycline in their drinking water, although the MYC transgene
continued to be detectably expressed as measured by Western blot analysis, whereas tumors
continued to grow in mice administered <0.05 pg/mL doxycycline (Fig. 1C). Expression of
transgenic MY C was up to 30 times higher than that of endogenous MYC, as measured by
quantitative PCR (data not shown). To measure the serum concentration of doxycycline, a
Tet system luciferase reporter cell line was used (Supplementary Fig. S2). The measured
luciferase activity was then used to determine serum doxycycline concentration. The plasma
concentration of doxycycline in mice was 0.2 ng/mL when the tumors regressed,
corresponding to 0.05 pg/mL in their drinking water. Thus, partial inhibition of MYC
expression can induce tumor regression.

Similarly, we found that we could titrate the level of expression of MYC in vitro to study
how the level of MY C inhibition affects tumor regression (Fig. 2A; Supplementary Fig.
S1D). Levels of MYC expression correlated with the protein expression of known MYC
target genes, odc and cyclin D1 (Supplementary Fig. S1E). We found that at a specific level
of doxycycline in vitro (0.05 ng/mL) and associated MY C expression, tumor cells ceased to
proliferate (Fig. 2B), exhibited reduced rates of DNA synthesis as measured by BrdUrd
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incorporation (Fig. 2C), underwent apoptosis as measured by Annexin V/7-
aminoactinomycin D (7AAD) stain (Fig. 2C), and exhibited reduced cell size (Fig. 2D). We
concluded that there is a threshold level of MY C expression at which tumor cells lose their
neoplastic properties and undergo proliferative arrest and apoptosis.

Changes in gene expression programs at MYC threshold levels

Global changes in gene expression were measured in MY C-induced tumor cells at precise
levels of MYC expression by treatment with different doxycycline concentrations. Most
significant changes in gene expression following complete MY C inactivation occurred
within 24 h (Fig. 3A). Gene expression was measured at different levels of MYC expression
after 24 h of doxycycline treatment using mouse MEEBO oligonucleotide microarrays. Data
are available in Gene Expression OmnibusO under accession GSE10200. To identify
discreet binary step changes in gene expression, microarray data were analyzed by
StepMiner (Fig. 3B; ref. 17). We identified 1,863 probes that were up-regulated in the
titration series, whereas 2,069 were down-regulated (FDR = 0.17). Notably, the number of
down-regulated genes peaked at, or just below, the MYC threshold level with doxycycline
treatment of 0.05 ng/mL (Fig. 3C).

To investigate changes in expression of known MYC target genes, we compared our data to
1,697 genes annotated in the MYC Target Gene Database (18, 19). The array data contain
1,445 probes, corresponding to 937 unique MYC target genes. Four hundred and two had a
statistically significant binary transition in expression level (StepMiner; P = 0.05). Three
hundred and fourteen MY C target genes were down-regulated during progressive MYC
inactivation, whereas 88 were up-regulated. The changes in MYC targets at varying MYC
expression levels are shown along with their gene symbols (Supplementary Table S1).
Major changes in transcriptional activity occurred up to the 0.05 ng/mL doxycycline
treatment, thus supporting the existence of a MY C threshold at the gene expression level.
Our results were then compared with a set of 756 direct MYC targets in human B cells (20).
Five hundred and forty-one of our probes mapped to those genes and 423 (79%) probes
showed the same change correlating with MY C expression (induction or repression) in both
studies. The ability of MYC to alternatively induce or repress a target gene in a tissue- and
species-specific manner has been observed previously (11, 15, 21-29).

To validate our microarray data, the mMRNA expression levels of 43 genes known to be
regulated by MY C were quantified using real-time quantitative PCR (Fig. 3D). A strong
correlation was found between levels of MYC expression and known MY C targets (cdc25,
cadl, odc, cad, cull, elfde, gpat, tfrc, fkbp 53, p16ink4, dhfr, nup120, e2f1, and bap).
Notably, all of these genes also exhibited significant step decreases in expression at 0.05 to
0.06 ng/mL doxycycline treatments corresponding to the MY C expression threshold
required to maintain a neoplastic phenotype. Thus, gene expression levels measured by
microarray analysis correlated well with real-time quantitative PCR (Supplementary Fig.
S3).

10http://www.ncbi.nlm.nih.gov/geo/
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Ingenuity pathway analysis identifies an interaction network connected to MYC

To identify gene expression programs that formed a MYC interaction network, we used
Ingenuity Pathways Analysis (IPA; Ingenuity Systems, Inc.). SAM (30) was used to identify
1,573 probes for genes that were up-regulated, and 2,348 probes that were down-regulated,
when MY C expression decreased below threshold, with a FDR of ~5%. These represent
7.7% and 11.7% of the measured probes (22,039), respectively. We then constructed a
network of 127 genes downstream of MYC using IPA. These genes were organized
according to the subcellular localization of their products (Supplementary Fig. S4). The
network of 127 genes was annotated by IPA as relevant to apoptosis (P = 5.1 x 10721), cell
growth (P = 4.5 x 1079), and proliferation (P = 4.9 x 10~1%). In addition, cell cycle function
was prominent, including regulation of Gy phase (P = 2.3 x 10713), S phase (P = 5.9 x
10713), cell division (P = 1.8 x 10712), and G, phase (P = 3.3 x 10711). Interestingly, MYC
inactivation directly affects protein synthesis (P = 1.2 x 10712) by reducing expression of
ribosomal protein genes. Thus, we were able to identify a MYC interaction network.

MYC inactivation induces a shift in transcriptional programs affecting the cell cycle and

apoptosis

By analyzing only genes whose changes in expression were found to be significant through
SAM analysis, we were able to use IPA to identify 35 gene networks, characterized by
highly connected genes (“hubs”), and processes associated with them (Table 1). These
networks were broadly perturbed in MY C-overexpressing proliferating tumor cells
compared with cells where MYC levels are insufficient to maintain proliferation.
Importantly, our approach enabled us to identify both direct and indirect effects of MYC
inactivation that would not necessarily correlate with levels of MY C expression.

Gene networks specifically connected with cellular proliferation and transformation were
differentially activated below/above the defined MY C threshold. The most significant
networks were associated with MY C itself, the retinoblastoma tumor suppressor gene Rbl,
and the H-Ras oncogene (networks 1, 7, and 8; Table 1). We observed that as MYC drops
below threshold, an increased expression of Rb1 and reduction in H-Ras expression
occurred. Several networks were enriched for genes anticipated to be significant in
maintaining cell growth and replication. These included several small nuclear ribosomal
proteins (network 5; Table 1), eukaryotic translation initiation factor (EIF) family
transcription factors involved in mRNA metabolism (network 14; Table 1), transcriptional
and proteasome regulation (network 15), as well as components of RNA polymerase Il
(network 25). All of these groups of genes were found to be substantially down-regulated as
a result of decreasing MYC levels. The networks identified by IPA involved genes crucial
for cell cycle control, and their downstream effectors. Specifically, several cell cycle
regulators of the G4-S transition were found to be significant hubs of networks 15 and 23,
including Cdknlb (p27) and Cdkn2a (p16), and Cdk4 was found to be a hub of network 29,
involving control of cell cycle G1-S phase progression. Components of the signalosome
complex, which regulate the ubiquitin conjugation pathway, were down-regulated in tandem
with changes in cyclin-dependent kinases (Cdks). Multiple other components of the
proteasome and members of the EIF transcription factor families were also down-regulated.
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Therefore, restoration of cell cycle checkpoints seems critical for the consequence of MYC
inactivation.

Gene expression networks involved in apoptosis were also identified, including the Bcl2
pathways, Bcl211, Cycs cytochrome c, caspase-8, caspase-9, and the Bcl2-associated factor
X, Bax (networks 2 and 16). The changes in gene expression of the Bcl2 hub correlate with
the significant increase in apoptosis found when MYC levels decrease below threshold. The
tumor necrosis factor (TNF) receptor subunit 1b (Tnfrsflb; CD120b antigen) is up-regulated
as MYC levels decrease in contrast to what might be anticipated. Tnfrsflb blocks TNF-a—
induced apoptosis (hub of network 31). Therefore, increased apoptosis following MYC
inactivation is probably induced through the Bcl2/Bax pathway and not through the TNF
pathway.

Finally, StepMiner was used to visualize transitions in expression levels in the death
receptor/apoptosis and cell cycle pathways (Fig. 4A and B). Genes central to cell cycle
control, including Rb1, Chek2, Ccnd3, and Suv39h1, were up-regulated early on initial MYC
inactivation (Fig. 4A). Approaching the MYC threshold, G1-S phase inhibitory genes,
Top2a, Hdac4, Mdm?2, Btrc, and Cdc25b, were up-regulated, whereas transcription factor
DP1 (Tfdpl), Cdk4, and E2f6 were down-regulated. At the MY C threshold, Cdknlb (p27
protein) and Gadd45a (inhibitor of Rb pathway) were up-regulated. On initial MYC
inactivation, induction of genes involved in apoptosis and death receptor signaling was
evident (Fig. 4B). Casp6 was up-regulated already at 0.01 ng/mL doxycycline treatment.
Apoptosis and death receptor signaling genes, such as Rockl, Casp8, Mapk3, and Daxx,
increased more prominently as MY C levels decreased, whereas Cycs, Parpl, and Pdcd8
genes decreased. We also observed that initial MY C inactivation down-regulated Bcl2. At
threshold, Bcl211 was up-regulated, whereas expression of Bax was down-regulated. Hence,
we have established that there are distinct step changes in the expression of gene
transcriptional programs, critically related to proliferation and apoptosis, which occur as
MY C is progressively inactivated.

Multimodal proteomic analysis of the effect of MYC inactivation

We determined if changes in gene expression also reflected changes in protein expression.
Evaluation of proteomic changes was performed using multiple approaches, including two-
dimensional PAGE and mass spectrometry, antibody arrays, and phospho-flow
fluorescence-activated cell sorting (FACS) analysis.

Total proteins were separated from cells expressing different levels of MYC by two-
dimensional PAGE (Fig. 5A). Changes in the intensity of the protein spots were analyzed
using PDQuest (Bio-Rad Laboratories). We analyzed the data in three groups: MYC ON,
comprising MY C-overexpressing cells treated with 0, 0.01, 0.02, and 0.03 ng/mL of
doxycycline; threshold (0.04, 0.05, and 0.06 ng/mL of doxycycline); and MYC OFF (0.07,
0.08, 0.09, and 20 ng/mL of doxycycline). We identified 196 + 12 matched spots for the
MYC ON group, 213 * 19 for the threshold group, and 194 + 11 spots for the MYC OFF
group. One hundred and twenty-eight protein spots were analyzed by mass spectrometry.
Some of the spots were analyzed in replicates from the three groups to validate the image
analysis. Quantitative changes for 40 proteins identified by mass spectroscopy were
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visualized using StepMiner (17). The 26S proteasomal regulatory protein 7 and SUMOL1,
both of which are involved in protein degradation, were up-regulated. Coroninl and copper
zinc superoxide dismutase (CuZn SOD) affect cell motility and were up-regulated before
MYC levels reached threshold. Changes in protein disulfide isomerase A3 precursor, nuclear
migration protein, HSP71, polyadenylate binding protein, EIF5a, and y enolase proteins that
are expressed when cells are undergoing cellular stress occurred when MYC levels reached
threshold. As MYC levels decreased below threshold, changes occurred in several genes that
are known to regulate cellular proliferation, including Tom34, EIF, CAAT binding protein,
and EF2 (Fig. 5B).

Changes in protein expression were compared with gene expression levels. Coroninl, Eif5a,
Eflal, C/EBP-{, and EF2 changed in the same direction. On the other hand, SUMO1 (which
degrades cyclins) and CuZn SOD were discordant. Hence, there seem to be
posttranscriptional modifications occurring in addition to the expression level effects
induced by MYC inactivation. In addition, even if we determined that mRNA levels have
stabilized after 24 h of treatment, changes in protein abundances need not necessarily occur
on exactly the same time scale.

Antibody arrays were used to analyze changes in the expression of cell surface proteins
(Supplementary Materials and Methods and Supplementary Fig. S5). The T-cell lymphomas
derived from the EuSra-tTA/Tet-O-MYC mouse model are CD4/CD8 double-positive cells.
During normal T-cell development, CD4/CD8 double-positive cells differentiate into single
CD4" or CD8* cells. Changes in surface markers during normal lymphoid cell
differentiation have been studied and characterized extensively. Based on these studies, we
analyzed changes in several surface protein expression following MY C inactivation.
Similarly to what is observed in normal T-cell differentiation, we found that MYC
inactivation decreased the expression of CD4, CD8, CD28, CD44, CD45, CD71, CD90,
CD138, and Mac3; increased the expression of CD3e, CD5, and CD29; but did not induce
changes in CD3, CD9, CD24, CD31, CD47, and TCRa-3 expression (Supplementary Fig.
S5A). Reevaluation of these results by FACS revealed that the strongest correlation was
between decreasing MYC levels and an increase in CD5 expression (Supplementary Fig.
S5B). We specifically assessed changes of CD4 and CD8 expression, but no significant
change from double-positive cells to single-positive cells was noted. Changes in both CD3e
and CD5 surface protein expression levels correlated with the gene expression
(Supplementary Table S4). CD44 surface protein increased as a result of MY C inactivation,
but different array probes for CD44 gene transcripts showed both up-regulation and down-
regulation. A decrease in CD8a/b and CD28 surface protein levels was accompanied by an
increase in their gene expression.

We investigated if MY C inactivation affected protein phosphorylation using phospho-flow
FACS analysis (31-33). The states of phosphorylation of 56 phosphoproteins were
examined 24 and 36 h after MYC inactivation (Supplementary Fig. S6). The
phosphorylation of Lck, Ikka, and p38 increased already after 24 h of MYC inactivation and
Vav, Erk1/2, Mek, Stat3, and cRaf phosphorylation increased after 36 h. An increased level
of phosphorylated VVav was reflected in the expression level of the Vavl gene
(Supplementary Table S2). For p38 (Mapk14), levels of phosphorylated protein increased,
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but gene expression decreased. However, expression of Dpp4 (CD26), an upstream effector
of p38 phosphorylation, became up-regulated during MY C inactivation. Changes in the
upstream activator may account for increases in phosphorylated p38 even if absolute levels
of p38 decreased. The genes encoding Rafl, Stat3, and Mek showed no clear pattern of
change in their expression. Thus, suppression of MYC expression was accompanied by
changes in protein signaling.

Discussion

Here, we report that there is a precise threshold level of MY C expression that is required to
maintain a neoplastic state in murine MY C-driven lymphomas. At this threshold, there was a
change in the transcriptional program from one supporting proliferation to one promoting
arrest and apoptosis. The level of MY C expression required to maintain oncogenic cell
proliferation was significantly lower than the level seen in the human tumor cell lines we
examined but higher than the level observed in normal proliferating lymphocytes. Hence, we
conclude that in our tumor model system there is a precise threshold level of MYC
expression required to maintain a transcriptional program that supports tumorigenesis.

A multitude of genes critical to cellular proliferation, cell cycle checkpoints, and apoptosis
changed around this critical threshold level of MYC expression. Specifically, we observed
the up-regulation of Rb1 consistent with cell cycle progression through the G1-S phase
being blocked. In addition, the transcription factor Tfdpl (DP1) was down-regulated as
MYC levels decrease, associated with the up-regulation of Chek2. Hence, it seemed that,
below the threshold, cells were now able to restore cell cycle checkpoint controls associated
with proliferative and growth arrest. MY C seems to orchestrate the regulation of gene
products that coordinate whether a cell chooses to undergo cellular proliferation or
apoptosis, as globally illustrated through IPA analysis (Supplementary Fig. S4).

There are several key future questions to address. First, it remains to be seen if in general
tumors exhibit a threshold level of MY C expression required to sustain tumorigenesis. It
will be important to identify if a similar threshold effect occurs in different types of tumors
that do or do not exhibit MYC overexpression and/or genomic abnormalities in the MYC
locus. It is important to note that it is well known that MYC levels are highly heterogeneous
in tumors and that even in tumors with genomic amplification or translocation of the MYC
locus the levels of MYC expression are highly variable (34). Thus, the threshold level of
MYC may be different in different tumors, may depend if MYC is activated through
genomic amplification/chromosomal translocation versus epigenetic dysregulation of
expression, and may depend if MYC overexpression is an early or late event in
tumorigenesis, or the particular context of genetic events. Another important question is
whether changes in expression levels reflect the behavior of all cells, or whether we are
observing a shift in the distribution of cells in different states of proliferation/apoptosis.
Although we cannot resolve this issue using population-level methods, such as microarrays,
single-cell flow cytometry measurement of BrdUrd incorporation indicated a sharp drop in
the proportion of proliferating cells at the same titration point as expression levels suggested
that individual cells were shifting from a program of proliferation to apoptosis. Furthermore,
when MY C is completely inactivated, 98% of the changes in gene expression occurred by
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24 h of treatment. Thus, the “threshold” MY C level apparently defines the ability of most of
the cells to maintain their neoplastic state. Regardless, further investigation will be required
to determine whether there are subpopulations that escape the consequences of MYC
inactivation.

We found critical changes in gene expression at the MY C threshold. Many of the changes
we observed as a result of changes in the MYC expression level concur with many previous
reports (20). However, we found discrepancies that may reflect tissue specificity and/or
alternative splicing. A similar effect was seen by Chen and colleagues (20), who found that
expression of a gene could be positively or negatively correlated with MYC levels
depending on cell type. Most notably, Lawlor and colleagues identified genes that were
consistently up-regulated or down-regulated in concert with MY C levels. In particular, they
proposed a set of 10 direct MY C target genes that are necessary for tumor maintenance in
their mouse model. Of these, Dap, Eifebpl, S6gamnac4, and BC037006 seem to be
necessary for tumor maintenance in our MY C-induced lymphoma model. We have also
examined gene expression changes as a result of MYC inactivation, followed by
reactivation, in a murine osteosarcoma model.11 In both that study and the present one,
MY C was found to globally regulate ribosomal proteins, as has been described before (35,
36). The similarities observed in the osteosarcoma and lymphoma systems are interesting.
However, the consequences of MY C suppression are markedly different in the tumor types.
MY C-induced lymphomas arrest, differentiate, and undergo apoptosis on MYC inactivation.
In contrast, osteosarcomas arrest, differentiate, or senesce on MYC inactivation. When
MY C is reactivated, either the osteosarcomas die or the tumorigenic properties are restored
(9, 37).

A unique feature of our study is that we combined genomic analysis with an unbiased
proteomic analysis using several methods. We found by two-dimensional PAGE significant
changes in the cellular program regulating proliferation versus apoptosis at the MYC
threshold (Fig. 5). Notably, E2F family member protein levels changed, as did gene products
that are well known to play a major role in the regulation of G4-S transition in the
mammalian cell cycle through their regulation of transcriptional targets, including cyclins,
Cdks, checkpoint regulators, and DNA repair and replication proteins (38). Additionally, we
examined changes in 56 phosphoproteins during MY C inactivation using PhosphoFlow (31—
33). Curiously, only a few changes were seen in the phosphoproteins analyzed
(Supplementary Fig. S6). Finally, using antibody arrays, we found evidence consistent with
the notion that MY C inactivation induces differentiation of lymphomas into more mature
lymphocytes (Supplementary Fig. S5). Significantly, some but not all changes at the protein
level were reflected in our gene expression data. The most likely explanation is that there are
posttranscriptional effects that influence the outcome that will require further experimental
dissection. It has been shown recently that, in T-cell lymphoblastic leukemia, NOTCH1
directly regulates MY C in a feed-forward transcriptional network (39).

11¢-H. Wu, D. Sahoo, C. Arvanitis, N. Bradon, D. Dill, D. W. Felsher. Combined analysis of murine and human microarrays and
ChlIP analysis reveals genes associated with the ability of MYC to maintain tumorigenesis. PLOS Genetics. In press 2008.
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Our results show that there is a threshold level of MYC required to maintain a tumor
phenotype. At this critical threshold level of MY C expression, there is a marked change in
the global cellular program from cellular proliferation to proliferative arrest and apoptosis.
Importantly, we performed both a gene expression—based analysis as well as a proteomic
analysis to identify genes and proteins that may be useful as biomarkers for indicating tumor
status. A crucial future direction will be to investigate how different levels of MYC
expression influence gene expression and outcome as well as whether this occurs because of
different levels of promoter occupancy. Most importantly, we plan to investigate if human
tumors also exhibit a threshold level of oncogene expression to maintain tumorigenesis. Our
results provide a first glimpse, suggesting that, at least in some cases, partial suppression of
the level of MYC overexpression may be sufficient to induce a clinical effect on a tumor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MY C expression of murine transgenic tumors and human Burkitt’s lymphoma. A, Western

blot analysis of MYC proteins in EuSra-tTA MYC transgenic mice tumors (6814, 6816,
5720, 966, and 6780), Burkitt’s lymphomas (Daudi, Raji, and Jujoye), and normal EBV-
transformed lymphocytes (KRA, KRB, and GM). B, mice transplanted with EuSra-tTA
MY C tumors express varying levels of MYC when treated with different concentrations of
doxycycline in their drinking water from 0 to 0.5 ug/mL. MYC expression was measured by
Western blot analysis. C, EuSra-tTA MYC tumors transplanted in mice respond
differentially to varying levels of doxycycline treatment. Mice were treated with
doxycycline in their drinking water (0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.5, and 100 pg/mL) and
tumor regression was measured. Changes in tumor size are indicated as percent of original
tumor size. See Supplementary Fig. S1 for quantitations.
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Figure 2.
A specific level of MYC expression correlates with proliferation, death, and cell size. A,

MY C-expressing tumor cells grown in tissue culture were treated in culture with different
concentrations of doxycycline (0.01-20 ng/mL). MYC expression was analyzed by Western
blot. The expression of the MY C target genes odc and cyclin D1 are also shown. B, cells that
express decreasing levels of MY C have lowered growth rates. Cells were plated at the
density of 0.2 x 10%/mL and counted every 6 h. C, cells with decreasing levels of MYC have
lowered rates of proliferation and arrest when cells express a threshold level of MYC (#).
Cells were treated with BrdUrd for 1 h in the tissue culture medium and analyzed for
BrdUrd incorporation by FACS using an anti-BrdUrd antibody. @, cells with decreasing
levels of MYC increase the level of cell death at the threshold level of MY C expression.
Apoptosis was measured by FACS for the incorporation of Annexin V and 7AAD. Cells that
incorporated both Annexin V and 7AAD were considered as undergoing apoptosis. D, cells
with decreasing levels of MY C cease to divide and decrease in size. Cell numbers were
counted in culture and cell size was measured using forward scatter by flow cytometry.
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Figure 3.
MY C inactivation induced changes in gene expression. A, changes in gene program

following MY C inactivation are complete after 24 h of MYC inactivation; EuSra-tTA

MY C-expressing tumor cells were treated with 20 ng/mL doxycycline. Cells were analyzed
for changes in gene expression at 6, 12, 18, 24, 30, and 38 h following treatment by cDNA
microarray. Temporal changes in gene expression were analyzed using StepMiner (P <
0.05). B, changes in gene expression for different levels of MYC inactivation after 24 h.
EuSra-tTA MY C-expressing tumor T cells were treated with increasing concentrations of
doxycycline (0.01-20 ng/mL). The tumor cells were analyzed for changes in gene
expression after 24 h of treatment using mouse MEEBO oligonucleotide microarrays. Step
changes in gene expression were determined using StepMiner (FDR <5%). C, number of
microarray probes detected by StepMiner that transit in expression level at the different
levels of MYC expression (P < 0.05). D, quantitative analysis of MYC target gene
expression. The expression of 43 different genes known to be regulated by MYC was
analyzed using real-time quantitative PCR. Gene expression was normalized to ubiquitin ¢
and transformed to logs ratio.
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Figure 4.
MY C inactivation induces a switch from a cellular program of proliferation to apoptosis. A,

microarray probes corresponding to annotated transcribed genes involved in G1-S cell cycle
checkpoint and G,-M DNA damage checkpoint pathways. Expression changes were
visualized using StepMiner (P < 0.1). Doxycycline levels (ng/mL) are shown across the top
of the heat map. Gene symbols and identifiers label rows. B, probes corresponding to
annotated transcribed genes involved in apoptosis and death receptor signaling pathways.
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MY C inactivation and changes in protein expression. A, proteins at different levels of MYC

were separated by two-dimensional PAGE. 1 to 17, representative gels for MYC ON,

threshold, and MY C OFF are displayed with the proteins that show a change during MYC

down-regulation. B, differential expression of proteins in MY C-induced tumor cells

expressing different levels of MYC, identified by mass spectrometry. Changes in protein

intensity were quantitated by PDQuest. The top proteins exhibited a step change in

expression. The intensity of each spot was normalized to the total density of matched spots.
The intensity was then normalized to the intensity of ubiquitin, which was identified by
mass spectrometry and did not vary with the different treatments. Determination of where
the step occurs was done using StepMiner and visualized by TreeView.
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Table 1

Significant gene networks significantly expressed below/above threshold, determined by SAM + IPA

Network Score  “Hub” genes Functions
1 24 Myc Cellular transformation and proliferation
2 24 Bcl2, Ran Apoptosis, RNA splicing, nucleocytoplasmic transport
3 24 Ccndl (Bcl1), Cull Stem cell factor ubiquitin ligase complex
4 24 Fnl Cell adhesion
5 24 Egfr, small nuclear riboproteins DNA synthesis, cell proliferation
6 24 Mapk7, Mapk14, Titfl Cytokine production, transcription termination
7 24 Rbl Tumor suppression, epigenetic transcriptional regulation, cell cycle control
8 24 H-Ras Cellular transformation
9 24 Vim, Agt Cell morphology and integrity
10 24 1110, Chuk Cytokine synthesis, modulation of NF-EA complex
11 24 Erbb2 Growth factor receptor production
12 24 NF-xfia, Tnfaip3, Ikbkg, Traf2 Cell adhesion, immune and proinflammatory responses, apoptosis,
differentiation and growth
13 24 Crebbp, Ncoa2, Ncoa3 Nuclear receptor coactivation
14 24 Cepb, Eif*, Pabpcl Regulation of immune/inflammatory responses, mMRNA metabolism
15 24 Cdkn1b, Cops*, Eif*, Psmdl Cell cycle arrest, regulation of transcription and ubiquitin ligase, proteasome
16 24 Bcl2l1, Cycs, Casp8/Casp9, Bax Apoptosis
17 24 Egr1, Nr5al, Fbl, Exosc Proliferation, pre-RNA processing (exosome complex)
18 24 App, Nfatcl T-cell activation, apoptosis, inhibition of notch signaling
19 24 Grb2, Rala, Sumo2, Ncl Epidermal growth factor/platelet-derived growth factor signaling and Ras
signaling, posttranslational modification, chromatin decondensation
20 24 Crebl, Sumol, Hdac* Histone deacetylation, transcription regulation
21 24 Prkar1a, Cox*, Gabpa, lcaml Tumor suppression, mitochondrial structure, integrin binding
22 24 Tgfbr2, Smadl, Smad2, Smad3, Smad4, Tumor growth factor signaling, collagen degradation
Mmp13
23 24 Cdkn2a Tumor suppression, G;—G, cell cycle arrest
24 24 1gf2, Mcm2, Pcaf, Myst2/Myst4 Cell growth, DNA replication, histone acetylation
25 24 1115, Polr* Stimulation of T-cell proliferation, transcription
26 24 Epo, Jakl Cytokine receptor signal transduction
27 24 Tpb, Smarc* Transcription initiation, chromatin structure regulation
28 24 Itgam, Cleclla Integrin adhesion, stimulation and proliferation of hematopoietic precursors
29 24 Myb, Sod1, Cdk4 Hematopoietic precursor proliferation, free radical destruction, G-S cell
cycle progression
30 24 Shh, Cd44, Fgf10 Proliferation signaling, cell differentiation
31 24 Irfl1, Ifnbl, Isgl5, Tnfrsflb IFN regulation and ubiquitination, apoptosis
32 24 Tra@, Cd247, Gata3, Parpl T-cell receptor signaling, excision repair pathway
33 24 Rhoa, Gnaq, Plcbl, Gnbl G protein signaling, focal adhesion point and actin fiber formation
34 24 Mdm2, Pax3 p53, Rb, E2F1 regulation, apoptosis
35 20 Ywhaz Apoptosis, T-cell receptor signaling, histone modification

NOTE: For each network, prominent hub (highly connected) genes and cellular functions that are associated with the IPA network are listed.
Network scores are —log(P value).
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