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The suppression of oncogenic levels of MYC is sufficient to induce
sustained tumor regression associated with proliferative arrest,
differentiation, cellular senescence, and/or apoptosis, a phenome-
non known as oncogene addiction. However, after prolonged
inactivation of MYC in a conditional transgenic mouse model of
Eμ-tTA/tetO-MYC T-cell acute lymphoblastic leukemia, some of the
tumors recur, recapitulating what is frequently observed in human
tumors in response to targeted therapies. Here we report that these
recurring lymphomas express either transgenic or endogenous Myc,
albeit in many cases at levels below those in the original tumor,
suggesting that tumors continue to be addicted to MYC. Many of
the recurring lymphomas (76%) harbored mutations in the tetracy-
cline transactivator, resulting in expression of the MYC transgene
even in the presence of doxycycline. Some of the remaining recur-
ring tumors expressed high levels of endogenous Myc, which was
associated with a genomic rearrangement of the endogenous Myc
locus or activation of Notch1. By gene expression profiling, we con-
firmed that the primary and recurring tumors have highly similar
transcriptomes. Importantly, shRNA-mediated suppression of the
high levels of MYC in recurring tumors elicited both suppression of
proliferation and increased apoptosis, confirming that these tumors
remain oncogene addicted. These results suggest that tumors in-
duced by MYC remain addicted to overexpression of this oncogene.

T-cell acute lymphoblastic leukemia | therapeutic resistance |
tumor recurrence

The c-MYC proto-oncogene encodes for a basic helix–loop–
helix leucine zipper transcription factor that is a key regulator

of many cellular processes, including proliferation, growth, apo-
ptosis, metabolism, adhesion, angiogenesis, andDNA repair (1, 2).
The deregulated expression of c-MYC (MYC) has been linked to
the pathogenesis of a wide variety of human cancers, in particular
hematopoietic tumors such as Burkitt’s lymphoma and T-cell
acute lymphoblastic leukemia (T-ALL), as well as breast, prostate,
colon, and liver adenocarcinoma (3, 4). MYC is thought to con-
tribute to neoplasia by deregulating the expression of a large
number of genes, resulting in autonomous cellular proliferation
and growth, inhibition of differentiation, increased angiogenesis,
and genomic destabilization (5).
The essential role of MYC in tumorigenesis suggests that its

targeted inactivation may be a highly effective therapy for a large
variety of human cancers (6). A number of conditional transgenic
mouse models using the tetracycline-regulated system (Tet-sys-
tem) have been generated to study the role of MYC in both the
initiation and maintenance of cancer (7–14). The inactivation of
MYC in these tumors is generally, but not always, sufficient to
induce sustained tumor regression, although the specific con-
sequences depend upon the tumor type. T-ALLs regress through
proliferative arrest, differentiation, senescence, and apoptosis (9,
15). Osteosarcomas regress through proliferative arrest, terminal
differentiation, and senescence but not apoptosis (10, 16). Hepa-
tocellular adenocarcinomas undergo proliferative arrest, differ-
entiation, senescence, and apoptosis of many but not all of the
cells, leaving a residual population of dormant tumor cells that are
able to reacquire a neoplastic phenotype upon MYC reactivation
(13). Finally, mammary and lung adenocarcinomas fail to exhibit

complete tumor regression upon MYC inactivation (7, 14). Taken
together, MYC-induced tumors generally exhibit continued de-
pendence upon this oncogene, a phenomenon known as oncogene
addiction (17–19).
Oncogene addiction has been increasingly exploited for the

treatment of human cancers. Chronic myeloid leukemia and non–
small-cell lung cancer are highly dependent on the activity of the
BCR-ABL fusion protein andmutant EGFR, respectively (20, 21).
Therapies that target these proteins, such as imatinib against BCR-
ABL and erlotinib against EGFR, have proven clinically effica-
cious (22, 23). However, despite an initial response to treatment,
tumors frequently recur, and drug resistance is often associated
with mutations in the targeted oncogene product (24, 25). Dif-
ferent mechanisms have been proposed regarding how tumors
acquire resistance to targeted therapy, including mutations in the
targeted oncogene that impair drug sensitivity and the acquisition
of additional genomic abnormalities (7, 26, 27).
We have previously reported that in our conditional transgenic

model of MYC-induced T-ALL, MYC inactivation induces sus-
tained tumor regression, but a subset of tumors will recur (9, 26,
28). Recurring lymphomas frequently exhibit unique genomic
lesions not present in the primary tumor (28). Lack of p53 is also
uniformly associated with tumor recurrence at least in part due to
an inability of MYC inactivation to induce TSP-1 and thereby
suppress angiogenesis (26). Similarly, it has been shown that mu-
tation of K-Ras is associated with tumor recurrence upon MYC
inactivation in mammary adenocarcinomas (7, 29). Here we report
that recurring tumors in our model of MYC-induced T-ALL
continue to remain dependent upon the oncogene. Our results
suggest that although MYC-induced tumors can restore MYC
expression through a variety of different mechanisms, they may
uniformly remain oncogene addicted.

Results
Recurring T-ALL Tumors Are Phenotypically Identical to Primary
Tumors. In the Eμ-tTA/tetO-MYC transgenic mouse model, the
expression of MYC in hematopoietic cells gives rise to T-ALL (9).
Primary tumors, as well as cell lines derived from these tumors, can
be transplanted into immunodeficient or immunocompetent syn-
geneic hosts and undergo rapid tumor regression in response to
MYC inactivation upon administration of doxycycline (DOX) to
mice (9). However, some of the T-ALLs fail to regress completely
and eventually recur (Fig. 1A). In this regard, these tumors mimic
what is observed in targeted therapy for human cancer patients.
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To study the mechanism of recurrence, we generated cohorts of
transplanted tumors that were either untreated (referred to as
“primary tumors,” n = 8) or treated with DOX to suppress MYC
expression (n = 28). Tumors that initially regressed upon DOX
treatment until they were no longer detectable by gross examina-
tion but then were again palpable after a minimum of 1 wk were
defined as “recurring tumors.” Tumors in immunodeficient hosts
all recurred (100%), with a median time to recurrence of 43 d,
whereas tumor recurrence was infrequent in immunocompetent
hosts (12.5%) (Fig. 1B). Primary and recurring tumors were
identical histologically (Fig. 1C) and by cell surface phenotype
(Fig. 1D). Hence, MYC-induced T-ALLs can recur, especially in
immunodeficient hosts, and recurring tumors are phenotypically
similar to primary tumors.

Recurring T-ALLs Express MYC. Because primary and recurring
tumors were phenotypically identical, we asked whether recurring
tumors had become independent of MYC. First we quantified the
levels of transgenic human MYC and endogenous mouse Myc in
a panel of three primary tumors, three regressing tumors, and
28 recurring T-ALLs (continuous DOX treatment) using RT–
quantitative PCR (qPCR), Western blot, and immunohistochemical
analysis (Fig. 2 and Fig. S1). As expected, primary T-ALLs expressed
high levels of transgenic MYC, and treatment of mice with DOX
caused at least a 230-fold decrease in transgenic MYC levels (Fig.
2A). In these tumors, the expression level of endogenous Myc
was comparable to a normal thymus control. However, among
the recurring tumors, we found that 19 of 28 tumors expressed

transgenic MYC at levels similar to those in primary tumors, and 9
tumors instead overexpressed endogenous Myc (47-fold higher
than in primary tumors or recurring tumors with transgenic MYC)
(Fig. 2A and Table S1). Elevated levels of transgenic and endoge-
nous MYC in recurring tumors were also confirmed at the protein
level (Fig. 2C and Fig. S1). Among all of the recurring tumors we
examined, we found none that had simultaneous coexpression of
transgenic MYC or endogenous mouse Myc (Fig. 2D). Taken to-
gether, we conclude that recurring T-ALLs continue to express high
levels of transgenic MYC or endogenous Myc.
To determine whether the amount of MYC expression in re-

curring tumors was sufficient to recapitulate the level of MYC
target gene activation found in primary tumors, we performed
qPCR analysis for the canonical MYC target genes Bax, Ncl, and
Odc1 (30–32), in a set of primary, regressing, and recurring tumors.
Notably, across all primary and recurring tumors analyzed, MYC
target gene levels were closely correlated with the amount ofMYC
expression (Fig. 2B). Expression of both MYC and MYC target
genes in recurring tumors was comparable to that in primary
tumors, suggesting that MYC in recurring tumors was not only
overexpressed but functionally capable of maintaining target gene
expression.

Recurring Tumors Have Frequently Mutated the Tetracycline Trans-
activator. A previous report has suggested that mutations in the
Tet-system can explain continued expression of an oncogene
in the presence of DOX (33). We sequenced the tetracycline
transactivating (tTA) gene in all 28 recurring tumors (Table S1)
and found mutations in the majority of recurring tumors that
expressed transgenic MYC (74%). We identified three different
mutations (N82T, H100Y, and E147K), all corresponding to the
DOX-responsive tet-repressor (tetR) domain of tTA (Fig. 3A)
(34). To confirm that these mutations altered the sensitivity of
tTA to DOX, each mutant tTA was introduced into an Eμ-tTA/
tetO-MYC T-ALL cell line. In contrast to wild-type tTA, the
activity of the N82T, H100Y, or E147K mutant tTA was no longer
inhibited by DOX treatment, and as a consequence, expression of
the MYC transgene was not completely suppressed (Fig. 3B).
Similarly, lymphoma cells expressing a mutant tTA failed to un-
dergo proliferative arrest or apoptosis upon DOX treatment (Fig.
3 C–E). Thus, mutations in the tTA protein can account for ex-
pression of transgenic MYC despite treatment with DOX.

Recurring T-ALLs Overexpress Endogenous Myc Through Multiple
Mechanisms. We noted that in the subset of tumors that exhibi-
ted high levels of endogenous Myc (9 of 28), there were no tTA
mutations. In many human hematopoietic cancers, including
Burkitt’s lymphoma, overexpression of MYC is mediated by either
genomic rearrangement or amplification (35). To determine
whether a similar mechanism was responsible in our recurring lym-
phomas, we examined the endogenous murine c-Myc locus by
Southern blotting (Fig. 4A) and identified a rearrangement in one
of the recurring lymphomas that had endogenous Myc over-
expression (Fig. 4A). Translocations of Myc are also often asso-
ciated with point mutations that increase the stability of Myc pro-
tein (36). However, sequencing ofMyc exons 2 and 3 did not reveal
mutations in any of the recurring lymphomas with endogenous
Myc overexpression. We infer that genomic rearrangement is only
one of the possible mechanisms through which recurring tumors
restore Myc expression.
Endogenous Myc can also be up-regulated through activation

of signaling pathways that regulate Myc protein stability and/or
transcription, such as the Notch, MAPK, and Wnt pathways (37–
39). Although we found no consistent difference in activation of
the MAPK and Wnt pathways between primary and recurring
tumors (Fig. S2), we found that one recurring tumor (#183)
significantly overexpressed Notch1 protein (Fig. 4B). In human T-
ALL, Notch1 is often activated through mutation of the hetero-
dimerization and/or proline, glutamate, serine, threonine-rich
(PEST) degradation domains (40). Sequencing revealed an in-
sertion of 74 nucleotides within the PEST domain in recurring
tumor #183, leading to a premature stop codon (Fig. 4D). We

B

D

A

C Primary Tumor Recurring Tumor 1 Recurring Tumor 2

Immunodeficient
Immunocompetent

0 50 100 150 200
0

20

40

60

80

100

Time (days)

Re
cu

rr
en

ce
- fr

e e
su

rv
iva

l(
%

)

Transgenic MYC-OFF (+DOX)

Minimal Residual Disease

Tumor
Growth

Tumor
Regression

Tumor
Recurrence

***

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

10
0

10
1

10
2

10
3

10
4

Primary Tumor Recurring Tumor 1 Recurring Tumor 2

C
D

4

CD8

0.0

0.0

99.8

0.2

99.90.0

0.0 0.1

99.0

0.90.1

0.0

Fig. 1. Recurring T-cell lymphomas are phenotypically identical to primary
tumors. (A) Schematic of tumor development, regression, and recurrence. (B)
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also found up-regulation of the Notch target genes Deltex1, Hes1,
and Notch1 (41) in recurring tumor #183. We did not detect
Notch1 mutations or Notch1 overexpression in any of the other
recurring tumors (Fig. S2). Thus, activation of Notch1 is another
mechanism by which recurring tumors can gain endogenous Myc
overexpression.

Primary and Recurring Tumors Have Similar Gene Expression
Programs. To globally compare the gene expression profiles of
primary lymphomas with recurring tumors, we used microarray
analysis on a total of 24 different tumor specimens consisting of
primary tumors (group I), recurring tumors exhibiting transgenic
MYC expression (group II), and recurring tumors in which en-

dogenous Myc was overexpressed (group III). Differentially
expressed genes between these groups were identified using the
rank product method (42). We compared primary (group I) with
recurring tumors exhibiting transgenic MYC expression (group II)
and recurring tumors exhibiting endogenous Myc expression
(group III) independently. Primary tumors and recurring tumors
expressing transgenic MYC were the most similar (Fig. 5A, r =
0.84, P< 0.0001). However, gene expression was also highly similar
between primary tumors and recurring tumors that overexpressed
endogenous Myc (Fig. 5B, r = 0.75, P < 0.0001). Gene expression
was also very similar between recurring tumors expressing trans-
genic MYC and recurring tumors expressing endogenous Myc
(Fig. 5C, r = 0.78, P < 0.0001). The lowest similarity was found
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between recurring tumors expressing endogenous Myc and re-
curring tumors expressing endogenous Myc from a rearranged
locus (Fig. 5D, r = 0.56, P < 0.0001). Therefore, microarray
analysis confirmed that primary and recurring lymphomas exhibi-
ted similar gene expression profiles.
However, not all genes were identical between primary and

recurring tumors. We found differential expression of 169 genes
(85 up-, 84 down-regulated) between group I and II, and 34
genes (2 up-, 32 down-regulated) between group I and III (Table
S2). Between recurring tumors expressing transgenic MYC and
recurring tumors expressing endogenous Myc, we found only 32
genes (27 up-, 5 down-regulated) differentially expressed (Table
S3). Thus, although the vast majority of genes were expressed
similarly, there were still some differences in gene expression
between primary and recurrent tumors and between recurring
tumors expressing either transgenic or endogenous Myc.
We conclude that the expression of the MYC transgene or

overexpression of endogenous Myc was sufficient to completely
restore the transcriptome found in primary tumors. Moreover,
although there were variations in the absolute level of MYC
expression levels, all of the analyzed tumors showed a very
similar global gene expression signature, strongly suggesting that
MYC acts as a dominating influence on tumor recurrence.

Recurring T-ALLs Remain Addicted to High Levels of MYC. To directly
determine whether recurring tumors remained addicted to MYC,
we measured the consequences of suppressing MYC using RNAi.
In a primary tumor cell line and two lines derived from recurring

lymphomas expressing human transgenic MYC (Fig. S3), we in-
troduced either control shRNAor an shRNAagainst humanMYC
(Fig. 6A). Cells infected with MYC shRNA failed to proliferate
and decreased over time as a percentage of the overall population
(Fig. 6B), and MYC knockdown in both the primary and recurring
tumor lines led to an increase in the cyclin-dependent kinase in-
hibitor p27KIP1 (Fig. 6D). Infection with MYC shRNA also
resulted in increased apoptosis, as seen by increased Annexin-V
staining (Fig. 6C) and increased levels of the proapoptotic protein
Bim (Fig. 6D). Hence, primary and recurring lymphomas remain
addicted to high levels of MYC for their proliferation and survival.

Discussion
We have found in a conditional transgenic mouse model of MYC-
induced T-ALL that despite prolonged suppression of the MYC
transgene, recurring tumors express and remain addicted to in-
creased levels of MYC. The recurring tumors expressed either
transgenic human MYC or endogenous murine Myc. Restoration
of transgenic MYC expression was often associated with a variety
of mutations in the DOX-responsive tetR domain of tTA (34) that
expands upon previously described tTA mutations (33). Impor-
tantly, the recurring tumors without expression of transgenicMYC
were instead found to express increased levels of endogenous
murine Myc, which are higher than the levels found in normal
tissue or regressing tumors. In one case this was attributed to ge-
nomic rearrangement of the endogenous Myc locus. In another
case this was associated with mutation and activation of Notch1.
Finally, the suppression ofMYC expression in recurring tumors by
shRNA resulted in their proliferative arrest and apoptosis, iden-
tical to primary tumors. We conclude that T-ALLs that recur re-
main MYC oncogene addicted (Fig. 6E). Our results have
potentially important implications for the development of thera-
pies that target MYC for the treatment of human cancers.
The up-regulation of endogenous Myc can occur through mul-

tiple mechanisms, including genomic rearrangement or amplifi-
cation of the Myc locus, or activation of pathways that regulate
Myc transcription or protein stability, including the Notch, RAS/
MAPK, and Wnt/β-catenin pathways (37–39). In one recurring
tumor, high levels of endogenous Myc expression were attributed
to rearrangement of the endogenous locus. Interestingly, we also

A
tetR VP16

1 207 490

N82 H100 E147

* ****
***** *= mutation

*
* **

Transgenic MYC

α-tubulin

DOX: −    + −    + −    + −    + −    +
WT N82T H100Y E147KVectorB

C

D E
FL2-A

200 400 600 800 1000

200

400

600

FL2-A

200 400 600 800 1000

100

200

300

400

500

FL2-A

200 400 600 800 1000

200

400

600

800

FL2-A

200 400 600 800 1000

200

400

600

Co
un

ts

Co
un

ts

Co
un

ts

Co
un

ts

Vector

E147K

-DOX +DOX

G1: 38.8%
S: 41.9%

G2/M: 19.3%

G1: 76.8%
S: 14.0%

G2/M:   9.2%

G1: 34.2%
S: 44.1%

G2/M: 21.7%

G1: 49.0%
S: 34.1%

G2/M: 16.9%

-DOX +DOX

Vector WT N82T H100Y E147K
0

10

20

30

40

50

–DOX +DOX

P
ro

lif
er

at
io

n 
(%

 in
 S

 p
ha

se
)

** ** **

Vector WT N82T H100Y E147K
0

20

40

60

80

100

Ap
op

to
si

s 
(%

 A
nn

ex
in

-V
+)

–DOX +DOX

** ** **

A/CA A A AT T TC CG

*

N82T

A A A A AG T T T TC/T

*
H100Y

A A A AT T T TG GG/A

*

E147K

Fig. 3. Transgenic MYC is reactivated owing to mutations in the tTA pro-
tein. (A) Schematic of the tTA protein (asterisks indicate the position and
frequency of mutated amino acids) and example chromatograms for the
N82T, H100Y, and E147K mutations. (B) Mutant tTAs cloned from recurring
lymphomas are insensitive to DOX. A MYC lymphoma line was stably
infected with empty vector, wildtype tTA (WT), or mutant tTAs (N82T,
H100Y, E147K). Cells were then treated with DOX and analyzed for (B) ex-
pression of tTA-dependent transgenic MYC by Western blot (24 h DOX), (C
and D) cell cycle status by propidium iodide staining (48 h DOX), or (E) ap-
optosis rate by Annexin-V staining (5 d DOX). Mean values of a minimum of
three independent experiments are shown with SDs where applicable. **P <
0.01, paired t test.

A

15
6

18
3

22
3

24
4

25
3

P
rim

ar
y

tu
m

or

R
ec

ur
rin

g
tu

m
or

s

* rearranged
Myc allele

endogenous
Myc allele

N
or

m
al

 ti
ss

ue

Exon 1 Exon 2 Exon 3

1.0 kb probe
endogenous c-Myc locus

EcoRI EcoRI

B

C

D
T C C ATG G C CC C A AT G

STOP

CT C A T G C C ATG C CC C A T G A C C A C T

Mutant Notch1
(Recurring tumor #183)

Wildtype Notch1 A C C

TG C C C C C C CA T G

CT CCC ATC G

CT C C C A

74nt insertion

Deltex1 Hes1 Notch1
0

5

10

15

20

25

Re
la

tiv
e

ex
pr

es
si

on

Primary tumor #156
Recurring tumor #183

N 156 157 198 183172

Notch1

FL

NICD

Primary
tumors

Recurring
tumors

269 46 74 259 263

Regr.
tumor

α-tubulin

Fig. 4. Up-regulation of endogenous Myc in recurring lymphomas occurs
throughmultiplemechanisms. (A) Southern blot of genomic DNA fromnormal
tissue, a primary tumor, and five recurring tumors, digested with EcoRI and
probed with a 1-kb probe specific for the endogenous mouse c-Myc locus. (B)
Western blot for Notch1 in a subset of primary and recurring lymphomas. FL,
full length; NICD, active intracellular domain. (C) Expression of Notch pathway
target genes as determined by RT-qPCR analysis. (D) Schematic depicting the
Notch1 gene mutation found in recurring lymphoma #183. Boxes denote
codons.

Choi et al. PNAS | October 18, 2011 | vol. 108 | no. 42 | 17435

M
ED

IC
A
L
SC

IE
N
CE

S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
26

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1107303108/-/DCSupplemental/pnas.201107303SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1107303108/-/DCSupplemental/pnas.201107303SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1107303108/-/DCSupplemental/pnas.201107303SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1107303108/-/DCSupplemental/pnas.201107303SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1107303108/-/DCSupplemental/pnas.201107303SI.pdf?targetid=nameddest=SF3


www.manaraa.com

found a tumor in which Notch1 mutation had occurred. Notch1 is
a known transcriptional regulator of Myc (37, 43, 44). The ex-
pression of the active intracellular form of Notch1 (ICN1) is suf-
ficient for up-regulation of endogenous Myc upon transgenic
MYC inactivation (37). We were unable to find an explanation for
the up-regulation of endogenous Myc in the remaining recurring
tumors, and therefore we presume that there are additional
uncharacterized mechanisms by which Myc can be up-regulated.
Our results at first seem to be in discordance with our previous

report that MYC-induced lymphomas can escape oncogene de-
pendence (28). In this study we observed that recurring tumors
havemany other genomic abnormalities that seem to be associated
with a reduced dependence upon MYC. In fact, further analysis
has revealed that the majority of recurring tumors find ways to
maintain elevated MYC expression. However, we note that most
of the recurring tumors seem to express protein levels of transgenic
MYC or endogenous Myc that are lower than in the primary
tumors (Fig. 2C). Thus, we infer that these additional genetic
lesions seem to diminish the need for recurrent tumors to re-
capitulate the initial high levels but do not obviate the requirement
for MYC. We conclude that MYC-induced hematopoietic tumors
are addicted to MYC, but the absolute magnitude of the required
level of expression can be reduced in recurrent tumors.
Hence, although oncogene addiction may not be escapable,

lymphoma cells seem to be heterogeneous in the levels of MYC
they require to maintain their tumorigenic state. Correspondingly,
any circumstances that facilitate the ability of tumors to reduce
their requirement for MYC would increase tumor recurrence. We
and others have described that the loss of tumor suppressor genes,
desensitization to inhibitory cytokines, or absence of specific host
immune effectors can greatly accelerate the ability of tumors to
recur despite initial oncogene suppression. Mutant Ras or the loss
of p19ARF have been shown to prevent oncogene inactivation
from inducing sustained regression of breast cancers (8, 45). The
absence of p53 facilitates tumor recurrence by preventing the in-
duction of the antiangiogenic factor TSP-1 and the consequential
shutdown of angiogenesis after MYC inactivation (26). The loss of
p53, p16, or Rb expression, or the inability to respond to an auto-
crine TGF-β signal, can also increase tumor recurrence by impair-
ing the ability of MYC inactivation to induce cellular senescence
(15, 16). Finally, the absence of an intact immune system also abro-
gates MYC inactivation from inducing senescence and suppressing
angiogenesis, leading to frequent tumor recurrence (46). There-

fore, a variety of both tumor cell-intrinsic and extrinsic factors can
each play a pivotal role in facilitating the ability of rare tumor cells
that maintain MYC expression to contribute to tumor recurrence.
Our findings provide further optimism that a therapy directly

targeting MYC will have sustained clinical activity against human
tumors, and lymphoma in particular. However, our results also
point to the fact that tumors will incessantly attempt to reacquire
high levels of MYC expression. Additionally, a therapeutic agent
against MYC has not yet been identified. We note that currently
available targeted therapies are often unable to induce sustained
tumor regression. In the case of B-Raf inhibition in melanoma or
EGFR inhibition in lung cancer, acquired resistance to targeted
therapy can occur through the activation of parallel pathways or
alternative signaling molecules (47–49). Our results suggest that
tumors addicted to MYC may be less likely to achieve resistance
through a similar mechanism. MYC may hold a unique position
as a convergent downstream target of multiple signaling path-
ways that are critical to maintenance of a tumorigenic state.
Finally, our results suggest that in the case of MYC-driven

cancers, tumor recurrence may not be generally due to an escape
of oncogene addiction but rather to the ability to accommodate
reduced MYC expression. We speculate that MYC oncogene
addiction may be an intransient feature of at least some cancers.
Therefore, the targeted inhibition of MYC offers great potential
as a therapeutic strategy.
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Fig. 5. Microarray comparison of primary and recurring lymphomas. Cor-
relation plots comparing mean expression of genes in (A) primary tumor vs.
recurring tumor expressing transgenic MYC, (B) primary tumor vs. recurring
tumor expressing endogenous Myc, (C) recurring tumor expressing trans-
genic MYC vs. recurring tumor expressing endogenous Myc, and (D) re-
curring tumor expressing endogenous Myc vs. recurring tumor expressing
endogenous Myc with genomic rearrangement.
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Materials and Methods
Tumorigenicity Assays. Tumor cell lines were derived from Eμ-tTA/tetO-MYC
mice as previously described (9). Cell lines were injected s.c. into recipient
mice (7.5–10 × 10E6 cells per mouse). Once tumors had grown to 2 cm3, DOX
was administered to the mice in the drinking water (100 μg/mL). Animals
were housed in the Stanford vivarium as per animal protocols approved by
Stanford University.

Analysis of tTA Sequence and Function. tTA was amplified by PCR from ge-
nomic DNA and directly sequenced (primers described in Table S4). Wild-type
and mutant tTAs were cloned into pMSCV-puro and infected into an MYC
lymphoma line. Cells were treated with 20 ng/mL of DOX.

Detection of Genomic Rearrangements by Southern Blotting. Genomic DNA
was digested, separated by gel electrophoresis, and transferred to a ni-
trocellulose membrane using standard protocols. Probes against mouse c-
Myc were generated by PCR. Probe labeling, hybridization, and detection
were done using the AlkPhos Direct Labeling and Detection System
(Amersham).

Sequencing of Myc and Notch1. Myc exons 2 and 3 and Notch1 exons 26, 27,
and 34 were PCR amplified (primers in Table S4) and directly sequenced.
Notch1 exon 34 (sample #183) was cloned into pBluescript KS+ to obtain
allele-specific sequences.

shRNA-Mediated Knockdown. Cell lines derived from primary and recurring
tumors were infected with the pLKO.1 lentiviral vector containing either
control or MYC-specific shRNA (Sigma TRCTRCN0000039642) and GFP.
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