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Chimeric oncoproteins created by chromosomal translocations are
among the most common genetic mutations associated with tu-
morigenesis. Malignant mucoepidermoid salivary gland tumors, as
well as a growing number of solid epithelial-derived tumors, can
arise from a recurrent t (11, 19)(q21;p13.1) translocation that gen-
erates an unusual chimeric cAMP response element binding protein
(CREB)-regulated transcriptional coactivator 1 (CRTC1)/mastermind-
like 2 (MAML2) (C1/M2) oncoprotein comprised of two transcrip-
tional coactivators, the CRTC1 and the NOTCH/RBPJ coactivator
MAML2. Accordingly, the C1/M2 oncoprotein induces aberrant ex-
pression of CREB and NOTCH target genes. Surprisingly, here we
report a gain-of-function activity of the C1/M2 oncoprotein that
directs its interactions with myelocytomatosis oncogene (MYC) pro-
teins and the activation of MYC transcription targets, including
those involved in cell growth and metabolism, survival, and tumor-
igenesis. These results were validated in human mucoepidermoid
tumor cells that harbor the t (11, 19)(q21;p13.1) translocation and
express the C1/M2 oncoprotein. Notably, the C1/M2–MYC interac-
tion is necessary for C1/M2-driven cell transformation, and the
C1/M2 transcriptional signature predicts other human malignancies
having combined involvement of MYC and CREB. These findings
suggest that such gain-of-function properties may also be manifest
in other oncoprotein fusions found in human cancer and that agents
targeting the C1/M2–MYC interface represent an attractive strategy
for the development of effective and safe anticancer therapeutics in
tumors harboring the t (11, 19) translocation.

Gene regulatory circuits are generally controlled by transcrip-
tional mechanisms tied to signal transduction pathways, and

they allow cells to rapidly respond to environmental cues to con-
trol cell survival, growth, metabolism, and biological function.
These controls are lost in cancers through various means (1–3),
including chromosomal translocations that can augment the ex-
pression of oncogenes or that generate chimeric oncoproteins that
are necessary and sufficient to provoke malignancy (4).
Chromosomal translocations found in epithelial tumors fre-

quently involve the fusion of signaling molecules and regulators
of transcriptional activity (5). The t (11, 19)(q21;p13.1) trans-
location gene product creates a unique oncoprotein fusion that is
comprised of two transcriptional coactivators, the cAMP re-
sponse element binding protein (CREB)-regulated transcrip-
tional coactivator 1 (CRTC1) and the NOTCH/RBPJ coactivator
mastermind-like 2 (MAML2) (6–11). The ensuing CRTC1/
MAML2 (C1/M2) chimeric oncoprotein is comprised of the
N-terminal 42 residues of CRTC1 encompassing a coiled-coil
domain involved in CREB binding followed by the C-terminal
981 residues of MAML2, which includes a transcriptional acti-
vation domain. This C1/M2 coactivator fusion was originally
identified in mucoepidermoid carcinomas (MECs) of the salivary
gland and lungs, but has now also been detected in primary thy-
roid, breast, cervix, and skin tumors that present with MEC-like

histology. As such, these are a class of epithelial cell malignancies
that originate from mucous/serous glands present at different
locations in the body (6, 8–15).
The genesis of these adult solid tumors was thought to be due

to the direct activation of both CREB and NOTCH/RBPJ, the
transcription factor targets of the CRTC1 and MAML2 coac-
tivators involved in the t (11, 19) translocation, respectively
(6, 15). However, forced expression of both CRTC1 and MAML2
is not sufficient to provoke transformation, whereas ectopic
and/or inducible expression of C1/M2 transforms epithelial cells.
Furthermore, the domain within MAML2 required for inter-
acting with NOTCH is absent in the C1/M2 fusion protein, and
those NOTCH genes originally identified as aberrantly regulated
C1/M2 targets were found to also possess CREB-responsive
promoters (16, 17). However, a C1/M2 deletion mutant (C1/
M2Δ48–222) that is fully capable of interacting with and acti-
vating CREB cannot drive transformation (17). Collectively,
these observations point to added levels of regulation outside of
simply activating CREB or NOTCH, which is further supported
by clinical patient data, where the C1/M2 translocation alone is
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characterized by a benign phenotype, and where the full tu-
morigenic potential of mucoepidermoid C1/M2-positive cells
requires additional cooperating signals for a full-blown malig-
nancy (18).
Collectively, these observations hint at additional functional

activities present in the C1/M2 coactivator fusion that contribute
to its oncogenic potential. To define these functions, we used
a mammalian cell-based screen and discovered a C1/M2 gain-of-
function, where C1/M2 binds to and coopts the function of MYC
oncoproteins, and show that C1/M2-driven transformation requires
MYC. Furthermore, a C1/M2 gene signature identifies human
tumors having combined activation of MYC and CREB pathways.
These findings suggest that gain-of-function activities may be a
common feature of oncoprotein fusions and that such activities
represent new avenues for therapeutic intervention.

Results
C1/M2 Interacts with the MYC Oncoprotein Network. To assess if the
C1/M2 coactivator fusion interacts with transcriptional regu-
lators in addition to CREB or NOTCH/RBPJ, we used a pre-
viously developed and validated cell-based functional screen
coined the “Coactivator Trap” composed of a library of nearly all
human transcription factors fused to the GAL4 DNA binding
domain (DBD) (SI Appendix, Fig. S1) (19). Surprisingly, the
C1/M2 coactivator fusion selectively activated several proteins
within the MYC:MAX network including MYCN, MXI (a.k.a.
MAD2), and MAX (Fig. 1A). In contrast, neither parental
CRTC1 nor MAML2 coactivator proteins displayed this activity.
The catalytic subunit of PKA served as a control for the assay
and displayed, as expected (20, 21), highly specific activation
of GAL4–ATF1 and repression of GAL4–ATF4 reporter activ-
ity. Furthermore, as expected, expression of CRTC1 activated
GAL4–ATF1 and repressed GAL4–ATF4 reporter activity,
whereas MAML2 activated GAL4–MEF2, which are known
binding partners for these coactivators (22–24). Finally, trans-
fection experiments with a 5×GAL4::UAS-luciferase reporter
and GAL4–DBD fusions of MYC, MYCN, or MAX selected
from the transcription factor library confirmed these screen
results (Fig. 1B).
MYC oncoproteins are overexpressed in over 50% of all

cancers, leading to aberrant expression of MYC target genes (25,
26). To assess the effect of the C1/M2 chimera on a native bona
fide MYC target, transient transfections were conducted using
the well-characterized, MYC-responsive Ornithine decarboxylase
(Odc1) gene promoter driving luciferase (27). This promoter–
reporter or one bearing mutations that disrupt Myc:Max binding
to the Odc E-Box sequences CACGTG was cotransfected with
vector or test expression constructs. The C1/M2 chimera potently
activated the Odc promoter, and this was dependent on Myc:
Max binding sites (Fig. 1C). In contrast, neither CRTC1 nor
MAML2 proteins display this activity. Furthermore, C1/M2
induces the promoter activity of Mct1 and TRPM1, which harbor
E-Box promoters and are bound by MYC (28, 29), and this
C1/M2-mediated activation of Mct1 and TRPM1 promoters is
effectively blocked by siRNA-directed knockdown of MYC (Fig.
1D and SI Appendix, Fig. S2 A–E). In contrast, MYC knockdown
does not affect C1/M2 activation of either the EVX1 or 3×CRE
luciferase reporters, indicating that the observed effects are se-
lective for Myc-responsive promoters (SI Appendix, Fig. S2 F and
G). Thus, C1/M2 activates MYC transcription targets in a MYC-
dependent fashion.
To test if C1/M2 forms direct complexes with MYC and/or

MAX, we performed coimmunoprecipitation (co-IP) studies.
Lysates of HEK293 cells expressing GAL4–MYC or GAL4–
MAX and FLAG-tagged C1/M2 were immunoprecipitated
with anti-FLAG antibody, and complex formation was assessed by
immunoblotting with GAL4 antibody. Both MYC and MAX
coimmunoprecipitated along with C1/M2, whereas no in-

teraction was seen with the GAL4–DBD alone (Fig. 1E). Be-
cause MYC and MAX heterodimerize via a common basic helix–
loop–helix leucine zipper (bHLH-Zip) domain but MAX lacks
the N-terminal transactivation domain present in MYC, we next
tested if C1/M2 binds via the conserved bHLH-Zip domain. We

Fig. 1. The C1/M2 chimeric oncoprotein selectively coactivates the MYC
network. (A) Heat map of screen data displaying luciferase reporter activa-
tion (red) and repression (green). GAL4–DBD library proteins are along the y
axis, with coexpressed C1/M2 and controls along the x axis. (B) HEK293T cells
were transiently cotransfected with CRTC1, MAML2, C1/M2, or empty ex-
pression vectors, and GAL4–DBD library proteins and the 5×GAL4::UAS-
luciferase reporter and luciferase assays were performed 24 h post-
transfection (n = 4; mean ± SEM). (C) Odc1 or Odc1ΔE-Box luciferase
reporters were cotransfected in NIH 3T3 cells with CRTC1, MAML2, C1/M2, or
empty expression vectors, and luciferase assays were performed 24 h post-
transfection (n = 3; mean ± SEM). (D) Transient cotransfections of HEK293T
cells were performed with MYC (MYCsi_A) or nonspecific siRNAs and the
indicated E-Box–containing luciferase reporters, and luciferase assays were
performed 72 h posttransfection (n = 4; mean ± SEM). (Inset) Western blot
analysis demonstrated efficient knockdown of MYC with MYCsi_A. (E) Co-IP
with FLAG-tagged C1/M2 and GAL4–MAX or GAL4–MYC was performed in
transiently transfected HEK293T cells. Whole-cell lysates were immunopre-
cipitated using anti-FLAG–M2 magnetic beads followed by Western blot
analysis with anti-FLAG or anti-GAL4–DBD antibodies. As a negative control,
empty GAL4–DBD vector was cotransfected with FLAG–C1/M2. (F) C1/M2
interacts with MYC via its bHLH-Zip domain. GST pull-down assay using
FLAG–C1/M2 lysates incubated with immobilized GST or GST–MYC Exon3
encompassing the bHLH-Zip domain (Upper Left). Binding of C1/M2 was
analyzed by Western blotting with a FLAG antibody. HEK293T cells were
transiently cotransfected with C1/M2, GAL4–DBD vector, or GAL4–DBD MYC
proteins, and the 5×GAL4::UAS-luciferase reporter and luciferase assays were
performed 24 h posttransfection (Upper Right). (G) Co-IP of endogenous
C1/M2with endogenous c-MYC from human H3118MEC tumor cells that harbor
the t (11, 19) translocation. Immunoprecipitation of C1/M2 was performed
using a MAML2 antibody followed by Western blotting with anti-MAML2 or
anti–c-MYC antibodies. (H) GST pull-down assay with full-length GST–MYC
incubated with 35S-labeled, in vitro translated CREB, CRTC1, MAML2, C1/M2,
C1/MΔ8–27, or C1/MΔ28–41. Shown are 10% input labeled polypeptides.
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expressed the C-terminal (exon 3) region of MYC (amino acids
266–453) encompassing the bHLH-Zip domain as a GST fusion
protein and performed GST pull-down experiments with lysates
from HEK293 cells expressing FLAG-tagged C1/M2. C1/M2
protein bound to GST–MYC Ex3 but not to GST alone (Fig. 1F,
Upper) (30). Moreover, deletion of the MYC bHLH-Zip domain
attenuates functional activation by C1/M2 (Fig. 1F, Lower). To
determine if endogenous C1/M2 and MYC proteins interact, we
performed immunoprecipitation of endogenous C1/M2 using anti-
MAML2 antibodies and performed immunoblot analyses. Notably
these studies established that C1/M2 coimmunoprecipitates with
endogenous c-MYC in human H3118 mucoepidermoid tumor
cells that harbor the t (11, 19) translocation and that express the
C1/M2 fusion oncoprotein (Fig. 1G). To confirm that the in-
teraction of C1/M2 with MYC is direct and to test if MYC binding
is unique to the C1/M2 fusion, we performed GST pull-down
assays using purified recombinant full-length MYC. Incubation
with 35S-labeled in vitro translated full-length C1/M2 resulted in
strong binding to GST–MYC, whereas full-length CREB, CRTC1,
and MAML2 failed to bind to MYC (Fig. 1H). Importantly,
microdeletions within the N-terminal region of CRTC1 disrupted
MYC binding, confirming that MYC binds directly to the region
of C1/M2 encompassing the fusion domain. Thus, the C1/M2
oncoprotein can complex with MYC and MAX and activate MYC
transcription targets.

C1/M2 Functions as a MYC Coactivator. To determine the effects of
C1/M2 on the transcriptome, we performed high-throughput
Illumina RNA sequencing (RNA-seq). Given the epithelial na-
ture of most tumors bearing the t (11, 19) translocation, we
generated an isogenic doxycycline (Dox)-inducible stable cell
line by flippase recombinase-directed integration of the C1/M2
oncogene at one genomic location in a human epithelial cell
background (HEK293-CMVTetRTetOC1/M2). Samples of total
RNA isolated from mock (no dox) versus dox-treated cells were
analyzed and generated an average of 13.9 million reads using
Illumina GA IIx 76-bp single reads that mapped to 23,455 an-
notated human Ref Seq genes. The identified gene list was
filtered for targets previously characterized by chromatin
immunoprecipitation microarray (ChIP-Chip) analysis to be di-
rectly bound by CREB or MYC transcription factors (31, 32). Of
the 4,741 genes differentially regulated up or down more than
1.5-fold by C1/M2, a total of 805 genes were identified as direct
targets of CREB or MYC (Fig. 2A and SI Appendix, Table S1).
Specifically, 501 versus 187 of the expressed genes are direct
CREB or MYC targets, respectively, whereas 117 of these genes
are bound by both transcription factors. In contrast, of the 4,741
genes differentially regulated by C1/M2, a total of 79 genes were
identified as direct NOTCH targets (33), despite the absence of
a NOTCH binding domain within C1/M2, and 20 of these genes
are shared with the C1/M2-regulated CREB–MYC gene signa-
ture (SI Appendix, Fig. S3 A and B). Importantly, application of
Ingenuity Pathway Analysis to the 4,741 differentially regulated
genes confirmed that CREB (P = 1.75−6) and both MYC (P =
3.04−10) and MYCN (P = 5.01−13) are top-ranked pathways that
are significantly regulated by the C1/M2 oncoprotein.
Annotation of the C1/M2-regulated CREB–MYC target genes

by their Gene Ontology (GO) classification indicates that the
C1/M2 oncoprotein regulates genes involved in several biological,
cellular, and molecular processes common to either CREB- or
MYC-regulated targets, including genes involved in cell cycle,
signal transduction, energy metabolism, and biosynthesis of DNA,
RNA, and protein (SI Appendix, Fig. S4). These results suggest
that coactivation of the MYC:MAX pathway is an important
component of the oncogenic process provoked by C1/M2.
To validate the relevance of our identified C1/M2-regulated

CREB–MYC gene targets (805 direct CREB and/or MYC target
genes), we used a bioinformatics approach to test if this gene list

Fig. 2. MYC target genes are regulated by the C1/M2 oncoprotein. (A) RNA-
seq analysis of genes regulated by a stably integrated, Dox-inducible C1/M2
transgene in FLP-In T-Rex HEK293 cells (HEK293-CMVTetRTetOC1/M2) reveals that
C1/M2 regulates genes of the CRTC:CREB and MYC:MAX networks. A Venn
diagram is shown, with values representing the number of differentially reg-
ulated genes that are direct CREB and/or direct MYC targets. In total, 187 genes
induced by C1/M2 were scored as direct MYC targets. (B) Hierarchical clustering
of differentially expressed C1/M2-regulated CREB–MYC signature genes in H292
MEC (C1/M2+) versus H2009 non-MEC tumor cells. guanine cytosine robust
multi-array analysis (GCRMA) quantile normalization was applied to the raw
CEL files for two biological replicates from H2009 and H292 MEC cell line sam-
ples with baseline transformation set to the median of all samples. (C) Real-time
qPCR analysis of endogenous MYC target genes in HEK293-CMVTetRTetOC1/M2

cells +/− Dox. Fold induction is shown; expression was normalized to Ubiquitin
mRNA levels (n = 4). (Inset) Western blot analysis of C1/M2 levels following Dox
treatment in independently derived stable cell clones. (D) Knockdown of MYC
(siMYC_A) blocks the induction of Myc target genes by C1/M2 in double stable
TRE-Tight-C1/M2 Tet-On Advanced A549 NSCLC lung cancer cells (A549-
CMVrtTA2-M2TRE-TightC1/M2 cells). These cells were transfected with siMYC_A or
nonspecific siRNAs (NSsi; −siMYC lanes) and then were treated +/−Dox for 48 h,
and expression of MYC targets was assessed by real-time qPCR. The fold in-
duction relative to nonspecific silencing RNA (NSsi) no Dox treatment is shown,
and data were normalized to Ubiquitin mRNA levels (n = 4). (Inset) Western
blot analysis of C1/M2 levels following Dox treatment. (E) Gene expression
profiling of the C1/M2-regulated MYC signature genes in H3118 MEC tumor
cells that harbor the t (11, 19) translocation and express C1/M2 compared with
HSY tumor cells that lack the translocation and do not express C1/M2 following
lentiviral-mediated delivery of C1/M2 (Fusion KD) or control shRNAs (n = 2 bi-
ological replicates). (F–I) C1/M2 is recruited to endogenous MYC-responsive
promoters. Chromatin from HEK293-CMVTetRTetOC1/M2 cells +/− Dox (48 h) was
immunoprecipitated with α-FLAG or α-MYC antisera, or with isotype-matched
normal IgG, and analyzed for occupancy of the promoter-regulatory regions of
the (F) ODC1, (G) LDHA, and (H) MCT1 genes relative to occupancy of a non-
specific (I) intragenic region of CCNB1 (84). Real-time qPCR quantification of
C1/M2 and MYC occupancy is expressed as percent chromatin precipitated rela-
tive to input (n = 4). Data in C and D as well as F–I represent mean ± SEM.
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could identify MEC tumor cell lines with known C1/M2 in-
volvement. Analysis of H292 lung MEC cells that harbor the
t (11, 19) translocation and express C1/M2, and of H2009 lung
tumor cells that lack C1/M2, demonstrated that this signature
accurately discriminates these distinct MEC tumors based solely
on regulation of our identified C1/M2-regulated CREB–MYC
gene targets (Fig. 2B and SI Appendix, Table S2).
Collectively, these interaction and expression analyses suggested

that the C1/M2 oncoprotein would activate MYC transcription
targets. To test this, real-time qPCR was performed for several
well-characterized MYC targets in HEK293-CMVTetRTetOC1/M2

cells +/−Dox. A set of MYC target genes were selected based on
their functional relevance to the “hallmarks of cancer” as they
relate to those biological capabilities acquired by tumor cells to
promote tumorigenesis (1, 2). These capabilities include genes
that regulate DNA replication, cellular proliferation, growth,
survival, metabolism, and migration. For example, Dox induction
of C1/M2 activated expression of the MYC metabolic target
genes ODC1 and LDHA, the proliferative genes PCNA and
CCND1, and the cell survival gene BIRC3 (Fig. 2C). C1/M2
expression also activated several CREB targets including the
master transcriptional regulator NR4A2, proliferative genes FOS
and JUNB, the transcriptional coactivator and metabolic regu-
lator PGC-1α, and the glucose transporter SLC2A3 (SI Appendix,
Fig. S5A). With respect to gain-of-function MYC coactivation,
synergy is observed between C1/M2 and MYC in inducing Odc1
transcripts in NIH 3T3 fibroblasts transduced with Dox-inducible
C1/M2 retrovirus and that were stably engineered to express the
tamoxifen-regulated Myc–ER transgene (34) along with the re-
verse Tet transactivator rtTA2-M2 (SI Appendix, Fig. S5B). Co-
operation between C1/M2 andMYC for regulation of direct MYC
target genes was further confirmed by MYC siRNA knockdown in
a Dox-inducible C1/M2 human lung cell line stably expressing
rtTA2-M2 (Fig. 2D). Importantly, induction of C1/M2 expression
does not affect endogenous levels of CRTC1 or MAML2, or the
levels of MYC or MAX (SI Appendix, Fig. S5C). Thus, C1/M2
activates endogenous MYC target genes involved in several key
aspects of tumor development, and this activation is dependent on
the presence of MYC.
RNAi-mediated knockdown of endogenous C1/M2 in

mucoepidermoid (MEC) tumor cell lines harboring t (11, 19)
blocks tumor cell growth (35, 36). We therefore assessed effects
of shRNA-directed C1/M2 knockdown on C1/M2-regulated
MYC signature genes in H3118 lung MEC cells that harbor the
t (11, 19) translocation and express C1/M2 (Fig. 2E, Left and SI
Appendix, Table S3). Specifically, we used a previously charac-
terized retrovirus that expresses shRNA targeting C1/M2 (Fu-
sion KD) or a control shRNA (36) to transduce H3118 MEC
cells that express C1/M2+ and HSY MEC cells that lack the
fusion (C1/M2−). C1/M2 knockdown in H3118 MEC reduced
the levels of transcripts for several of the identified C1/M2-reg-
ulated MYC signature genes, including ODC1. In contrast,
C1/M2 knockdown in HSY tumor cells that lack the t (11, 19)
had no effect on these targets relative to those of the control
shRNA (Fig. 2E, Right and SI Appendix, Table S3). Moreover,
C1/M2 knockdown or overexpression in fusion-positive or -neg-
ative MEC tumor cell lines had no affect on MYC levels (SI
Appendix, Fig. S6 A and B). Importantly, although two recent
reports have claimed that MYC is a global amplifier of tran-
scription of active genes (37, 38), Myc does not affect the ex-
pression of C1/M2 (SI Appendix, Fig. S6C).
Collectively, these data suggest that C1/M2–MYC:MAX

complexes bind to endogenous MYC-responsive promoters.
To test this, ChIP analyses were performed using HEK293-
CMVTetRTetOC1/M2 cells to assess if C1/M2 inducibly bound to
several promoters shown in the USCS Genome Browser are
occupied by MYC (SI Appendix, Fig. S7A) (39, 40). Real-time
quantitative PCR (qPCR) analysis confirmed MYC occupancy at

the promoter regulatory regions of ODC1, LDHA, and MCT1
and showed that with Dox-induced FLAG–C1/M2 it was re-
cruited to these same promoters, relative to a nonspecific in-
tragenic region, which lacked this enrichment (Fig. 2 F–I). Direct
comparison of C1/M2 occupancy at E-Box motifs in the LDHA
promoter relative to its occupancy at cAMP response element
(CRE) motifs in the NR4A2 promoter established C1/M2 re-
cruitment to both MYC- and CREB-responsive promoters in
Dox-treated HEK293-CMVTetRTetOC1/M2 cells, respectively
(SI Appendix, Fig. S7 B and C). Thus, C1/M2 binds to MYC
and directs transcription of MYC-responsive target genes by
binding to E-Box–containing promoters.

The N-Terminal Gain-of-Function Domain of C1/M2 Directs MYC
Activation and Is Required for Epithelial Cell Transformation.
Forced expression of the C1/M2 oncoprotein fusion transforms
rat kidney epithelial cells (RK3E), whereas cooverexpression of
CRTC1 or MAML2 does not (6, 17) (SI Appendix, Fig. S8). To
test if MYC is necessary for C1/M2 transformation, we per-
formed focus formation assays with RK3E cells (Fig. 3A). As
previously observed, neither CRTC1 nor MAML2 overex-
pression provoked foci formation, whereas C1/M2 promoted the
formation of nearly symmetrical, punctate foci with clearly de-
fined edges (6, 17). These foci were morphologically distinct
from those observed following MYC overexpression alone,
which were irregularly shaped. Notably, cotransfection with
a dominant-negative (In373; dnMYC) form of MYC (41–43) or
a dominant-negative (A-CREB; dnCREB) form of CREB (44)
impaired C1/M2-induced focus formation (Fig. 3A and SI Ap-
pendix, Fig. S8).
Because RK3E cells are traditionally transfected with the

desired expression plasmids to perform focus formation assays,
the possibility exists that foci that develop in the dnMYC con-
dition represent those cells that did not receive dnMYC and
therefore escape the block imposed by dnMYC. To test whether
dnMYC is capable of completely blocking C1/M2-induced
transformation, we generated RK3Es that stably express Dox-
inducible dnMYC. Universal expression of dnMYC revealed
that these cells were totally refractory to C1/M2-induced focus
formation in the presence of Dox compared with control, vector-
only RK3E cells (Fig. 3B). Finally, combined overexpression of
both C1/M2 and MYC significantly increased the size and
number of irregular-shaped foci (Fig. 3A). Moreover, C1/M2 and
MYC also induced anchorage-independent growth of RK3E
cells and led to transformed colonies (TFMs) that expressed
markedly reduced levels of cadherin receptor genes (Cdh1,
Cdh2, Cdh3) and increased levels of the Creb-responsive gene
Nr4a2 and the Myc-responsive genes Odc1 and Ldha (Fig. 3C).
The N-terminal 42 amino acids of the C1/M2 fusion encom-

passing the CREB binding domain (CBD) of CRTC1 are re-
quired for RK3E transformation and focus formation (16).
Indeed, forced expression of N-terminal in-frame deletion
mutants of C1/M2 (Δ8–27 and Δ28–41) failed to synergize with
MYC in RK3E cell transformation and did not activate the Odc1
reporter (Figs. 3A and 4A). However, because these mutants also
block coactivation of the CREB-responsive EVX1 promoter (Fig.
4A, Right), we used proline-scanning mutagenesis to create a li-
brary of point mutants spanning the C1/M2 fusion domain, to
screen for mutations that discriminate between CREB and MYC
coactivation (SI Appendix, Fig. S9). This library was screened for
loss-of-function activity on the EVX1 and Odc1 luciferase
reporters. These analyses identified K33 as a site sensitive to
proline substitution, where the K33P C1/M2 mutant failed to
activate the CREB target EVX1 yet maintains the ability to ac-
tivate Odc1 (Fig. 4B). Importantly, K33 is immediately adjacent
to two residues conserved across all three CRTC family members
that were recently shown to be important for interactions with
the CREB bZip domain (45). The disabling effects of the K33P
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mutant on the native EVX1 promoter were confirmed using
a completely defined 5×GAL4::UAS promoter, which revealed
that the C1/M2 K33P mutant could not activate either CREB or
its paralog ATF1 (Fig. 4C). In contrast, the C1/M2 K33P mutant
is comparable to wild-type C1/M2 in coactivating MYC-responsive
promoters (Fig. 4D). Notably, the C1/M2 K33P mutant was totally
defective in inducing RK3E cell transformation (Fig. 4E). Collec-
tively, these results indicate that coactivation of both MYC and
CREB is necessary for C1/M2-induced epithelial cell transformation.

The C1/M2 Gene Signature Predicts Tumors with MYC and CREB
Involvement. Activation of CREB by CRTCs is harnessed by
CRTC phosphorylation, which retains these coactivators in the
cytoplasm (46). Therefore, constitutive CREB activity is mani-
fest following inactivation of upstream regulatory kinases such as
LKB1 that phosphorylate CTRCs (47–49). Indeed, several hu-
man esophageal tumor cell lines express reduced levels of LKB1
and CRTC1 phosphorylation relative to Het1 immortalized,
normal esophageal epithelial cells (48). Notably, Western blot
analysis revealed increased MYC levels in well over half (9/13) of
such tumors, suggesting that activation of both MYC and CREB
pathways is indeed manifest in some tumor types (Fig. 5A).
To more broadly define the importance of coactivating both

MYC and CREB transcription targets for transformation and
tumorigenesis, we first validated scenarios leading to activation
of direct CREB or MYC target genes. Gene lists of targets di-
rectly bound by CREB or MYC transcription factors were gen-
erated by analyzing previously characterized ChIP microarray
(ChIP-Chip) datasets (31, 32). LKB1-dependent regulation of
CREB “On/Off” scenarios were then validated by mining pre-
viously published microarray datasets generated from a total of
35 pathologically scored primary or metastatic tumors from
transgenic mice intercrossed with a conditionally activated Kras
allele (Lox–Stop–Lox–KrasG12D) and either Lkb1 wild-type,
germ-line null, or conditionally null alleles (50). Gene expression
profiling analyses established that a CREB “On” scenario is
clearly manifest in primary and metastatic lung tumors from

Fig. 3. MYC is necessary for CTRC1/MAML2-directed transformation of
epithelial cells. (A) Rat kidney epithelial cells (RK3E) were transfected with
the indicated expression plasmids, plated, grown for 3 wk, and then fixed
with methanol and stained with methylene blue to quantify foci formation.
Representative images of foci morphology before staining (bottom photo-
graphs) along with wells after staining (Lower photographs) and quantita-
tion of observed foci numbers are shown (n = 3). (B) TRE-Tight-C1/M2 Tet-On
Advanced RK3E cells expressing Dox-inducible GFP (RK3E-CMVrtTA2-M2TRE-
TightGFP-PGKtdTomato) or In373-dnMYC (RK3E-CMVrtTA2-M2TRE-TightdnMYC-
PGKtdTomato) were assessed for foci formation following the induction of
C1/M2 by Dox treatment. RK3E cells engineered to inducibly express GFP
were allowed to form monolayers and then treated with Dox or vehicle for
72 h and imaged (Left). RK3E cells engineered to inducibly express GFP or
In373-dnMYC were transfected with C1/M2, allowed to form monolayers,
and then were treated with Dox or vehicle, and foci formation imaged and
quantitated at 3 wk posttransfection (Right) (n = 2). (C) Myc augments the
transforming potential of C1/M2 in primary RK3E cells. (Upper) Phase con-
trast of parental RK3E cells (WT) or RK3E transformed by C1/M2 plus MYC
(TFM). (Lower) Colony formation in soft agar was assessed for RK3E WT or
TFM cells. A total of 5 × 103 cells were plated in 0.7% agar medium over agar
underlayers. At 3 wk plates were stained with crystal violet to quantify
colony numbers and were photographed. (Right) Real-time qPCR analysis of
Cdh1-3, Nr4a2, Odc1, or Ldha levels in parental RK3E cells (WT) or in cells
transformed with C1/M2 plus Myc (TFM). Fold changes are expressed relative
to WT, and data are normalized to Ubiquitin mRNA levels (n = 4). Data in
A–C represent mean ± SEM.

Fig. 4. Coactivation of CREB and MYC by C1/M2 is functionally separable.
(A) NIH 3T3 cells were transiently transfected with Odc1 or EVX1 luciferase
reporters along with C1/M2, C1/M2Δ8–27, C1/M2Δ28–41, or empty expres-
sion vector, and luciferase assays were performed 24 h posttransfection (n =
4). (B) Functional screen for site-directed mutants that can discriminate be-
tween CREB and MYC transcription factor targets. Transient assays of EVX1-
luciferase or Odc1-luciferase reporters in HEK293T cells cotransfected with
wild-type (WT) C1/M2 versus the library of C1/M2 proline point mutants (n =
4). (C) Effect of wild-type (WT) C1/M2 versus proline point mutant (C1/M2-
K33P) in a transient assay of 5×GAL4::UAS-luciferase reporter in HEK293T
cells cotransfected with GAL4–CREB or GAL4–ATF1 (n = 3). (Inset) Western
blot analysis of C1/M2 WT and K33P mutant expression levels. (D) HEK293T
cells were cotransfected with WT C1/M2 or the C1/M2-K33P mutant and the
indicated MYC-responsive luciferase reporters (n = 4). (E) Quantitation of
observed foci numbers in RK3E focus assays comparing C1/M2 WT and
C1/M2-K33P (n = 2). Data in A–E represent mean ± SEM.
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conditional LKB1-null mice when queried for our CREB target
gene signature, where these tumors have marked induction in
CREB target genes (SI Appendix, Fig. S10A and Table S4) (50).
Moreover, mining previously published microarray datasets
generated from LKB1-null human H2126 lung carcinoma cells
where LKB1 expression was restored (50) blocks CREB target
gene activation (a CREB “Off” scenario) (SI Appendix, Fig.
S10B and Table S5). MYC activity is manifest following am-
plification or overexpression, and thus, MYC On/Off scenarios
were validated by mining previously published microarray
datasets generated from primary mouse B cells following li-
popolysaccharide stimulation of MYC expression (37). Gene
expression profiling analyses established that a MYC On sce-
nario is clearly manifest upon MYC overexpression when we
queried our MYC target gene signature (SI Appendix, Fig. S10C
and Table S6).

Next, we investigated the utility of our identified C1/M2-reg-
ulated CREB–MYC gene signature (Fig. 2A and SI Appendix,
Table S1) in predicting human cancers that possess simultaneous
activation of both CREB and MYC through independent
mechanisms (e.g., MYC amplification or overexpression coupled
with aberrant CRTC activation). The rationale for pursuing this
analysis is supported by data indicating that LKB1 expression
(CREB Off) maintains epithelial cell integrity and blocks tumor
cell proliferation by inducing degradation of MYC protein (51,
52). We used the C1/M2-derived CREB–MYC gene signature to
query several tumor microarray datasets from the Gene Ex-
pression Omnibus, National Cancer Institute caArray, or The
Cancer Genome Atlas repositories (53). Application of this
signature to primary esophageal tumor microarray datasets
having an inverse correlation of MYC (high, a MYC On sce-
nario) and LKB1 (low or absent, a CREB On scenario) levels
revealed that a subset of these tumors share significant overlap
with the C1/M2 CREB–MYC signature (Fig. 5B and SI Appen-
dix, Table S7). Over 25% of all lung tumors display mutations
affecting MYC expression (54). Analysis independent of high
MYC and low LKB1 levels and based solely on the C1/M2-reg-
ulated CREB–MYC signature confirmed combined activation of
the CREB and MYC networks in a large cohort of lung tumor
samples, and this analysis discriminated tumor subtypes, where
lung squamous cell carcinomas that are known to have amplifi-
cations of MYC expression (55) display the CREB–MYC signa-
ture (Fig. 5C and SI Appendix, Table S8). However, this analysis
revealed that several lung adenocarcinoma tumor samples also
display the CREB–MYC signature. Indeed, application of this
signature to primary lung adenocarcinoma microarray datasets
having an inverse correlation of MYC (high) and LKB1 (low or
absent) levels confirmed that a subset of lung adenocarcinomas
display significant overlap with the C1/M2 CREB–MYC signa-
ture, and this connotes reduced overall survival in these same
lung adenocarcinoma patients (Fig. 5D and SI Appendix, Table
S9 and Fig. S11A). Moreover, analysis of overall survival for The
Cancer Genome Atlas lung adenocarcinoma datasets where
LKB1 mutation status and MYC expression status were available
confirms that LKB1 loss-of-function coupled with high MYC
levels connotes reduced overall survival (SI Appendix, Fig. S11B).
Thus, dual activation of the MYC and CREB transcription factor
networks is a common feature of some human tumor types,
validating the relevance of the identified C1/M2-regulated
CREB–MYC target genes. Furthermore, these data support the
functional relevance of de novo interactions between C1/M2 and
MYC in activating MYC target genes that are important for
transformation and tumorigenesis.

Discussion
Oncoprotein fusions are conventionally thought to augment the
activity of one partner of the chimera, for example as seen in the
activation of the ABL1 tyrosine kinase in BCR–ABL1, or to
activate both components of the fusion, for example the tran-
scription factors E2A and PBX1 in the E2A–PBX1 oncoprotein
found in pre–B-cell acute lymphocytic leukemia (56, 57). The
latter is true for the C1/M2 translocation where both CREB and
NOTCH targets are activated in these tumors (16, 17, 35).
However, here we demonstrate a gain-of-function de novo in-
teraction between the C1/M2 coactivator fusion and MYC family
oncoproteins that drives cellular transformation via functional
complementation of the MYC and CREB transcription net-
works. These findings suggest that targeting C1/M2–MYC
interactions represents an attractive strategy for developing ef-
fective and safe anticancer therapeutics in tumors harboring the
t (11, 19) translocation.
A widely held notion is that proteins can be divided into dis-

tinct modular domains that enable or carry out specific functions
(58, 59). Given our findings, it is tempting to speculate that the

Fig. 5. The C1/M2 gene signature predicts human malignancies with dual
activation of MYC and CREB transcription networks. (A) Western blot
analysis reveals increased MYC levels in several human esophageal cancer
cell lines relative to immortal normal esophageal Het1A epithelial cells. (B)
Hierarchical clustering of differentially expressed C1/M2-regulated CREB–
MYC signature genes from multiple esophageal (n = 16) tumor samples
based on an inverse correlation between MYC and LKB1 expression levels.
The esophageal samples (75 total samples) were log2 normalized, the
baseline transformation was set to the median of all samples, and then
samples were divided into two groups relative to median MYC and LKB1
signals: HighMYC–LowLKB1 (eight samples) and LowMYC–HighLKB1
(eight samples). (C) Hierarchical clustering based solely on the presence of
differentially expressed C1/M2-regulated CREB–MYC signature genes in
lung adenocarcinoma and squamous cell carcinoma tumor samples.
GCRMA quantile normalization was applied to the raw CEL files (58 total)
for 40 lung adenocarcinoma and 18 squamous cell carcinoma samples,
with baseline transformation set to the median of all samples. (D) Hier-
archical clustering of differentially expressed C1/M2-regulated CREB–MYC
signature genes from multiple lung adenocarcinoma samples (n = 51)
based on an inverse correlation between MYC and LKB1 expression levels.
GCRMA quantile normalization was applied to the raw CEL files (462 to-
tal), with baseline transformation set to the median of all samples. A total
of 51 samples (either HighMYC–LowLKB1 or LowMYC–HighLKB1) were
selected for further analysis based on identification of top (high) and
bottom (low) quartile samples. Data in B–D represent fold change greater
than 1.5 (P < 0.05).
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functional nature of some chimeric oncoproteins is not simply
the additive sum of the modular parts recruited by each fusion
partner, but rather includes the generation of de novo functions.
In fact, the trained predictive algorithm Globplot (60) revealed
an extensive, unique region of folded globular structure corre-
sponding to residues 1–84 of C1/M2 compared with CRTC1 and
MAML2 (SI Appendix, Fig. S12), suggesting this domain might
confer the identified de novo interactions with MYC. Future
studies directed at structural analyses will be important for de-
fining the mechanism of this gain-of-function interaction.
Activation of MYC by C1/M2 presents an attractive mecha-

nism for coopting proliferative signals and for coordinating
metabolic changes that accompany the transformed state. The
C1/M2 oncoprotein may induce the transcription of MYC target
genes by stabilizing interactions of the MYC:MAX complex
with transcriptional coactivators such as CBP/ p300. Specifically,
because the N-terminal transactivation domain of MYC also
interacts with histone acetyl transferases (61), the C1/M2 onco-
protein fusion may coordinate interactions with both the MYC
bHLH-Zip domain and CBP/p300 to augment MYC activity at
its target gene promoters by promoting histone acetylation. The
clinical relevance of this gain-of-function interaction with MYC
is supported by CGH+SNP microarray analyses of C1/M2 fu-
sion-positive patients with unfavorable prognoses that have CNV
gains and losses, including deletions of the CDKN2A locus that
harbors both p16INK4a and p14ARF (18). MYC-driven tumori-
genesis activates the Arf–p53 tumor suppressor pathway (62),
and loss of ARF is a hallmark of MYC-driven tumors. Therefore,
the unfavorable prognoses for C1/M2 fusion-positive MECs are
likely due to selection of deletions within CDKN2A that are
driven by, and cooperate with, C1/M2-mediated activation
of MYC.
Our studies conclusively demonstrate that both MYC and

CREB activation are necessary for C1/M2-driven transfor-
mation. Ectopic interactions between C1/M2 and MYC coupled
with CREB activation in epithelial cells may contribute to tumor
progression and/or to maintenance of the malignant state, es-
pecially given that CRTC1–CREB activity has been implicated in
the proliferation of epithelial stem cells and MYC is important
for cell “stem-ness” and pluripotency (63–68). An ordered
N-terminal coiled-coil domain of CRTC1 directs its binding to
the CREB bZip domain at promoter-proximal CRE motifs and
coordinates interactions with the histone acetyl transferases
CBP/p300 (24, 46, 69, 70). Notably, this 42-amino-acid N-ter-
minal CBD is the only region of CRTC1 present in the C1/M2
fusion oncoprotein (6, 24) and contributes to C1/M2-induced cell
transformation (16).
In addition to identifying ectopic interactions between C1/M2

and MYC, our characterization of a C1/M2 gene signature com-
posed of direct CREB and MYC target genes successfully pre-
dicted human cancers, with dual CREB–MYC involvement arising
by mechanisms that are independent of the C1/M2 oncogene.
Common methods of MYC activation include amplification,
overexpression, or translocation (25), whereas CREB activation
may occur via loss of negative feedback loops and/or gain-of-pos-
itive feedback loops that directly affect CREB or indirectly affect
upstream signaling components (71, 72). For example, CRTC1 is
a potent activator of CREB-dependent transcription complexes
that are assembled in response to hormone and stress signaling
(19, 24, 71, 73). Specifically, we show that increased MYC ex-
pression coupled with alterations in CRTC function arising from
loss-of-function or silencing of the upstream signaling kinase LKB1
leads to the coordinate activation of the MYC and CREB tran-
scription networks, respectively. Aberrant CREB activity coupled
with activation of an oncogene such as MYC may provide a se-
lective advantage, as CREB directly induces several prosurvival
factors including BCL2 and the NR4A family members, thereby
counteracting MYC-induced apoptosis (16, 35, 74, 75). This is

supported by studies showing a role for CREB activation in
several cancers including melanoma, acute myeloid leukemia, and
nonsmall cell lung cancer (76–78).
In summary, de novo interactions between the C1/M2 chi-

meric fusion and Myc family oncoproteins drive cellular trans-
formation via functional complementation of the CREB and
MYC transcription networks. Our investigation into the mech-
anisms of C1/M2 function provides insight into the function of
other chimeric gene fusions and more broadly highlights the
convergence of CREB and MYC pathways in other cancers.

Materials and Methods
Cell Lines. HEK293T, FLP-In T-Rex HEK293, EcoPack 2–293, NIH 3T3, RK3E, and
A549 cells were maintained in DMEM (Invitrogen) supplemented with 10%
(vol/vol) FBS (Gemini), GlutaMAX (Invitrogen), and penicillin, streptomycin,
and L-glutamine (PSG) (Invitrogen). NIH 3T3–MycER was maintained in
DMEM without Phenol Red (Cellgro) supplemented with 10% FBS, GlutaMAX,
and PSG. NCI-H292 and NCI-H3118 cells were maintained in RPMI-1640
medium supplemented with 10% FBS, nonessential amino acids, sodium
pyruvate, sodium bicarbonate (all from Invitrogen), GlutaMAX, and PSG. All
cells were maintained at 37 °C with 5% CO2 in a humidified incubator.

High-Throughput Transcription Factor Interaction Screen. Conditions for the
high-throughput mammalian Coactivator Trap assay were as described, with
minor modifications (19). Briefly, reverse transfections of HEK293T cells were
performed with CRTC1, MAML2, C1/M2, or empty expression vectors; the
5×GAL4::UAS-luciferase reporter; and GAL4–DBD library proteins arrayed
into 384-well plates. Luminescence was measured 24 h posttransfection on
an Analyst GT plate reader (Molecular Devices) following addition of Brite-
Lite Plus (PerkinElmer).

Transfection and Luciferase Reporter Assays. Transfection of HEK293T cells for
luciferase assays was carried out using Lipofectamine 2000 as described, and
where indicated, RNAi was performed using control siRNAs (NSsi; Qiagen
1027280 or GFP-22; Qiagen 1022176) or target siRNAs (MYCsi_A, Qiagen
SI02662611 or MYCsi_B, Qiagen SI00300902) (19, 24). Luminescence was
measured 24 h posttransfection for standard assays or 72 h posttransfection
for RNAi assays on an Envision plate reader (Perkin–Elmer) following addi-
tion of BriteLite Plus (PerkinElmer). Transfections of RK3E, A549, NCI-H292,
and NCI-H3118 cells were performed with Fugene HD (Promega), whereas
transfection of NIH 3T3 cells used Lipofectamine LTX with PLUS reagent
(Invitrogen). The GAL4–DBD constructs, 5×GAL4::UAS-luciferase, EVX1-
luciferase, and Odc1-luciferase reporters were as described (19, 27, 79).

Plasmid Construction and Generation of Stable Cell Lines. The N-terminal
FLAG-tagged C1/M2 cDNA was directionally cloned with 5′ KpnI and 3′ XhoI
restriction enzyme sites into the pcDNA5/FRT/TO© vector. This construct was
then used with the FLP-In T-Rex Core kit (Invitrogen) to generate the
HEK293-CMVTetRTetOC1/M2 stable cells according to the manufacturer’s
instructions. Stable rtTA2-M2–expressing A549, NIH 3T3–MycER, and RK3E
cells were generated using pTet-On Advanced (Clontech), and clonal stable
expressing lines were selected in G418R medium using sterile cloning discs
(Spectrum). An N-terminal FLAG-tagged C1/M2 cDNA was directionally
cloned with 5′ NotI and 3′ MluI restriction enzyme sites into pRetroX-Tight-
Pur (Clontech), and ecotropic retrovirus was packaged in EcoPack 2–293 cells.
A549 cells that stably express rtTA2-M2 were then transduced with RetroX-
Tight-FLAG_C1/M2 virus, and clonal A549-CMVrtTA2-M2TRE-TightC1/M2 stable
expressing lines were selected in PuromycinR medium using sterile cloning
discs. For analysis of the effects of inducible expression of C1/M2 in cells that
also express the Myc–ER transgene, an N-terminal FLAG-tagged C1/M2 cDNA
was directionally cloned with 5′ NotI and 3′MluI restriction enzyme sites into
pRetroX-Tight-tdTomato, and ecotropic retrovirus was packaged and was
then used to transduce NIH 3T3–MycER–CMVrtTA2-M2 cells. The dominant-
negative MYC mutant (dnMYC, In373) affecting the basic region of the DBD
was as described (41). For focus formation assays, GFP or dnMYC cDNAs were
cloned into pRetroX-Tight-tdTomato, and ecotropic retrovirus was packaged
and used to transduce RK3E-CMVrtTA2-M2 cells.

Western Blots. Analysis of protein expression was performed using conven-
tional methodologies. Antibodies included FLAG–M2 HRP conjugate (Sigma;
A8592), MAML2 (Cell Signaling; 4618), MAML2 (Bethyl Labs; A300-681A),
MYC N-262 (Santa Cruz; sc-764), MYC 9E10 (Santa Cruz; sc-40), and Tubulin
(Sigma; T9026).
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Co-IP and GST Pull-Down Assays. Assays were performed as previously de-
scribed with minor modifications (19, 24). Briefly, co-IP experiments were
performed using HEK293T cells grown in 10-cm dishes transfected with
Opti-MEM, Lipofectamine 2000, and 5 μg each of the indicated plasmids. The
cells were lysed 24 h posttransfection in IP lysis buffer (Pierce) containing
complete EDTA-free protease inhibitor mixture (Roche), and the cell lysates
were immunoprecipitated using FLAG–M2 magnetic beads (Sigma) and a
DynaMag2 magnetic particle concentrator (Invitrogen) followed by
immunoblotting using GAL4–DBD (Abcam) or FLAG–M2 HRP conjugate
(Sigma) antisera.

Endogenous co-IP experiments were performed using 40 mg whole-cell
lysate harvested from NCI-H3118 MEC cells and immunoprecipitated with
25 μL MAML2 antibody (CST 4618) and 50 μL Protein A/G agarose. After
extensive washing, the agarose beads were boiled with 30 μL SDS/PAGE
loading buffer, and the immunoprecipitates were analyzed by SDS/PAGE
followed by silver staining and Western blot with indicated antibodies.

GST–MYC Ex3 (30) and GST proteins were expressed in Escherichia coli
using standard techniques. GST pull-down assays were performed as de-
scribed previously (30) followed by immunoblot using FLAG–M2 HRP con-
jugate (Sigma) or MYC 9E10 (Santa Cruz) antisera. We incubated 1 μg of
purified, full-length GST–MYC protein (Abnova) with products of TnT-cou-
pled reticulate lysate in vitro transcription/translation assays (Promega) as
previously described (80).

Transcriptome Analysis. HEK293-CMVTetRTetOC1/M2 cells were cultured for
72 h +/− Dox (Sigma), and total RNA was extracted using RNeasy RNA
extraction kit (Qiagen) followed by on-column DNase digestion (Qiagen).
The mRNA pool was purified from 1 μg of total RNA using poly T beads,
and Illumina Next-Generation Sequencing (NGS) was performed follow-
ing Illumina protocols. Sequence data were exported as qseq files,
uploaded into both Geospiza and CLC Bio software, and mapped using
Burrows–Wheeler algorithm against the human reference genome (Hu-
man Build 36) (81, 82). Data for each gene are shown as scaled gene
counts within each lane divided by the total lane count, the standard
reads per kilobase of exon model per million mapped reads (RPKM). The
RPKM values were then used to directly compare each sample. Genes with
less than 10 total reads were considered absent and eliminated
from analysis.

Bioinformatics. GlobPlot (http://globplot.embl.de/html/abstract.html) was
used to identify putative ordered domains for CRTC1, MAML2, and C1/M2,
and the PSIPRED protein structure prediction server (http://bioinf.cs.ucl.ac.
uk/psipred) was used to predict secondary structure (60, 83). The default
settings were used for each web service to investigate the amino acid
sequences.

Custom java software using the HtmlUnit library (http://htmlunit.sourceforge.
net) was used to query the complement of direct CREB and/or MYC target genes
identified by Illumina NGS. A list of gene symbols corresponding to target
genes that were regulated less than or greater than 1.5-fold was searched
against ChIP-Chip databases, the CREB Target Gene Database (http://natural.
salk.edu/CREB/, “Ave. HEK CREB Binding Ratio” > 2), and the MYC Cancer
Gene Database (www.myc-cancer-gene.org/site/mycTargetDB.asp) (31, 32).
The proportions of genes within the CREB or MYC networks were then plotted
as a Venn diagram (http://omics.pnl.gov/software/VennDiagramPlotter.php).
For each identified gene symbol, a local copy of the GO database was queried
to obtain a list of GO Slim terms associated with that symbol. The frequency of
the GO Slim terms was plotted as pie charts.

All heatmaps were generated using GeneSpring GX11 (GS GX11, Agilent)
hierarchical clustering algorithm. The similarity measure of genes was set to
Pearson centered, and the Linkage rule was set to average. Yellow indicates
higher than median and blue indicates lower than median signal for each

probe set. Additional details of bioinformatics data processing, procedures,
and analysis are provided in SI Appendix, SI Materials and Methods.

Real-Time qPCR. Total RNA was extracted from the indicated cell lines using
RNeasy RNA extraction kit followed by on-column DNase digestion and re-
verse transcribed to cDNA using SuperScript III (Invitrogen) according to the
manufacturer’s instructions. Real-time qPCR was performed using SYBR
Green I (Roche) on a Roche LightCycler 480 instrument. PCR amplicons for
each target were designed using Roche Applied Science Universal Probe
Library Assay Design Center software (SI Appendix, Table S9). Relative
quantification was as described (19, 73).

ChIP. Conditions for the ChIP assay were as described with minor modifications
(19). Briefly, HEK293–CMVTetRTetOC1/M2 cells were cultured +/− Dox and pro-
cessed for ChIP. The chromatin bound by C1/M2 or MYC was immunoprecipitated
using FLAG–M2 or MYC antisera, respectively, and the purified DNA was
PCR amplified with promoter-specific primers (SI Appendix, Table S10).

Focus Formation and Soft Agar Assays. Transformation-induced foci forma-
tion was performed as described with minor modifications (6). Specifically,
2 × 105 RK3E cells seeded in six-well plates were transfected with 2 μg each
(4 μg total) of the indicated plasmids using Fugene HD (Promega; E2311)
with duplicate wells per condition and incubated at 37 °C with 5% CO2 in
a humidified incubator. Fresh medium was provided three times a week over
the course of 3–4 wk, and macroscopic foci (≥50 μm) were stained with
methylene blue, counted, and photographed.

To assess anchorage-independent colony formation, six-well plates were
prepared with 0.7% agar medium underlays using Gene Pure Low melt agar
(ISC BioExpress) and complete DMEM. Single-cell suspensions of parental
RK3E or RK3E cells transformed by C1/M2 and/or MYC isolated from the foci
formation assays were plated in 0.7% agar medium at 1 × 104 cells per well
with triplicate wells per condition. Additional medium was kept on the
surface and changed three times a week over the course of a 3–4-wk in-
cubation at 37 °C with 5% CO2 in a humidified incubator, and colonies were
stained with crystal violet and photographed.

Proline-Scanning Mutagenesis and Functional Screen. A small library of point
mutants spanning the t (11, 19) fusion junction in the FLAG–C1/M2
plasmid was created according to QuikChange site-directed mutagenesis
protocols using primers designed with QuikChange Primer Design Soft-
ware (Agilent Technologies). This library was spotted into 96-well plates
and screened for functional activity by reverse transfection of HEK293T
cells with EVX1-luciferase or Odc1-luciferase reporters and wild-type
C1/M2 or empty expression vectors as controls. Luminescence was mea-
sured 24 h posttransfection on an Envision plate reader (Perkin–Elmer)
following the addition of BriteLite Plus (PerkinElmer).
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