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Abstract

Activating mutations in Wnt and EGFR/Ras signaling pathways
are common in colorectal cancer (CRC). Remarkably, clonal co-
activation of these pathways in the adult Drosophilamidgut induces
“tumor-like” overgrowths. Here, we show that, in these clones and
in CRC cell lines, Dpp/TGF-b acts as a tumor suppressor. Moreover,
we discover that the Iroquois/IRX-family-protein Mirror downregu-
lates the transcription of core components of the Dpp pathway,
reducing its tumor suppressor activity. We also show that this
genetic interaction is conserved in human CRC cells, where the Iro/
IRX proteins IRX3 and IRX5 diminish the response to TGF-b. IRX3 and
IRX5 are upregulated in human adenomas, and their levels correlate
inversely with the gene expression signature of response to TGF-b.
In addition, Irx5 expression confers a growth advantage in the
presence of TGF-b, but is selected against in its absence. Together,
our results identify a set of Iro/IRX proteins as conserved negative
regulators of Dpp/TGF-b activity. We propose that during the
characteristic adenoma-to-carcinoma transition of human CRC, the
activity of IRX proteins could reduce the sensitivity to the cytostatic
effect of TGF-b, conferring a growth advantage to tumor cells prior
to the acquisition of mutations in TGF-b pathway components.
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Introduction

Colorectal cancer (CRC) is a slow progressing disease character-

ized by the transition from normal mucosa to adenoma and then

further to carcinoma. Adenoma development usually starts with

the constitutive activation of the Wnt signaling pathway primar-

ily due to mutations in the negative regulator APC [1–3]. Wnt

pathway activation induces a massive hyperproliferation of the

stem/progenitor compartment that leads to the formation of

small, benign adenomas [2,4–6]. In many cases, APC mutations

are followed by oncogenic activation of K-RAS, which induces

the development of large, aggressive adenocarcinomas [6–8].

CRC progression also requires further mutations in different

signaling pathways. A large proportion of intestinal tumors show

inactivating mutations in components of the TGF-b pathway [9,10].

As TGF-b signaling exerts cytostatic effects on epithelial tumor cells,

its downregulation may play an essential role in allowing tumor

progression. Consistent with this finding, TGF-b signaling inactiva-

tion in mice mutant for APC induces the development of invasive

adenocarcinomas [11,12]. Around 50% of CRCs become resistant to

TGF-b through inactivating mutations of the TGF-b receptors or the

intracellular signaling proteins SMADs [9,10,13]. Yet, the mecha-

nisms accounting for the somatic loss of TGF-b responsiveness in

CRC cases with no identifiable alterations in the pathway are not

well understood [14–16].

In the adult Drosophila midgut, Wnt and EGFR/Ras signaling

pathways regulate homeostasis and intestinal stem cell (ISC)

proliferation [17–20], and alterations induced by the combined

activation of these two pathways expand as aggressive intestinal

tumor-like overgrowths that reproduce many hallmarks of human

CRC [21,22]. Here, we take advantage of this cancer model to

show that Dpp signaling, Drosophila’s main TGF-b superfamily

member, is downregulated in Apc-Ras clones due to the upregula-

tion of Mirror (Mirr). Indeed, we show that Mirr, a member of

the Iro/IRX complex protein, acts as a negative transcription regu-

lator of many core components of the Dpp pathway. Moreover,

we show that silencing of the Dpp pathway activity by Mirr is

required for the growth of Apc-Ras clones. Finally, we also show

that this genetic regulation may be conserved in mammals, where

the Iro/IRX proteins IRX3 and IRX5 reduce the ability of human

colon cancer cells to respond to TGF-b. We propose that IRX
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proteins may play an important role regulating TGF-b response

during the initial steps of the adenoma-to-carcinoma transition,

giving an advantage to tumor cells before specific mutations in

the TGF-b pathway are acquired.

Results and Discussion

In human CRC, the activation of the Wg/Wnt and EGFR/Ras path-

ways is often followed by silencing of the TGF-b and/or BMP

signaling pathways that act as tumor suppressors [10,14,16,23].

Thus, we wondered whether this could be also the case in the

tumor overgrowths caused by co-activation of the Wg/Wnt and

EGFR/Ras signaling pathways in the adult Drosophila midgut. And

if so, to use this system to unveil novel mechanisms that could

account for the silencing of TGF-b and/or BMP signaling path-

ways in CRC cases with no identifiable mutations in components

of both pathways. As a starting material, we generated clones of

cells mutants for both Apc and Apc2 negative regulators of the

Wg/Wnt pathway that over-expressed the oncogenic form UAS-

RasV12, named Apc-Ras from now on, as previously described

[21]. Most of the Apc-Ras clones disappear over time, but the few

that survive form tumor-like overgrowths [21]. By flow cytometry,

we sorted the GFP+ cells from wild-type, Apc, and Apc-Ras clones

4 weeks after clone induction and analyzed by qRT–PCR the

expression of Dpp pathway components. Dpp binds to type I

receptor thick veins (tkv) and type II receptor punt (put), allowing

the activation of Mothers against Dpp (Mad). Activated Mad is

then able to translocate the co-factor Medea (Med) into the

nucleus to induce target gene expression. One of the target genes

of the pathway is Daughters against Dpp (Dad), which acts as a

negative pathway regulator. qRT–PCR analysis of GFP+ cells

showed that Tkv, Put, Mad, Med, and Dad expression was down-

regulated in Apc-Ras clones when compared to wild-type or Apc

clones (Fig 1A), suggesting that Dpp pathway activity could be

reduced in Apc-Ras clones.

We then analyzed whether forced activation of the Dpp pathway

could also modulate tumor initiation or growth in Drosophila. We

generated Apc-Ras clones over-expressing the constitutively active

form of the Dpp receptor TkvQ253 [24] (Apc-Ras-Tkv* clones). One

week after induction, Apc-Ras-Tkv* clones were similar to Apc-Ras

clones in number, size, and distribution along the entire gut (Fig 1C,

E, I, J and Table 1). However, 4 weeks after induction, Apc-Ras-

Tkv* clones were noticeably smaller than Apc-Ras clones, albeit

similar in number and distribution (Fig 1D, F, I, J and Table 1),

indicating that over time, enforced Dpp pathway activity acts as a

tumor suppressor.

We next sought to determine the mechanism that allows the coor-

dinated downregulation of Dpp pathway components in Apc-Ras

clones. We explored the possibility that most, if not all, genes of the

Dpp pathway could contain binding sites for a common negative

regulator of transcription in their promoters. To address this issue,

we scanned the promoter regions of Tkv, Put, Mad, and Med using

the matScan software [25] in search for putative binding sites for

known transcription factors. We identified a total of 70 transcription

factors, yet only four of them hit at least three of the four promoter

regions analyzed; these were the three components of the Iroquois/

IRX complex araucan (ara), caupolican (caup) and mirror (mirr),

and the homebox-containing gene optix. Of these, only Mirr was

over-expressed in Apc-Ras clones, both transcriptionally (Fig 1B)

and at the protein level (Fig 1K; Supplementary Fig S1A). Mirr

usually acts as a transcriptional repressor [26,27], making it a bona

fide candidate to be responsible for the downregulation of Dpp path-

way components in Apc-Ras clones. Corroborating this hypothesis,

over-expression of the RNAi of Mirr in an Apc-Ras background (Apc-

Ras-MirrRNAi) recovered the expression of Put, Mad, and Med to at

least wild-type levels (Fig 1A). Moreover, Apc-Ras-MirrRNAi clones

were similar to Apc-Ras-Tkv* clones in size, number, and distribu-

tion both 1 and 4 weeks after clone induction (Fig 1G, H, I and J),

albeit the effect of MirrRNAi was slightly weaker (Table 1). Further-

more, the negative effect of MirrRNAi in the growth of Apc-Ras clones

was suppressed when co-expressed in the presence of a dominant-

negative form of Tkv, TkvDN [28] (Apc-Ras-TkvDN-MirrRNAi clones)

(Fig 2B; Table 1; Supplementary Fig S1B). As a control for this

experiment, expression of the TkvDN transgene did not affect the

growth of Apc-Ras clones (Apc-Ras-TkvDN clones) (Fig 2A; Table 1;

Supplementary Fig S1B). Taken together, these results uncover Mirr

as a novel tumor-promoting protein through its role as a negative

transcriptional regulator of core Dpp pathway components.

We next asked how Dpp activity is able to block the growth of

Apc-Ras clones. During normal homeostasis, Dpp promotes copper

cell differentiation in the gastric region [29,30] and, under some

circumstances, is able to restrict ISC proliferation [29,31]. We ruled

out a role of Dpp pathway imposing, directly or indirectly, a block-

ade on ISC proliferation because Apc-Ras-Tkv* and Apc-Ras-

MirrRNAi clones showed a higher number of positive cells for the

mitotic marker phosphohistone 3 (PH3) (Fig 2D and E) than

control wild-type clones of similar size (Fig 2C). Alternatively, we

considered whether Dpp activity could promote cell differentiation

in Apc-Ras clones. In wild-type guts, ISCs divide generating another

ISC and an enteroblast (EB), which differentiates toward an ente-

roendocrine cell (EE) or an enterocyte (EC) [32,33]. We observed

that both Apc-Ras-Tkv* and Apc-Ras-MirrRNAi clones showed a

remarkable increase in the number of ECs compared to Apc-Ras

clones (Fig 2H–J). qRT–PCR analysis of Apc-Ras-MirrRNAi clones

showed that the expression of the ISC marker Delta (Dl), the EE

marker Prospero (Pros), and the EC marker Myo31DF (Fig 2F) was

restored to wild-type levels, as well as Stat92E, a key component of

the Jak/Stat pathway and a differentiation inducer in the adult gut

[34–36] (Fig 2G). We also observed that over-expression of TkvQ253

or MirrRNAi in normal epithelium progenitor cells (ISCs and EBs)

resulted in the ectopic expression of the EC marker Pdm1 in the

ISCs, identified by the expression of Dl (Fig 2K and L; Supplemen-

tary Fig S1B). Together, these results suggest that Dpp pathway

activity might restrict tumor growth by inducing cell differentiation,

imposing an EC or EE fate in cells that would otherwise develop

into a mass of undifferentiated, proliferative cells [21].

The above results lead us to hypothesize that Iro/IRX homo-

logue proteins might play a similar role by reducing the ability of

tumor cells to respond to TGF-b during the transition from

adenoma to carcinoma in the human colon. The mammalian Iro/

IRX complex is composed by six genes, IRX1 to IRX6, found in

two clusters of three genes each [37]. Despite the fact that all Iro/

IRX proteins share high homology in the homeodomain, there is

no direct relationship between any Drosophila Iro and any verte-

brate IRX proteins. However, previous comparative analysis of the
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transcriptional profiles of human colorectal adenoma samples

identified IRX3 as one of the most upregulated transcription factors

compared to healthy tissue [38]. Furthermore, we found that IRX3

and IRX5 were upregulated in adenomas arising in APC mutant

mice compared to normal mucosa samples (Supplementary Fig

S2A). These observations led us to explore the impact of IRX3 and

IRX5 on the activity of the TGF-b pathway in mammalian cells.

Knockdown of IRX3 and IRX5 in two different human cell lines

A B

I J

K

C D

E F

G H

K’

Figure 1. Dpp pathway suppresses Apc-Ras tumor growth and is regulated by Mirror.

A qRT–PCRs of the main core components of the Dpp pathway (tkv, put, Mad, and Med) and the target gene Dad 4 weeks after clone induction. Note that their
expression is lower in Apc-Ras clones compared to wild-type or Apc clones.

B qRT–PCRs of Mirr, Optix, and Ara. Notice that Mirr is the only upregulated gene in Apc-Ras clones, but not in wild-type or Apc clones. Of note, qRT–PCR of Caup
was negative in all conditions, and we discarded its expression in Apc-Ras clones by antibody staining (data not shown).

C–H Adult midguts showing Apc-Ras (C, D), Apc-Ras-Tkv* (E, F), and Apc-Ras-MirrRNAi (G, H) clones marked by GFP (green), 1 and 4 weeks after induction.
I Box-plot graph of the total number of clones in the anterior midgut.
J Box-plot graph of the clone area (GFP+) per anterior midgut area.
K Apc-Ras clones (green) stained with Mirr (red).

Data information: Graphs in (A, B) show a representative experiment (mean � SEM of relative expression, n = 3). Box-plots in (I, J) show data from Table 1. The length of
the box represents the distance between the 25th and 75th percentiles, the interior horizontal line represents the group median, and the whiskers extend to the group
minimum and maximum values.
Source data are available online for this figure.
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induced downregulation of SMAD3 (Supplementary Fig S2B). We

identified IRX optimal binding sites in the proximal SMAD3

promoter suggesting direct regulation. SW837 is the only well-

established CRC cell line that shows a transcriptional response to

TGF-b [39]. These cells were derived from a late-stage CRC and

expressed undetectable levels of IRX3 and IRX5. We thus co-trans-

fected this cell line with the TGF-b reporter 12XCAGA-Luc [40]

together with IRX3 or IRX5 expression vectors and measured lucif-

erase levels in TGF-b-treated versus untreated cells. These assays

showed that IRX3 or IRX5 over-expression induced a 4-fold reduc-

tion in reporter activity compared to cells transfected with a

control vector, with a 47% of the absolute maximal activation in

IRX5-over-expressing cells (Fig 3A).

Despite having a functional TGF-b pathway, SW837 cells did not

show a cytostatic response to TGF-b (Supplementary Fig S2C),

implying that this cell line developed additional mechanisms to

evade the tumor suppressive effects of TGF-b. In contrast, virtually

all CRC cell lines display impaired TGF-b responses due to the

acquisition of mutations in either TGF-b type II receptor (TGFBR2)

or the intracellular mediator SMAD4 (reviewed in [41]). To study

the effect of TGF-b in CRC, we used Ls174T cells. This cell line

bears inactivating mutations in TGFBR2 in homozygosis, yet we

generated inducible clones in which the expression of wild-type

TGFBR2 could be controlled at will by the presence or absence of

doxycycline (LSTGFBR2). Addition of TGF-b to parental Ls174T cells

(LS) resulted neither in phosphorylation of intracellular SMADs

nor in transcriptional activation of reporter constructs driven by

SMAD-binding sites (Supplementary Fig S2D and E). Re-expression

of wild-type receptor in Ls174T cells restored TGF-b signaling as

shown by robust phosphorylation of SMADs and activation of

the SMAD-binding reporter 12XCAGA-Luc (Supplementary Fig S2D

and E). In the presence of TGF-b, LSTGFBR2 cells arrested in the G1

phase of the cell cycle (Supplementary Fig S2F). This response is

reminiscent of that observed in other epithelial tumor cells in which

TGF-b drives cell cycle arrest by decreasing levels of c-MYC, which

in turn releases the expression of the cell cycle inhibitor p15-

CDKN2B [42]. By genomewide expression profiling using micro-

arrays, we identified genes regulated by TGF-b in LSTGFBR2 cells

(Supplementary Table S1). This analysis confirmed that many of

the genes downregulated corresponded to cell cycle regulators

including c-MYC [42], whereas upregulated genes included the cell

cycle inhibitor CDKN2B [42]. We next interrogated a set of tran-

scriptomic profiles of human adenomas and used the average

expression of the TGF-b upregulated genes (twofold, P < 0.05,

n = 242 genes) as a surrogate to identify tumors displaying distinct

activity of the TGF-b pathway. This analysis revealed that IRX3 and

IRX5 expression correlated inversely with the expression levels of

the TGF-b program (R = �0.47507, P < 0.0065275) (Fig 3B). IRX3

and IRX5 expression also correlated inversely with SMAD3 expres-

sion (R = �0.43218, P < 0.014199) (Fig 3C). We obtained equiva-

lent results using a second independent cohort of adenoma samples

(Supplementary Fig S3A and B).

The above correlative data suggest that IRX activity can modulate

TGF-b signaling in human colonic tumors. To test this possibility,

we expressed IRX5 in LS174T cells while we reconstituted wild-type

TGFBR2 expression. We confirmed that IRX5 decreased the levels of

SMAD2, SMAD3 and SMAD4 mRNA (Fig 3D). As shown above,

addition of TGF-b to control LSTGFBR2 cells induced arrest into the

G1 phase of the cell cycle. IRX5 restrained this response (Fig 3E)

including the modulation of c-MYC and p15-CDKN2B levels by

TGF-b signaling (Fig 3F and G). To reinforce this observation, we

performed competition assays by co-culturing control and IRX5-

expressing cells (Fig 4A). In the absence of TGF-b, control cells

outcompeted IRX5-expressing cells (Fig 4B). In sharp contrast,

supplementation with TGF-b blocked proliferation of control cells,

which were outcompeted by IRX5-expressing cells over the first

week of culture (Fig 4B). Overall, these data show that the tran-

scription factors IRX3 and IRX5 downmodulate TGF-b signaling in

human CRC cells. This effect is reminiscent of that triggered by

Drosophila IRX homologue in fly midgut tumors.

Table 1. Clone characterization: quantification of the number, size, and distribution of the clones of the different genotypes analyzed.

Genotype W n

Number of clones (num
clones � SD)

Clone size (GFP+ area/domain
area � SD)

Clone distribution (GFP+

area/total area � SD)

A M P A M P A M P

Wild-type 1 8 37 � 10 2 � 2 58 � 13 3 � 2 0.1 � 0.1 3 � 2 49 � 10 0.3 � 0.3 51 � 10

Apc-Ras 1 10 23 � 8 5 � 3 23 � 6 7 � 4 8 � 9 4 � 2 52 � 15 10 � 9 38 � 18

Apc-Ras Tkv* 1 10 17 � 9 3 � 3 25 � 9 2 � 1 5 � 7 3 � 2 30 � 10 14 � 19 55 � 16

Apc-Ras MirrRNAi 1 9 19 � 7 2 � 2 25 � 10 4 � 2 2 � 3 5 � 3 45 � 13 3 � 6 52 � 14

Apc-Ras TkvDN 1 6 23 � 7 2 � 2 31 � 11 3 � 1 3 � 5 6 � 4 32 � 14 4 � 7 64 � 21

Apc-Ras-TkvDN-MirrRNAi 1 6 22 � 7 2 � 1 28 � 16 5 � 1 5 � 4 7 � 2 38 � 9 6 � 7 55 � 8

Wild-type 4 10 25 � 7 8 � 4 24 � 4 3 � 1 4 � 3 4 � 2 38 � 12 9 � 7 53 � 13

Apc-Ras 4 19 3 � 2 2 � 2 3 � 3 26 � 16 19 � 25 3 � 5 82 � 22 11 � 15 7 � 14

Apc-Ras Tkv* 4 8 6 � 3 6 � 2 3 � 1 2 � 1 22 � 17 0.8 � 0.8 31 � 17 57 � 12 11 � 8

Apc-Ras MirrRNAi 4 9 6 � 1 3 � 2 3 � 2 4 � 2 17 � 17 0.6 � 0.4 55 � 25 35 � 25 10 � 6

Apc-Ras TkvDN 4 5 7 � 2 2 � 1 5 � 3 36 � 26 34 � 21 1 � 1 85 � 9 13 � 6 2 � 1

Apc-Ras-TkvDN-MirrRNAi 4 5 4 � 2 3 � 1 4 � 3 28 � 15 19 � 13 0.8 � 0.5 88 � 9 8 � 7 4 � 3

(A) anterior midgut, (M) Fe/Cu domain, (P) posterior midgut, (W) weeks after clone induction, (n) number of guts analyzed. Data from wild-type and Apc-Ras
clones come from [21]. Source data are available online for this table.
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We show that overcoming the suppressor effect of a TGF-b homo-

logue is an essential step for the Wg/Wnt and EGFR/Ras signaling

pathways to generate intestine tumors in Drosophila through the

action of an Iro/IRX transcriptional repressor. Paralleling the obser-

vations in Drosophila, our experiments indicate that IRX3 and IRX5

lowers sensitivity to TGF-b signaling in mammalian cells. Based on

these results, we propose a model where the synergy between Wnt

and EGFR/Ras pathway activation would not only provide intestinal

tumor cells with a proliferative advantage, but would also render

them more resistant to the cytostatic and pro-apoptotic effect of

TGF-b through the activation of IRX3 and/or IRX5 expression

(Fig 4C). Perhaps, expression of IRX proteins allows early tumor

cells to thrive in a TGF-b-rich context such as the inflammatory envi-

ronment characteristic of most adenomatous lesions. Furthermore,

transcriptional downregulation may modulate the activity of the

pathway before specific mutations have time to accumulate, which

fits well with the development of human CRC as a multistep process,

characterized by the accumulation of mutations in different oncoge-

nes and tumor suppressor genes. Moreover, we demonstrate that

high levels of IRX expression confer a growth advantage in the

A B

F G
C

H H’ I I’ J J’

K K’ K” L L’ L’’

D E

Figure 2. TkvDN is epistatic to Mirr.

A, B Adult midguts showing Apc-Ras-TkvDN (A) and Apc-Ras-TkvDN-MirrRNAi (B) clones marked by GFP (green) 4 weeks after clone induction. Note that Dpp pathway
inactivation blocks the tumor suppressor effect of MirrRNAi.

C–E Wild-type (C), Apc-Ras-Tkv* (D), and Apc-Ras-MirrRNAi (E) GFP+ clones (green) stained with PH3 (red). Note the increased number of PH3+ cells in Apc-Ras-Tkv* and
Apc-Ras-MirrRNAi clones compared to a wild-type clone of similar size.

F, G qRT–PCRs of Dl, Pros, and Myo31DF (F) and stat92e (G) showing that Apc-Ras-MirrRNAi clones restore the expression of these markers to wild-type levels. Graphs
show a representative experiment (mean � SEM of relative expression, n = 3).

H–J Apc-Ras (H), Apc-Ras-Tkv* (I), and Apc-Ras-MirrRNAi (J) GFP+ clones (green) marked with the EC marker Pdm1 (red).
K, L Expression of activated Tkv* (K) or MirrRNAi (L) in progenitor cells induces the expression of the EC marker Pdm1 (red) in ISCs, marked by Dl (blue).

Source data are available online for this figure.
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Figure 3. Irx3 and Irx5 regulate the response to TGF-b in human cells.

A Graph of a representative experiment showing maximum luciferase activity upon TGF-b treatment of cells transfected with an empty vector or the Irx5-expressing
vector.

B Negative correlation between TGF-b targets and IRX3/IRX5 expression in the cohort of adenoma samples from the GSE8671 dataset (Spearman’s
correlation = �0.47507, P-value = 0.0065275, n = 32).

C Negative correlation between SMAD3 and IRX3/IRX5 expression in the same dataset as in (B) (Spearman’s correlation = �0.43218, P-value = 0.014199).
D qRT–PCRs of Smad2, Smad3, and Smad4 in LSTBRII cells expressing GFP or IRX5. Cells were induced with doxycycline for 24 h, and the levels of Smad2, Smad3, and

Smad4 were assessed by qRT–PCR. Data are presented as mean fold change over GFP cells � SEM (n = 4) (***P-value < 0.001, two-tailed t-test).
E Cell cycle profile of LSTBRII cells expressing GFP or IRX5 in response to TGF-b. Cells were induced with doxycycline and treated with TGF-b for 72 h. Data are

presented as % of cells in G0/G1, S, or G2/M from the total population � SEM (n = 6) (***P-value < 0.001; *P-value < 0.05, two-way ANOVA). Comparisons refer to
cells in S phase.

F, G p15/Cdkn2b (F) or cMyc (G) response to TGF-b treatment of LSTBRII cells expressing GFP or IRX5. Cells were induced with doxycycline for 24 h and then treated with
TGF-b for an additional 24 h. Results are expressed considering the transcriptional upregulation of p15/Cdkn2b (F) or the transcriptional downregulation of cMyc
(G) of GFP cells (+TGF-b versus –TGF-b) as 100%. Data are presented as mean % of response � SEM (n = 4) (*P-value < 0.05, **P-value < 0.01, two-tailed t-test).

Source data are available online for this figure.
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presence of TGF-b, whereas in the absence of TGF-b, control

cells overcompete IRX-expressing cells. We speculate that in this

context, carcinoma cells that acquire mutations in the TGF-b
pathway would then have selective pressure to reduce the level of

IRX expression. Finally, our results show the utility of Drosophila as

a model system for human diseases [21,43–45] to identify new

genetic regulations.

Materials and Methods

Clone generation

MARCM clones were generated by a 1-h heat shock at 37°C of 2-to

5-day-old females and were marked by the progenitor cell marker

escargot (esg) Gal4 line driving the expression of UAS GFP.

Staining and antibodies

Stainings were performed using standard protocols [21]. Antibodies

are described in Supplementary Methods.

Clone gene expression analysis

Drosophila midguts were dissected 4 weeks after induction. GFP+

cells were isolated by fluorescence-activated cell sorting (FACS),

and RNA was extracted and amplified as described [46]. Gene

expression levels were assessed using Power Sybr Green quantita-

tive PCR (Applied Biosystems).

Cell lines, transfections, and treatments

Human adenocarcinoma cell lines were cultured under standard

conditions, and transfections were performed using PEI (polyethy-

lenimine) reagent (Polysciences Inc.). Treatments are detailed in

Supplementary Methods.

Supplementary information for this article is available online:

http://embor.embopress.org
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