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SUMMARY

Signal transduction pathways stimulated by secreted
growth factors are tightly regulated at multiple levels
between the cell surface and the nucleus. The traf-
ficking of cell surface receptors is emerging as a key
step for regulating appropriate cellular responses,
with perturbations in this process contributing to hu-
mandiseases, including cancer. For receptors recog-
nizing ligands of the transforming growth factor b

(TGF-b) family, little is known about how trafficking
is regulated or how this shapes signaling dynamics.
Here, using whole genome small interfering RNA
(siRNA) screens,wehave identified theESCRT (endo-
somal sorting complex required for transport) ma-
chinery as a crucial determinant of signal duration.
Downregulation of ESCRT components increases
the outputs of TGF-b signaling and sensitizes cells
to low doses of ligand in their microenvironment.
This sensitization drives an epithelial-to-mesen-
chymal transition (EMT) in response to low doses of
ligand, and we demonstrate a link between downre-
gulation of theESCRTmachinery and cancer survival.

INTRODUCTION

Cell communication, mediated via signal transduction pathways,

underpins both embryonic development and adult tissue ho-

meostasis, and deregulation of these pathways is the underlying

cause of many human diseases, a prominent example being

cancer (Weber et al., 2016). Cell signaling is initiated by the bind-

ing of cytokines and growth factors to cell surface receptors that

then transmit signals to the nucleus to induce new programs of

gene expression that result in changes in cell behavior. Intracel-

lular trafficking and turnover of the cell surface receptors are key

determinants of the amplitude of the response and dictate the

manner in which the signal is modulated over time (Le Roy and

Wrana, 2005; Schmid, 2017; Zwang and Yarden, 2009). For

ligands of the transforming growth factor b (TGF-b) family,

signaling dynamics have been shown to be crucial for deter-
Cell Repo
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mining how cells respond to ligand stimulation (Nicolás and

Hill, 2003; Vizán et al., 2013), but we know little about how

TGF-b receptor trafficking or turnover is regulated.

Members of the TGF-b family regulate a wide range of cellular

processes including cell growth,migration, adhesion, differentia-

tion, andapoptosis, andasa result, are essential for orchestrating

embryonic development and regulating tissue homeostasis

(Miller and Hill, 2016). The TGF-b family ligands activate signaling

by binding to serine/threonine kinase receptors at the cell sur-

face. These receptors are functionally categorized into two clas-

ses, type I and type II, and the canonical TGF-b ligands (TGF-b1,

TGF-b2, andTGF-b3) use TGFBR1andTGFBR2as their type I re-

ceptor and type II receptor, respectively (Feng and Derynck,

2005). The ligand brings the two types of receptors together,

which allows the constitutively active kinase domain of the type

II receptor to phosphorylate an intracellular glycine- and serine-

rich (GS) domain of the type I receptor (Feng and Derynck,

2005). This activates the type I receptor and provides a binding

site for the downstream substrates of the pathway, the recep-

tor-regulated SMADs (R-SMADs), which are phosphorylated at

their extreme C termini. Phosphorylated SMADs (PSMADs)

form complexes with SMAD4, which accumulate in the nucleus

and regulate the transcription of a battery of genes in conjunction

with other co-factors. SMADphosphorylation is therefore a direct

readout of receptor activity (Massagué, 2012). The family has

traditionally been divided into two branches, whereby the TGF-

bs, activins, and NODAL induce SMAD2 and SMAD3 phosphor-

ylation, and thebonemorphogenetic proteins (BMPs) andgrowth

and differentiation factors (GDFs) induce SMAD1, SMAD5, and

SMAD9 phosphorylation, although some cross-talk between

these branches also occurs (Grönroos et al., 2012; Ramachan-

dran et al., 2018).

The TGF-b receptors are localized to the basolateral mem-

branes in polarized cells, and short sequences have been iden-

tified in both TGFBR1 and TGFBR2 that are responsible for this

targeting (Yin et al., 2013, 2017). Moreover, both receptors are

constantly internalized and recycled in the absence and pres-

ence of ligand (Di Guglielmo et al., 2003; Mitchell et al., 2004).

However, their route of internalization remains controversial.

One study reported that receptors internalize uniquely into cla-

thrin-coated pits and subsequently into EEA1-positive endo-

somes for active signaling and via caveolin-marked vesicles for
rts 25, 1841–1855, November 13, 2018 ª 2018 The Authors. 1841
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degradation (Di Guglielmo et al., 2003). Others have suggested

that while SMAD signaling occurs in clathrin-coated pits and in

clathrin-mediated endosomal compartments, non-SMAD

signaling, such as TGF-b-induced activation of ERK MAPK

signaling and PI3K-AKT signaling occurs uniquely in the caveolar

compartment (Budi et al., 2017). Interestingly, recent work has

indicated that the two routes of internalization may merge, since

TGF-b receptors were tracked to endosomal vesicles that were

positive for both EEA1 and caveolin (He et al., 2015). It also re-

mains unclear whether internalization is absolutely necessary

for signaling to occur, with different cell lines and methods of

tagging receptors leading to conflicting conclusions (Budi

et al., 2017; Di Guglielmo et al., 2003; Lu et al., 2002).

Once internalized, a proportion of receptors appear to be re-

cycled to the cell surface in a RAB11-dependent manner, while

the remainder are ubiquitinated and targeted for degradation

(Mitchell et al., 2004). A number of E3 ubiquitin ligases have

been identified as playing a role in this process including

SMURF1 (Kavsak et al., 2000), SMURF2 (Ogunjimi et al., 2005),

WWP1 (Komuro et al., 2004), and NEDD4L (Kuratomi et al.,

2005). Deubiquitinating enzymes have also been identified that

reverse this process and increase receptor stability, such as

USP15 (Eichhorn et al., 2012), UCHL5 (UCH37) (Wicks et al.,

2005), and USP4 (Zhang et al., 2012). Mathematical modeling

with experimental validation has demonstrated that the lifetime

of activated receptors dictates how TGF-b signaling intensity is

modulated over time and thus how cells respond to continuous

ligand stimulation (Vizán et al., 2013). However, the pathway of

degradation subsequent to ubiquitination for the TGF-b recep-

tors has never been identified.

Derailed endocytosis is emerging as a driver in a number of hu-

man diseases, with cancer being the most prominent (Mellman

and Yarden, 2013; Mosesson et al., 2008). Multiple stages in

internalization, trafficking, recycling, and degradation of cell sur-

face receptors can become deregulated during the process of

carcinogenesis, leading to aberrant signaling that can promote

tumor growth and dissemination (Tomas et al., 2014). Therefore,

understanding how perturbations in receptor trafficking alter

signaling, and how the downstream effects that result from these

alterations change cell behavior in response to external factors is

critical for understanding the link between receptor trafficking

and disease states. TGF-b signaling mediates a range of tu-

mor-suppressive effects including growth arrest and apoptosis

but also plays an important tumor-promoting role, acting as an

immune suppressor and a pro-angiogenic factor. In addition,

by inducing an epithelial-to-mesenchymal transition (EMT) in tu-

mor cells, TGF-b can promote invasion and metastasis, among

other effects (David and Massagué, 2018).

In this study, we performed a series of whole genome loss-of-

function screens to find regulators of TGF-b signaling duration.

These screens identified the ESCRT (endosomal sorting com-

plexes required for transport) pathway as the degradation route

of the TGF-b receptors and hence essential for limiting signal

duration. Knockdown of ESCRT components led to persistent

pathway activity as measured by R-SMAD phosphorylation, as

well as to upregulation of the downstream outputs of TGF-b

signaling, including its ability to drive growth arrest and EMT.

Furthermore, these results demonstrate that downregulation of
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ESCRT components sensitizes cells to TGF-b in their extrac-

ellular environment, which we reveal could be important in

tumorigenesis.

RESULTS

Whole Genome Screening Identifies ESCRT
Components as Key Regulators of TGF-b Signaling
Dynamics
Upon acute exposure of cells to TGF-b, levels of PSMAD2 in-

crease for around 1 hr before attenuating to lower levels at later

time points (Figure S1A). These signaling dynamics are seen with

a range of TGF-b concentrations, and we have subsequently

used 2 ng/mL for our experiments as an example of a saturating

dose. These characteristic signaling dynamics are the result of

the TGF-b receptors becoming depleted from the cell surface

within 5–10min of ligand exposure, rendering the cells refractory

to further acute stimulation (Vizán et al., 2013). We first sought to

understand whether the internalized receptors continue to signal

in these conditions from intracellular compartments and used

the well-characterized human keratinocyte cell line, HaCaT, for

these experiments (Vizán et al., 2013). HaCaT cells were treated

for 5min with TGF-b to internalize receptors, then external ligand

was removed with a TGF-b neutralizing antibody (1D11) or cells

were incubated with an isotype-matched control antibody (Nam

et al., 2008). With the neutralizing antibody, signaling persisted

for between 1 and 2 hr, despite no new signaling being initiated

from the cell surface (Figure 1A). This indicates that receptors

signal for 1–2 hr from internal compartments.

To determine how receptor trafficking is controlled, we per-

formed a series of whole genome small interfering RNA (siRNA)

screens for regulators of TGF-b signaling. We were particularly

interested in identifying regulators that changed the dynamics

of the TGF-b response. HaCaT cells were transfected with

SMARTpools comprising four individual siRNA oligonucleotides

targeting each gene in the human genome. Screens were per-

formed after two different time points of TGF-b treatment, 1 hr

and 20 hr, and the accumulation of endogenous SMAD2/3 in

the nucleus was assayed by immunofluorescence using auto-

mated microscopy to capture images. We confirmed that

SMAD2/3 accumulated in the nucleus in response to TGF-b after

1 hr and this response was attenuated after 20 hr (Figure S1B).

As a positive control, we showed that nuclear SMAD2/3 accu-

mulation was inhibited by knockdown of the type I TGF-b recep-

tor, TGFBR1, at both the 1 hr and 20 hr time points (Figure S1B).

siRNAs that led to a significant decrease in cell number (>2 SDs

from the screen average) were excluded from further analysis.

We chose to focus on hits whose knockdown led to normal in-

duction of signaling after 1 hr, but to a persistence of signaling

over 20 hr, to identify components that potentially regulated

the trafficking of activated receptors (Figure S1C). A significant

hit was considered one that exhibited an increase in nuclear

SMAD2/3 levels of >2 SDs relative to the average of the screen

after 20 hr of TGF-b treatment, with no significant change in nu-

clear SMAD2/3 after 1 hr of TGF-b treatment (Figure 1B). For a

full list of hits, see Table S1. Among the hits in this category

were several components of the ESCRT machinery, namely

VPS28, UBAP1, PTPN23, and VPS4B (Figures 1B and S1D).
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Figure 1. A Whole Genome Screen for Regulators of TGF-b Signaling Dynamics

(A) HaCaT cells were treated for 5 min with TGF-b, followed by the TGF-b neutralizing antibody 1D11 or an isotype-matched control (Control Ab) for the times

indicated. Levels of PSMAD2, SMAD2, and tubulin as a loading control were assayed by western blotting. Quantifications are the normalized average ± SD of

three independent experiments. *p < 0.05.

(B) A scatterplot showing changes in levels of nuclear SMAD2/3 for every hit in a whole genome siRNA screen analyzed after 1 hr (x axis) or 20 hr (y axis),

expressed as SDs from the average of the screen. The red dotted line indicates 2 SDs, the significance threshold for these screens. Four components of the

ESCRT machinery, VPS28, UBAP1, VPS4B, and PTPN23 are indicated.
The ESCRT machinery is composed of four protein assemblies

(ESCRT-0, -I, -II, and –III). The ESCRT-0 and -I complexes,

with the help of ESCRT-II, recognizes ubiquitinated cargo, which

is then incorporated by ESCRT-III into intra-luminal vesicles

(ILVs) by invagination of the endosomal limiting membrane

(Clague et al., 2012; Schmidt and Teis, 2012; Szymanska et al.,

2018; Wollert and Hurley, 2010). This leads to the generation of

the multi-vesicular body (MVB), a structure that fuses with lyso-

somes to degrade cargo (Futter et al., 1996). VPS28 and UBAP1

are members of ESCRT-I, PTPN23 is an accessory protein that

links ESCRT-I to ESCRT-III, and VPS4B associates with

ESCRT-III and is required for ESCRT disassembly and recycling

(Ali et al., 2013; Lata et al., 2008; Szymanska et al., 2018).

To determine the impact of knocking down these components

on signaling dynamics, time courses of TGF-b treatment were

performed in HaCaT cells in the presence or absence of siRNAs

against these targets. Knocking down VPS28, UBAP1,

PTPN23, or VPS4B led to a persistence in SMAD2 phosphoryla-

tion over a time course of 24 hr, compared to the attenuation in

signal seen with non-targeting (NT) siRNA controls (Figure 2).

Crucially, the acute induction of PSMAD2 was unaffected by

ESCRT knockdown, suggesting that the major impact of losing

ESCRT components is on signaling duration. In all cases, no sig-

nificant upregulation in total levels of the TGF-b receptors

TGFBR1 and TGFBR2 was seen (Figure 2). To ensure that siRNA

pools were not dominated by individual oligonucleotides, pools

were deconvoluted, and we demonstrated that each individual

member of the pools targeting, for example, VPS28 and

UBAP1, had the same impact on TGF-b signaling (Figures S2A

and S2B). Knockdown of ESCRT components also led to a

persistence in SMAD3 phosphorylation after TGF-b treatment

(Figures S2C and S2D). Importantly, upregulation of SMAD2

phosphorylation upon TGF-b stimulation with ESCRT knock-

down occurred at a range of TGF-b doses from 0.1 ng/mL to
2 ng/mL, and ESCRT knockdown additionally clearly increased

basal levels of PSMAD2 (Figures S2E and S2F).

TheESCRTMachineryDetermines theDynamics of BMP
and Activin Signaling
We next extended our findings to signaling by other members of

the TGF-b family. Stimulation of HaCaTs with activin led to tran-

sient SMAD2 phosphorylation, which peaked after 1 hr before

rapidly declining over the next 8 hr (Figure 3A). With knockdown

of VPS28, this response became persistent, indicating that the

ESCRT machinery also shapes the dynamics of the cellular

response to activin. In contrast to the response to activin and

TGF-b, exposure of HaCaTs to BMP4 led to persistent SMAD1

phosphorylation (Figure 3B). When VPS28 was knocked down,

this response became elevated across the entire time course

of BMP4 stimulation, including the baseline. In both cases, as

with TGF-b, the levels of receptors were not changed upon

ESCRT knockdown (Figure 3C).

These results demonstrate that the ESCRT machinery limits

the amplitude and duration of signaling in response to multiple

TGF-b family ligands.

Depletion of the ESCRT Machinery Traps Activated
Receptors in Internal Compartments
As mentioned above, the ESCRT machinery functions to target

ubiquitinated cell surface receptors for degradation (Szymanska

et al., 2018). We therefore investigated whether inhibition of

this pathway blocked the internalization of the TGF-b receptors

from the cell surface or serves to trap activated receptors in

intracellular compartments. TGFBR1 and TGFBR2 are both

almost completely depleted from the surface of HaCaTs after

4 hr of exposure to TGF-b (Vizán et al., 2013). This depletion

was not inhibited by knockdown of VPS28 or UBAP1, suggesting

that receptor internalization is not affected in these conditions
Cell Reports 25, 1841–1855, November 13, 2018 1843
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Figure 2. Knockdown of ESCRT Components Leads to a Persistence in SMAD2 Phosphorylation upon TGF-b Treatment

(A–D) HaCaT cells were transfected with non-targeting (NT) control siRNAs or siRNAs targeting VPS28 (A), UBAP1 (B), PTPN23 (C), or VPS4B (D) and stimulated

with TGF-b for the times indicated. Levels of PSMAD2, SMAD2/3, TGFBR1, TGFBR2, and tubulin as a loading control were assayed by western blot. Quanti-

fications are the normalized average ± SD of three independent experiments. *p < 0.05. The extent of knockdown was assessed by qPCR, and the normalized

average ± SD from the same three independent experiments is shown bottom right.
(Figure 3D). As previously indicated, when cells were stimulated

for 5 min with TGF-b, followed by a neutralizing antibody over a

time course of 8 hr, receptors continued to signal from internal

compartments for 1–2 hr (Figure 3E). After VPS28 knockdown,

signaling persisted from internal compartments for the entire

duration of an 8-hr time course, suggesting that activated

signaling receptors were indeed trapped in internal compart-

ments (Figure 3E). To address this more directly, we looked for

co-localization between endosomal markers and TGFBR1. As

there are no receptor antibodies suitable for immunostaining,

we made use of a cell line stably expressing HA-tagged TGFBR1

(Figure S3). The type I receptor clearly co-localized with endog-

enous EEA1, which marks early endosomes, and with the

ESCRT-0 component HGS (also called HRS) (Figures S3B and

S3C). Quantitation revealed that approximately one-third of
1844 Cell Reports 25, 1841–1855, November 13, 2018
HA-marked puncta co-localizedwith endosome/ESCRT compo-

nents in both the absence and presence of TGF-b (Figure S3D).

We also attempted to look at co-localization between endoso-

mal markers and TGFBR1 when ESCRT components were

knocked down. However, in these conditions, we observed an

expansion of the endosomes, as has been seen by others

(Doyotte et al., 2005), making any changes in co-localization

difficult to interpret (data not shown).

TGF-b Receptors Are Degraded via the Lysosome and
This Requires SMURF1
The results so far suggest that the TGF-b receptors are targeted

for degradation by the ESCRT machinery. Cargo recognized by

ESCRT components is degraded in the lysosome. To investigate

whether this was true of the TGF-b receptors, cells were treated
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Figure 3. The Effects of ESCRT Knockdown Are Not Limited to the TGF-b Pathway and Result in Sustained Signaling from Internal

Compartments

(A–C) HaCaT cells were transfected with non-targeting (NT) control siRNAs or siRNAs targeting VPS28 and stimulated with activin (A and C) or BMP4 (B and C)

for the times indicated. Levels of PSMAD2, SMAD2/3, PSMAD1, SMAD1, BMPR2, ACVR1B, ACVR2B, and tubulin as a loading control were assayed

by western blot. Quantifications are the normalized average ± SD of three independent experiments. Quantifications are normalized to NT untreated

samples. *p < 0.05. The extent of knockdown was assessed by qPCR, and the normalized average ± SD from the same three independent experiments is

shown bottom right.

(D) HaCaT cells were transfected with NT control siRNAs or siRNAs targeting VPS28 or UBAP1 and stimulated with TGF-b as indicated for 4 hr. A surface

biotinylation assay was performed, and surface levels of TGFBR1 or TGFBR2, or total levels of TGFBR1, TGFBR2, PSMAD2, SMAD2/3, or tubulin as

a loading control were assayed by western blot. Quantifications are the average ± SD of four independent experiments and are normalized to untreated

NT samples.

(E) HaCaT cells transfected with NT siRNAs or siRNAs targeting VPS28were treated for 5min with TGF-b, followed by the neutralizing antibody 1D11 for the times

indicated. Levels of PSMAD2, SMAD2/3, and tubulin as a loading control were assayed by western blot. Quantifications and knockdown controls were as in (A)

and (B).
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with bafilomycin A1, which inhibits the fusion of MVBs with the

lysosome (Bowman et al., 1988). Cellular pools of both TGFBR1

and TGFBR2 accumulated after 24 hr of bafilomycin A1 treat-

ment, demonstrating that both receptors are indeed degraded

in the lysosome (Figure 4A). Interestingly, TGFBR2 accumulated

after only 8 hr of bafilomycin treatment, while TGFBR1 required

up to 24 hr before accumulation was detectable, and this

occurred both in the absence or presence of TGF-b (Figures

4A and 4B). Consistent with our finding that activin and BMP

signaling was also regulated by the ESCRT machinery, we

observed that the BMP type II receptor BMPR2 accumulated

with bafilomycin A1 treatment, as did the activin type I receptor

ACVR1B (Figures 4C and 4D). Receptors in MVBs generally do

not contact their cytoplasmic substrates (Tomas et al., 2014),

and consistent with this, the attenuation in PSMAD2 levels

seen in response to TGF-b was not affected by bafilomycin A1

treatment (Figure 4E).

Both bafilomycin A1 treatment and knockdown of the ESCRT

machinery prevent trafficking of the receptors to the lysosomes,

but there are key differences in the effects these treatments have

on the signaling pathway and receptor levels. In the case of ba-

filomycin A1, receptors accumulate in the MVBs, most rapidly in

the case of TGFBR2, but signaling is not sustained. When

ESCRT components are knocked down, however, signaling is

sustained, indicating that in this case the receptors are trapped

in an internal compartment upstream of the MVB, likely the

signaling endosome. This led us to ask why we could not detect

receptor accumulation when ESCRT components were

depleted. In wild-type cells, we have previously noted that re-

ceptor degradation rates are matched by synthesis rates, keep-

ing levels of receptors stable (Vizán et al., 2013), and suggesting

that a feedback mechanismmay be operating. We hypothesized

therefore that when the ESCRT machinery is depleted such a

feedback mechanism might result in reduced rates of receptor

synthesis if receptor degradation was inhibited. We would

expect this to be most obvious for TGFBR2, as it is turned over

much faster than TGFBR1 (Vizán et al., 2013). Consistent with

this idea, we demonstrated, using a cycloheximide chase assay,

that VPS28 knockdown resulted in increased stability of both

TGFBR1 and TGFBR2 in unstimulated cells (Figure S4A). More-

over, VPS28 or UBAP1 knockdown also resulted in a decreased
Figure 4. ESCRT Components Are Responsible for Trafficking the Rec

(A–D) HaCaT cells were treated with bafilomycin A1 (Baf A1) and/or TGF-b for the

(D) were assayed by western blot together with a loading control (tubulin, GR

experiments, normalized to untreated samples.

(E) HaCaT cells were treated or not with bafilomycin A1 and TGF-b for the times

assayed by western blot. Quantifications are the normalized average ± SD of thr

(F) HaCaT cells were transfected with non-targeting (NT) control siRNAs or siRNA

Expression levels of the genes indicated were assayed by qPCR and are the av

untreated sample. Exon/Exon indicatesmaturemRNA; Intron/Exon indicates nasc

and siVPS28 samples after 24 hr of treatment, and NT-Ub indicates the same fo

(G) A scatterplot showing changes in levels of nuclear SMAD2/3 for every hit in

expressed as SDs from the average of the screen. The red dotted line indicates 2

indicated.

(H) HaCaT cells were transfectedwith non-targeting (NT) control siRNAs or siRNAs

PSMAD2, SMAD2/3, and tubulin as a loading control were assayed by western

experiments. *p < 0.05. The extent of knockdown was assessed by qPCR, and t

shown bottom right.
rate of accumulation of TGFBR2, as read out by both nascent

and mature mRNA levels (Figure 4F).

Ubiquitination controls the trafficking routes of activated

receptors after internalization and may govern the efficiency of

recycling from endosomes to the plasmamembrane versus lyso-

somal sorting through the MVB pathway (Clague et al., 2012). A

number of E3 ubiquitin ligases have previously been demon-

strated to be capable of ubiquitylating the TGF-b receptors,

but definitive proof as to which is responsible for targeting the

receptors for degradation has been lacking (Budi et al., 2017).

We therefore examined our screen hits and searched for

siRNAs targeting E3 ubiquitin ligases whose activity led to signif-

icantly prolonged signaling compared with the control NT

siRNAs. SMURF1, an E3 ubiquitin ligase that has been associ-

ated with TGF-b receptor ubiquitination, was one of the most

significant hits from the screen, while the closely related E3 ubiq-

uitin ligase, SMURF2, which has also been suggested to play the

same role (Kavsak et al., 2000), had no effect on the dynamics of

SMAD2/3 nuclear localization (Figure 4G). This result was

confirmed by examining images from the screen (Figure S4B)

and performing time courses of SMAD2 phosphorylation in the

absence and presence of SMURF1 or SMURF2 knockdown

(Figures 4H and S4C–S4E). Furthermore, we showed that knock-

down of SMURF1 also stabilized TGFBR1 and TGFBR2 in a

cycloheximide chase assay (Figure S4F).

Prolonged TGF-b Signaling Results in Enhanced Target
Gene Expression
We have clearly demonstrated that knockdown of components

of the ESCRT machinery prolongs the cellular response to

TGF-b stimulation by blocking the degradation in the lysosome

of actively signaling receptors. We next investigated whether

this persistence in SMAD2 and SMAD3 phosphorylation is trans-

lated into an enhancement of the downstream biological outputs

of TGF-b signaling. TGF-b drives the expression of a plethora of

target genes, with varying dynamic patterns. Knockdown of

VPS28 or UBAP1 led to a dramatic upregulation of the expres-

sion of a range of target genes in response to 24 hr of TGF-b

stimulation (Figure 5A). These included several genes encoding

transcriptional regulators (JUNB, ATF3), proteins responsible

for driving the deposition, and degradation of extracellular matrix
eptors to MVBs

times indicated. Levels of TGFBR1, TGFBR2 (A and B), BMPR2 (C), or ACVR1B

B2, or MCM6). Quantifications are the average ± SD of three independent

indicated. Levels of PSMAD2, SMAD2/3, or GRB2 as a loading control were

ee independent experiments.

s targeting VPS28 or UBAP1 and stimulated with TGF-b for the times indicated.

erage ± SD of three independent experiments, normalized to levels in the NT

entmRNA. NT-Vp indicates the p valuewhen values are compared betweenNT

r NT and siUBAP1. *p < 0.05, **p < 0.005.

a whole genome siRNA screen analyzed after 1 hr (x axis) or 20 hr (y axis),

SDs, the significance threshold for these screens. SMURF1 and SMURF2 are

targetingSMURF1 and stimulatedwith TGF-b for the times indicated. Levels of

blot. Quantifications are the normalized average ± SD of three independent

he normalized average ± SD from the same three independent experiments is
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(ECM) components (PLAU, COL4A2, FN1), as well as proteins

involved in limiting cell proliferation (CDKN1A). Finally, genes

encoding drivers of TGF-b-mediated EMT, such as SNAI1 (pre-

viously called SNAIL) and SNAI2 (previously called SLUG),

were also upregulated upon TGF-b stimulation when VPS28 or

UBAP1 were knocked down as compared to controls. By

contrast, the expression of some target genes was not altered

by VPS28 or UBAP1 knockdown (Figure S5A). This is not entirely

unexpected, as we have recently demonstrated that neither

SMAD2 phosphorylation nor PSMAD2 chromatin association

directly correlates with the kinetics of target gene expression

(Coda et al., 2017).

Prolonged TGF-b Signaling Results in Enhanced TGF-b
Responses
To confirm that an upregulation in gene expression translates

into alterations in cell behavior, we first performed cell-cycle

analysis in HaCaT cells. The release of HaCaT cells arrested in

G0 phase by serum starvation is potently inhibited by 2 ng/mL

TGF-b (Levy and Hill, 2005). A lower dose of TGF-b (0.5 ng/mL)

partially inhibited the release of cells into the cell cycle, as evi-

denced by the higher number of cells in G0/G1 phase, and lower

number of cells in G2/S phase, compared to a full release in the

absence of TGF-b (Figures 5B, S5B, and S5C). This partial inhi-

bition was enhanced with VPS28 or UBAP1 knockdown, result-

ing in a higher proportion of cells in G0/G1 phase and a lower

proportion of cells in G2/S phase compared to NT siRNA con-

trols in each condition (Figures 5B, S5D, and S5E). In addition,

the release of cells from G0 in the absence of TGF-bwas also in-

hibitedwith knockdown of ESCRT components, presumably due

to the increase in basal SMAD2 phosphorylation (Figures 5B,

S2E, S2F, S5D, and S5E).

To further address the impact of ESCRT knockdown on cell

behavior, we turned to another key TGF-b-induced response,

EMT (Miettinen et al., 1994). Importantly, we have recently

shown in two different mouse mammary epithelial cell lines,

NMuMG and EpRas, that both TGF-b-induced SMAD2 and

also non-canonical SMAD1/5 phosphorylation are essential for

a full EMT (Ramachandran et al., 2018). We chose to focus on

the ESCRT-I component, VPS28, for these experiments as a

representative of the ESCRT machinery and first deconvoluted

an siRNA SMARTpool against Vps28 to confirm that all the

siRNAs acted as expected. This identified two siRNAs that led

to the greatest extent of knockdown (siRNAs 1 and 3), thus a

pool of these two siRNAs was used for all further experiments

(Figure S5F). Knockdown of VPS28 in NMuMG cells led to a

persistence in SMAD2 phosphorylation over a TGF-b time

course relative to induction after 1 hr (Figure S5G). In addition,
Figure 5. A Failure to Attenuate SMAD2 Phosphorylation Results in the

(A) HaCaT cells were transfected with non-targeting (NT) control siRNAs, siRNAs

levels of the genes indicated were assayed by qPCR and are the average ± SD

sample. *p < 0.05, **p < 0.005, ****p < 0.00005. n.s., not significant.

(B) HaCaT cells were transfected with non-targeting (NT) control siRNAs, or siRN

cell cycle (Arrest), then transferred into full serum media for 20 hr in the absence

cells were siRNA-transfected cells growing in full media. After treatments, cells we

of the cell cycle. Blue, G1; red, S; green, G2/M.% of cells in each phase of the cell

fluorescence.
we observed a striking persistence of SMAD1 phosphorylation,

which is normally induced only transiently by TGF-b, over

the same period (Figure S5H). A similar effect on both SMAD1

and SMAD2 phosphorylation was seen in EpRas cells (see

Figure S7A).

EMT in NMuMGs is accompanied by cell death, andwe used a

CellTiter-Glo assay to test the effect of knocking down VPS28 on

TGF-b-mediated cell death. This showed that TGF-b drives a

dose-dependent decrease in viable cell number, with the effect

of TGF-b enhanced with VPS28 knockdown at every dose of

ligand tested, relative to the NT controls (Figure S6A).

We next investigated the effects of depletion of the ESCRT

machinery on EMT itself. Hallmarks of EMT include the formation

of actin stress fibers, as well as the downregulation and delocal-

ization from the plasma membrane of epithelial markers such as

TJP1 (formerly known as ZO-1) and CDH1 (formerly known as

E-cadherin), which contribute to the tight junctions and adherens

junctions, respectively, (Miettinen et al., 1994). These effects are

readily detectable after treatment of NMuMGs for 48 hr with a

saturating dose (2 ng/mL) of TGF-b (Figures S6B and S6C) (Ram-

achandran et al., 2018). At a sub-saturating dose of TGF-b

(0.5 ng/mL), there was only very minimal evidence of an EMT

occurring in NT controls after either 24 hr or 48 hr, as TJP1

and CDH1 remained localized at the cell surface (Figure 6A).

With VPS28 knockdown, however, we observed a partial delo-

calization of epithelial markers after 24 hr of treatment and a

more substantial delocalization and downregulation of both

TJP1 and CDH1 after 48 hr (Figure 6A). In addition, cells ap-

peared to elongate after 48 hr of low dose TGF-b with VPS28

knockdown and stress fibers were induced, as evidenced by

staining with phalloidin (Figure 6B). These results indicate that

knocking down VPS28 leads to a more sustained TGF-b

response in NMuMGs, and this sustained response drives EMT

after exposure to a low dose of TGF-b, which is not by itself suf-

ficient to promote EMT. We additionally confirmed that the

enhanced EMT observed when VPS28 was knocked down

was still dependent on TGF-b receptors, thus ruling out the pos-

sibility that it was due to a distinct signaling pathway that might

be strengthened when ESCRT components are depleted (Fig-

ures S6D and S6E).

To confirm that the sensitization of cells to low dose TGF-b

was not just a feature of NMuMG cells, we performed similar

experiments in EpRas cells, which undergo EMT in a more

extended time frame (7 days). As with the NMuMGs, we showed

that 0.5 ng/mL TGF-bwas not sufficient to induce EMT in control

cells, but could do so in cells knocked down for VPS28 (Figures

S7B and S7C). Furthermore, this EMT was accompanied by

a dramatic upregulation in ACTA2 (previously called alpha
Upregulation of Downstream TGF-b Responses

targeting VPS28 or UBAP1, and stimulated with TGF-b for 24 hr. Expression

of three independent experiments, normalized to levels in the NT untreated

As targeting VPS28 or UBAP1. They were serum starved for 24 hr to arrest the

(Release Ctrl) or presence (Release +TGF-b) of 0.5 ng/mL TGF-b. Control (Ctrl)

re fixed, cell-cycle analysis was performed, and cells were assigned to a phase

cycle is given. The x axis indicates DNA content measured by propidium iodide
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Figure 6. ESCRT Knockdown Allows TGF-b to Drive EMT at Low Doses

(A) NMuMG cells were transfected with non-targeting (NT) control siRNAs or siRNAs targeting Vps28 and treated or not with 0.5 ng/mL TGF-b for the times

indicated. Cells were fixed and stained for TJP1, CDH1, and DAPI to mark nuclei and imaged by confocal microscopy. Scale bar, 50 mm.

(B) As in (A) except that cells were stained for actin using phalloidin. Scale bar, 30 mm.
smooth muscle actin [a-SMA]) (Valcourt et al., 2005) and

transcriptional repressors known to be drivers of EMT, SNAI1,

SNAI2, ZEB1, and ZEB2 (Katsuno et al., 2013) (Figures S7D

and S7E).

Although we noted in both cell lines that SMAD2 phosphoryla-

tion was sustained with VPS28 knockdown, we observed amore

dramatic effect on SMAD1 phosphorylation (Figures S5H and

S7A). This suggested that the prolonged PSMAD1 may play a
1850 Cell Reports 25, 1841–1855, November 13, 2018
more dominant role in sensitizing these cells to TGF-b-induced

EMT than the PSMAD2 (Figures S5G and S7A). To address this

hypothesis directly, we investigated whether prolonging

PSMAD1 signaling in NMuMG cells by additionally treating the

cells with BMP4 (Ramachandran et al., 2018) could potentiate

TGF-b-induced EMT. Using the phalloidin staining of actin as a

readout for EMT, we observed that BMP signaling enhanced

the ability of a low dose of TGF-b to induce stress fibers after
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48 hr (Figure S6F). The effect of BMP4 was less obvious when a

saturating dose of TGF-b was used, as prominent stress

fibers were already observed in this condition (Figure S6F).

We also used the upregulation of ACTA2 as a readout of EMT.

Again, it was evident that the combined effect of TGF-b

and BMP4 was greater than TGF-b alone (Figure S6G). These

results strongly suggest that prolonged PSMAD1 signaling, as

occurs when ESCRT components are depleted, enhances

TGF-b-induced EMT.

Downregulation of ESCRT Components Correlates with
Poor Survival in Multiple Cancer Contexts
EMT is a key step in tumorigenesis that contributes to a migra-

tory phenotype, acquisition of stem cell properties, and resis-

tance to chemotherapeutic agents (Ye and Weinberg, 2015).

We have shown that knockdown of ESCRT components in two

different cell systems confers an increased sensitivity to TGF-

b-induced EMT. We therefore postulated that losing expression

of ESCRT components in cancer might lead to a more invasive

and aggressive tumor, if TGF-b was present in the micro-envi-

ronment. Indeed, loss of PTPN23 has previously been linked to

more invasive cancers (Lin et al., 2011; Manteghi et al., 2016).

By mining The Cancer Genome Atlas (TCGA) data, we found

evidence for downregulation of the ESCRT components we

have identified in our screen, as well as other ESCRT compo-

nents like VPS37A, CHMP1A, and TSG101, in multiple tumor

types (Figure 7A). Note, though, that this analysis could be

complicated in the case of VPS4B as it resides close to

SMAD4 on chromosome 18 and, in some cancers, they are

co-deleted (McDonald et al., 2017). Importantly, we also found

that downregulation of ESCRT components was associated

with poorer survival in multiple different tumor contexts

(Figure 7B). It is thus possible that an enhanced response to

TGF-b drives more invasive, and thus more metastatic, cancers

in these instances.

DISCUSSION

In this paper, we have identified the ESCRT pathway as the

degradative route for the TGF-b receptors and thus crucial for

determining the lifetime of TGF-b receptors and hence signal

duration. We have shown that components of the ESCRT

machinery act to limit the extent of TGF-b signaling by trafficking

activated TGF-b receptors for degradation in the lysosome. Our

whole genome screens identified two components of the

ESCRT-I complex that traffics ubiquitinated cargos to the endo-

somes (VPS28 and UBAP1), a protein that couples ESCRT-I to

ESCRT-III (PTPN23) and another component that is important
Figure 7. Reduced Expression of ESCRT Components in Tumors Corr

(A) RSEM-normalized TCGARNA-seq expression datasets were analyzed for expr

whisker plots are shown, where the central line indicates the samplemedian, box e

not considered outliers. Outliers are indicated with red crosses. *p < 0.05, **p <

(B) RSEM-normalized TCGARNA-seq expression datasets were analyzed for expr

values for selected genes were plotted as Kaplan-Meier curves. p values are sho
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for ESCRT disassembly and recycling (VPS4B). Knockdown of

these ESCRT components not only leads to prolonged signaling,

but also to enhanced transcriptional responses, and moreover,

confers on cells increased sensitivity to low levels of TGF-b for

inducing growth arrest and EMT. The latter result raises the

intriguing possibility that a reduction in ESCRT activity, as we

have shown to occur in the context of cancer, could sensitize

tumor cells to the tumor-promoting activity of TGF-b produced

by the stroma. Indeed, we have demonstrated that downregula-

tion of ESCRT components correlates with poorer survival of

cancer patients for a number of different tumors.

We have demonstrated that TGF-b signaling is prolonged with

knockdown of ESCRT components despite receptors internal-

izing normally. As this also occurs when new signaling from the

cell surface is blocked with a TGF-b neutralizing antibody, we

conclude that in these conditions TGF-b receptors continue to

signal from internal endosomal compartments. Consistent with

this idea, we have also directly demonstrated that knockdown

of ESCRT components stabilizes both TGF-b receptors. The

issue of whether the receptors signal at the plasma membrane

or from internal vesicles has been the source of considerable

debate, with some studies concluding that all signaling occurs

at the cell surface (Hagemann et al., 2009; Lu et al., 2002), while

others have shown that internalization is required for signaling (Di

Guglielmo et al., 2003; Jullien and Gurdon, 2005). Although our

study does not determine whether receptor internalization is a

prerequisite for signaling, it strongly suggests that signaling

occurs from endosomes in the normal lifetime of the TGF-b

receptors. This fits well with the proposal that the endosomal

FYVE domain-containing proteins, SARA (also called ZFYVE9)

and endofin (also called ZFYVE16), aid recruitment of R-SMADs

to the activated receptors for phosphorylation (Shi et al., 2007;

Tsukazaki et al., 1998). Interestingly, the ESCRT component,

PTPN23, has very recently been shown to interact with SARA

and endofin, thus preventing PTPN23’s interaction with the

ESCRT-III component CHMP4 (Gahloth et al., 2017). This sug-

gests that PTPN23 could have a positive role in TGF-b signaling

mediated via its association with SARA, in addition to its negative

role mediating ESCRT-III recruitment and trafficking of the

receptors to theMVBs. Our findings that depletion of PTPN23 re-

sults in sustained TGF-b signaling suggest that the PTPN23

interaction with ESCRT-III is the dominant one.

We have demonstrated that the sustained TGF-b signaling we

observe when components of the ESCRT machinery are

depleted is translated into sustained TGF-b-induced transcrip-

tional responses and also into an increased sensitivity to low

levels of TGF-b for induction of growth arrest or EMT. Although

this sort of phenomenon has been observed for some other
elates with Poorer Prognosis

ession of ESCRT components in matched tumor and normal samples. Box and

dges represent quartiles, and whiskers extend to themost extreme data points

0.005, ***p < 0.0005, ****p < 0.00005.

ession of ESCRT components. The top and bottom quantile expression ranked

wn.

M, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma;

g squamous cell carcinoma; OV, ovarian serous cystadenocarcinoma; PAAD,
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signaling pathways, such as cytokine receptors activating the

nuclear factor kB (NF-kB) pathway (Mami�nska et al., 2016), this

correlation has not necessarily held true for all signaling path-

ways. For the EGF receptors, depletion of ESCRT components

caused retention of EGFR in endosomes, and increased activa-

tion of EGFR and its downstream kinases (e.g., MEK1/2 and

ERK1/2) but had virtually no effect on the overall profile and

amplitude of the EGF-induced transcriptional response (Bran-

katschk et al., 2012). These authors could only observe an effect

on the EGF-induced transcriptional program if the receptors

were retained at the cell surface. One reason that the retention

of the active TGF-b receptors on endosomes might result in

enhanced transcriptional responses may be due to the nucleo-

cytoplasmic shuttling behavior of the SMADs. During signaling,

R-SMADs and SMAD4 constantly shuttle between the cyto-

plasm and the nucleus, with the R-SMADs cycling between

being phosphorylated by active receptor in the cytoplasm and

dephosphorylated by nuclear phosphatases (for review, see

Schmierer and Hill, 2007). There are no amplification steps in

this pathway, and thus, through the shuttling mechanism, the

R-SMADs constantly monitor receptor activity. This mechanism

ensures that as long as receptors are active and the kinase do-

mains are available to cytoplasmic R-SMADs, a pool of activated

SMAD complexes is maintained in the nucleus. Prolonging the

presence of activated receptors in endosomes by depleting

ESCRT components and observing the resulting enhancement

of transcriptional responses serves as an important demonstra-

tion of this mechanism.

We have confirmed that inhibition of the E3 ubiquitin ligase

SMURF1 also prolongs signaling from the TGF-b receptors, in

line with its previously suggested role in targeting the receptors

for degradation (Ebisawa et al., 2001). Interestingly, knockdown

of SMURF2, which has previously also been implicated in ubiq-

uitinating the TGF-b receptors and targeting them for degrada-

tion, had no impact on SMAD phosphorylation dynamics. This

corroborates work performed with SMURF2 knockout mouse

embryonic fibroblasts, which showed that knockout of SMURF2

did not affect receptor turnover or PSMAD2 dynamics (Tang

et al., 2011). It will now be important to identify the ubiquitination

sites on the receptors, as alterations in these residues would be

predicted to abrogate receptor degradation and lead to a persis-

tence in signaling in a similar manner to ESCRT knockdown.

Deregulation of the ESCRT complexes (Mattissek and Teis,

2014), and derailed endocytosis more generally (Mosesson

et al., 2008), are emerging as common features in diseases

such as cancer. Our results implicate a failure to downregulate

TGF-b receptors as essential for driving an EMT in response to

low doses of ligand. Thus, downregulation of ESCRT compo-

nents in cancer could lead to a more invasive tumor phenotype

in the presence of low levels of TGF-b. Indeed, haploinsuffi-

ciency in PTPN23 has been linked to poor prognosis in cancer

(Manteghi et al., 2016), and suppression of the same protein

has been to shown to drive invasive behaviors in mammary

epithelial cells (Lin et al., 2011). The effects of PTPN23 haploin-

sufficiency have been ascribed to several different signaling

pathways, including integrin and PDGF signaling (Gingras

et al., 2017). In the case of VPS4B, downregulation in breast

tumors was correlated with increased levels of EGFR (Lin
et al., 2012). Given our results, it is an intriguing possibility

that in cancers showing loss or depletion of ESCRT compo-

nents, prolonged, upregulated TGF-b signaling could also play

a driving role in tumorigenesis. We have previously shown

that in the continuous presence of TGF-b, which is commonly

found in the micro-environment of tumors (Pickup et al.,

2013), cells have a counterintuitively low level of SMAD2 phos-

phorylation due to the rapid depletion of cell surface receptors

(Vizán et al., 2013). How tumor cells in this situation would be

able respond to high levels of TGF-b, and induce invasive be-

haviors, is unclear. Here, we provide one potential mechanism.

By downregulating components of the ESCRT machinery, cells

could escape from the low levels of signaling imposed by re-

ceptor depletion and undergo an EMT or other TGF-b-mediated

tumor promoting cell behaviors. The induction of an EMT can

be a critical step in tumor invasion and metastasis (Kalluri and

Weinberg, 2009), and thus the regulation of ESCRT compo-

nents is likely to be important for understanding TGF-b-driven

tumor dissemination.
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NMuMG KO TGFBR1 This paper N/A

Oligonucleotides

See Table S2 for oligonucleotides N/A N/A

See Table S2 for siRNAs N/A N/A

TGFBR1 guide RNA: GGTGAATGACAGTGCGGTTA This paper N/A

Recombinant DNA

HA-TGFBR1 Kavsak et al., 2000 N/A

pSUPER.retro.puro OligoEngine Cat# VEC-pRT-0002

pSpCas9(BB)�2A-GFP (PX458) Ran et al., 2013 Addgene Cat# 48138

Software and Algorithms

FIJI (ImageJ) https://imagej.net/Fiji/Downloads N/A

MATLAB (Version R2016b) https://uk.mathworks.com N/A

FIREHOSE https://gdac.broadinstitute.org/ N/A

FlowJo 10 FlowJo N/A

HCS Studio Cell Analysis Software ThermoFisher Scientific N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Caroline

Hill (caroline.hill@crick.ac.uk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
All cell lines were maintained at 37�C and 10% CO2 and have been certified mycoplasma negative by the Francis Crick Institute Cell

Services. HaCaTs andMDA-MB-231 cells have been authenticated by short tandem repeat profiling, while NMuMG and EpRas cells

had species confirmation by the Francis Crick Institute Cell Services. The identity of all cell lines was also authenticated by confirming

that their responses to ligands and their phenotype were consistent with published history. Cell line details are as follows:

HaCaT, human keratinocyte, male, maintained in Dulbecco’s modified Eagle’s medium (DMEM) + 10% fetal bovine serum

(FBS) + 1% penicillin/streptomycin (Pen/Strep).

MDA-MB-231, human triple negative breast cancer, female, maintained in DMEM + 10% FBS + 1% Pen/Strep.

MDA-MB-231 HA-TGFBR1, human triple negative breast cancer, female, stably transfected with HA-TGFBR1, maintained in

DMEM + 10% FBS + 1% Pen/Strep + 1 mg/mL Puromycin.

EpRas, mouse mammary epithelial, female, maintained in DMEM + 10% FBS + 1% Pen/Strep.

NMuMG, mouse mammary epithelial, female, maintained in DMEM + 10% FBS + 1% Pen/Strep + 10 mg/mL insulin.

NMuMG KO TGFBR1, mouse mammary epithelial, female, maintained in DMEM + 10% FBS + 1% Pen/Strep + 10 mg/mL insulin.
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METHOD DETAILS

Generation of TGFBR1 CRISPR/Cas9 knockout line
From the wild-type NMuMG cells, a parental clone was selected that expressed robust junctional markers (TJP1 and CDH1) and un-

derwent an efficient EMT in response to TGF-b. A guide RNA (see Key Resources Table) targeting the intracellular domain of TGFBR1

was expressed from the plasmid pSpCas9(BB)�2A-GFP (PX458) (Ran et al., 2013) and used to knock out TGFBR1. NMuMGparental

clone cells were transfected with this plasmid, sorted for GFP expression, plated as single cells in 96-well plates and screened by

sequencing to verify mutations in TGFBR1. Loss of TGFBR1 was confirmed by western blotting.

siRNA transfection and ligand treatment time courses
For siRNA experiments, cells were plated, and 24 hr later transfected with 50 nM (HaCaTs and EpRas) or 30 nM (NMuMG) siRNA

(Dharmacon) with 8 mL INTERFERin (Polyplus) and 200 mL Opti-MEM (ThermoFisher Scientific) for a 6-well plate in fresh media.

Experiments were performed 72 hr after siRNA transfection. For EMT assays in NMuMGs, cells were transfected with siRNAs for

24 hr, followed by TGF-b for the time indicated. For EMT assays in EpRas, cells were reverse transfected with siRNAs for 24 hr,

followed by TGF-b for 72 hr. Cells were then split, re-transfected with siRNAs, and treated with TGF-b for a further 96 hr. A full list

of siRNAs used is given in Table S2.

Ligands and reagents were used at the following concentrations, and re-constituted in the following buffers: TGF-b1 (Peprotech,

4.4 mM HCl/0.1% BSA), 2 ng/mL except where indicated otherwise; BMP4 (Peprotech, 4.4 mM HCl/0.1% BSA), 20 ng/mL; Activin

(Peprotech, 4.4 mMHCl/0.1% BSA), 20 ng/mL; Bafilomycin A1 (Merck Millipore, DMSO), 50 nM; SB-431542 (Tocris, DMSO), 10 mM;

cycloheximide (Sigma Aldrich, water), 20 mg/mL. The TGF-b neutralizing antibody, 1D11, and isotype-matched IgG1 monoclonal

control antibody raised against Shigella toxin (13C4) were as described (Nam et al., 2008), and used at 30 mg/mL. All stimulations

were performed in 10% FCS.

Whole genome siRNA screen
A Dharmacon (GE Healthcare) siGENOME siRNA library covering the human genome was plated out into Greiner Sensoplate glass-

bottom multiwell 384/1536 well plates (ThermoFisher Scientific) at a final concentration of 37.5 nM. Control siRNAs, ON-TARGET

Non-targeting siRNA or siGENOME RISC-free siRNA (GE Healthcare), were also plated at the same concentration. For 384-well plate

screens, 0.1 mL of INTERFERin (PolyPlus) was added per well, and 2000 HaCaT cells per well were then plated. For the 1536-well plate

format, 0.025mLof INTERFERinwasusedperwell, and500HaCaTswereplated. After 72hr, cellswere stimulatedwith TGF-b for 1 hr or

20 hr. The whole screenwas performed in triplicate, with each replicate on a separate plate. Cells were fixed and stained using an anti-

SMAD2/3 antibody (BDBiosciences,Cat. # 610843) andwithDAPI, then imagedusing anArrayScanXTI LiveHighContentmicroscope

(Cellomics).ResultswereanalyzedusingHCSStudioCell AnalysisSoftware (ThermoFisherScientific).Nuclear andcytoplasmicbound-

aries were delineated using DAPI as a nuclear marker and fitting a concentric shape around this to model the cytosol, and the relative

level of nuclear and cytoplasmic SMAD2/3 determined for each hit. Cells with a very bright DAPI signal were excluded, as they were

considered likely to be dividing or dying cells. Hits that led to a reduction in cell number of greater than 2 SD from the average of the

screen were excluded from further analysis. Hits with a less than 2 SD increase in nuclear SMAD2/3 in the 1 hr screen and greater

than 2 SD increase in nuclear SMAD2/3 in the 20 hr screen were taken forward for analysis. See Table S1 for a list of these hits.

Cell lysis and western blotting
Whole cell extracts were prepared as previously described (Inman et al., 2002). Briefly, cells were lysed in D0.4 lysis buffer (20 mM

HEPES pH 7.5, 10%Glycerol, 0.4 M KCl, 0.4% Triton X-100, 10mMEGTA, 5 mMEDTA, 1X protease inhibitors (Roche), 25mMNaF),

sonicated, centrifuged, and supernatants retained. Cells were then analyzed by western blotting as previous described (Inman et al.,

2002). Samples were loaded onto standard 15% SDS polyacrylamide gels. After electrophoresis, proteins were transferred to PVDF

membrane (Millipore) and immunoblotted using standard techniques. Western blots were visualized on film or using an ImageQuant

LAS 4000 mini (GE Healthcare) and quantified with ImageJ. Blots were normalized to densitometry measurements in control

cells after 1 hr of treatment except where indicated. The following antibodies were used for western blotting: anti-PSMAD2 (Cell

Signaling Technology, Cat. # 3108), anti-SMAD2/3 (BD Biosciences, Cat. # 610843), anti-PSMAD1/5 (Cell Signaling Technology,

Cat. # 13820), anti-SMAD1 (Invitrogen, Cat. # 38-5400), anti-PSMAD3 (Cell Signaling Technology, Cat. # 9520), anti-SMAD3 (Abcam

Cat. # 40854), anti-ACVR1B (LSBio, Cat. # LS-B2695), anti-ACVR2B (Aviva Systems Biology, Cat. # ARP45041), anti-BMPR2 (BD

Biosciences, Cat. # 612292), anti-UBAP1 (Proteintech, Cat. # 12385-1), anti-GRB2 (BD Biosciences, Cat. # 610112), anti-TGFBR1

(Santa Cruz, Cat. # sc-398), anti-TGFBR2 (Santa Cruz, Cat. # 17792), anti-MCM6 (Santa Cruz, Cat. # sc-9843), anti-Tubulin (Abcam,

Cat. # Ab6160), anti-Actin (Sigma Aldrich, Cat # A3853), anti-SMURF1 (Santa Cruz, Cat. # sc-25510), anti-SMURF2 (Cell Signaling

Technology, Cat. # 12024) and anti-ACTA2 (Sigma Aldrich, Cat# A5228).

Surface biotinylation assays
Surface biotinylation assays were as previously described (Vizán et al., 2013). Briefly, cells were labeled with EZ-Link Sulfo-NHS-

Biotin in PBS-CM (0.8 mM MgCl2, 1 mM CaCl2, PBS) at 4
�C for 40 mins, labeling quenched with 20 mM Tris-HCl pH 7.5 in PBS

and then cells lysed in lysis buffer (1% Triton X-100, 0.1% SDS, 10 mM EDTA, 1X protease inhibitors). Samples were normalized
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for protein levels, inputs taken, and biotin-labeled proteins pulled down with NeutrAvidin Agarose resin (ThermoFisher Scientific)

overnight. Beads were washed with lysis buffer three times and samples eluted before analysis by western blotting.

Cell cycle analysis
Cell cycle analysis was performed as previously described (Levy and Hill, 2005). Cells were seeded, and the next day transferred to

DMEM with 0.1% serum and transfected with siRNAs as described. For arrested samples, after 72 hr, cells were washed twice with

PBS, then trypsinized, pelleted, and fixed in ice-cold 70% ethanol. The remaining cells were transferred to DMEMwith 10% FBS for

22 hr in the presence or absence of 0.5 ng/mL TGF-b, and processed as for the arrested samples. Control samples were plated for the

same amount of time, but not serum starved. Cells were then treated with 50 mL of 100 mg/mLRibonuclease to degrade RNAs. 200 mL

of 50 mg/mL propidium iodide (PI) was then added to stain DNA. PI incorporation was analyzed with a cytometer using a 610/20-Yel-

low filter. Cell debris and cell doublets were gated out, and different phases of the cell cycle were fitted to the resulting histogram of PI

incorporation using a Dean-Jett-Fox model with FlowJo 10 software (FlowJo). For quantifications, the fold change in the number of

cells in each phase of the cell cycle relative to arrested (Figures S5B and S5C) or non-targeting siRNA transfected (Figures S5D and

S5E) cells was determined, and averaged across three independent experiments.

Immunofluorescence
Immunofluorescence experiments were performed as previously described (Nicolás and Hill, 2003). Cells were fixed for 20 mins at

�20�C in methanol/acetone (1:1) for TJP1/CDH1 staining, and for 10 mins at room temperature in 4% formaldehyde for phalloidin,

HA, HGS and EEA1 staining. After fixation, cells were washed three times in 0.3% Triton X-100/PBS, blocked for 30 mins in 0.3%

Triton X-100/0.3% BSA/10% FBS and then stained with primary antibody for 1 hr. Cells were then washed a further three

times and stained with secondary antibody, with DAPI to counterstain nuclei. F-actin was detected using rhodamine-phalloidin

(Sigma Aldrich) in place of the secondary antibody. The following primary antibodies were used for immunofluorescence

experiments: anti-TJP1 (Invitrogen, Cat. # 61-7300), anti-CDH1 (BD Biosciences, Cat. # 610181), anti-HA (Sigma Aldrich, Cat. #

11867423001), anti-EEA1 (BD Biosciences, Cat. # 610456) and anti-HGS (Enzo Life Sciences, Cat. # ALX-804-382). The following

secondary antibodies were used for immunofluorescence experiments: Anti-Rabbit Alexa Fluor 488 (ThermoFisher Scientific, Cat.

# A-21206), Anti-Mouse Alexa Fluor 488 (ThermoFisher Scientific, Cat. # A-11001), Anti-Mouse Alexa Fluor 594 (ThermoFisher

Scientific, Cat. # A-21203), Anti-Rabbit Alexa Fluor 594 (ThermoFisher Scientific, Cat. # A-21244).

Image acquisition and analysis
All imaging was performed using ZEISS LSM710 or 780 upright confocal microscopes. Coverslips were mounted on slides using

Mowiol (Calbiochem, #475904) and imaged with 63x/1.40 or 40x/1.3 Oil Plan-Apochromat lenses. In all cases, scale bars are indi-

cated on images. For EMT assays, Z stacks were acquired for all channels and maximal intensity projections are shown, while for

co-localization assays single slices were taken. All images were processed and analyzed in ImageJ. For co-localization assays, im-

ages were thresholded uniformly to remove background staining. The percentage of red pixels that overlapped with green pixels was

then quantified for 20 individual cells in each condition.

qPCR
qPCR was performed as previously described (Grönroos et al., 2012). For primer sequences see Table S2. In brief, mRNA was ex-

tracted using TRIzol (ThermoFisher Scientific) and cDNA synthesis was performed on 1 mgmRNA using AffinityScript (QIAGEN), both

according to the manufacturer’s instructions. qPCRs were performed using Fast SYBR Green Master mix (ThermoFisher Scientific)

on an ABI 7500 Fast (Applied Biosystems) thermocycler. Technical replicates for each condition were taken and experiments were

repeated three times. Calculations were performed using the DDCt method, and levels of mRNA are expressed as fold change rela-

tive to untreated control cells. Means ± SD from at least three independent experiments are shown. Results were analyzed using

GraphPad Prism 7 software and statistics were performed on these data using a Student’s t test.

TCGA analysis
RSEMnormalized TCGARNA-seq expression datasets were downloaded from Firehose (https://gdac.broadinstitute.org/). Box-and-

whisker plots were generated from matched tumor and normal data using MATLAB (Version R2016b), using the standard Boxplot

function. For Kaplan-Meier curves the top and bottom quantile expression ranked values for selected genes were plotted using

the ‘MatSurv’ package (version 1.0.0.0) in MATLAB (https://uk.mathworks.com/matlabcentral/fileexchange/64582-matsurv). Statis-

tics were performed on these data using a t test.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantifying western blots
Quantification of western blots was performed by densitometry measurements of each lane using ImageJ software, and was normal-

ized to the relative densitometry of the loading control from the same blot. In each case, quantifications were normalized to the control

samples stimulated for 1 hr, except where otherwise indicated in the Figure legends.
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Statistical analysis
In all cases except Figure 7, the data shown is the mean and SD of at least three independent experiments, except where the pres-

ence of a representative experiment is indicated in the Figure legends. The exact number of repeated experiments is indicated in the

Figure legend in each case. Statistics were performed using a Student’s t test in GraphPad Prism 7 software, Correction for multiple

testing was used if several points in a time course were compared by t test. In this case, statistical significance was determined in

GraphPad Prism 7 using the Holm-Sidak method, with alpha = 0.05. Each pair of samples was analyzed individually, without

assuming a consistent SD.

For the TCGA analysis, the number of samples in each dataset is indicated in the Figure, where n = the number of matched tumor

and normal pairs for Figure 7A and the number of samples in each of the high and low expression datasets for Figure 7B. Analysis was

performed in MATLAB and in boxplots, the central line indicates the sample median, box edges represent quartiles and whiskers

extend to the most extreme data points not considered outliers. Outliers are indicated with red crosses. An outlier is defined as a

value that is more than 1.5 times the interquartile range (w = 1.5) away from the top or bottom of the box, calculated as greater

than q3 + w 3 (q3 – q1) or less than q1 – w 3 (q3 – q1).

In all cases, significance was defined as a p value of less than 0.05, with the exact degree of significance indicated by asterisks

within the Figures. * = p < 0.05, ** = p < 0.005, *** = p < 0.0005, **** = p < 0.00005.
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