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Intersectin-s interaction with DENND2B facilitates
recycling of epidermal growth factor receptor
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Abstract

Epidermal growth factor (EGF) activates the EGF receptor (EGFR)
and stimulates its internalization and trafficking to lysosomes for
degradation. However, a percentage of EGFR undergoes ligand-
independent endocytosis and is rapidly recycled back to the
plasma membrane. Importantly, alterations in EGFR recycling are a
common hallmark of cancer, and yet, our understanding of the
machineries controlling the fate of endocytosed EGFR is incom-
plete. Intersectin-s is a multi-domain adaptor protein that is
required for internalization of EGFR. Here, we discover that inter-
sectin-s binds DENND2B, a guanine nucleotide exchange factor for
the exocytic GTPase Rab13, and this interaction promotes recycling
of ligand-free EGFR to the cell surface. Intriguingly, upon EGF
treatment, DENND2B is phosphorylated by protein kinase D and
dissociates from intersectin-s, allowing for receptor targeting to
degradation. Our study thus reveals a novel mechanism controlling
the fate of internalized EGFR with important implications for cancer.
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Introduction

In the absence of epidermal growth factor (EGF), the EGF receptor

(EGFR) undergoes endocytosis, is dephosphorylated in perinuclear

endosomes and rapidly recycles to the cell surface [1,2]. In contrast,

EGF occupied EGFR recycles at a much slower rate, as it is ubiquiti-

nated by the E3-ligase Cbl and largely targeted to the lysosome for

degradation [1,2]. While there is extensive understanding of the

mechanisms targeting EGF-activated receptor to lysosomes, rela-

tively little is known regarding the mechanisms responsible for

EGFR recycling [3]. This is important as escape of EGFR from

Cbl-mediated lysosomal targeting, leading to enhanced recycling

and signalling, is a reoccurring theme in cancer cell growth [3,4].

Thus, it is vital to better understand the mechanisms of EGFR

recycling.

DENND2B is a member of the differentially expressed in normal

and neoplastic cells (DENN) domain family [5–7]. Through the

DENN domain, these proteins function as guanine nucleotide

exchange factors (GEFs) for Rab GTPases [7]. DENND2B acti-

vates Rab13 selectively at the cell periphery and promotes the

delivery of pro-migratory cargo, and this activity has been linked

to the growth and motility of cancer cells both in culture and in mouse

models [8–10]. DENND2B also stimulates the signalling of mitogen-

activated protein kinase (MAPK) downstream of EGFR, independent

of its GEF activity [11], but the mechanism by which DENN2B acti-

vates MAPK, and the binding partners involved are unknown.

Intersectin (ITSN) is a multi-domain endocytic protein that

was originally identified based on its binding to proteins function-

ing in clathrin-mediated endocytosis [12,13]. ITSN regulates the

internalization and signalling of activated EGFR and has been

implicated in the growth and migration of malignant gliomas [14–16].

ITSN also functions in exocytosis and couples endocytosis to

exocytosis in excitatory cells [17,18]. However, the role of ITSN

in exocytosis has been largely attributed to its GEF activity

towards Cdc42, and this activity resides in a protein domain

present only in the ITSN-long (ITSN-l) isoform, which is

expressed exclusively in excitatory cells such as neurons [17–

19]. Non-neuronal cells express ITSN-short (ITSN-s), but a role

for this isoform in coupling endocytosis to exocytosis has not

been demonstrated.

Here, we identify ITSN-s as a novel binding partner for

DENND2B. We demonstrate that DENND2B is important for the

recycling of EGFR to the cell surface, suggesting that ITSN-s couples

endocytosis to exocytosis of EGFR through DENND2B. Intriguingly,

we discover that the ITSN-s/DENND2B interaction is abolished

upon phosphorylation of DENND2B by protein kinase D (PKD) in

response to EGF stimulation. Thus, we propose that in the absence

of EGF, ITSN-s promotes recycling of internalized EGFR by recruit-

ing DENND2B for activation of the Rab13-dependent exocytic path-

way. However, following EGF treatment, ITSN-s no longer

associates with DENND2B and EGFR proceeds towards a degrada-

tive pathway.
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Results and Discussion

DENND2B binds ITSN-s

Through its DENN domain, DENND2B functions enzymatically as a

GEF for Rab13 [8]. Through regions outside of the DENN domain,

DENND2B promotes MAPK signalling downstream of EGFR and

binds to the SH3 domain-containing adaptor protein Grb2, involved

in regulating EGFR trafficking [11]. Since DENND2B contains

several putative SH3 binding sites, we wondered whether DENND2B

interacts with additional SH3 containing proteins important for

EGFR trafficking. We screened a panel of SH3 domain proteins

known to regulate EGFR trafficking [20–22]. In addition to GST-

Grb2, Flag-DENND2B binds to GST-ITSN SH3A, but not the SH3

domains of amphiphysin, endophilin or pacsin (Fig 1A). ITSN

contains five tandem SH3 domains (Fig 3H), and binding is selective

for the SH3A domain (Fig 1B). Binding of ITSN to DENND2B was

confirmed by co-immunoprecipitation (Fig 1C). Since both ITSN-s

and ITSN-l contain the SH3A domain, these data suggest that

DENND2B can interact with ITSN in both neuronal (ITSN-l) and

non-neuronal (ITSN-s) cells [13].

Since DENND2B and ITSN-s interact biochemically, we predicted

that they would co-localize. DENND2B localizes to the cell periph-

ery and on filamentous actin, while ITSN-s localizes on puncta
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Figure 1. DENND2B binds ITSN.

A Purified GST-SH3-containing proteins were incubated with lysates of HEK-293T cells expressing Flag-DENND2B. Total proteins and bound proteins were detected
by Ponceau S staining and Western blot, respectively.

B Purified GST-SH3 domains of ITSN were incubated with lysates of HEK-293T cells expressing Flag-DENND2B. Total proteins and bound proteins were detected by
Ponceau S staining and Western blot, respectively.

C Lysates from HEK-293T cells expressing Flag-ITSN-s and GFP or GFP-DENND2B were incubated with protein A beads or protein A beads coupled to anti-GFP. Bound
proteins were detected by Western blot.

D, E HeLa cells expressing the indicated constructs. Flag-ITSN-s was visualized with anti-Flag and AlexaFluor561 or AlexaFluor488 in (D and E), respectively. Scale bars:
5 lm. Boxed regions are magnified on the bottom. White arrows and red arrows point to colocalizing and non-colocalizing structures, respectively.

Source data are available online for this figure.
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throughout the cell [8,19]. When co-expressed, GFP-DENND2B and

Flag-ITSN-s co-localize on punctate structures seemingly associated

with the cortical actin pool of DENND2B (Fig 1D, white arrows).

However, not all ITSN-s-positive puncta co-localize with DENND2B

(Fig 1D, red arrow). This is expected if ITSN-s traffics on vesicles

that are not in contact with the plasma membrane. We previously

found that Rab13 traffics on vesicles from endosomes to the cell

periphery where it is activated locally by DENND2B [8]. Interest-

ingly, Flag-ITSN-s also co-localizes on a subset of mCh-Rab13-

positive vesicles (Fig 1E, white arrows). Therefore, a portion of

ITSN-s appears to traffic on Rab13-positive recycling endosomes to

the cell periphery where it then associates with DENND2B.

DENND2B binding to ITSN-s is phosphorylation dependent

We next examined whether binding of ITSN-s to DENND2B is regu-

lated. Other DENN domain-containing proteins are regulated by

phosphorylation. For example, phosphorylation of DENND1A by

Akt relieves its auto-inhibition, promoting GEF activity [23], and

phosphorylation of DENND3 by ULK activates its GEF activity

towards Rab12 [24]. We therefore wondered whether DENND2B is

also phosphorylated and if so, does this influence ITSN-s binding.

By Western blot, we observed a dose-dependent upward mobility

shift in Flag-DENND2B from cells treated with the serine/threonine

phosphatase inhibitor okadaic acid (OA), indicative of phosphoryla-

tion (Fig 2A). To test whether this potential phosphorylation event

on DENND2B influenced ITSN binding, we performed GST pull-

down assays following OA treatment. While Flag-DENND2B binding

to Grb2 was unaffected by OA treatment, ITSN-SH3A binding was

strongly reduced (Fig 2B). Therefore, it appears that phosphoryla-

tion of DENND2B negatively regulates binding to ITSN.

DENND2B is phosphorylated by protein kinase D

We next sought to identify the kinase responsible for DENND2B

phosphorylation and disruption of ITSN binding. A previous large-

scale proteomic screen revealed that DENND2B is phosphorylated

on Ser30 [25]. Using mass spectrometry, we confirmed that Ser30 is

phosphorylated upon OA treatment (Fig 2C and Table EV1). Inter-

estingly, not only are the residues flanking Ser30 conserved across

vertebrates, but Ser30 is part of a protein kinase D (PKD) consensus

motif (Fig 2D). Similar to DENND2B and ITSN, PKD has been impli-

cated in signalling downstream of EGFR [26]. We therefore ques-

tioned whether DENND2B is phosphorylated by PKD.

First, we found that the upward mobility shift of Flag-DENND2B

induced by OA was prevented by a PKD inhibitor (Fig 2E). More-

over, a phospho-PKD substrate antibody that recognizes PKD

consensus motifs upon phosphorylation [27] recognizes Flag-

DENND2B purified by immunoprecipitation following OA treatment

but not following treatment with vehicle control (Fig 2F). We did

not detect any signal when we performed immunoprecipitation in

non-transfected cells, further supporting that the antibody specifi-

cally recognizes phosphorylated DENND2B (Fig 2F). We next tested

whether DENND2B interacts biochemically with PKD using a domi-

nant-negative PKD mutant. The dominant-negative mutation

renders the protein kinase dead and creates a substrate trap with

stable binding of the enzyme to its substrate [28,29]. Indeed, domi-

nant-negative PKD co-immunoprecipitates with DENND2B (Fig 2G).

Next, using the phospho-PKD substrate antibody, we found that

expression of a constitutively active PKD mutant increased the phos-

phorylation of purified Flag-DENND2B (Fig 2H and I). Collectively,

these data indicate that DENND2B is a substrate for PKD.

DENND2B phosphorylation recruits 14-3-3 to outcompete
ITSN binding

DENND2B was identified in a proteomic analysis of 14-3-3 binding

partners [30], and interestingly, Ser30 is part of a 14-3-3 binding

motif (Fig 2C). 14-3-3 binds to phosphorylated serine or threonine

residues to regulate protein function in numerous cellular processes

including protein trafficking and signal transduction [31]. We thus

hypothesized that 14-3-3 binds to Ser30 to regulate DENND2B func-

tion. Using GST pull-down assays, we observed that Flag-DENND2B

binds wild-type 14-3-3 but does not interact with 14-3-3 K50E, a

binding defective mutant (Fig 3A). Moreover, binding to wild-type

14-3-3 was strongly reduced with a S30A DENND2B mutation

(Fig 3A). Further, we observed an increase in 14-3-3 binding to

DENND2B from cells treated with OA compared to the control

(Fig 3B and C). We also observed a decrease in 14-3-3 binding in

cells that were treated with OA in the presence of a PKD inhibitor

compared to OA alone (Fig 3D and E). Together these results indi-

cate that phosphorylation of DENND2B on Ser30 by PKD promotes

14-3-3 binding.

Although the Ser30 mutation on DENND2B does not affect ITSN

binding (Fig 3F), we wondered whether 14-3-3 binding to

DENND2B disrupts ITSN binding as 14-3-3 binding to substrate

proteins can prevent interactions with other molecular partners by

steric hindrance. Using competition assays, we found that increasing

amounts of purified 14-3-3 outcompetes GST-SH3A for binding to

DENND2B (Fig 3G top panels). In contrast, 14-3-3 did not compete

with GST-Grb2 for binding to DENND2B (Fig 3G bottom panels).

These data show that 14-3-3 binds DENND2B thereby disrupting

binding to ITSN.

Altogether, our data reveal that DENND2B binds specifically to

the SH3A domain of ITSN and that phosphorylation of DENND2B

on Ser30 recruits 14-3-3 to disrupt binding to ITSN (Fig 3H). While

Ser30 is clearly an important site in this process, it is possible that

PKD phosphorylates DENND2B at additional sites. Furthermore, 14-

3-3 proteins typically bind their substrates as dimers, and therefore,

additional phosphorylation events could influence the interaction

between ITSN and DENND2B. Finally, although 14-3-3 binding

occurs on Ser30, this does not necessarily mean that ITSN binding

occurs in the same region. Depending on how DENND2B is folded

and where other 14-3-3 binding sites are located, 14-3-3 could

outcompete ITSN binding at a distant location by inducing a confor-

mation change in DENND2B or by steric hindrance.

DENND2B regulates EGFR recycling

We next sought to determine the physiological relevance of the

regulated interaction between DENND2B and ITSN-s. One emerging

commonality of both ITSN-s and DENND2B is the ability to promote

tumorigenicity. ITSN-s is overexpressed in several cancers [32], and

activation of Rab13 by DENND2B drives cancer cell growth and

metastasis [8]. Interestingly, both ITSN-s and DENND2B enhance

mitogenic signalling downstream of EGFR by promoting MAPK
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Figure 2. DENND2B phosphorylation by PKD disrupts ITSN interaction.

A HEK-293T cells were treated with DMSO or okadaic acid (OA), lysed and analysed by Western blot.
B HEK-293T cells expressing Flag-DENND2B were treated with DMSO or 250 nM OA, and cell lysates were incubated with GST proteins. Total proteins and bound

proteins were detected by Ponceau S staining and Western blot, respectively.
C Percentage of phosphorylated peptides following DMSO or OA treatment as determined by mass spectrometry. Low abundance peptides not included. Refer to

Table EV1 for a complete peptide list.
D Alignment of DENND2B sequence from different species flanking the Ser30 residue. PKD and 14-3-3 consensus motifs are shown on the bottom.
E HEK-293T cells expressing Flag-DENND2B were treated with DMSO, 250 nM OA or with increasing concentrations of PKD inhibitor CID755673. Cell lysates were

analysed by Western blot.
F HEK-293T cells expressing Flag-DENND2B or control cells were treated with 250 nM OA or DMSO, incubated with protein G beads coupled to anti-Flag and analysed

by Western blot.
G Lysates from HEK-293T cells expressing Flag-DENND2B and PKD-dominant negative (DN) were incubated with protein G beads or protein G beads coupled to anti-

Flag. Bound proteins were detected by Western blot.
H HEK-293T cells co-expressing Flag-DENND2B with pcDNA3 or PKD-constitutively active (CA) were incubated with protein G beads or protein G beads coupled to anti-

Flag and bound proteins were detected by Western blot.
I Quantification of (H) where PKD-CA treatment is normalized to pcDNA3 control. Mean � SD. Welch’s t-test *P = 0.016, n = 6 for both treatment groups from three

independent experiments.

Source data are available online for this figure.
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activation [11,14]. We confirmed these findings by expressing Flag-

DENND2B or Flag-ITSN-s in HEK-293T cells, which each caused an

increase in phosphorylated MAPK compared to cells expressing Flag

alone (Fig EV1).

We next sought to determine how these proteins promote mito-

genic signalling. Following EGFR activation, ITSN is necessary for

the internalization of EGFR by clathrin-mediated endocytosis

[14,33,34] and ITSN can promote MAPK activation independent of
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Figure 3. 14-3-3 outcompetes ITSN for binding to phosphorylated DENND2B.

A Purified GST-14-3-3 WT or K50E was incubated with lysates of HEK-293T cells expressing GFP-DENND2B WT or S30A. Total proteins and bound proteins were
detected by Ponceau S staining and Western blot, respectively.

B HEK-293T cells expressing Flag-DENND2B were treated with DMSO or 250 nM OA, and cell lysates were incubated with GST-14-3-3. Total proteins and bound
proteins were detected by Ponceau S staining and Western blot, respectively.

C Quantification of (B) where bound DENND2B is normalized to the SM. Mean � SD. Welch’s t-test **P = 0.006. n = 8 for both treatment groups from five
independent experiments.

D HEK-293T cells expressing Flag-DENND2B were treated with 250 nM OA alone or with 50 lm PKD inhibitor CID755673, and cell lysates were incubated with GST-14-
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H Regulation of the ITSN-DENND2B interaction. In the absence of phosphorylation, DENND2B binds the SH3A (A) domain of ITSN. Phosphorylation of DENND2B by PKD
occurs on Ser30 residue within the first proline-rich domain (PRD). Phosphorylation of Ser30 recruits 14-3-3 which outcompetes ITSN binding.

Source data are available online for this figure.
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its role in EGFR endocytosis [35]. However, ITSN can also recruit

Cbl to stimulate ubiquitination and subsequent degradation of EGFR

thereby dampening EGFR signalling [36]. DENND2B also interacts

with proteins involved in EGFR trafficking, notably those involved

in facilitating receptor endocytosis and early trafficking steps, such

as Grb2 interaction [37,38], and those involved in attenuating recep-

tor degradation, such as c-abl [11,39]. Therefore, we questioned

whether EGFR trafficking, and consequently its signalling, could be

influenced by ITSN’s interaction with DENND2B.

To explore a role for DENND2B in EGFR trafficking, we first

examined for potential localization of EGFR to Rab13-positive vesi-

cles. Rab13 traffics on vesicles where it is activated locally by

DENND2B to drive vesicle fusion with the plasma membrane

[8,40,41], and we observed co-localization of EGFR with Rab13 on

vesicles (Fig 4A, arrows) and the plasma membrane (Fig 4A, arrow-

heads). This is consistent with previous studies showing the impor-

tance of Rab13 in regulating EGFR trafficking [42,43]. Moreover, a

role for Rab13 in endocytosis has been excluded as Rab13 does not

localize on early endosomes where EGFR is initially found upon

internalization [40,41,44]. Thus, EGFR appears to use Rab13 vesi-

cles for resurfacing following endocytosis. Consistent with a role in

recycling, we find co-localization of EGFR with DENND2B on the

plasma membrane (Fig 4B, arrowheads).

To explore the role of DENND2B in EGFR resurfacing, we first

examined the cell surface levels of the receptor following DENND2B

knockdown. We used lentivirus to deliver two independent shRNA-

miRs to reduce DENND2B mRNA (Fig 4C) and prevent protein

expression (Fig 4D) compared to a non-targeting shRNAmiR

control. We then performed surface biotinylation assays to measure

the surface levels of EGFR. Indeed, DENND2B knockdown led to

decreased surface levels of EGFR (Fig 4E and F) with no change in

total levels of the receptor (Fig 4E and G).

Since alterations in surface levels of EGFR could be due to

changes in endocytosis or recycling, we tested the effects of

DENND2B expression on EGFR trafficking. Using an antibody that

recognizes the extracellular domain of EGFR, we labelled the

surface pool of EGFR at 4°C, shifted the cells to 16°C to allow inter-

nalization but inhibit recycling, stripped the remaining surface pool

by acid wash and examined the amount of EGFR that was internal-

ized (Fig 4H). We observed no difference in the amount of endocy-

tosed EGFR with DENND2B overexpression (Fig 4I and J).

Following internalization, we shifted the cells to 37°C to allow

recycling to the plasma membrane, stripped the surface pool and

examined the amount of internal EGFR remaining (Fig 4H). Here,

we observed a decrease in the remaining pool of EGFR with

enhanced DENND2B expression following recycling (Fig 4I and K).

Cumulatively, our data suggest that EGFR recycles to the plasma

membrane in Rab13-positive vesicles and requires DENND2B for

resurfacing. Thus, by binding DENND2B, ITSN-s can couple endo-

cytosis with exocytosis of EGFR in non-neuronal cells. Future stud-

ies are needed to determine whether DENND2B and ITSN play a

similar role in facilitating the recycling of proteins in addition to

EGFR.

It is interesting to note that EGFR is inactivated in recycling endo-

somes [2], suggesting that Grb2 would dissociate from these vesicles

before reaching DENND2B on the plasma membrane. Therefore, it

remains unclear under what circumstances DENND2B binds Grb2.

While we did not detect any influence of DENND2B on EGFR endo-

cytosis in our assays, it is still possible that DENND2B plays an

unknown role in early endosomal trafficking.

EGF treatment dissociates ITSN-s and DENND2B

As EGF stimulation targets EGFR to a degradative pathway, while

EGFR internalized in a ligand-independent manner is recycled back

to the plasma membrane, we wondered whether EGF plays a role in

regulating the interaction between DENND2B and ITSN-s. Since we

identified PKD as the kinase responsible for phosphorylating

DENND2B, we first tested whether PKD is activated in response to

EGF treatment. We treated serum-starved cells with EGF and anal-

ysed the phosphorylation of PKD on Ser916, an autophosphoryla-

tion event that accompanies activation of PKD kinase activity [45].

Indeed, we observed increased PKD activation following EGF treat-

ment (Fig 5A and B).

Next, we wondered whether EGF treatment enhanced DENND2B

phosphorylation. Using the phospho-PKD substrate antibody that

▸Figure 4. DENND2B promotes EGFR recycling.

A, B HeLa cells expressing the indicated constructs. Boxed regions are magnified on the bottom. Scale bars: 5 lm in the top panel and 1 lm in the bottom panel. White
arrows and arrowheads point to co-localization on vesicles and plasma membrane, respectively.

C Transduced MCF10A cells were quantified by real-time PCR. Mean � SD, ANOVA with Dunnett’s post hoc test ***P = 0.000 for both comparisons, n = 3 from three
independent experiments.

D Transduced HEK-293T cells expressing Flag-DENND2B were analysed by Western blot.
E Transduced MCF10A cells were biotinylated and cell lysates were incubated with streptavidin beads. Bound proteins were detected by Western blot.
F Quantification of (E) where surface EGFR is normalized to total EGFR. Mean � SD, ANOVA with Dunnett’s post hoc test *P = 0.013 and ***P = 0.000. n = 6 for all

treatment groups from four independent experiments.
G Quantification of (E) where total EGFR is normalized to Hsc70. Mean � SD, n = 3 for all treatment groups from three independent experiments.
H Schematic of trafficking assay. Surface EGFR is labelled and internalized at 16°C or recycled at 37°C. Acid washing removes labelled surface pools and allows

analysis of the internal pool of EGFR originating from the surface.
I MCF10A cells expressing GFP-DENND2B were labelled for surface EGFR on ice, incubated at 16°C to allow internalization, acid washed to remove remaining

labelled-EGFR and processed for immunofluorescence to visualize the internal pool of EGFR (post-endocytosis, top panel) or incubated at 37°C to allow recycling,
acid washed again and processed for immunofluorescence to visualize the remaining internal pool of EGFR (post-recycling, bottom panel). Scale bars: 5 lm.

J Quantification of experiment in (I), top panel, internal EGFR post-endocytosis. Mean fluorescence per cell � SD, n = 13 for GFP-DENND2B and n = 21 for control
cells pooled from two independent experiments.

K Quantification of experiment in (I), bottom panel, internal EGFR post-recycling. Mean fluorescence per cell � SD, n = 10 for GFP-DENND2B and n = 26 for control
cells pooled from 2 independent experiments.

Source data are available online for this figure.
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recognizes PKD consensus motifs upon phosphorylation, we found

an increase in the phosphorylation of purified Flag-DENND2B from

cells treated with EGF (Fig 5C and D). Therefore, DENND2B is phos-

phorylated upon EGF treatment. Finally, we tested whether EGF

treatment influenced the binding of DENND2B to ITSN-s. We

performed GST pull-down assays following EGF treatment and

discovered diminished binding of Flag-DENND2B to ITSN-SH3A

following EGF treatment (Fig 5E and F). EGF treatment thus

enhances phosphorylation of DENND2B by PKD, reducing its ability

to bind ITSN. In addition to EGF, EGFR can be activated by other

ligands that influence receptor trafficking fate. Heparin-binding

EGF-like growth factor and beta-cellulin target EGFR for degradation

while TGF-alpha, epiregulin and amphiregulin all promote receptor

recycling [46]. Therefore, future work is needed to determine

whether ITSN and DENND2B also play a role in EGFR trafficking

downstream of different ligands.
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Overall, our study uncovers the importance of DENND2B in

EGFR recycling. We propose that ITSN-s couples EGF-independent

EGFR internalization with its recycling by binding DENND2B.

However, upon EGF treatment, DENND2B is phosphorylated by

PKD, the interaction of DENND2B with ITSN-s is abolished, and

EGFR is no longer recycled to the surface but instead traffics to the
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A HEK-293T cells were serum-starved, treated with 100 ng/ml EGF for the indicated times, and cell lysates were analysed by Western blot.
B Quantification of (A) where P-PKD is normalized to Hsc70. Mean � SD. ANOVA with Dunnett’s post-test *P = 0.015 and **P = 0.003, n = 3 from three independent

experiments.
C HEK-293T cells were serum-starved, treated with 100 ng/ml EGF for 5 min, and cell lysates were incubated with protein G beads or protein G beads coupled to anti-

Flag. Bound proteins were detected by Western blot.
D Quantification of (B) where P-PKD substrate is normalized to Flag-DENND2B. Mean � SD, Welch’s t-test *P = 0.036, n = 4 from three independent experiments.
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Source data are available online for this figure.
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lysosome for degradation (Fig 5G). The exact mechanisms by

which this interaction controls EGFR trafficking remain unknown.

One possibility is that DENND2B influences ubiquitination of EGFR

as this modification is crucial for targeting EGFR to the lysosome

for degradation. In fact, EGF-activated EGFR is recycled back to

the plasma membrane in the absence of ubiquitination [47]. Previ-

ous studies have shown that ITSN activates the ubiquitin ligase

Cbl by binding to Spry2 and disrupting the inhibitory Spry2/Cbl

interaction [36]. Interestingly, Spry2 also binds to ITSN’s SH3A

domain [36]. Therefore, it is possible that in the absence of EGF,

DENND2B binding to ITSN outcompetes Spry2 causing Cbl to

remain inactive, while EGF treatment releases ITSN to enhance

EGFR ubiquitination and subsequent degradation. Future studies

are needed to test these and other potential mechanisms by which

the interaction between ITSN and DENND2B control EGFR

trafficking.

Materials and Methods

Antibodies and DNA constructs

Mouse monoclonal Flag (M2) antibody was from Sigma-Aldrich.

Mouse monoclonal EGFR (ab30) recognizing extracellular domain

was from Abcam. Rat monoclonal Hsc70 (1B5) antibody was from

Enzo LifeSciences. Rabbit polyclonal GFP (A6455), Alexa Fluor�647-

conjugated Phalloidin, Alexa Fluor�488 and Alexa Fluor�561-conju-

gated anti-mouse were from Invitrogen. Rabbit monoclonal EGFR

(D38B1) and rabbit polyclonal phospho-PKD/PKCl (Ser916), PKD/

PKCl, phospho-(Ser/Thr) PKD substrate antibodies and mouse

monoclonal p44/42 MAPK (3A7) and phospho-p44/42 MAPK

(Thr202/Tyr204) (E10) antibodies were from Cell Signalling Technol-

ogy. HRP-conjugated anti-mouse and anti-rabbit were obtained from

Jackson ImmunoResearch. Alexa Fluor 488 and Alexa Fluor 561-

conjugated anti-mouse were purchased from Invitrogen.

Flag-DENND2B, mCh-DENND2B, EGFP-DENND2B and mCh-

Rab13 were previously described [8]. GST-14-3-3 WT and GST-14-3-

3 K50E were previously described [23]. EGFP-DENND2B S30A was

generated using the QuikChange II site-directed mutagenesis kit

(Agilent Technologies) with 50-GGACTCTGAGCAGGTCTCAGGCA
GTCTCTCCACCTCCAGTTCTC and 30-GAGAACTGGAGGTGGAG
AGACTGCCTGAGACCTGCTCAGAGTCC primers. GST-tagged inter-

sectin SH3 domains A-E, amphiphysin, endophilin A1, pacsin 1 and

Grb2 were previously described [5,48]. Flag-intersectin was previ-

ously described [49]. EGFR-GFP was a gift from Alexander Sorkin

[50]. PKD-dominant negative (D733A) and PKD-constitutively active

(S744E/S748E) in pcDNA3 were gifts from Teresa Iglesias (Instituto

de Investigaciones Biomédicas “Alberto Sols” CSIC-UAM, Madrid,

Spain).

Lentivirus production and DENND2B knockdown

Lentivirus-mediated knockdown of DENND2B was performed as

previously described [8]. In brief, shRNAmiR sequences for

DENND2B and non-targeting control were first cloned into pcDNA6.2/

GW-emGFP–miR cassette. The emGFP-miR cassette was then PCR-

amplified and subcloned into the pRRLsinPPT viral expression vector

(Invitrogen). The following sequences for shRNAmiR were used:

non-targeting control AATTCTCCGAACGTGTCACGT, DENND2B sh

RNA1 TGCTGTGAGGTTTCACTATCACTGAGGTTTTGGCCACTGACT

GACCTCAGTGAGTGAAACCTCA and DENND2B shRNA2 TGCTGCTT

GGATGAAGCCAGCAAACAGTTTTGGCCACTGACTGACTGTTTGCTCT

TCATCCAAG. Viral particles were produced in HEK-293T cells. The

media containing viral particles was collected and filtered with a

0.45-lm filter to remove cell debris and purified by ultracentrifuga-

tion. HEK-293T and MCF10A cells were plated the day of transduc-

tion. Cells were transduced using an MOI of 5, and the media was

replaced with fresh culture media after 24 h. All experiments were

performed 5–7 days post-transduction.

To validate protein knockdown: HEK-293T cells were transduced

for 7 days with control shRNA or two shRNAs targeting DENND2B.

Cells were transfected with Flag-DENND2B using jetPRIME� trans-

fection reagent (Polyplus) according to the manufacturer’s instruc-

tions. 24 h post-transfection, cells were lysed in HEPES buffer

(20 mM HEPES pH 7.4, 100 mM NaCl, 1 mM dithiothreitol) supple-

mented with protease inhibitors (0.83 mM benzamidine, 0.25 mM

phenylmethylsulphonyl fluoride, 0.5 lg/ml aprotinin and 0.5 lg/ml

leupeptin), resolved by SDS–PAGE and processed for Western blot-

ting.

To validate mRNA knockdown: MCF10A cells were transduced

for 7 days, and total RNA was extracted using an RNeasy extraction

kit (Qiagen, Germany). An aliquot of total RNA (800 ng) was used

for cDNA synthesis using iScript Reverse Transcription Supermix

(Bio-Rad). Real-time PCR was performed with SsoFastTM EvaGreen

Supermix (Bio-Rad) on Bio-Rad CFX Connect Real-Time PCR Detec-

tion System. The reaction was performed in triplicate for each

sample. TATA-binding protein (TBP) and beta-2-microglobulin

(B2M) were used as endogenous control. The following primers were

used: DENND2B-F GTCTCCTACCAGTTTCCCAAG, DENND2B-R

AAAAGGTCTCACTGCTATACTCTG, TBP-F GAACCACGGCACTGAT

TTTC, TBP-R CCCCACCATGTTCTGAATCT, B2M-F ACTGAATTCA

CCCCCACTGA and B2M-R CCTCCATGATGCTGCTTACA.

Pull-down assays

Various GST-tagged proteins were expressed in Escherichia coli

BL21 and purified in HEPES buffer supplemented with protease inhi-

bitors and purified on glutathione-Sepharose beads. HEK-293T cells

were transfected with Flag-DENND2B constructs. At 18 h post-trans-

fection, cells were washed with phosphate-buffered saline, scraped

into HEPES buffer, sonicated and Triton X-100 was added to 1%

final concentration. After 15 min of incubation at 4°C, the lysates

were centrifuged at 305,000 g for 15 min at 4°C. The supernatants

were incubated with 2.5–40 lg of GST fusion proteins pre-coupled

to glutathione-Sepharose beads for 2 h at 4°C. For competition

assays, GST-14-3-3 wild type or K50E was purified on glutathione-

Sepharose beads, cleaved with precision protease overnight at 4°C

and concentrated with Amicon 10-kDa ultracentrifugation filters.

Cell lysates containing Flag-DENND2B were incubated with increas-

ing amounts of purified and cleaved 14-3-3 rocking for 1.5 h at 4°C

followed by incubation with GST-SH3A or GST-Grb2 rocking for an

additional 1.5 h at 4°C. Samples were washed three times with

HEPES buffer, eluted in SDS–PAGE sample buffer, resolved by SDS–

PAGE and processed for Western blotting. For all pull-down assays,

aliquots of starting material (SM) equal to 10% of that added to the

beads were analysed in parallel.
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Phosphorylation assays

HEK-293T cells were transfected with Flag-DENND2B overnight and

treated with DMSO or okadaic acid (OA) with or without PKD inhi-

bitor CID755673 (Tocris Biosciences) for 2 h or serum-starved for

4 h and treated with or without 100 ng/ml EGF (Cedarlane) for

5 min. Cells were washed twice in PBS and collected in phospho-

lysis buffer (20 mM HEPES, 125 mM NaCl, 1 mM dithiothreitol,

10% Triton X pH 7.4, 5 mM sodium pyrophosphate, 500 nM OA,

1 mM Na3VO4, 10 mM NaF), supplemented with protease inhibitors

(0.83 mM benzamidine, 0.20 mM phenylmethylsulfonyl fluoride,

0.5 mg/ml aprotinin and 0.5 mg/ml leupeptin). Cell lysates were

centrifuged at 21,000 g for 15 min, and supernatant was resolved by

SDS–PAGE and processed for Western blotting.

Immunoprecipitation assays

For immunoprecipitation of phosphorylated DENND2B, HEK-293T

cells were transfected with Flag-DENND2B overnight and treated

with either DMSO or OA for 2 h, or serum-starved for 4 h and

treated with or without 100 ng/ml EGF (Cedarlane) for 5 min. For

PKD kinase assay, HEK-293T cells were co-transfected with Flag-

DENND2B and pcDNA3 or PKD-CA overnight. Cells were washed

twice in PBS and collected in phospho-lysis buffer. For co-immuno-

precipitation assays, HEK-293T cells were transfected with indicated

constructs overnight, washed twice in PBS and lysed in HEPES

buffer. Lysates were centrifuged at 10,000 g for 15 min to remove

cell debris, and supernatants were incubated with either Protein A-

Sepharose beads with anti-GFP or Protein G-Sepharose beads with

anti-Flag for 2 h at 4°C. Samples were washed three times with the

same buffer, eluted in SDS–PAGE sample buffer, resolved by SDS–

PAGE and processed for Western blotting. For all immunoprecipita-

tion assays, aliquots of starting material (SM) equal to 10% of that

added to the beads were analysed in parallel.

Phospho-mass spectrometry

HEK-293T cells were transfected with Flag-DENND2B overnight and

treated with either DMSO or 250 nM OA for 2 h; cells were washed

twice in PBS and lysed in phospho-lysis buffer. Lysates were centri-

fuged at 10,000 g for 15 min to remove cell debris, and supernatants

were incubated with Protein G-Sepharose beads with anti-Flag for

2 h at 4°C. Samples were washed three times with the same buffer,

eluted in SDS–PAGE sample buffer and resolved by SDS–PAGE, and

Flag-DENND2B bands were excised following staining with

Coomassie blue. The gel slices were treated with trypsin, and the

phosphorylated peptides were enriched using titanium dioxide and

analysed as described [51].

Biotinylation assays

MCF10A cells were transduced with shRNAmiR constructs targeting

DENND2B or non-targeting control. Cells were washed three times in

ice-cold wash buffer (PBS containing 1 mMMgCl2 and 0.1 mM CaCl2)

then incubated with 0.5 mg/ml EZ-link sulfo-NHS-LC-biotin (Pierce,

Thermo Scientific) in wash buffer for 30 min on ice. Cells were subse-

quently washed two times in wash buffer and incubated in wash

buffer containing 10 mM glycine for 2 min on ice. Cells were lysed in

20 mM HEPES pH 7.4, 200 mM NaCl, 1% Triton X-100, 0.5% deoxy-

cholate, 0.1% SDS, 5% glycerol and protease inhibitors and centri-

fuged at 205,000 g at 4°C for 15 min. Protein lysates (300 lg) were

incubated with streptavidin-coupled agarose beads (Pierce, Thermo

Scientific) rocking at 4°C for 1 h, washed three times with lysis buffer,

resolved by SDS–PAGE and processed for Western blotting.

Trafficking assays

MCF10A cells were transfected with GFP-DENND2B constructs using

jetPRIME� transfection reagent (Polyplus) according to the manufac-

turer’s instructions. Cells were starved in DMEM/F12 for 2 h, chilled

on ice for 2 min, incubated with anti-EGFR on ice for 2 h and

washed with PBS. To monitor endocytosis, cells were incubated at

16°C for 2 h in serum-free media, and remaining surface-bound anti-

body was removed by acid wash (0.5 M NaCl, 0.2 M acetic acid, pH

2.5) followed by a PBS wash. To monitor recycling, cells were incu-

bated at 16°C for 2 h and surface-bound antibody was removed by

acid wash followed by a PBS wash. Cells were then incubated at

37°C for 30 min, and the recycled surface-bound antibody was

removed by acid wash. Cells were fixed, permeabilized in 0.2%

Triton X-100 and processed for immunofluorescence using an Alexa

Fluor 561-conjugated secondary antibody. Imaging was performed

using a 710 laser scanning confocal microscope equipped with a

plan-apochromat 63× oil objective (NA = 1.4) (Zeiss). Acquisition

was performed using ZEN 11.0 software (Zeiss), and analysis was

done using ImageJ 1.43 m. Internal EGFR levels were quantified by

measuring both the mean fluorescence and the integrated density to

control for changes in cell size (ImageJ). EGFR levels were normal-

ized to non-transfected control cells in the same field of view.

Cellular imaging

HeLa cells were transfected with DNA constructs using jetPRIME�

transfection reagent (Polyplus) according to the manufacturer’s

instructions. Cells were washed in PBS and fixed for 10 min in 3%

PFA at 37°C. Imaging was performed using an 880 laser scanning

confocal microscope equipped with a plan-apochromat 63× oil

objective (NA = 1.4) (Zeiss). Acquisition was performed using ZEN

11.0 software (Zeiss), and analysis was done using ImageJ 1.43 m.

Statistics

Statistics were analysed using SPSS version 17 or GraphPad Prism

5. Mean � standard deviation (SD) was used to determine signifi-

cant differences between pairs. Comparisons were performed using

an unpaired two-tailed Student’s t-test or Welch’s t-test for two

samples. One-way analysis of variance (ANOVA) and Dunnett’s

post-test were used for multiple comparisons.

Expanded View for this article is available online.
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