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Drosophila melted encodes a pleckstrin homology (PH) domain-
containing protein that enables normal tissue growth, metabo-
lism, and photoreceptor differentiation by modulating Forkhead
box O (FOXO), target of rapamycin, and Hippo signaling pathways.
Ventricular zone expressed PH domain-containing 1 (VEPHT) is the
mammalian ortholog of melted, and although it exhibits tissue-
restricted expression during mouse development and is poten-
tially amplified in several human cancers, little is known of its
function. Here we explore the impact of VEPH1 expression in ovar-
ian cancer cells by gene-expression profiling. In cells with elevated
VEPH1 expression, transcriptional programs associated with me-
tabolism and FOXO and Hippo signaling were affected, analogous
to what has been reported for Melted. We also observed altered
regulation of multiple transforming growth factor-p (TGF-g) target
genes. Global profiling revealed that elevated VEPH1 expression
suppressed TGF-p-induced transcriptional responses. This inhibitory
effect was verified on selected TGF-p target genes and by reporter
gene assays in multiple cell lines. We further demonstrated that
VEPH1 interacts with TGF-§ receptor | (TPRI) and inhibits nuclear
accumulation of activated Sma- and Mad-related protein 2 (SMAD2).
We identified two TBRI-interacting regions (TIRs) with opposing
effects on TGF-p signaling. TIR1, located at the N terminus, inhibits
canonical TGF-p signaling and promotes SMAD2 retention at TPRI,
similar to full-length VEPH1. In contrast, TIR2, located at the C-ter-
minal region encompassing the PH domain, decreases SMAD?2 re-
tention at TBRI and enhances TGF-§ signaling. Our studies indicate
that VEPH1 inhibits TGF-p signaling by impeding the release of ac-
tivated SMAD2 from TBRI and may modulate TGF-f signaling during
development and cancer initiation or progression.

VEPH1 | TGF-p | SMAD2/3 | Melted | ALK5

Ventricular zone expressed pleckstrin homology domain-con-
taining 1 (Vephl) was initially identified as a novel gene
encoding an 833-amino-acid protein expressed in the developing
murine central nervous system (1). In the adult mouse, Vephl
expression is restricted to the eye and kidney. Although the
function of Vephl in mammals is unknown, the Drosophila
ortholog melted impacts tissue growth and metabolism (2). Dis-
ruption of melted in Drosophila results in a 10% reduction in adult
size, which is rescued by transgenic expression of melted or human
VEPH]I. Mutant flies have reduced fat (triglyceride) content at-
tributable to decreased Melted, specifically within the fat body.
Comparison of gene expression profiles of fat bodies from wild-
type (WT) and Melted-deficient flies identified altered expression
of genes involved in metabolism, protein degradation, and im-
mune response. Melted inhibits Forkhead box O (FOXO) and
promotes target of rapamycin (TOR) signaling—pathways in-
volved in regulating metabolism and tissue growth—by localizing
FOXO and Tscl/Tsc2 complexes to the plasma cell membrane.
Melted has also been shown to regulate R8 color photoreceptor
differentiation by opposing the expression of warts, a tumor sup-
pressor and key component of the Hippo signaling pathway (2-5).
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The gene locus encompassing human VEPHI, 3q24-25, lies
within a region frequently amplified in ovarian cancer (6, 7). Tan
et al. (8) found that this locus was also amplified in 7 of 12 ep-
ithelial ovarian cancer cell lines. A gene copy number analysis of
68 primary tumors by Ramakrishna et al. (9) identified frequent
(>40%) VEPHI gene amplification that correlated with tran-
script levels. We determined the impact of VEPH1 on gene ex-
pression in an ovarian cancer cell line using a whole-genome
expression array. The results indicate a gene-expression profile
that is partially consistent with that reported for Melted and raises
the possibility that VEPH1 may modulate TGF-§ signaling.

TGF-p is a pleiotropic cytokine that regulates tissue develop-
ment, repair, remodeling, and homeostasis by affecting cell pro-
liferation, differentiation, survival, and migration. TGF-§ signals
by inducing the formation of a heterotetrameric complex of type II
(TBRII) and type I (TPRIL; ALKS) serine/threonine kinase trans-
membrane receptors (10). Ligand-bound, constitutively active
TBRII phosphorylates TPRI, resulting in TPRI association with
and C-terminal phosphorylation of Sma- and Mad-related protein
2 (SMAD?2) and/or SMAD3 (SMAD?2/3) (11). In the canonical
TGF-p signaling pathway, phosphorylated SMAD2/3 rapidly
dissociates from TPRI and oligomerizes with SMAD4. The
SMAD2/3-SMAD4 complex then accumulates in the nucleus
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Fig. 1. VEPH1 is differentially expressed in ovarian cancer. (A) Histogram showing frequency of VEPHT gene amplification or deletion in large-scale DNA
copy-number datasets accessed through the cBioPortal for Cancer Genomics. Individual datasets are identified by the tissue. ACC, adrenocortical carcinoma;
adeno, adenocarcinoma; CCLE, Cancer Cell Line Encyclopedia; ccRCC, kidney renal clear cell carcinoma; CS, carcinosarcoma; DLBC, lymphoid neoplasm diffuse
large B-cell ymphoma; GBM, glioblastoma; NCI-60, NCI-60 cell lines; Squ, squamous. (B) RT-gPCR analysis of VEPHT mRNA expression in six ovarian cancer cell
lines, normalized to TATA-binding protein (TBP) mRNA expression. Bars represent mean + SEM, n = 3. Bars with different letters are statistically different from
one another as determined by ANOVA followed by the Student-Neuman-Keuls (SNK) post hoc test (P < 0.05). (C) Western blot of VEPH1 and actin levels in
total lysates from ovarian cancer, HepG2, and COS7 cell lines. (D) GFP immunofluorescence staining showing localization of VEPH1 (green) in HepG2 cells
transfected with pEGFP-VEPH1. Chromatin is visualized by DAPI staining (blue). (Magnification, 40x; scale bar, 9 um.)

to modulate gene transcription in association with additional
transcriptional coregulators (10, 11).

Dysregulated TGF-f signaling is implicated in multiple pathol-
ogies and plays a dual role in epithelial carcinogenesis (12, 13).
Initially, it acts as a tumor suppressor by inhibiting cell pro-
liferation but subsequently promotes cancer progression through
induction of epithelial-to-mesenchymal transition, migration, in-
vasion, metastasis, and immunosuppression (13, 14). Mutations in
TGF- receptors or SMADs have been identified in epithelial
cancers, indicating that dysregulation of TGF-f signaling is an
important oncogenic event (12, 15-17). However, mutations in
these signaling mediators are less prevalent in ovarian cancer,
indicating that modulators of the TGF-p signaling pathway may
instead be altered to result in this dysregulation.

In this study, we demonstrate that VEPH1 suppresses TGF-p
signaling by impeding the nuclear accumulation of activated
SMAD?2. Our data indicate that this effect is mediated by VEPH1
interaction with TBRI, which suppresses dissociation of phosphor-
ylated SMAD?2 from the TGF-p receptor complex. These findings
highlight an additional pathway that may be affected by Melted and
suggest that modulation of TGF-p signaling by VEPH1 may play
a role in the initiation or progression of a subset of ovarian cancers.

Results

VEPH1 Is Differentially Expressed in Ovarian Cancer. Amplification
of the VEPHI locus has been reported in ~40% of epithelial
ovarian cancers (9). To determine whether this observation ex-
tends to additional ovarian cancer datasets and other cancers, we
interrogated large-scale copy number analysis datasets using the
cBioPortal for Cancer Genomics (www.cbioportal.org). Putative
amplification of the VEPHI locus is present in 100 of 579
(17.3%) ovarian serous cystadenocarcinomas (The Cancer Ge-
nome Atlas; Provisional). Amplification of VEPHI is also pre-
sent in other cancers, most notably in cervical, lung squamous
cell, esophageal, and head and neck squamous cell (18-29) (Fig.
14). We then examined the expression of VEPHI in a panel of
six human epithelial ovarian cancer cell lines. High levels of
VEPHI transcripts were detected in OVCA429, ES2, and HEY
cells, whereas little or no expression was detected in SKOV3,
OVCAR3, and HOCT cells (Fig. 1B). Consistent with these data,
Western blot analysis revealed VEPH1 protein expression only
in OVCAA429, ES2, and HEY cells (Fig. 1C). Expression was not
detected in HepG2 human epithelial hepatocarcinoma cells and
COS7 African green monkey kidney fibroblasts (Fig. 1C). This
variable expression of VEPHI in ovarian cancer cell lines is
consistent with previous reports of VEPHI amplification and ex-
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pression in subpopulations of ovarian cancer tumors (8, 9). VEPH1
protein was predominantly localized to the cell membrane, as in-
dicated by immunofluorescent imaging of enhanced GFP (EGFP)-
tagged VEPHI in HepG2 cells (Fig. 1D), consistent with the
subcellular localization reported for Melted in wing-disk cells (2).

VEPH1 Expression Affects Multiple Signaling Pathways. To explore
the role of VEPHI1 in ovarian cancer, we established SKOV3 cell
lines harboring CdCl,-inducible Flag-tagged VEPHI1 expression
(SKOV3-Vel) and mock-transfected (SKOV3-M) cells. Western
blot analysis using an anti-VEPHI antibody indicated that CdCl,-
induced expression of VEPH1 in SKOV3-Vel cells is comparable
to endogenous VEPH1 levels in OVCA429, ES2, and HEY cells
(Fig. 24). Comparison of whole-genome gene expression profiles
of SKOV3-Vel and -M cells indicated differential levels of 3,941
of 38,666 expressed probe sets (10.2%), representing 3,630 genes.
A similar widespread alteration of gene expression (6% of repre-
sented genes) was reported in melted-deficient Drosophila fat body
cells (2). Of 238 Drosophila genes with known human homologs
identified as affected by Melted, expression of 45 (19%) were
significantly altered by VEPH1 expression in SKOV3-Vel cells.

To identify cellular processes affected by VEPH1 expression,
we used both the DAVID functional annotation tool (david.
abcce.nciferf.gov/summary.jsp) and an independent gene set en-
richment analysis (GSEA) (30, 31) on the list of genes differ-
entially expressed between SKOV3-Vel and -M cells. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways iden-
tified by DAVID included metabolism, cytochrome P450-medi-
ated metabolism, and immune function (Table S1)—consistent
with what has been reported for Melted in the Drosophila fat
body (2). GSEA also indicated an impact of VEPHI1 on gene sets
associated with metabolism and immune response, and addi-
tionally identified an impact on mRNA stability, protein syn-
thesis, cell adhesion and communication, and phototransduction
(Fig. 2B and Fig. S1). These findings indicate that VEPH1 can
influence multiple cell processes and signaling pathways in
mammalian cells, consistent with a conservation of function be-
tween human VEPH1 and Drosophila Melted.

Previous studies indicate that Melted affects FOXO and
Hippo signaling pathways in Drosophila. Moreover, putative
FOXO and 14-3-3 protein-binding motifs are conserved between
Melted and human VEPH1 [Eukaryotic Linear Motif (ELM)
(32)]. In the present study, DAVID analysis identified the Wnt
signaling pathway as possibly affected by VEPH1 (P = 0.069).
VEPHLI altered the expression of multiple genes encoding Wnt
signaling components (Table S2). TGF-f has been implicated in
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Fig. 2. Genome-wide gene-expression profiling indicates that VEPH1 expression affects multiple cell-signaling pathways and processes. (A) Western blot
using an anti-VEPH1 antibody showing VEPH1 expression in stably transfected SKOV3-Ve1 cells and ovarian cancer cell lines. Histogram shows VEPH1 levels
normalized to tubulin. + or — indicates presence or absence of CdCl, pretreatment, respectively. (B) Cytoscape visualization of cellular processes altered by
VEPH1 expression as determined by GSEA of genes differentially expressed between SKOV3-M and -Ve1 cells. Three major cluster groups were identified
along with several noncluster processes (Fig. S1). Each node represents a set of genes involved in the identified cell process, with the size of the node
reflecting the number of genes affected by VEPH1. Red represents enrichment in SKOV3-M cells, and blue represents enrichment in SKOV3-Ve1 cells. Edges
indicate sharing of affected gene members between individual nodes, with the thickness of the edge reflecting the number of genes shared. (C and D)
Cytoscape visualization of FOXO, Hippo (YAP), Wnt, and TGF-B-regulated target genes altered by VEPH1 expression greater than or equal to twofold.

(C) VEPH1, up-regulated genes. (D) VEPH1, down-regulated genes.

regulation of several of the VEPH1-affected KEGG pathways,
including focal adhesion, neurotrophin signaling, and amyo-
trophic lateral sclerosis (33-36). A high-throughput screen by
Barrios-Rodiles et al. (37) identified the PH-domain—containing
region of murine Vephl as a potential interactor of TBRI. We
therefore determined whether downstream targets of these four
signaling pathways are altered in SKOV3-Vel cells relative to
SKOV3-M cells. Comparison of probe sets altered >1.5-fold due
to VEPHI expression to compiled lists of known or putative
target genes revealed that expression of 173 FOXO, 274 Hippo
[Yes-associated protein (YAP)], 170 Wnt, and 133 TGF-f target
genes was affected by VEPH1 (Tables S3 and S4). Fig. 2 C and D
illustrate those target genes up- and down-regulated, respectively,

E3002 | www.pnas.org/cgi/doi/10.1073/pnas.1504671112
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by VEPHI1 expression. Multiple genes are downstream targets of
two or more of the highlighted signaling pathways. This analysis
demonstrates that VEPHI likely affects FOXO and Hippo sig-
naling as reported for Melted and additionally indicates that Wnt
and TGF-f signaling may be modulated by VEPHI.

VEPH1 Has a Global Negative Impact on TGF-p Signaling. To further
determine whether VEPH1 modulates TGF-p signaling, we
compared gene-expression profiles of SKOV3-Vel and -M cells
treated with or without TGF-p. Treatment of SKOV3-M cells
with TGF-p for 3 h resulted in altered expression of 454 probe
sets. In contrast, only 283 probe sets were modulated by TGF-f in
SKOV3-Vel cells. Approximately 20% of probe sets (92 of 454)

Shathasivam et al.
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modulated by TGF-p in SKOV3-M cells were also altered by
TGF-p in SKOV3-Vel cells (Fig. 34). Applying a TGF-p-induced
1.5-fold change or greater cutoff to these gene lists indicates that
TGF-p altered 65 probe sets in SKOV3-M cells, whereas only 9
were affected by TGF-p in SKOV3-Vel cells (Fig. 3B and Tables
S5 and S6). Of these nine, only one was modulated by TGF-f in
SKOV3-Vel cells that was not affected in SKOV3-M cells. Fur-
thermore, the impact of TGF-p is diminished in the presence
of VEPHLI in seven of the eight probe sets common to both cell
lines. Overall, these findings indicate a global inhibition of TGF-
p-induced gene responses by VEPH1 expression.

To verify the impact of VEPH1 on TGF-p-dependent target
gene expression observed in the gene expression profile study, we
selected three well-established TGF-p target genes that exhibited
diminished TGF-p stimulation in the presence of VEPHI rela-
tive to control transfected cells: plasminogen activator inhibitor 1
(PAI-1), SMAD?7, and inhibitor of differentiation 1 (ID1). Whereas
TGF-p treatment in SKOV3-M cells resulted in a 4.6- and 2.4-fold
up-regulation of PAI-1 and SMAD?7 transcripts, respectively, this up-
regulation was reduced to 2.8- and 1.9-fold, respectively, in SKOV3-
Vel cells (Fig. 3C). The impact of VEPH1 on TGF-p—-induced ID1
expression was examined by Western blot analysis. The highest
levels of ID1 protein were observed 1.5 h after TGF-p treatment in
both SKOV3-Vel and -M cells (Fig. 3D). However, VEPH1 ex-
pression decreased TGF-p—induced ID1 protein levels at all time
points examined (SKOV3-Vel vs. SKOV3-M).

VEPHLI inhibition of TGF-p-induced SMAD?7 expression was
further demonstrated by knockdown studies in HEY cells, which
express high levels of endogenous VEPHI1 (Fig. 1 B and C). Four
individual VEPHI1-targeting siRNAs were screened, with siVEPH1
nos. 1 and 2 providing the highest levels of knockdown (Fig. 3E).
TGF- increased SMAD7 mRNA, with the highest transcript levels
observed 1 h after treatment (Fig. 3F). Silencing VEPH1 expression
with siVEPHL1 no. 1 or 2 increased SMAD7 transcripts relative to
TGF-p-treated controls (Fig. 3 F and G). Together, these findings
demonstrate that VEPH1 negatively modulates TGF-f signaling.

VEPH1 Inhibits SMAD2- and SMAD3-Dependent TGF-§ Signaling. To
determine whether VEPHI1 affects canonical SMAD?2/3-dependent
TGF-p signaling, we examined the impact of ectopic human
VEPHI expression on TGF-p—dependent transcriptional responses
in SKOV3-M, -Ve, COS7, and HepG2 cells using SMAD2- and
SMAD3-dependent reporters [pARE- and pSBE4-luciferase (38,
39), respectively]. In the absence of CdCl, treatment, SKOV3-Vel
clones express detectable VEPHI levels, whereas SKOV3-Ve2
clones express little or no VEPHL1 (Fig. 4 A and B, Westerns). In
SKOV3-M cells, TGF-p increased pARE- and pSBE4-luciferase
4.4- and 3.7-fold, respectively, whereas in SKOV3-Vel cells, TGF-f
induction of pARE-luciferase was blocked, and induction of
pSBEA-luciferase was decreased by 50% (Fig. 44). A slight decrease
in pARE-luciferase activity in the absence of TGF-§ was observed
in SKOV3-Vel cells, consistent with an impact on autocrine TGF-f
signaling in SKOV3 cells (Fig. S2). Induction of VEPHI1 expression
in SKOV3-Ve2 cells with increasing amounts of CdCl, resulted in a
dose-dependent decrease in TGF-f—induced pARE- and pSBE4-
luciferase activity (Fig. 4B). To determine whether this negative
impact of VEPHLI extends to other cell types, we performed parallel
experiments in transiently transfected COS7 and HepG2 cells.
TGF-p stimulation resulted in 8.5- and 145-fold activation of
SMAD2-dependent signaling in COS7 and HepG?2 cells, re-
spectively, and ectopic VEPH1 expression inhibited this activation
in a dose-dependent manner in both cell lines (Fig. 4 C and D). At
the highest levels of VEPH1, SMAD2-dependent signaling was
decreased by >70%. A marked reduction of up to 50% in SMAD3-
dependent signaling by VEPH1 was also observed in HepG2 cells
(Fig. 4D). Overall, these data demonstrate that VEPH1 attenuates
both SMAD2- and SMAD3-dependent TGF-p signaling.

VEPH1 Inhibits SMAD2 Nuclear Accumulation and Promotes SMAD2

Retention at TBRI. To determine the mechanism by which VEPH1
inhibits TGF-f signaling, we first examined the impact of VEPH1
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Fig. 3. VEPH1 negatively regulates activation of TGF-p-induced target
genes. (A) Venn diagram showing total number of probe sets significantly
altered by TGF-p in SKOV3-Vel and -M cells. (B) Venn diagram showing
probe sets significantly altered >1.5-fold by TGF-f in SKOV3-Ve1 and -M cells.
(C) VEPH1 inhibits TGF-p activation of PAI-1 and SMAD7 in SKOV3-Ve1 cells,
as determined by RT-gPCR. RNA was extracted from CdCl,-induced SKOV3-
Vel and -M cells treated with or without 25 pM TGF-g for 3 h. mRNA levels
were normalized to TBP expression. (D) Western blot showing VEPH1 in-
hibition of TGF-p-induced ID1 protein expression in SKOV3-Ve1 cells. Total
protein was extracted from cells treated with 25 pM TGF-p for the indicated
times. Tubulin expression is shown as a loading control. Fold changes shown
are relative to SKOV3-M cells in the absence of TGF-p. (E) VEPH1 knockdown
efficiency was determined for a pool of four VEPHT targeting siRNAs or each
individually in HEY cells. HEY cells were transfected with luciferase targeting
siRNA (siLuc) as a control. Protein lysates were collected at 24, 48, 72, and
96 h after siRNA transfection and subjected to immunoblotting for VEPH1.
(F and G) VEPH1 knockdown enhances TGF-p-induced SMAD7 gene ex-
pression in HEY cells, as determined by RT-qPCR. HEY cells were transfected
with siLuc or siVEPH1 (no. 1 or 2) 96 h (F) or 48 h (G) before treatment with
or without 100 pM TGF-B. RNA was extracted after TGF-p treatment for the
indicated times (F) or 1 h after treatment (G). SMAD7 mRNA levels were
normalized to TBP expression. Bars represent mean + SEM, n = 3. Bars with
different letters are statistically different from one another as determined
by ANOVA followed by SNK post hoc test (P < 0.05).

expression on SMAD2/3 nuclear accumulation. Cytoplasmic and
nuclear protein fractions were isolated from SKOV3-Vel and -M
cells treated with or without TGF-p. As expected, TGF-p treat-
ment decreased cytoplasmic and increased nuclear SMAD?2 levels
in the absence of VEPHI1 (Fig. 54). VEPHI expression reduced
TGF-p-induced nuclear SMAD2 accumulation at all time points
examined. This reduction was also evident by immunofluorescence
(Fig. S3). Knockdown of endogenous VEPHI1 expression in ES2
cells resulted in increased SMAD2 and SMAD3 nuclear accu-
mulation following TGF-f treatment (Fig. 5B). Time course
analysis of TGF-B—induced phospho-SMAD?2 levels indicated that
VEPHI does not impact C-terminal phosphorylation of SMAD2
(Fig. 5C and Fig. S44). Thus, the decreased nuclear accumulation
of SMAD?2 in the presence of VEPHI is not a result of reduced
ability of TPRI to phosphorylate SMAD2.

PNAS | Published online May 26, 2015 | E3003

wv
=
o
a
w
<
=
o

CELL BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504671112/-/DCSupplemental/pnas.1504671112.st05.docx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504671112/-/DCSupplemental/pnas.1504671112.st05.docx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504671112/-/DCSupplemental/pnas.1504671112.st06.docx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504671112/-/DCSupplemental/pnas.201504671SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504671112/-/DCSupplemental/pnas.201504671SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1504671112/-/DCSupplemental/pnas.201504671SI.pdf?targetid=nameddest=SF4

L T

\

BN AS PN AN D

Downloaded by guest on February 26, 2022

A £ 40 _TGFp  £6
g, wieh
C 35 b T b
© @5
2 30 &
o Cq
SKOV3-M SKOV3-Vel 8 25 3
cdCly(um): 0 50 0 50 3 20 EE c
Fogverr. I £ 3
Tubuli n“: ” 82
ubulin e ———— 2 2 a a
2 c 21
,_5, 05 c B
& 00 Zo

SKOV3-M SKOV3-Vel SKOV3-M  SKOV3-Vel

> 10 b o-TGF-B
s =+ TGF-B
£ 8 ¢ 120
® [4
Vo =
za © £ 100
g £
2% 4 5 80
e 2 a a &g 60
< a a U=
o x o
0 2 40
Flag-VEPH1 (ng) 0 200 400 800 =
< 20
—_— — —— — S
FagVEPHT e - 0
T sV o

0-TGF-B
m+ TGF-B

Z z
z 3
2 o
2 3.0 s
SKOV3-Ve2 8 ¢ g
SKOvV3-vez & 2.
cdCly (uM): 0 2550 % §
Flag-VEPHL | e i 2.0 2
Tubulin e I 15 w
Py ‘
2 10 ®
1 o
] 0.5 E
0.0 !
cdcl: 0 25 5.0 cdcly:
(uM)
b o ¥ o - TGF-B
=+ TGF-B Z 167 =+ TGF-B
£ 141
8 12
2g 73 c
-Eg 101 d
[ Eé 817 e
d Ea
e E 47
2 21 a a a a

0

04
300 500 700 Flag-VEPH1 (ng) 0 300 500 700

Fig. 4. VEPH1 inhibits SMAD2- and SMAD3-dependent TGF-§ signaling. (A) CdCl,-induced SKOV3-Ve1 cells have diminished SMAD2-dependent (pARE-
luciferase) and SMAD3-dependent (pSBE4-luciferase) TGF- signaling relative to SKOV3-M cells. (B) VEPH1 expression decreases TGF-p—-dependent activation of
both SMAD2- and SMAD3-dependent reporters in a dose-dependent manner in SKOV3-Ve2 cells. Cells in A and B were treated for 24 h with or without 25 pM
TGF-B 24 h after reporter transfection. CdCl, induction of VEPH1 expression in SKOV3-Ve1 (A, Left) and SKOV3-Ve2 (B, Left) cells was confirmed by immuno-
blotting with Flag antibody. (C and D) Increased expression of VEPH1 inhibits SMAD2- and SMAD3-dependent TGF-p signaling in COS7 or HepGz2 cells. COS7 (C)
and HepG2 (D) cells were transiently transfected with empty vector or increasing amounts of Flag-VEPH1 and either a SMAD2-dependent (C and D) or SMAD3-
dependent (D) reporter. Transfected cells were treated with or without 100 pM TGF-B for 24 h. Immunoblotting with anti-Flag antibody in C shows VEPH1 protein
levels in COS7 cells transfected with increasing amounts of Flag-VEPH1. For all reporter assays, firefly luciferase activity was normalized to either f-galactosidase or
Renilla luciferase (RL) activity. For pARE-luciferase assays, cells were cotransfected with a FoxH1 expression construct. Bars represent mean + SEM, n = 3. Bars with
different letters are statistically different from one another as determined by ANOVA followed by SNK post hoc test (P < 0.05).

To identify how VEPH1 antagonizes SMAD2 nuclear accu-
mulation, we analyzed the interaction of VEPH1 with TPRI and
the impact of VEPH1 on SMAD2-TPRI association. Endoge-
nous TPRI coprecipitated with both endogenous VEPHI1 in
HEY and Flag-tagged VEPH1 in SKOV3-Vel cells independent
of TGF-p stimulation (Fig. 6 A and B). VEPHI impact on
SMAD2-TBRI association was examined in both SKOV3 and
HepG2 cells stably expressing CdCl,-inducible Flag-VEPH1
(SKOV3- and HepG2-Vel) or mock transfected (SKOV3- and
HepG2-M) cells. In the absence of VEPHI, an interaction be-
tween TPRI and SMAD2 was detected in TGF-p-treated
HepG2-M cells (Fig. 6C), which is consistent with TGF-p—
induced transient recruitment of SMAD2 to TPRI. This in-
teraction was not detected in SKOV3-M cells (Fig. 6B), likely
due to the lower level of TGF-f sensitivity of these cells. In the
presence of VEPHI, increased SMAD?2 coprecipitation with
TBRI was observed independent of TGF-p treatment in both
SKOV3- and HepG2-Vel cells (Fig. 6 B and C), indicating that
VEPHI1 recruits and retains SMAD?2 at TBRI independent of
TPRI activation by TGF-p.

Semiquantitative luminescence-based immunoprecipitation assay
(LUMIER) (37) was used to quantify the impact of VEPH1 on
the transient SMAD2-TBRI interaction. HEK293T human em-
bryonic kidney cells were cotransfected with WT or constitutively
active (TD) TBRI and Renilla luciferase (RL)-tagged SMAD2
expression constructs, with or without VEPHI. Total protein
extracts were immunoprecipitated with an anti-TBRI antibody,
and immunoprecipitates were assessed for RL activity. In the
absence of VEPHI, an interaction between RL-SMAD?2 and
TBRI(TD) was observed (Fig. 6D), consistent with previous
reports (37). As expected, little or no interaction was found
between RL-SMAD?2 and TBRI(WT). A VEPH1-induced dose-
dependent increase in RL-SMAD?2 interaction with TPRI(TD)
was observed (Fig. 6D). A RL-SMAD? interaction with TBRI(WT)
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was also observed in the presence of VEPHI, consistent with our
analysis of endogenous interactions in SKOV3- and HepG2-Vel
cells (Fig. 6 B and C). The SMAD?2 retained at TPRI in the pres-
ence of VEPH1 is phosphorylated at the C terminus as shown in
HEK?293T cells (Fig. 6E). In the absence of VEPHI, association of
phospho-SMAD?2 with TBRI could not be detected, consistent with
phosphorylation-induced release of SMAD?2 from the receptor. The
combined data demonstrate that VEPH1 impedes release of acti-
vated SMAD?2 from TPRI.

Modulation of TGF-p Signaling by VEPH1 Is Dependent upon Its
Interaction with TBRI. To further investigate the relationship be-
tween VEPHI1-induced retention of SMAD2 at TBRI with its
inhibitory effects on TGF-p signaling, we generated Flag-tagged
VEPHI1 deletion constructs (Fig. 74) and examined their in-
teraction with TPRI. VEPHI1 deletion constructs lacking amino
acids 661-833 (A661) or 320-833 (A320) both interacted with
TPRI, as did a construct consisting of only the C-terminal PH-
domain—containing region (662A) (Fig. 7B). These findings thus
indicate two TPpRI-interacting regions (TIRs) on VEPH1: TIR-1,
located within the first 319 amino acids of the N-terminal region;
and TIR-2, located within the 171 C-terminal amino acids con-
taining the PH domain. Interestingly, expression of VEPH1
fragments possessing TIR-1 inhibited TGF-f induction of pARE-
luciferase similar to full-length VEPHI1, whereas TIR-2 (662A)
enhanced TGF-f responsiveness (Fig. 7C). The enhancing effect
of TIR-2 was also observed in HEY cells, in which expression of
full-length VEPHI1 only slightly inhibited TGF-p signaling (Fig.
7D), likely due to high levels of endogenous VEPHI.

To delineate the sequences within TIR-1 responsible for the
interaction with TBRI and inhibition of TGF-p signaling, we gen-
erated deletion constructs consisting of amino acids 1-90 (A91),
91-200 (90A-A201), or 201-319 (200A-A320) (Fig. 74). The
strongest interaction with TPRI was observed with 200A-A320,
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Fig. 5. VEPH1 impedes SMAD2 nuclear accumulation without altering SMAD2 phosphorylation. (A) Western blot analysis for SMAD2, EEA1 (cytoplasmic
marker), and LAMIN A/C (nuclear marker) in cytoplasmic (C) and nuclear (N) fractions extracted from CdCl,-induced SKOV3-Ve1 and -M cells treated with or
without 25 pM TGF-f. Lysates were collected at 0.5, 1, and 4 h after TGF-f treatment. The line graph shows quantification of the immunoblot expressed as the
ratio of nuclear to total (C+N) SMAD2 for TGF-p-treated cells. The histogram summarizes three independent experiments (mean + SEM) examining SMAD2
subcellular localization after treatment with TGF-p for 1 h. Data are expressed as the ratio of nuclear to total SMAD2 relative to that measured in TGF-
p-treated SKOV3-M cells (set to 1.0). Bars with different letters are statistically different from one another as determined by ANOVA followed by SNK post hoc
test (P < 0.05). (B) VEPH1 knockdown enhances TGF-p-induced SMAD2 and SMAD3 nuclear accumulation in ES2 cells. A representative of three independent
Western blots for SMAD2, SMAD3, EEA1, and Fibrillarin (nuclear marker) in C and N fractions extracted from siLuc- or siVEPH1-transfected ES2 cells treated
with or without 100 pM TGF-B. ES2 cells were transfected 72 h before treatment with TGF-g, and lysates were collected after 0.5 and 2 h. The line graph shows
quantification of the immunoblots expressed as the ratio of nuclear to total (C + N) SMAD2 or nuclear SMAD3 to Fibrillarin. The Western blot Inset in the line
graph shows VEPH1 expression levels in siLuc- or siVEPH1-transfected ES2 cells. (C) A representative of three independent Western blots showing equivalent
TGF-B-induced C-terminal phosphorylated SMAD2 levels in SKOV3-M and -Ve1 cells. CdCl,-induced SKOV3-Ve1 and -M cells were treated with or without

25 pM TGF-p for the times indicated.

whereas a weak interaction was detected with A91 (Fig. 7E). An
interaction with TPRI was not detected with 90A-A201. Further-
more, both 200A-A320 and A91 inhibited TGF-p signaling, whereas
90A-A201 had no impact (Fig. 7F). Collectively, these findings
demonstrate that the ability of VEPHI1 fragments to modulate
TGF-f signaling associates with their ability to interact with TBRI.

Increased SMAD2-TPRI Interaction by Truncated VEPH1 Proteins
Correlates with Their Inhibition of TGF-§ Signaling. Our results in-
dicate that TIR-1 activity is essential for an inhibitory impact of
VEPHI1 on TGF-f signaling, whereas TIR-2 facilitates TGF-p
signaling in the absence of TIR-1. We therefore compared the
impact of TIR-1-containing A661 and 662A (TIR-2) on SMAD2
association with TPRI using semiquantitative LUMIER. Full-
length VEPHI stabilized SMAD?2 interaction with both WT and
TD TPRI (Fig. 84), similar to our analysis above (Fig. 6D). Whereas
A661 further enhanced these interactions, 662A destabilized
SMAD?2 association with TBRI, compared with empty-vector-
transfected cells (Fig. 84). Thus, the ability of full-length and
truncated VEPH1 proteins to modulate the stability of the SMAD2-
TPRI interaction correlates with their inhibitory or stimulatory
effect on TGF-f signaling.

To further verify that VEPH1 inhibition of TGF-p signaling is
independent of TPRI kinase activity, COS7 cells were transfected

Shathasivam et al.

with TD TBRI and either full-length VEPH1, A661, or 662A, and
their impact on SMAD2-dependent pARE-luciferase activation
was determined in the presence or absence of TGF-f. As expected,
TGF-p treatment resulted in increased luciferase activity due to
its activation of endogenous WT TPRI. Both full-length VEPH1
and A661 inhibited, whereas 662A enhanced, pARE-luciferase
activity in nontreated, as well as TGF-p-treated, cells relative to
controls (Fig. 8B). These findings indicate that both the inhibitory
effects of VEPHI1 and the enhancing effects of TIR-2 are down-
stream of TPRI kinase activation and are consistent with VEPH1
acting to modulate SMAD? dissociation from TBRI.

To further investigate TIR-2 activities, its impact on SMAD2
nuclear localization and phosphorylation were examined in cells
stably expressing EGFP-tagged 662A or EGFP alone as a con-
trol. Stable expression of EGFP-662A was verified by Western
blot analysis (Fig. 8C). Treatment of cells with TGF-p for 1 h
increased nuclear SMAD2, which returned to near baseline by
2 h after treatment (Fig. 8D). Expression of 662A enhanced TGF-
p-induced SMAD2 nuclear accumulation and prolonged its re-
tention. To determine whether these changes were associated with
altered C-terminal phosphorylation of SMAD2, we compared
levels of phospho-SMAD?2 in 662A or control cells. Time-course
analysis indicated elevated TGF-p-induced phospho-SMAD2
levels at all time points in 662A-expressing cells compared with

PNAS | Published online May 26, 2015 | E3005

(7]
=2
=
o
v
<
=
o

CELL BIOLOGY



L T

z

1\

BN AS - PNAS D)

Downloaded by guest on February 26, 2022

A HEY C HepG2-M HepG2-Vel D -
IP:  1gG _ TBRI IP: 1gG  TBRI  I1gG  TBRI 12 TBRI
TGF-p: - -+ TGFB: - -+ - -+ ud
is: vern1 - [N . : e SMAD2 QB
IB: SMAD2 — - cI “4 10
B 5 s SMAD2 @)

£
>
B
&
(]
z| 2
IP: 1gG _TBRL 1gG _TPRI 5| 3
TG E HEK293 o
IB: Flag IP: 1g6  Flag S TBRI Ab
P R e a2+ ¢+ o+ a 1.5 o
" . epharose
1B: Fl o TBRI:  + - + B +
: Fla, S . - -
VepHT - 020 eemesen VEPHL: _+ _
SKOV3-M  SKOV3-Vel L
TGRp -+ " -+ IB:pSMADZ—_ VEPFILalgi ) 0 0 060912 0 06 09 12
1B: TARI — | . — g
P — — . TRRI(WT) TBRI(TD)
1B: Tubulin — | S——— IB: SMAD2 — =

Fig. 6. VEPH1 interacts with TpRI and promotes retention of SMAD2 at TBRI. (A) Coimmunoprecipitation of endogenous TBRI with VEPH1 in HEY cells treated
with or without 200 pM TGF-p for 1 h. (B) Coimmunoprecipitation of TBRI with VEPH1 and with SMAD2 in SKOV3-Ve1 cells. Induced SKOV3-Ve1 and -M cells
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termined in the cell lines in a separate experiment. (C) Coimmunoprecipitation of TBRI with SMAD2 in HepG2-Ve1 and -M cells. CdCl,-induced HepG2 stable
cells were treated with or without 200 pM TGF-p for 0.5 h. Lysates immunoprecipitated with nonimmune IgG were used as a control. (D) Semiquantitative
LUMIER assay showing increased SMAD2-TpRI interaction in the presence of VEPH1. HEK293T cells were transiently transfected with expression constructs for
WT or TD TPRI and RL-tagged SMAD?2 in the presence or absence of increasing amounts of VEPH1. Cell lysates were immunoprecipitated with an anti-TpRI
antibody, and the resulting precipitates were assessed for RL activity. The dashed line represents the minimum value reflecting a significant interaction (37).
RL-SMAD2 and TBRI levels in total lysates before immunoprecipitation (input) are shown by Western blot. (E) VEPH1 promotes TPRI retention of phos-
phorylated SMAD2. HEK293T cells were transiently transfected with expression constructs for WT TRl and SMAD?2, in the presence or absence of TBRII and
VEPH1. Lysates immunoprecipitated with nonimmune IgG were used as a control. IB, immunoblotting antibody; input, nonimmunoprecipitated lysates; IP,

immunoprecipitating antibody.

control cells (Fig. 8E). Maximal phospho-SMAD2 was detected at
1 h after treatment with TGF-p and began to decrease by 2 h.
Thus, 662A functions to enhance C-terminal SMAD?2 phosphor-
ylation, leading to its increased nuclear accumulation.

Discussion

Studies with melfed mutant flies indicate important develop-
mental effects, mediated at least in part by modulation of the
FOXO and Hippo signaling pathways. Our gene-expression data
generated with SKOV3 ovarian cancer cells indicate human
VEPHL1 also impacts these signaling systems and additionally the
Wnt and TGF-p signaling pathways. We demonstrate a unique
inhibitory role for VEPH1 on SMAD?2/3-dependent TGF-f sig-
naling. Our findings indicate that VEPHI is a membrane-local-
ized TPRI-interacting protein that retains SMAD2 at TPRI,
without affecting SMAD2 C-terminal phosphorylation. This
hindered release correlates with diminished SMAD2 nuclear
accumulation and negative modulation of SMAD?2/3-dependent
TGF-p target genes.

The binding, phosphorylation, and release of SMAD2/3 from
TPRI is highly coordinated, involving multiple partnering pro-
teins, such as FKBP12 (FK506-binding protein 1A, 12 kDa) and
SARA (SMAD anchor for receptor activation) (reviewed in ref.
40). Inactive TBRI is bound to inhibitory protein FKBP12. In
response to TGF-f binding, TBRII forms a stable complex with,
and transphosphorylates, TPRI. The resulting conformational
change dissociates FKBP12, enhancing TBRI binding to SMAD2/3
(41). SARA interacts with and controls SMAD2/3 subcellular lo-
calization and recruitment to TBRI (40). VEPHI expression re-
sulted in SMAD?2 interaction with TBRI, even in the absence of
TGF-p stimulation. Although this result raises the possibility that
VEPHI1 could promote activation of TPRI to result in its asso-
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ciation with SMAD?2 in the absence of TGFp, we did not detect
phospho-SMAD?2 in the absence of TGFp treatment. Further
studies are required to determine whether other proteins might
be involved with the inhibitory role of VEPHI.

Knockdown of endogenous VEPHI resulted in increased
TGF-p-induced nuclear accumulation of SMAD2 and SMAD3.
In contrast to SMAD2, the increase in SMAD3 may reflect in-
creased SMAD3 stability induced by TGF-p (Fig. S4B). The
Axin/GSK3-p complex promotes proteasome-dependent degra-
dation of SMAD3, but not SMAD?2, in the absence of TGF-f
signaling (42). Although VEPHI1 could impair SMAD3 nuclear
accumulation through a mechanism similar to SMAD?2, it is also
possible that VEPHI1 could affect the Axin/GSK-3f complex to
enhance SMAD3 degradation.

The VEPH1 N-terminal and PH-domain—containing regions
that interact with TPRI have opposing impacts on TGF-f sig-
naling that is reflected in their ability to sequester SMAD2 at
TPBRI. Whereas the N-terminal region (TIR-1) inhibits signaling
similar to the full-length protein and promotes SMAD2 retention
at TPRI, the isolated PH-domain—containing region (TIR-2) en-
hances signaling and promotes dissociation of SMAD2 from
TBRI, resulting in elevated nuclear SMAD?2 accumulation. These
findings indicate that the TIR-1 region of VEPHI is crucial for the
inhibitory effect of the full-length protein. Our data further in-
dicate that there are two subregions within TIR-1 that interact
with TPRI and independently inhibit TGF-f signaling; however, a
more pronounced inhibition is obtained with an intact TIR-1.

The enhancing effect of TIR-2 was also observed in HEY cells,
suggesting that this truncated protein opposes endogenous VEPH1
activity. Of interest, murine Vephl isoform B (Veph-B; GenBank
accession no. BAC02922) is predicted to encode a truncated 253-
amino-acid protein corresponding to the PH-domain—containing
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PARE-luciferase were treated with or without 100 pM TGF-B for 24 h. Inset shows levels of Flag immunoreactivity indicative of full-length or truncated VEPH1
expression. (D) The C-terminal PH domain-containing region of VEPH1 (662A) enhances TGF-p signaling in HEY cells. Cells were transiently transfected with
VEPH1 expression constructs or empty vector and pARE-luciferase reporter and treated with or without 100 pM TGF-§ for 24 h. (E) Determination of TpRI-
binding regions within the VEPH1 N-terminal region. Lysates from COS7 cells transfected with VEPH1 expression constructs were immunoprecipitated with an
anti-TPRI antibody or control IgG. (F) Inhibition of TGF-p signaling by VEPH1 N-terminal fragments shown to interact with TpRI. COS7 cells transfected with
expression constructs for N-terminal region VEPH1 and pARE-luciferase were treated with or without 100 pM TGF-p for 24 h. Right shows levels of Flag
immunoreactivity indicative of truncated VEPH1 expression. For all reporter assays, firefly luciferase activity was normalized to RL activity. For pARE-luciferase
assays, cells were cotransfected with a FoxH1 expression construct. Bars represent mean + SEM, n = 3. Bars with different letters are statistically different from
one another as determined by ANOVA followed by SNK post hoc test (P < 0.05). IB, immunoblotting antibody; input, nonimmunoprecipitated lysates; IP,
immunoprecipitating antibody.

region. Thus, expression of the isolated TIR-2 region of Vephl, the VEPH1 N-terminal and PH domain regions are well conserved,
as well as full-length Vephl (Veph-A; GenBank accession no.  and protein domain analysis using the database of ELM (32)
BAC02920), may have opposing effects on TGF-§ signaling. Both  predicts multiple protein interaction motifs within these regions.
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Fig. 8. Increased SMAD2-TPBRI interaction by truncated VEPH1 proteins correlates with their negative impact on TGF-§ signaling. (A) Semiquantitative

LUMIER assay showing enhanced SMAD2-TRI interaction in the presence of TGF- inhibiting VEPH1 truncated proteins. HEK293T cells were transfected with
WT or TD TPRI and RL-tagged SMAD2 expression constructs in the presence or absence of WT, A661, or 662A VEPH1. Cell lysates were immunoprecipitated
with an anti-TBRI antibody, and the resulting precipitates were assessed for RL activity. The dashed line represents the minimum value reflecting a significant
interaction (37). Immunoblotting for RL-SMAD2 was performed on immunoprecipitates. TBRI and Flag-VEPH1 protein levels in total lysates before immu-
noprecipitation (input) are shown by Western blot. IB, immunoblotting antibody; IP, immunoprecipitating antibody. (B) VEPH1 inhibits TGF-p signaling
downstream of TPRI activation. COS7 cells transfected with TBRI(TD), pARE-luciferase, and expression constructs for full-length or truncated VEPH1 were
treated with or without 100 pM TGF-f for 24 h. Bars represent the mean + SEM, n = 3. Bars with different letters are statistically different from one another as
determined by ANOVA followed by SNK post hoc test (P < 0.05). (C) GFP immunoblot showing EGFP or EGFP-662A expression in stably transfected COS7 cells.
(D and E) 662A enhances TGF-p—-dependent SMAD2 nuclear accumulation and C-terminal phosphorylation. (D) Western blot analysis for SMAD2, EEA1 (cy-
toplasmic marker), and Fibrillarin (nuclear marker) in cytoplasmic (C) and nuclear (N) fractions extracted from EGFP-662A or EGFP stable COS7 cells treated
with or without 100 pM TGF-p. Lysates were collected at 1 and 2 h after TGF- treatment. The line graph shows quantification of the immunoblot expressed as
the ratio of nuclear to total (C+N) SMAD?2. (E) Western blot of C-terminal phosphorylated and total SMAD2 levels in stable EGFP or EGFP-662A COS7 cells treated
with or without 100 pM TGF-f for 0.25, 1, or 2 h. The line graph shows quantification of the immunoblot expressed as the ratio of phosphorylated to total SMAD2.

Future studies will define whether these motifs are critical for the
observed divergent effects of TIR-1 and -2 on TGF-p signaling.

Teleman et al. (2) reported that deletion of melted in Dro-
sophila led to a “reprogramming” of cells within the fat body,
affecting the expression of genes involved in fatty acid metabo-
lism and immune function. Pathway analysis of our expression
data also indicates altered expression of genes involved in me-
tabolism, phototransduction, and immune response, suggesting
conservation of function between VEPH1 and Melted. Although
Melted has been shown to affect Hippo, FOXO, and TOR sig-
naling pathways, TGF-p is also involved with vertebrate adipo-
cyte differentiation (43) and eye development (44). VEPHI1
regions containing TIR-1 and -2 have 44% and 42% sequence
identity and 65% and 62% positivity, respectively, with Melted.
Thus, future studies should explore the impact of VEPHI1 on
cell-signaling pathways affected by Melted. Our findings also
raise the possibility that some effects of Melted may be mediated
through an impact on signaling by Drosophila TGF-f superfamily
members. Collectively, the evidence support that Melted and
VEPHI1 may function as membrane scaffolding proteins to in-
tegrate and modulate these signaling pathways.

Although some studies suggest that the dysregulation of TGF-
p signaling in ovarian cancer is due to 7RI or TpRII gene mu-

E3008 | www.pnas.org/cgi/doi/10.1073/pnas.1504671112

tations or reduced SMAD4 expression (45-48), other studies
have reported that alterations in TGF-f signaling are independent
of TGF-p receptors or downstream SMADs. In recent studies,
altered expression of known TGF-p signaling regulators (49) and
epigenetic silencing of TGF-p target genes in ovarian cancer (50—
52) have been reported. The present study identifies VEPHI as a
unique negative modulator of canonical TGF-f signaling.

The gene encoding VEPHI1 localizes to a region frequently re-
ported as amplified in ovarian cancer (8, 9). Microarray compara-
tive genomic hybridization analysis indicated amplification of the
3q24-26 region in 7 of 12 ovarian clear cell carcinoma cell lines
examined, including ES2 cells (8). In addition to ES2 cells, we found
high levels of VEPHI1 expression in OVCA429 and HEY cells,
which were derived from serous adenocarcinomas. Whether the
VEPHI locus is amplified in these cells is unknown. These three cell
lines exhibit a more invasive phenotype than OVCAR3, SKOV3,
and HOCT7 cells (53), which lack VEPHI1 expression, raising the
possibility that VEPH1 may contribute to a more aggressive cell
phenotype or to the initiation of a subset of ovarian cancers.

In summary, studies with Drosophila indicate that Melted im-
pacts several signal-transduction pathways during development that
overlap with those we show are affected by VEPH1 expression.
We now demonstrate that VEPHI1 is a previously unidentified
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modulator of the canonical TGF- signaling pathway and acts
to restrict SMAD2 nuclear accumulation through retention of
SMAD?2 at TBRI. Because VEPHL1 is up-regulated in many ovarian
cancers and is highly expressed in invasive ovarian cancer cell
lines, these findings suggest that VEPH1 may contribute to car-
cinogenesis by blocking canonical TGF-f signaling.

Materials and Methods

A detailed outline of the procedures and specific materials used for cell culture;
generation of expression constructs and stably transfected SKOV3, HepG2, and
COS7 cells; gene expression profiling and analysis; quantitative RT-PCR
(RT-qPCR); Western blot analysis; VEPH1-targeted siRNA studies; immunoflu-
orescence microscopy; reporter gene assays; coimmunoprecipitation assays;
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