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Gene-specific transcription factors (GSTFs) control gene
transcription by DNA binding and specific protein complex
recruitment, which regulates promoter accessibility for tran-
scription initiation by RNA polymerase II. Mutations in the
GSTFs Suppressor of Mothers Against Decapentaplegic 2
(SMAD2) and SMAD4 are frequently associated with colon and
rectal carcinomas. These proteins play an important role in
bone morphogenic protein (BMP) and transforming growth fac-
tor B (TGF-) signaling pathways controlling cell fate and pro-
liferation. To study the protein interactome of the SMAD pro-
tein family we generated a quantitative proteomics pipeline that
allows for inducible expression of GFP-tagged SMAD proteins
followed by affinity purification and quantitative mass spec-
trometry analysis. Data are available via ProteomeXchange with
identifier PXD004529. The nuclear importin IPO5 was identi-
fied as a novel interacting protein of SMAD1. Overexpression of
IPOS5 in various cell lines specifically increases nuclear localiza-
tion of BMP receptor-activated SMADs (R-SMADs) confirming
a functional relationship between IPO5 and BMP but not
TGEF-B R-SMAD:s. Finally, we provide evidence that variation in
length of the lysine stretch of the nuclear localization sequence
is a determinant for importin specificity.

Transcription regulation is a tightly controlled process that is
influenced by the binding of gene-specific transcription factors
(GSTFs)? to specific DNA elements (1). These GSTF families
are highly heterogeneous, spanning several hundreds of pro-
teins like the C,H,-type zinc fingers (2) to the eight members of
the SMAD protein family. Binding of GSTFs to DNA elements
mediates recruitment of multisubunit co-activator complexes
like SET/MLL, Mediator, TFIID, or the BAF remodeler, each of
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which can specifically affect the chromatin microenvironment
resulting in alteration of gene transcriptional states. Cancer
genome-wide association studies have shown that GSTFs and
chromatin-associated proteins are often mutated in various
solid tumors types (3-5). In particular, mutations in SMAD2
and SMAD4 have been frequently associated with colon and
rectal carcinomas (5.7 and 9.8%, respectively) (3). The eight
SMAD family members can be divided into the R-SMADs
(SMAD1/2/3/5/9), I-SMADs (SMAD6/7), and Co-SMAD
(SMAD4) (Fig. 1A). R-SMADs can additionally be subdivided
into BMP (SMAD1/5/9) and TGF-B (SMAD2/3) subclasses
depending on the ligand activating.

SMAD signaling starts with the activation of the anaplastic
lymphoma kinase type Il receptors by the binding of the BMP or
TGE-B cytokines. Activation of type II receptors recruits and
phosphorylates anaplastic lymphoma kinase type I receptors,
which in turn activate the R-SMADs by phosphorylating the
SSXS residues in the C-terminal domain (6 —8). In basal condi-
tions the SMADs shuttle constantly between the cytoplasm and
the nucleus (9) via interaction with the nucleoporins (10). After
receptor-mediated R-SMAD activation, an import protein is
required for their nuclear translocation. The activated
R-SMADs recruit SMAD4 and the complex is transported to
the nucleus via different import proteins like IPO7 and IPO8
(11). These importins recognize a conserved stretch of charged
lysine residues that acts as a nuclear localization signal (NLS).
An NLS is present in the MAD homology 1 (MH1) domain of
the R-SMADs, but differs in sequence in the Co-SMAD and
[-SMAD:s (9, 12, 13). Gene activation by SMADs also induces a
negative feedback loop through induced expression of -SMAD
target genes SMAD6 and SMAD7, which negatively affect
SMAD signaling (14-17).

To study the SMAD GSTF protein family in a comprehensive
manner we generated a quantitative proteomics pipeline for
human cells. Using this method we identified IPO5 as a novel
SMADI interactor. Overexpression of IPO5 increases nuclear
localization of BMP but not TGF- R-SMADs, which suggested
a functional relationship between BMP signaling and IPO5.
Mutation experiments extending the lysine stretch of the NLS
of SMAD3 shows that the length of the lysine stretch is involved
in differentiating IPO5 and IPO7 as importins for the BMP and
TGE- subgroup of SMAD transcription factors.
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Results

GFP-SMAD Cell Line Generation—To study the interactome
of the human SMAD proteins, stable doxycycline-inducible
HelLa cell lines containing GFP-SMAD fusion proteins or GFP
without fusion partner as control were generated using the
Flp-In T-Rex system (supplemental Fig. S1). To characterize
expression of the GFP fusion proteins, a doxycycline induction
time series was performed. Immunoblot shows maximal pro-
tein expression after 16 h with no further increase at 20- or 24-h
induction time points (Fig. 1B). SMAD protein activity is regu-
lated via post-translational modifications affecting protein
localization and functional SMADs are expected to shuttle
between the cytoplasm and nucleus. Indeed, confocal micros-
copy shows that all GFP-SMADs can be detected both in the
cytoplasm and nucleus (Fig. 2) suggesting that localization of
the fusion proteins is not impaired by the N-terminal GFP tag.
Subsequently, we tested SMAD activation evaluating the phos-
phorylation status of SMAD2 upon TGF-f stimulation using
phosphor-specific antibodies. Phosphorylated GFP-SMAD2
and endogenous SMAD2 was detected in treated and untreated
conditions suggesting the TGF- pathway is (partially) active
under normal HeLa cell culture conditions (Fig. 34). To con-
firm this observation, the SB431542 inhibitor of TGF-f signal-
ing (18) was added in various concentrations to the HeLa GFP-
SMAD?2 cell line 1 h prior to harvesting (Fig. 3B). A decrease
in phosphorylation of both GFP-SMAD2 and endogenous
SMAD?2 was observed compared with untreated control sam-
ples confirming active TGF-f3 signaling under normal cell cul-
ture conditions. To determine whether BMP signaling is also
activated under normal HeLa cell culture conditions, we
treated GFP-SMADS5 cells with the BMP signaling inhibitor
LDN193189. Again, phosphorylation levels of endogenous and
GFP-SMADS5 were reduced compared with control conditions
(Fig. 3C), suggesting active BMP signaling. Overall, partially
active TGF-B and BMP signaling pathways are consistent with
detection of GFP-SMAD proteins both in the cytoplasm and
nucleus (Fig. 2). These data show that we generated stable
inducible HeLa cell lines expressing functional GFP-SMAD
proteins.

SMAD Interactome Identification Using Mass Spectrom-
etry—Localization of GFP-SMAD proteins to both the cyto-
plasm and nucleus suggests different pools of proteins with
different biological activity and/or interaction partners. To sys-
tematically study these different SMAD pools we prepared
cytoplasmic and nuclear extracts from the GFP-SMAD cell
lines after 16 -20 h of doxycycline induction (Fig. 44). Immu-
noblot analysis of cytoplasmic and nuclear fractions confirmed
the GFP fluorescence results of Fig. 2. Blots were developed
with antibodies against the nuclear TATA-binding protein
(TBP) or cytoplasmic tubulin as controls. We found that GFP-
SMADI, -SMAD?5, and -SMAD?7 are expressed to lower levels
as the other GFP-SMADs. To determine the interactome of
SMAD proteins cytoplasmic and nuclear extracts were sub-
jected to GFP affinity purification using nanobeads (Fig. 4B). All
purifications were performed in triplicate and measured by
MS/MS analysis using a Velos mass spectrometer. In total, 108
affinity purifications were performed and all data files were
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FIGURE 1. Generation of GFP-SMAD cell lines. A, SMAD protein phylogeny.
Clustering analysis and systemic representation of SMAD proteins with the
indicated domains (MH1, MH2, and SAD). SMAD categorization is indicated
on the right. B, SMAD cell line time series after doxycycline induction was
analyzed on immunoblot. Hela cell lines were induced with 1 ng/ml of doxy-
cycline for 4, 8, 16, 20, or 24 h prior to harvesting or harvested without induc-
tion. Blots were probed using GFP or GAPDH antibodies.

simultaneously analyzed using MaxQuant. Correlation plots
show very good reproducibility between all samples (supple-
mental Fig. S2). A clear correlation is observed between sam-
ples within the same cell line for the extracts (cytoplasmic ver-
sus nucleus), although no clear correlation is observed between
extracts from separate GFP-SMAD cell lines.

The data were visualized using scatterplots, which were gen-
erated with the median data obtained for each triplicate set.
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FIGURE 2. Analysis of GFP-SMAD expression. Doxycycline (dox) induction test for confocal microscopy shows GFP fusion proteln localization. HeLa cell lines
were seeded on coverslips and induced with 1 ng/ml of doxycycline for 16 h prior to fixing and analyzed using confocal microscopy.

Hereby, the affinity-purified samples were plotted as x values
against its corresponding control situation as the y values.
When using this data representation a protein cloud is expected
on the diagonal representing proteins that nonspecifically bind
to the beads (Figs. 5 and 6). Proteins that bind to the GFP-
tagged bait protein will be more abundant in the affinity puri-
fication with the GFP-binding beads and therefore, they will be
shifted from the diagonal toward the x axis. In certain situa-
tions, for example, when a protein is only expressed in a low
amount, proteins will only be identified when enriched using
the GFP-binder beads but not the control beads. To include
these cases a constant value was imputed for missing data
points to plot values that only contain a value for one bead type.
When the results are plotted the data forms a horizontal line for
proteins identified only on GFP-binding beads and a vertical
line for proteins only identified on control beads. Proteins pres-
ent on the horizontal line are therefore also regarded as
enriched, but the fold-enrichment cannot be calculated.

As validation of the mass spectrometry data from the nuclear
fraction, we examined SMAD enrichment in different SMAD
baits (Fig. 5). As expected, the SMAD2/3/4 proteins interact
with each other in the nucleus. Furthermore, the TGF- inhib-
itory proteins SKI and SKIL are present in SMAD2/3/4 affinity
purifications. These two proteins are known direct interactors
of the SMAD2/3/4 complex (19, 20). In addition and as
expected, we identified the R-SMAD inhibitor LEMD3
(MANT1) (21, 22) as a SMAD3 interactor. Interestingly, LEMD3
is not enriched in SMADA4 affinity purifications. This indicates
that LEMD3 and SMAD4 are mutually exclusive binders for
SMAD2/3 and fit the current view that LEMD3 is a repressor of
R-SMAD activation (21, 22). LEMD3 is not enriched in
SMAD1/2/5, whereas this interaction has been described
before (22). This could be a HeLa-specific or a transcriptional
status effect. A new interaction of LEMD3 with SMAD9 is also
identified and complements the current view on LEMD3 as a
repressor of R-SMAD activation. Next, several complexes that
have different functions in the nucleus were visualized for
enrichment in the nuclear fractions (Fig. 5 and supplemental
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Table S1). Enrichment for several of the TFIID, SET1/MLL, and
Mediator subunits were observed in SMAD1 and SMAD?2,
whereas no enrichment was observed in other SMADs or the
GFP control cell line. The TFIID, SET1/MLL, and Mediator
complexes are known for their activating role in pol II-medi-
ated transcription. As a control we examined the pol III tran-
scription factor TFIIIC and found that it was not enriched in
any SMAD cell line, nor was the BAF chromatin regulatory
complex. This suggests that SMAD1 and SMAD?2 are employ-
ing specific transcription co-activator complexes to stimulate
pol II-mediated transcription.

To examine the quantitative proteomics results for the cyto-
plasmic fraction the data were also represented as scatterplots.
Apart from the expected background distribution a second pro-
tein distribution, absent in the nuclear fraction was observed
(supplemental Fig. S3A). Gene ontology term analysis shows
enrichment for unfolded protein binding and protein biosyn-
thesis (supplemental Fig. S3B). Possibly the interactors were
identified due to incomplete synthesis of the GFP-SMAD pro-
teins, although no discrete partial GFP-SMAD proteins are
observed by immunoblotting (Fig. 44). Alternatively, the GFP-
SMAD fusion protein might be incorrectly folded. It is impor-
tant to note that this secondary distribution is not observed in
the affinity purifications of the GFP control samples from the
cytoplasmic fraction.

SMAD proteins require transport proteins to shuttle
between the cytoplasm and nucleus. To investigate which
transport proteins associate with the different SMADs all trans-
port proteins were identified in the cytoplasmic fraction plots.
For the different SMADs various transport proteins were found
enriched, whereas in the GFP control cell line most transport
proteins were identified in the background diagonal. SMAD4,
which needs an R-SMAD as partner to translocate to the
nucleus, does not contain any enriched transport proteins.
SMADI1 shows enrichment for several transport proteins like
the previously reported IPO7 (11), but also displays a strong
enrichment of IPO5 (Fig. 6).
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FIGURE 3. GFP-SMAD fusion constructs are responsive to phosphoryla-
tion. A, TGF-B stimulation titration on HeLa GFP-SMAD?2 expressing cells on
two time points. Cells were seeded and induced with doxycycline for 16 h
where indicated. Cells were induced with 0.1, 1, or 10 ng/mlI TGF-B for 25 or 45
min prior to harvesting. Samples were analyzed on immunoblot using
SMAD4, SMAD2/3, phospho-SMAD2, GFP, and a-Tubulin antibodies. B,
SB431542 inhibitor titration on HeLa GFP-SMAD2 expressing cells. Cells were
seeded and induced with doxycycline (Dox) for 16 h where indicated. Inhibi-
tor was added with 1, 3, 10, 30, or 100 uMm 60 min prior to harvesting. Samples
were analyzed on immunoblot using phospho-SMAD2, GFP, and a-Tubulin
antibodies. C, LDN193189 inhibitor titration on HeLa GFP-SMADS5 expressing
cells on two time points. Cells were seeded and induced with doxycycline for
16 h where indicated. Inhibitor was added with 0.1, 1, or 10 uMm 60 min prior to
harvesting. Samples were analyzed on immunoblot using phospho-
SMAD1/5, GFP, and a-Tubulin antibodies.

Confirmation of Importin 5 as a Novel Interactor of SMAD1—
Control of subcellular localization is important for the biologi-
cal function of SMAD proteins. IPO7 overexpression was
shown previously to force nuclear translocation of SMAD1/3/4
proteins (11). To investigate the function of IPO5 as a SMAD
interactor we coexpressed all GFP-SMAD fusion proteins with
IPO5 or IPO7 in human U-2 OS osteosarcoma cells to measure
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the ratio of nuclear over cytoplasmic (N/C) GFP intensities. As
expected, overexpression of IPO7 stimulates nuclear localiza-
tion of the receptor-activated SMADs 1, 2, 3, 5, and 9 but not
the inhibitory SMADs 6 and 7 or the common SMAD4 (Fig. 7).
Strikingly, overexpression of IPO5 forced nuclear localization
of BMP subclass R-SMADs 1, 5, and 9 but not TGF- subclass
R-SMADs 2 and 3 suggesting IPO5 subclass specificity. IPO5-
and IPO7-dependent nuclear localization was confirmed for
SMAD1 and SMAD3 in the human breast adenocarcinoma cell
line MCF7 (supplemental Fig. S4). Knockdown of IPO5 or IPO7
using siRNA in HeLa GFP-SMAD stable cell lines gave incon-
clusive results (data not shown) except for SMAD1 and -3,
which accumulated reproducibly in the cytoplasm (Fig. 8).
Compared with IPO7, knockdown of IPO5 has a small effect on
GFP-SMAD3. IPO5 has been shown to interact with the
RanBP1 and RanBP2 proteins (23, 24). Knockdown of RanBP1
or RanBP2 using siRNAs was performed in HeLa cells express-
ing GFP-SMAD]1 or GFP-SMAD3 to investigate their subcellu-
lar distribution. We found N/C ratios of these SMAD proteins
are reduced significantly upon RanBP2 but not RanBP1 knock-
down (Fig. 9, A-D). Because IPO5 and IPO?7 facilitate nuclear
localization of BMP R-SMAD proteins, expression of IPO5 and
IPO7 were examined in context of BMP activation. Both IPO5
and IPO7 levels remained constant upon BMP stimulation or
inhibition in U-2 OS cells. As expected pSMAD1/5 levels are
responsive to activation and repression of BMP signaling (Fig.
9E). Taken together, the overexpression and knockdown
results support involvement of IPO5 in the subcellular distribu-
tion of a subset of SMAD proteins.

An Extended NLS Lysine Stretch Is Required for IPO5 Nuclear
Import—The NLS of SMAD proteins consists of an N-terminal
basic motif and it is localized in the MH1 domain. R-SMADs
contain the canonical KKLKK sequence. However, BMP
R-SMADs carry a basic stretch extended by two additional
lysines (KK) compared with TGF-B R-SMADs (-T) (Fig. 104).
To investigate the molecular mechanism by which IPO5 distin-
guishes between the BMP and TGF-$3 R-SMADs, the NLS of
SMAD3 (SMAD3 wt) was replaced by the NLS containing a
long lysine stretch (SMAD3 T45K 45insK). Overexpression of
SMAD3 T45K 45insK with IPO5 stimulates nuclear localiza-
tion, which is not observed in the SMAD3 wt control (Fig. 10B).
These results suggest that IPO5-mediated nuclear localization
is dependent on an extended lysine stretch present in the NLS
of the BMP induced R-SMADs.

Discussion

SMAD signaling is involved in many different cellular pro-
cesses. In this study interactome datasets for all SMAD proteins
were generated using affinity purification for HeLa cells fol-
lowed by mass spectrometry analysis. The nuclear transport
protein IPO5 was identified as a novel interactor for BMP-reg-
ulated SMAD]1 and using confocal microscopy a functional link
was shown between IPO5 and the BMP-regulated R-SMADs
but not TGEF-B-regulated R-SMADs. By extending the NLS
lysine stretch in SMAD3 we found SMAD3 nuclear localization
sensitive to IPO5, suggesting that the length of the lysine stretch
in the NLS is responsible for differentiation between the BMP-
and TGF-B-regulated SMADs.
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SMAD proteins shuttle continuously between the cytoplasm
and nucleus, which is independent of a receptor activation sig-
nal (9). The export of SMAD4 is known to be CRM1-mediated,
whereas export of R-SMADs is CRM1-independent. Phosphor-
ylation of R-SMAD followed by SMAD4 recruitment causes
nuclear accumulation of SMADs, which result in reduced
nuclear export. Transcription factors like TAZ (25) have been
shown to be responsible for SMAD nuclear accumulation,
althoughthe exact mechanismisunknown. Inthe nucleus, phos-
phorylation of R-SMAD complexes is gradually reduced caus-
ing dissociation of SMAD4 followed by export from the
nucleus. This constant SMAD nuclear/cytoplasmic cycling is
an important control mechanism for constant monitoring of
the receptor activation status. This results in a quick adaptation
of nuclear SMAD accumulation, when the signal is present and
to reduce to steady state levels when the receptors become inac-
tive. Initially, transport proteins importin a1 and 1 (26) have
been connected with SMAD signaling. Later studies implied
IPO7 and IPOS8 in signal-dependent and -independent trans-
port of SMAD1/3/4 involving NLS found in the MH1 domain.
Our results corroborate an important role of IPO7 in subcellu-
lar distribution of SMAD1, -2, -3, -5, and -9 (Fig. 7). IPO7 seems
to be the major contributor of SMAD nuclear import, whereas
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the import mediated by IPO5 is restricted. Nuclear import of
the R-SMADs by IPO7 does not select for a specific type of
R-SMAD (Fig. 7). Systemically testing IPO5 against all SMADs
in this study shows selectivity of IPO5 for BMP-activated
R-SMADs, which is determined by the length of the lysine
stretch of the NLS. Selectivity of the IPO5 protein for the
cargo allows for regulation of signaling, thus adding a new
player in controlling the subcellular distribution of SMAD
proteins.

The SMAD activation pathway is a signaling cascade that
gains complexity in regulation over different levels in the cell
(14, 27-32). Over 30 different molecules including TGF-f and
BMP can be found in the human body that belong to the TGF-3
superfamily (33). These molecules can signal to a combination
of seven type I and five type Il receptors. Because not all of these
receptors are present in each cell type this makes TGF- and
BMP signaling very context-dependent. It is important to note
that we did not identify any TGF- or BMP receptor in GFP-
SMAD purifications from the cytoplasmic fractions, which
could be due to the low efficiency of membrane protein extrac-
tion in our procedures.

The N-terminal location of the GFP moiety in the SMAD
fusion constructs was chosen to maintain the C-terminal SSXS

SASBMB

VOLUME 291-NUMBER 46-NOVEMBER 11, 2016



Quantitative Proteomics of the SMAD Family

n.s
A B C s D
*kk
[To |
N ==
o
Yo} w0 w0 N; L Yo}
£ © 1 £ © 1 £ w-‘% £ © 1
0w 0 o 0 o ‘I‘ 0 o
Fkk I
5 oY 7 - '5 O<f- n.s. ,6 o~ A 5 | o< A ns
s © Fo 3 — .o © a g —
o 1 o — O® Q@ 1 n.s.
b4 > > Z —
N [QVI N A [QV
x [ 3 2 X
[5] [&] [S} [5]
o & - o} - 4 e} - e} - 4
= = = =
o 4 — o - — o———: o - —
0~ 0 o~ 0 N~ 0 o~
o 0O 8 o O 8 O O § O O 8
a3 o = &= £ &=
- F G H
*
8__ 8 '—|8 8 Hkk
o © 9 o © 7 — Q © 1 o © 1 i
o o a a
0 o P 0 o —I_ 0 o 0 -IE
— *
*kk LE—
N~ < 4 N~ < 4 % N~ < A n.s. N~ < 4
(] kel o kel o Rel — O kel
o © o © a © a ©
™ H @ H o« A ™ H
Q Q Q 0
P 2 2 P4
[QVI [QVI N A [QV
X x x x
[5] [&] [SI—. [
o - 4 e} - 4 e} - o - 4
- o’ "l - ]
] e - x e - ~ < . e - x - e - ~
0~ 0 o~ 0 N~ 0 o~
SMAD5 85 3% SMAD6 85 3% SMAD7 85 3% SMAD9 85 3%
a3 o = e = £ 2=

FIGURE 7. Overexpression of IPO5 stimulates nuclear localization of BMP- but not of TGFp-activated R-SMADs. A-H, U-2 OS cells were seeded on
coverslips and transfected using a combination of GFP-SMADs with FLAG-IPO5, FLAG-IPO7, or mock. Cells were fixed 48 h after transfection and analyzed using
confocal microscopy. Nuclear and cytoplasmic intensities were quantified using ImagelJ. Shown is combined data of n = 2 biological replicates with varying
technical replication n specified per set. Bars represent average nuclear/cytoplasmic (N/C) ratio, error bars represent mean = S.E. Significant differences are
indicated for various significance levels (***, p < 0.001; **, 0.001 < p < 0.01; *, 0.01 < p < 0.05; n.s., not significant). Scale bar, 10 um. A, SMAD1 N/C ratios.
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residues required for R-SMAD phosphorylation and protein
activation (6 —8). This resulted in fusion constructs that could
be phosphorylated upon stimulation of their receptors using
their respective ligands (Fig. 3). However, the possibility still
remains that interaction partners have been missed due to
N-terminal tagging of SMAD proteins. In our experiments we
confirmed binding of the transcriptional repressor LEMD3 to
SMAD3 in the nucleus and provide evidence that LEMD3 and
SMAD4 binding are mutually exclusive (Fig. 5). Interestingly,
no LEMD3 binding to other R-SMADs is observed, whereas
SKI and SKIL are identified in SMAD2/3 and -4, which indi-
cates a high specificity in repressor interactions.

Activated SMAD proteins stimulate gene transcription, but the
exact nature of their nuclear coactivators has not been determined
in much detail. We provide evidence that Mediator, TFIID, and
SET/MLL but not BAF complex could participate in transcription
activation by the SMAD1 and SMAD?2 proteins. The observation
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of specific co-activators for specific SMAD family members war-
rants a further study into the downstream transcription activation
pathways for TGF-8 and BMP signaling.

Experimental Procedures

Plasmids—PCR was performed on plasmids containing
SMAD cDNAs using primers containing attB1 or attB2 sites to
obtain Gateway compatible constructs (Table 1) (34). FLAG-
SMAD2 and FLAG-SMAD4 cDNAs (35) were generous gifts
from Dr. Peter ten Dijke (Leiden University, Leiden, The Neth-
erlands). IMAGE clones 3546771, 6094328, 3906006, 3632931,
30915321, and 8143763 were purchased for SMADI, -3, -5, -6,
-7, and -9, respectively, from Dharmacon (Lafayette, CO). PCR
products were recombined with pDON201 in a Gateway BP
reaction to obtain pENTR vectors according to the manufactu-
rer’s instructions (Thermo Fischer Scientific, Waltham, MA).
All pENTR vectors were confirmed using Sanger sequencing.
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Sequencing showed SMADI to be a V140L variant compared
with the refseq sequence. All other SMADs were identical to the
refseq. To obtain HeLa FRT compatible expression vectors
pENTR vectors containing SMAD variants were recombined
with Gateway-compatible pCDNAS5/FRT/TO/N-GFP in an LR
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FIGURE 10. Extension of the SMAD3 NLS allows for IPO5-mediated
nuclear localization. A, multiple sequence alignment for the SMADs. Clus-
tering was performed using Clustal Omega. NLS sequence is indicated above.
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reaction according to the manufacturer’s instructions (Thermo
Fischer Scientific, Waltham, MA). SMAD3 mutagenesis PCR
was performed using mutagenesis primers in Table 1.
pCDNA3.1-FLAG-IPO5 (36) was a generous gift from Dr. Yi-Shu-
ian Huang (Institute of Biomedical Sciences, Taipei, Taiwan).
pME18S-FLAG-hIPO7 (pTIB435) (37) was a generous gift from
Dr. Tohru Itoh (The University of Tokyo, Tokyo, Japan).

Cell Culture—HeLa cells containing the Flp recombination
target (FRT) site and Tet repressor were grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing 4.5 g/liter of glu-
cose supplemented with 10% (v/v) fetal bovine serum, 10 mm
L-glutamine, 100 units/ml of penicillin, and 100 units/ml of
streptomycin. HeLa FRT parental cell line growth medium was
supplemented with 5 ug/ml of blasticidin S (InvivoGen, San
Diego, CA) and 200 ug/ml of zeocin (Invitrogen) to select for
the FRT site and Tet repressor. To generate cell lines containing
stable integration of GFP-tagged proteins, cells were seeded
in culture medium without blasticidin S and zeocin antibi-
otics 8 h prior to transfection. Stable doxycycline-inducible
HeLa cell lines were created by co-transfecting the pOG44
Flp recombinase expression vector along with pCDNA5/
FRT/TO expression vectors into HeLa FRT cells using polyeth-
yleneimine (PEI). 48 h after transfection growth medium was
supplemented with 250 pg/ml of hygromycin B (Roche Diag-
nostics, Mannheim, Germany) and 5 ug/ml of blasticidin S to
select for expression vector integration and Tet repressor.

Immunoblot Analysis—Cells were seeded in 6-well plates at a
density of 30,000 cells/well. Cells were induced 16 to 20 h prior
to harvesting by addition of 1 ug/ml of doxycycline to the cul-
ture media unless otherwise stated. Stimulation with TGF-f3;
(number 8915LC, Cell Signaling) or rhBMP-2 (355-BEC, R&D
systems, Minneapolis, MN) and inhibition with SB431542
(number 616461, Calbiochem) or LDN193189 (SML0559,
Sigma) was performed by addition of the listed concentrations
and duration prior to harvesting. Cells were lysed in sample
buffer (160 mm Tris-HCI, pH 6.8, 4% SDS, 20% glycerol, 0.05%
bromphenol blue) and equal amounts of protein were run on a
10% SDS-PAGE and transferred onto PVDF membrane. The
membrane was developed with the appropriate antibodies and
ECL and scanned using ImageQuant LAS 4000.

TABLE 1
Primers used for cloning
Primer Sequence

SMAD1 FW GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTC AAT GTG ACA AGT TTA TTT TCC TTT AC
SMAD2 FW GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTC TCG TCC ATC TTG CCA TTC AC
SMAD3 FW GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTC TCG TCC ATC CTG CCT TTC AC
SMAD4 FW GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTC GAC AAT ATG TCT ATT ACG AAT AC
SMAD5 FW GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTC ACG TCA ATG GCC AGC TTG
SMAD6 FW GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTC TTC AGG TCC AAA CGC TCG
SMAD7 FW GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTC TTC AGG ACC AAA CGA TCT GC
SMAD9 FW AA ARA GCA GGC TTC CAC TCC ACC ACC CCC ATC AGC TCC CTC TTC TCC
ADAPT FW GGGG ACA AGT TTG TAC AAA AAA GCA GGC T
SMAD1 RV GGGG ACC ACT TTG TAC AAG AAA GCT GGG TC CTA AGA TAC AGA TGA AAT AGG ATT ATG AG
SMAD2 RV GGGG ACC ACT TTG TAC AAG AAA GCT GGG TC CTA TGA CAT GCT TGA GCA ACG CAC
SMAD3 RV GGGG ACC ACT TTG TAC AAG AAA GCT GGG TC CTA AGA CAC ACT GGA ACA GCG GAT G
SMAD4 RV GGGG ACC ACT TTG TAC AAG AAA GCT GGG TC CTA GTC TAA AGG TTG TGG GTC TG
SMAD5 RV GGGG ACC ACT TTG TAC AAG AAA GCT GGG TC CTA TGA AAC AGA AGA TAT GGG GTT CAG AG
SMAD6 RV GGGG ACC ACT TTG TAC AAG AAA GCT GGG TC CTA TCT GGG GTT GTT GAG GAG G
SMAD7 RV GGGG ACC ACT TTG TAC AAG AAA GCT GGG TC CTA CCG GCT GTT GAA GAT GAC C
SMAD9 Rv AG ARA GCT GGG TC CTA AGA CAC TGA AGA AAT GGG GTT ATG TGG AGA GCC
ADAPT RV GGGG ACC ACT TTG TAC AAG AAA GCT GGG T
SMAD3 T45K 45INSK FW GGT CAA GAA ACT CAA GAA GAA GAA AGG GCA GCT GGA CGA GCT GG
SMAD3 T45K 45INSK RV CCA GCT CGT CCA GCT GCC CTT TCT TCT TCT TGA GTT TCT TGA CC
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Antibodies—Antibodies were used from the following sourc-
es: GAPDH (clone 6C5, mAb374, Millipore), GFP (gift from
Geert Kops), IPO5 (H-4, sc-17802, Santa Cruz), IPO7 (ab99273,
Abcam), phospho-SMAD1/5 (D5B10, number 11971, Cell Sig-
naling), phospho-SMAD?2 (138D4, number 3108, Cell Signal-
ing), SMAD2/3 (N-19, sc-6032, Santa Cruz), SMAD4 (number
9515, Cell Signaling), TBP (20C7 in-house hybridoma (38)),
a-Tubulin (DM1A, CP06, Calbiochem).

Nuclear Extract Preparation and GEP Affinity Purification—
Cytoplasmic and nuclear extracts were prepared as described
(39) with the exception that DTT was omitted from buffer C.
Protein concentration was determined using Bradford assay as
described before (39). GFP affinity purification was essentially
performed as described (39) with buffer C lacking DTT. Sample
binding was performed for 30 min on a rotating wheel at 4 °C
using 1 mg of input protein. Peptides were eluted from the
beads by a 2-h trypsin incubation in elution buffer (100 mm
Tris-HCL, pH 7.5, 2 M urea, 10 mm DTT). Eluate was collected
and beads were eluted for a second time. Eluates were com-
bined and trypsin digested overnight. Tryptic digests were
desalted using Stage-tips (40).

Mass Spectrometry—Tryptic peptides were separated using
an EASY-nLC 1000 (Thermo Fischer Scientific) mounted with
a C18 column operating online with an LTQ Orbitrap Velos.
An acetonitrile gradient (0—80%) was applied over 2 h to elute
peptides from the column. Peptides were ionized using ESI. The
top 15 most abundant peptides were selected for fragmentation
using CID for MS/MS. Proteins were identified from the raw
data using MaxQuant version 1.5.2.8 using the Uniprot human
FASTA database. Perseus version 1.5.1.6 was used to filter for
contaminants and reverse hits. LFQ values were log2 trans-
formed and groups based on cell line, extract type, and bead
type were defined. A filter was applied to remove contaminants
and proteins that could be identified using a reversed database,
which are very likely false-positive identifications. Then a filter
was applied that identified proteins that were present at least 3
of 3 times within at least one combination of conditions (bead
type, extract and cell line) resulting in a total of 3649 selected
proteins after Perseus filtering. The median of each group was
taken and data were plotted using R version 3.2.2 (41) with
Rstudio version 0.99.486.

siRNA Transfection—Cells were transfected in a reverse
transfection protocol using Hiperfect (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. In short, 50 ul of a
SMARTYpool of four siRNAs (25 nm each) was dispensed in a
12-well plate (Costar, 3513, Corning, New York, NY) containing
15-mm diameter coverglasses (Paul Marienfeld GmbH & Co. KG,
Lauda Konigshofen, Germany). Transfection mixture (4 ul of Hip-
erfect in total volume of 150 ul of Opti-MEM (Invitrogen) per
well) was added followed by a 30-min incubation at room temper-
ature. Meanwhile, cells were counted and 30,000 cells/well were
added in 800 wl. Cells were fixed 72 h after transfection.

Transient Transfection—U-2 OS osteosarcoma cells were
counted and seeded in 30,000 cells/well in a 12-well plate con-
taining 15-mm diameter coverglasses. Cells were left overnight
to attach and expression vectors were transfected using PEI.
Cells were fixed 48 h after transfection.

24130 JOURNAL OF BIOLOGICAL CHEMISTRY

TABLE 2
Primers used for qRT-PCR
Primer Sequence

ACTIN FW AGAAAATCTGGCACCACACC
ACTIN RV AGAGGCGTACAGGGATAGCA
IPO5 FW TGCTCTAGATCGAATGGCTTG
IPO5 RV ATGCCGGTATTTCCAGTCAG
IPO7 FW GTGAACAGGGATGTACCTAATGAA
IPO7 RV ATGTAAGGCCCACTTCTTGC
RANBP1 FW CCAATAGTTTCTCTTCCTGAGCA
RANBP1 RV GAGGCAAATCGGAACAGTTT
RANBP2 FW TGTAGTGATACTGATGAAGACAATGG
RANBP2 RV TTGTGCTAGTTATTTCTTCTGTCTGAG

Microscopy Slide Preparation—Coverglasses containing
treated cells were washed once with phosphate-buffered saline
(PBS). Cells were fixed by incubation with 4% formaldehyde in
PBS for 20 min at room temperature. Cells were incubated with
DAPI solution (2 mg/liter of 4',6-diamidino-2-phenylindole
(Sigma) in 50 mm Tris-HCI, pH 7.4, 100 mm NaCl) to stain
nuclei. Coverglasses were mounted onto microscope slides
(Thermo Fischer Scientific) using Immu-Mount (Invitrogen)
and left to dry overnight at 4 °C.

Confocal Microscopy—Images were taken using a Zeiss LSM
510 META confocal microscope with PLAN Apochromat Oil-
DIC X63/1.4 objective. Samples were scanned using a 405-nm
Violet Diode Laser for DAPI staining and a 488-nm argon laser
for GFP. Microscope gain and offset settings were kept constant
within experiments that compared a fusion protein in different
conditions. Nuclear and cytoplasmic intensities were measured
using Image] version 1.50d. Plots and statistics were generated
using R version 3.2.1 with Rstudio version 0.99.473.

Expression Analysis Quantitative (q)RT-PCR—Total RNA
was isolated from siRNA-treated cells 72 h after transfection
using RNeasy kit (Qiagen) including a DNase treatment using
RNase-free DNase set (Qiagen) according to the manufactu-
rer’s instructions. 500 ng of total RNA was used for cDNA syn-
thesis (Superscript 1I, Invitrogen) using random primers. A
25-ul qRT-PCR was performed in a CFX Connect Real-time
PCR Detection System (Bio-Rad) using iQ SYBR Green Super-
mix (Bio-Rad). Primers used for qRT-PCR can be found in
Table 2.
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