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ABSTRACT The expression and function of transforming growth factor-f superfamily recep-
tors are regulated by multiple molecular mechanisms. The type Il BMP receptor (BMPRII) is
expressed as two alternatively spliced forms, a long and a short form (BMPRII-LF and -SF,
respectively), which differ by an ~500 amino acid C-terminal extension, unique among TGF-f
superfamily receptors. Whereas this extension was proposed to modulate BMPRII signaling
output, its contribution to the regulation of receptor expression was not addressed. To map
regulatory determinants of BMPRII expression, we compared synthesis, degradation, distri-
bution, and endocytic trafficking of BMPRII isoforms and mutants. We identified translational
regulation of BMPRII expression and the contribution of a 3’ terminal coding sequence to this
process. BMPRII-LF and -SF differed also in their steady-state levels, kinetics of degradation,
intracellular distribution, and internalization rates. A single dileucine signal in the C-terminal
extension of BMPRII-LF accounted for its faster clathrin-mediated endocytosis relative to
BMPRII-SF, accompanied by mildly faster degradation. Higher expression of BMPRII-SF at the
plasma membrane resulted in enhanced activation of Smad signaling, stressing the potential
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importance of the multilayered regulation of BMPRII expression at the plasma membrane.

INTRODUCTION

Bone morphogenetic proteins (BMPs) form the most extensive sub-
group of the structurally related transforming growth factor-B
(TGF-B) superfamily of cytokines (Hinck, 2012). BMPs, originally
named for their ability to induce bone growth (Wozney et al., 1988),
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are now broadly accepted as regulators of multiple processes in
health and disease (reviewed in Wang et al., 2014). In embryogen-
esis, BMPs regulate early events such as gastrulation and mesoderm
formation (Mishina et al., 1995). Defects in the expression of BMPs,
BMP receptors, or intracellular mediators of BMP signaling result in
embryonic lethality through defects in the formation and/or function
of essential organs (e.g., heart, lungs, and bone; Wang et al., 2014).
Postdevelopment, lack or excess of BMP signals is associated with
different diseases, such as fibrodysplasia ossificans progressiva
(Shore et al., 2006), osteogenesis imperfecta (Martinez-Glez et al.,
2012), pulmonary arterial hypertension (PAH; International PPH
Consortium et al., 2000), and cancer (Ehata et al., 2013). In cancer,
similar to TGF-Bs, BMPs were proposed to mediate both protumori-
genic and antitumorigenic activity, with dependence on cellular
context (Ehata et al., 2013).

BMPs transduce signals via single-spanning transmembrane ser-
ine-threonine kinases, which present structural relatedness and are
functionally classified as type | (BMPRIa, BMPRIb, and ACVRIa) and
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type Il (BMPRII, ACVRIla, and ACVRIIb) receptors (Nickel et al.,
2009; Sieber et al., 2009; Miyazono et al., 2010; Ehrlich et al., 2012).
Binding of BMPs to these receptors induces and/or modulates the
formation of hetero-oligomeric type I/type Il receptor complexes
(Gilboa et al., 2000; Nohe et al., 2002; Nickel et al., 2009), followed
by type Il receptor-mediated phosphorylation and activation of
type | receptors (Shi and Massague, 2003; Feng and Derynck, 2005).
Activated type | receptors relay the signal to the cell interior via ca-
nonical (Smad1/5/8) or noncanonical (e.g., mitogen- or stress-acti-
vated protein kinases) pathways, resulting in transcriptional regula-
tion of a broad repertoire of genes (Nohe et al., 2004; Sieber et al.,
2009; Miyazono et al., 2010). The obligatory requirement for type |l
receptors in transduction of BMP signals is exemplified in PAH, in
which excessive proliferation of vascular smooth muscle cells occurs
after lack of expression or intracellular mislocalization of BMPRII
(Rudarakanchana et al., 2002; Sobolewski et al., 2008; Frump et al.,
2013).

Posttranscriptionally, the expression levels of TGF-B superfamily
receptors and their cell-surface levels are regulated by multiple
molecular mechanisms, including alternative splicing, secretory and
endocytic trafficking, localization to membrane microdomains, deg-
radation, and cleavage (Alexander et al., 1996; Di Guglielmo et al.,
2003; Mitchell et al., 2004; Hartung et al., 2006; Itoh and ten Dijke,
2007; Chen, 2009; Shapira et al., 2012; Xu et al., 2012; Hirschhorn
et al., 2015). Although endocytosis was reported to play a role in
some BMP signaling pathways (Hartung et al., 2006), these earlier
studies relied on treatments that result in general inhibition of clath-
rin-mediated endocytosis (CME) or caveolar endocytosis, treat-
ments whose effects are not limited to the internalization of specific
receptors and alter also the trafficking of multiple signaling proteins.
We recently used an alternative drug-independent approach to as-
sess the role of the type | TGF-P receptor in signaling by identifying
the CME targeting signal on the receptor and eliminating it by site-
directed mutagenesis (Shapira et al., 2012). Here we adapted this
approach to identify the endocytosis signals on BMPRII and explore
their role in surface expression and signaling. BMPRII is expressed as
two alternatively spliced isoforms (Rosenzweig et al., 1995): a long
form (BMPRII-LF), which contains a C-terminal extension of ~500
amino acids unique among TGF-B family receptors, and a short form
(BMPRII-SF), the molecular weight and structure of which resemble
those of the other TGF- superfamily type Il receptors. Alterations to
the balance of the expression levels of BMPRII-SF and BMPRII-LF
correlate with PAH (Cogan et al., 2012), and mutations within the
segment unique to the long form cause disease (Rudarakanchana
et al., 2002; Johnson et al., 2012), supporting the notion that this
extension regulates specific signaling functions (Rudarakanchana
et al., 2002; Foletta et al., 2003). However, the roles of this domain
in the regulation of BMPRII expression, intracellular distribution,
and/or trafficking are not yet understood.

In the present study, we used epitope-tagged constructs of BM-
PRII-SF and BMPRII-LF and truncation and alanine substitution mu-
tants of the latter to identify the multilayered and differential regula-
tion of translation, expression, degradation, and endocytosis of
alternatively spliced forms of BMPRII.

RESULTS

The C-terminal extension in BMPRII-LF reduces receptor
expression

To investigate whether the unique C-terminal extension in BMPRII-
LF affects its levels of expression, we measured the steady-state lev-
els of BMPRII-LF, BMPRII-SF, and BMPRII-LF truncation mutants con-
taining shorter versions of the extension (BMPRII-LF mutants TC6,
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TC7, and TC8; Nohe et al., 2002). The truncation mutants are de-
scribed in Materials and Methods. To this end, HEK293T cells were
transfected with equal molar amounts of vectors encoding myc-
tagged constructs of the aforementioned receptors. After 24 h, cells
were lysed and subjected to SDS-PAGE, and expression of the myc-
tagged receptors was assayed by immunoblotting. The results
(Figure 1, A and B) show a major (~10-fold) difference between the
steady-state levels of the two naturally occurring BMPRII alterna-
tively spliced isoforms, BMPRII-SF and BMPRII-LF. Similar results
were obtained in COS7 cells expressing the same constructs (7-fold
lower expression of BMPRII-LF relative to BMPRII-SF). Dissection of
the C-terminal extension unique to BMPRII-LF demonstrates that
inclusion of the C-terminal sequence encoding 17 amino acids that
differentiates between TC8 and BMPRII-LF (Nohe et al., 2002) is a
major determinant of the observed differences in expression, with
an additional contribution from the region between TC6 and TC7
(Figure 1, A and B). Of importance, the differences in expression
levels are not due to differences in mRNA levels, as shown in Figure
1, C and D, and validated for BMPRII-SF and BMPRII-LF using quan-
titative real-time PCR (gRT-PCR; Figure 1E).

Posttranscriptionally, reduction in steady-state protein expres-
sion levels may stem from lower synthesis levels or enhanced deg-
radation. To explore the contribution of the former mechanism, we
measured the synthesis levels of the foregoing proteins (BMPRII-LF
and -SF and TC mutants) by [**S](Met+Cys) incorporation (Figure 2).
At 24 h posttransfection, cells were pulse labeled with [3°S]
(Met+Cys)-containing medium (25 min) and subjected to
immunoprecipitation using anti-myc antibodies, followed by SDS—
PAGE and autoradiography. As shown in Figure 2, A and B, the dif-
ferences in the syntheses of BMPRII-SF, TC6, TC7, and TC8 were not
significant. In contrast, a major and significant difference in [3°S]
(Met+Cys) incorporation was observed between TC8 and BMPRII-
LF. The short 35S pulse was designed to measure differences in the
synthesis level of the receptors. To explore for a putative contribu-
tion by protein degradation within the short time frame of the pulse,
we conducted a pulse-chase experiment in which the 25-min
35S pulse was followed by a 3- or 6-h chase in nonradioactive me-
dium (Figure 2, C and D). This experiment revealed that the ob-
served differences in the levels of [3°S](Met+Cys)-labeled BMPRII-LF
and TC8 cannot be attributed to differences in degradation. This
suggests that the region encoding 17 amino acids that differentiates
BMPRII-LF from TC8 contributes to the differences in steady-state
levels and protein synthesis between these two proteins. However,
because the steady-state expression level (unlike 3°S incorporation)
of TCé is significantly higher than that of TC7 (Figure 1, A and B), it
is still possible that protein degradation plays a role in the differ-
ences between the steady-state levels of BMPRII-SF and -LF, as
shown later (see later discussion of Figure 8). Furthermore, the dif-
ferences in synthesis levels of the naturally occurring alternatively
spliced forms of BMPRII (SF and LF) may stem from a reduced re-
cruitment of BMPRII-LF mRNA to the ribosomes. To directly assess
this possibility, we pelleted denucleated lysates of HEK293T cells
transfected with BMPRII-LF or -SF through a 40% sucrose cushion
and measured the portion of receptor-encoding mRNA in the ribo-
some/polysome-enriched pellet relative to the total mRNA levels of
the same receptors. The results (Figure 2, E and F) show no reduc-
tion in BMPRII-LF mRNA relative to BMPRII-SF in the enriched frac-
tion. This suggests that the observed reduction in synthesis (Figure
2, A and B) is not due to reduced mRNA recruitment and occurs at
a later step—for example, translational elongation. Taken together,
the foregoing data support the notion that the differences in expres-
sion levels of the alternatively spliced forms of BMPRII (BMPRII-LF
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The steady-state levels of BMPRII expression are regulated by the C-terminal extension in BMPRII-LF.
HEK293T cells were transfected with vectors encoding myc-tagged BMPRII-SF, BMPRII-LF, BMPRII-LF truncation
mutants (TC6, TC7, TC8), or empty vector (pcDNA3; mock). (A, B) Western blotting to determine steady-state
expression levels. At 24 h posttransfection, cells were lysed and subjected to SDS-PAGE and immunoblotting (Materials
and Methods). (A) A representative experiment (n = 6). Top, a longer exposure to visualize the lower-expressed
myc-BMPRII-LF. LFX6 represents a sixfold higher loading. (B) Quantification of multiple experiments. Results (mean +
SEM) were normalized relative to B-actin (loading control) and taking the expression level of myc-BMPRII-SF as 100%.
Asterisks indicate significant differences between the pairs denoted by brackets (*p < 0.02; **p < 1073; ***p < 10%;
Student'’s t test). (C, D) Determination of mRNA levels. At 24 h posttransfection, cells were harvested and subjected to
RNA isolation, followed by conversion to cDNA as described in Materials and Methods. The cDNA levels were
measured using PCR (Materials and Methods). A representative experiment (n = 4) is shown in C, and quantitative
analysis of all experiments is depicted in D. The results (mean + SEM) were normalized to GAPDH cDNA levels, taking
the results for myc-BMPRII-SF as 100%. (E) qRT-PCR quantification of BMPRII-SF and BMPRII-LF mRNA transcripts
normalized to GAPDH mRNA. The ratio obtained for BMPRII-SF in each experiment was taken as 1.

and BMPRII-SF) stem from differences in translation (readily ob- tion of the last C-terminal 98 nucleotides (numbers 4182-4279

served after metabolic pulse labeling) and that the C-terminal por-  in the human BMPRII-LF sequence) between different species at
tion of BMPRII-LF is an important regulator of its synthesis levels. both protein (unpublished data) and transcript levels (Figure 3A).

To explore further the regulatory role of the C-terminal se-  This analysis revealed a high degree of conservation. Moreover,
quence of BMPRII-LF, we initially examined the degree of conserva-  prediction of the secondary structure of this region (nucleotides
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FIGURE 2: Determination of protein synthesis and degradation levels of BMPRII variants.
(A-D) HEK293T cells were transfected with myc-BMPRII variants as in Figure 1. After 24 h, cells
were washed, starved (30 min), and labeled (25 min) with [3°S](Met+Cys). (A, B) Assessment of
the synthesis of myc-BMPRII variants. After 35S labeling and lysis, the myc-tagged receptors
were immunoprecipitated and subjected to SDS-PAGE, blotting, and autoradiography. (A) A

representative experiment (one of four). The receptor appears as a doublet due to glycosylation,

as the upper band disappeared upon PNGase F treatment (not shown). (B) Densitometric

quantification. For each experiment, the intensity of the specific bands was calibrated relative to

that of myc-BMPRII-LF, taken as 1. Bars are mean = SEM of four experiments. The asterisk
indicates a significant difference (p < 0.05) observed between TC8 and myc-BMPRII-LF.

(C, D) Pulse-chase measurement of BMP receptor degradation. Cells transfected with the
indicated myc-BMPRII constructs were pulse-labeled as described, chased for the indicated
periods in nonradioactive complete medium, and subjected to immunoprecipitation, followed
by blotting and autoradiography. (C) A representative gel. (D) Densitometric quantification. In
each experiment (n = 3), the intensity of the band of each construct at time 0 (end of pulse) was
taken as 100%. (E, F) Sucrose cushion assessment of mRNA recruitment to polysomes/
ribosomes. HEK293T cells were transfected and processed as described in Sucrose cushion
enrichment of polysomal/rRNA fraction. (E) A representative gel (n = 3) depicting the cDNA
levels generated from the total mMRNA and sucrose cushion-pelleted mRNA fractions. GAPDH
cDNA levels in both fractions served as controls. (F) gRT-PCR quantification of pellet/total levels
of BMPRII mRNA transcripts normalized to GAPDH mRNA. The ratio obtained for BMPRII-SF in

each experiment was taken as 1.

4182-4279) in the coding sequence of BMPRII-LF with the Mfold
server (Zuker and Jacobson, 1998; Zuker, 2003; Waugh et al., 2002)
revealed a conserved tendency to form a stem-loop—based struc-
ture with predicted AG (free energy difference) ranging from —28 to
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-35 kcal/mol (-32.7 kcal/mol for the pre-
dicted structure shown in Figure 3B). This
tendency to form secondary stem-loop-
based structures was also observed in BMP-
RIl sequences showing less conservation
(the wit receptor of Drosophila melanogas-
ter and the BMPRII receptor of Xenopus
laevis; unpublished data). On the basis of
these data, we opted to add the last 99
nucleotides of the coding sequence of BM-
PRII-LF to BMPRII-SF, generating in this
manner a BMPRII-SF-modified (BMPRII-
SFM) construct that includes this potential
translational regulator sequence of BMPRII-
LF. Comparative analysis of the expression
levels of BMPRII-SF and BMPRII-SFM by im-
munoblotting revealed significantly lower
levels of BMPR-SFM than BMPRII-SF (Figure
3C), confirming the expression-attenuating
potential of the added C-terminal se-
quence. Of note, addition of the same nu-
cleotide sequence to the 3" end of the cod-
ing sequence of an unrelated protein (green
fluorescent protein [GFP)) also resulted in
reduced expression levels (Figure 3, E and
F). These findings suggest that the terminal
99-nucleotide sequence of BMPRII-LF has
expression-reducing potential over a broad
spectrum of proteins. Furthermore, within
the 99-nucleotide structure (Figure 3B),
both 5" and 3’ nucleotides contribute to the
stabilization of the stem. Thus elimination
of 51 nucleotides from this sequence (the
TC8 mutant compared with BMPRII-LF) is
predicted to abrogate the structure as a
whole, interfering with its attenuating capa-
bility. Indeed, TC8 is expressed to a signifi-
cantly higher level than BMPRII-LF (Figures
1 and 2).

Because receptor signaling is usually ini-
tiated by ligand binding to cell-surface re-
ceptors, we proceeded to investigate
whether the differences between the BMP-
RIl isoforms and mutants are also reflected
in their cell surface levels. To this end, we
opted for a proteinase K degradation ap-
proach, which allows for simultaneous calcu-
lation of the levels of the receptor at the
plasma membrane and the portion of the
receptor exposed at the plasma membrane
relative to its entire cell content. The cell
surface receptors were exposed to diges-
tion by proteinase K at 4°C (to avoid endo-
cytosis of the enzyme). Under these condi-
tions, only the receptors residing at the cell
surface are exposed to the digesting en-
zyme, whereas intracellular receptors are
protected. The difference between the lev-

els of myc-tagged BMPRIl isoforms and mutants in untreated versus
proteinase K-treated pairs of the same transfected sample yield the
cell surface levels of the receptors (Figure 4B), enabling the calcula-
tion of the cell surface/total ratio (Figure 4C). Our results show that

Translational regulation of BMPRII | 719
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Addition of the 3'-sequence of the coding region of BMPRII-LF to BMPRII-SF decreases its levels of
expression. (A) Sequence alignment of the 3'-sequence (98 nucleotides, numbers 4182-4279 in human BMPRII-LF)
of the coding region of BMPRII from different species. (B) Mfold prediction (Zuker and Jacobson, 1998; Zuker, 2003;
Waugh et al., 2002) of the secondary structure of the same 3’-sequence of the coding region of human BMPRII-LF.
(C, D) Immunoblot-based detection of the expression levels of BMPRII-SF and the extended BMPRII-SF mutant (BMPRII-
SFM). HEK293T cells were transfected with vectors encoding myc-tagged BMPRII-SF, BMPRII-SFM (the BMPRII-SF
mutant extended by addition of 99 coding nucleotides, numbers 4181-4279, from the 3’ end of BMPRII-LF), or pcDNA3
(mock). At 24 h posttransfection, cells were lysed and subjected to SDS-PAGE and immunoblotting. (C) A representative
experiment (n = 3); experiments were done in triplicates of independently transfected samples. (D) Quantification of
multiple experiments. Results (mean + SEM) were normalized relative to B-actin (loading control) and taking the
expression level of myc-BMPRII-SF as 100%. Asterisk indicates significant difference between BMPRII-SF and BMPRII-
SFM (p < 0.001; Student'’s t test). (E) Immunoblot of GFP and a GFP mutant (GFP-C) extended at the 3’ end of the coding
region by the aforementioned 99-nucleotide sequence. HEK293T cells were transfected by GFP- or GFP-C—encoding
vectors. At 6 h posttransfection, they were processed as described in Materials and Methods. (F) A densitometric
quantification of three independent experiments, showing a significant difference between GFP and GFP-C (*p < 0.001).
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ence in cell surface levels, are characterized
by different endocytosis rates. To this end,
we expressed myc-BMPRII-SF or myc-
BMPRII-LF in either HEK293T or COS7 cells;
experiments with the latter cell line were
added to allow direct comparison to former
results obtained in our lab in endocytosis
studies (Ehrlich et al., 2001; Hartung et al.,
2006; Shapira et al., 2012). After immuno-
fluorescence labeling of the myc-tagged
cell surface receptors in the cold (Materials
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FIGURE 4: The length of the C-terminal extension of BMPRII-LF determines its steady-state cell
surface level. HEK293T cells were transfected as in Figure 1 with the indicated myc-BMPRII
constructs. At 24 h posttransfection, the cell surface receptors (exposed to externally added
enzyme) were digested (or not) with proteinase K at 4°C (see Materials and Methods). Cells
were lysed and subjected to SDS-PAGE and immunoblotting and probing with anti-myc
antibodies (A, top) or anti-B-actin (A, bottom; loading control). (A) A representative gel.

(B) Quantification of the levels of proteinase K-sensitive myc-BMPRII. Data (mean = SEM, n = 6)
were calibrated relative to the value obtained for myc-BMPRII-SF, taken as 100%. Asterisks
indicate significant differences between the bracketed pairs. (C) Ratio of cell surface-localized to
total BMPRII levels. The cell surface receptor levels were calculated from the difference between
proteinase K-treated and untreated samples, yielding the proteinase K-sensitive fraction.
Asterisks indicate significant differences between the bracketed pairs (*p < 0.05; **p < 0.001;

Student'’s t test).

BMPRII-LF, which exhibits the lowest synthesis and steady-state lev-
els (Figures 1-3), shows a concomitant low level of expression at the
cell surface (Figure 4B). Of note, all BMPRII constructs, and espe-
cially BMPRII-LF, are mainly localized to the plasma membrane at
steady state (Figure 4C). This finding was confirmed by measure-
ment of endoglucosidase H (EndoH)-resistant fractions, for which
95% * 3 of BMPRII-LF and 78% * 4 of BMPRII-SF were EndoH resis-
tant. The highest difference in the cell surface level was measured
between the two naturally occurring isoforms, BMPRII-SF and BMP-
RII-LF. However, a clear difference emerged also between the cell
surface levels of TC6 and TC7. Such a difference, albeit smaller, was
observed also between the steady-state levels of these truncation
mutants (Figure 1). These differences cannot be attributed to pro-
tein synthesis, as the latter did not differ significantly between these
two mutants (Figure 2), suggesting that additional processes might
be involved in the differential regulation of BMPRII isoforms.

Regulation of BMPRII cell surface levels and signaling

by endocytosis

Differences in cell surface levels can arise from different endocytosis
rates, as previously shown for influenza hemagglutinin variants car-
rying distinct endocytosis targeting sequences (Keren et al., 2001).
We first examined whether the two native isoforms, BMPRII-SF and
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TC6 TC7 LF

and Methods), the cells were incubated at
37°C for defined periods and subjected to
endocytosis measurements of the fluores-
cence-labeled receptors by the point-con-
focal assay described by us earlier (Ehrlich
et al., 2001). Typical images of cells sub-
jected to this assay, which show a much
stronger shift to a vesicular pattern for BMP-
RI-LF than for BMPRII-SF, are depicted in
Figure 5A. Quantitative time-dependent
point-confocal measurements of the la-
beled myc-BMPRII-LF or myc-BMPRII-SF
remaining at the cell surface (Figure 5, B and
C) reveal a markedly faster endocytosis of
myc-BMPRII-LF than myc-BMPRII-SF in both
cell types. Similar results were obtained in
the presence of ligand (10 nM BMP2). Of
note, not only was the rate of myc-BMPRII-
LF faster, but the percentage internalized
after prolonged incubation at 37°C was also
higher. The half-time for internalization of
BMPRII-LF (the low endocytosis rate of
BMPRII-SF precluded an accurate measure-
ment) was 15-20 min, in the same time
range encountered for type | and type II
TGF-B receptors (Ehrlich et al., 2001;
Shapira et al., 2012). Most of the internaliza-
tion of myc-BMPRII-LF was blocked by treatments that interfere with
CME, such as incubation in sucrose-containing hypertonic medium
(Heuser and Anderson, 1989) or treatment with PitStop (von Kleist
etal., 2011). In contrast, nystatin (an inhibitor of caveolar endocyto-
sis) had only a minor effect (Figure 5, D and E). These findings sug-
gest that CME is the main internalization pathway of BMPRII-LF un-
der these conditions. This is in line with the lack of caveolin-1 in
HEK293T cells (Hartung et al., 2006), although the residual internal-
ization of BMPRII-SF in COS7 cells (but not in HEK293T cells) could
represent some contribution by caveolar-like endocytosis, as re-
ported earlier (Hartung et al., 2006).

These findings localize the molecular determinants directing
BMPRII-LF to CME to the unique C-terminal extension differentiat-
ing BMPRII-LF from BMPRII-SF. To identify the endocytosis signal(s)
involved, we studied the endocytosis of the different-length myc-
BMPRII-LF truncation mutants (TC5-TC8). As shown in Figure 6, A
and B, myc-BMPRII-SF and the shorter myc-BMPRII-LF truncation
mutants (TC5 and TCé) exhibited only marginal endocytosis in 20
min, whereas myc-BMPRII-LF and the longer-truncation mutants
(TC7 and TC8) exhibited similar and significant endocytosis. It there-
fore follows that the endocytosis signal(s) found in BMPRII-LF reside
in the segment between TCé and TC7. Examination of this se-
quence for potential CME consensus motifs revealed one such motif
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residues in BMPRII-LF to Ala, generating the myc-BMPRII-LF-AA
mutant. Indeed, this mutant failed to undergo significant internaliza-
tion in both HEK293T and COS7 cells, and addition of ligand (10 nM
BMP2) had no effect on its internalization (Figure 6, C-E). We con-
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The C-terminal extension of BMPRII-LF directs it to clathrin-mediated endocytosis.
HEK293T or COS7 cells were transfected with myc-BMPRII-LF or myc-BMPRII-SF. After 24 h,
they were left untreated or subjected to internalization-inhibiting treatments (hypertonic
sucrose—supplemented medium, PitStop, or nystatin). The receptors at the cell surface were
then labeled at 4°C (time 0) with anti-myc, followed by Alexa 546-GoM Fab’, incubated for
defined intervals at 37°C, and fixed at 4°C (Materials and Methods). In experiments conducted
in the presence of ligand, BMP2 (10 nM) was added together with the secondary Fab’ and
retained throughout the experiment. (A) Typical images. Bar, 10 pm. (B, C) Quantitative
endocytosis measurements in HEK293T (B) and COS7 (C) cells. The fluorescence intensity
remaining at the cell surface was measured by the point-confocal method (Materials and
Methods). Results are mean + SEM of 200 cells/time point, taking for each sample the intensity
at time 0 as 100%. (D, E) Endocytosis of myc-BMPRII-LF is inhibited by CME inhibitors but not
by nystatin. For each treatment, the fluorescence intensity at the cell surface was measured at
time 0 and after 20 min of incubation at 37°C in medium containing inhibitors (where indicated).
Two hundred cells were measured for each condition, and the intensity of the same sample at
time O was taken as 100%. Treatments that inhibit CME (sucrose and PitStop) induced a
significant reduction in myc-BMPRII-LF endocytosis (*p < 0.01).
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clude that BMPRII-LF is directed to CME by
a single endocytosis signal, L87° 1871, To ex-
amine whether the different endocytosis
rates of BMPRII-LF and BMPRII-LF-AA affect
the cell surface expression levels, we mea-
sured by immunoblotting the steady-state
expression levels of BMPRII-LF and BMPRII-
LF-AA (Figure 7, A and B), as well as their
sensitivity to proteinase K digestion in the
cold (Figure 7, C and D). Quantification of
the blots (Figure 7, B and D) revealed a mild
difference between their surface levels
(nearly twofold higher level for myc-BMPRII-
LF-AA), with a somewhat smaller difference
in the total expression level. Of note, a simi-
lar approximately twofold decrease in the
cell surface expression levels was also ob-
served between TCé (which lost the endo-
cytosis signal) and TC7 (which retained this
signal; Figure 4).

To explore the potential contribution of
the C-terminal extension in BMPRII-LF and
of the dileucine endocytosis signal in this
domain to BMPRII degradation, we com-
pared the degradation rates of BMPRII-LF,
BMPRII-LF-AA, and BMPRII-SF after cyclo-
heximide (CHX) addition (Figure 8). Because
the major fraction of the BMPRII constructs
is localized to the cell surface (Figure 4), the
experiment measures mainly the degrada-
tion of the cell surface receptors. The degra-
dation rate of BMPRII-LF, derived from the
initial slope (up to 2 h), was faster than those
of BMPRII-SF or BMPRII-LF-AA (~20%/h for
BMPRII-LF vs. ~8%/h for BMPRII-SF and
11%/h for BMPRII-LF-AA). To probe for the
cellular machinery involved in the observed
degradation, we treated cells transfected
with BMRII-LF, LF-AA, or -SF with chloro-
quine (an inhibitor of lysosomal degrada-
tion) or MG132 (a proteasomal inhibitor). As
shown in Figure 8G, both chloroquine and
MG132 significantly increased the accumu-
lation of BMRII-LF. Minor accumulation of
BMRII-SF was observed with MG132. The
exclusive protective effect of chloroquine on
BMPRII-LF is in accord with its significantly
faster endocytosis relative to the other vari-
ants. Taken together, elimination of the
dileucine endocytosis signal (e.g., in BMP-
RII-LF-AA or in the shorter-truncation mu-
tant TCé relative to TC7) has a mild effect on
BMPRII degradation and/or cell surface lev-
els, whereas a considerable contribution to
these differences between BMPRII-LF and
BMPRII-SF is due to their differential synthe-
sis (Figure 2).

To address the roles of the C-terminal extension in BMPRII-LF
and its endocytosis motif in signaling to the canonical Smad 1/5/8
pathway, we compared the levels of phospho-Smad (pSmad) in cells
expressing BMPRII-LF, BMPRII-LF-AA, or BMPRII-SF. COS7 cells
were cotransfected with yellow fluorescent protein (YFP)-Smad!1

Molecular Biology of the Cell
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endogenous pSmad1/5/8 formation (either
without or with BMP2), in accord with its low
expression at the plasma membrane. Ex-
pression of the endocytosis-defective myc-
BMPRII-LF-AA, whose surface expression
level is only somewhat higher than that of
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myc-BMPRII-LF, had similar effects on the li-
gand-dependent activation of endogenous
Smad1/5/8. Transfection with myc-BMPRII-
SF, whose surface expression level is much
higher than that of myc-BMPRII-LF and is
also endocytosis defective, resulted in a
small increase in pSmad1/5/8 formation al-
ready before ligand addition and in in-
creased level of pSmad1/5/8 upon BMP2
stimulation. To assess directly whether CME
is dispensable for Smad1/5/8 phosphoryla-
tion, we treated untransfected COS7 cells
with the specific CME inhibitor PitStop and
measured pSmad1/5/8 levels upon BMP2
stimulation. As shown in Figure 9, B-D,

there was no significant inhibition of pS-
mad1/5/8 formation in response to BMP2 in
the presence of PitStop under conditions
that block BMPRII-LF endocytosis. Taken to-
gether, these findings indicate that endocy-
tosis of BMPRII is not required for activation
of signaling to the Smad1/5/8 pathway and
that the surface levels of the receptors cor-
relate with their signaling capability.
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FIGURE 6: Endocytosis of BMPRII-SF, BMPRII-LF and its truncation and alanine replacement
mutants. HEK293T or COS7 cells were transfected with the indicated myc-BMPRII variants,
followed by immunofluorescence labeling of the cell surface receptors at 4°C as in Figure 4.
Samples were then shifted to 37°C for 20 min (A, B) or for the indicated times (C-E) to allow
endocytosis. (A, B) The internalization determinant of BMPRII localizes to the region between
TC6 and TC7. For each construct, fluorescence intensity at the cell surface was measured by the
point-confocal method (200 cells/sample) at time 0 and after a 20-min incubation at 37°C, and
the intensity of the same sample at time 0 was taken as 100%. The asterisk denotes a significant
difference between TC6 and TC7 (*p < 0.05). (C) Typical images of cells expressing the
endocytosis-defective BMPRII-LF-AA mutant before and after internalization for the indicated
periods (10-90 min). Bar, 10 um. Note the lack of internalization (very little vesicular staining)
even at long incubation periods. (D, E) Quantification of myc-BMPRII-LF-AA endocytosis relative
to myc-BMPRII-LF in HEK293T (D) and in COS7 (E) cells. The fluorescence intensity remaining at
the cell surface was measured by the point-confocal method (Materials and Methods). Results
are mean + SEM of 200 cells/time point, taking for each sample the intensity at time 0 as 100%.
As shown in D and E, addition of ligand (10 nM BMP2) as in Figure 5 had no effect on the

internalization of BMPRII-LF-AA in either cell line.

together with myc-BMPRII (LF, LF-AA, or SF) or B-Gal (mock) and
stimulated (or not) by BMP2 (10 nM, 30 min). As shown in Figure 9A,
the mock-transfected cells exhibited clear BMP2-stimulated in-
crease in both endogenous phospho-Smad1/5/8 (pSmad1/5/8) and
phospho-YFP-Smad1, indicating that the transfection procedure did
not interfere with the capability of the cells to respond to the ligand.
Because transfection with YFP-Smad1 resulted in its enhanced
phosphorylation already in the absence of ligand and the ligand-
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DISCUSSION

BMPRII-LF is unique among the TGF-B su-
perfamily receptors due to a C-terminal ex-
tension of 512 amino acids in its cytoplasmic
domain. The functional significance of this
extension was supported by demonstration
of its binding to diverse cellular factors, in-
cluding the endocytic protein EPS15R
(Hartung et al., 2006), the dynein light chain
Tctex-1 (Machado et al., 2003), the kinases
cGKI (Schwappacher et al., 2009) and LIMK
(Lee-Hoeflich et al., 2004), and Trb3, a regu-
lator of Smurf1 stability and Smad-depen-
dent signaling output (Chan et al., 2007). In
different cellular contexts, such interactions
were proposed to influence BMPRII Smad-
dependent and Smad-independent signal-
ing, BMPRII trafficking, and BMP-induced
differentiation of distinct cell types. Moreover, the lethality of mice
homozygous for BMPRII-SF but lacking BMPRII-LF (Leyton et al.,
2013), the presence of disease-causing mutations within this C-termi-
nal extension (exon 12) in PAH (Thomson et al., 2000; Machado et al.,
2001), and the proposed role for differences in the expression ratio
between BMPRII-SF and BMPRII-LF in determining the penetrance of
PAH (Cogan et al., 2012) further demonstrate the importance of this
molecular domain. However, the role(s) of this C-terminal extension
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FIGURE 7: Clathrin-mediated endocytosis attenuates the cell surface
expression of BMPRII-LF. HEK293T cells were transfected with
myc-BMPRII-LF or myc-BMPRII-LF-AA. At 24 h posttransfection, the
steady-state expression of the transfected receptors (A, B) and their
expression levels at the plasma membrane (C, D) were measured

as in Figures 1 and 4, respectively. (A) A representative gel.

(B) Quantification of the steady-state expression levels of myc-
BMPRII-LF and myc-BMPRII-LF-AA from multiple experiments (n = 6).
Results (mean + SEM) were normalized relative to B-actin, taking the
expression level of myc-BMPRII-LF as 100%. (C) A representative
immunoblot with or without proteinase K digestion. (D) Quantification
of cell surface-localized myc-BMPRII-LF and myc-BMPRII-LF-AA.
Results (mean + SEM, n = 6) were derived from the difference
between proteinase K-treated and untreated samples, as in Figure 4.
The asterisk indicates a significant increase (p < 0.05) in cell surface
level of myc-BMPRII-LF-AA relative to that of myc-BMPRII-LF (taken as
100%).

(either at the level of coding sequence or protein) in the synthesis,
degradation, and trafficking of BMPRII had not been addressed.
Here we show that molecular determinants within the mRNA se-
quence and/or encoded by exon 12 of BMPRII regulate its synthesis
and clathrin-mediated internalization. This differential regulation of
alternatively spliced forms of BMPRII has direct implications for the
overall and plasma membrane-localized steady-state levels of the
BMPRII receptor forms, the kinetics of their degradation, and the in-
tensity of their ability to activate the Smad1/5/8 pathway in response
to ligand.

Our studies on the steady-state expression levels of BMPRII-SF,
BMPRII-LF, and their mutants demonstrate that the C-terminal ex-
tension unique to BMPRII-LF has two elements that reduce its ex-
pression relative to BMPRII-SF. The major effects are contributed by
the very C-terminal end of BMPRII-LF, accompanied by a contribu-
tion from the region between TCé and TC7 (Figures 1 and 2). These
differences are detected also at the level of the cell surface expres-
sion of the receptors, for which the contribution of the region be-
tween TC6 and TC7 is even more accentuated (Figure 4). To delin-
eate further the mechanisms involved, we used an experimental
setup based on metabolic pulse labeling of exogenously expressed
isoforms and mutants of BMPRII (at equimolar levels) under the
same promoter and with the same 5’-untranslated region (UTR) and
3'-UTR regions (Figure 2). This allowed us to identify the regulation
of the synthesis of BMPRII isoforms at the level of translation. We
show that the most-3’ region of exon 12 (99 nucleotides, numbers
4181-4279, encoding 32 amino acids and a stop codon), which is
unique to BMPRII-LF and is predicted to fold into a stem-loop—
based secondary structure (Figure 3B), attenuates the expression of
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BMPRII (Figures 2 and 3) on a translational level (Figure 2). Multiple
molecular mechanisms have been proposed to regulate protein
translation, including adaptation to the tRNA pool (codon usage),
charge of amino acids that are incorporated in the polypeptide
chain, mRNA folding energy, and different activities of RNA-binding
proteins (Kozak, 1986; Wells, 2006; Ingolia et al., 2011; Tuller et al.,
2011; Pop et al., 2014). Here we show that the reduced expression
of BMPRII-LF and BMPRII-SFM (the BMPRII-SF mutant extended by
addition of 99 coding nucleotides, numbers 4181-4279, from the 3’
end of BMPRII-LF) correlates with the presence of an RNA sequence
with structure-forming tendencies, which can also attenuate the ex-
pression of unrelated proteins such as GFP (Figure 3, E and F). Of
note, such secondary RNA structures are the basis of recognition by
numerous RNA-binding proteins (Draper, 1995). In addition, when
translation is carried out in endoplasmic reticulum-tethered poly-
somes, negative regulation of elongation would be expected to re-
sult in an overall decrease in the level of the protein being synthe-
sized (e.g., BMPRII-LF). Within the TGF-B superfamily of receptors
and ligands, TGF-B1 and TGF-B3 have been suggested to be regu-
lated at the level of translation (Arrick et al., 1991; Fraser et al.,
2002). To our knowledge, the present studly is the first to report on
such regulation of a receptor from this superfamily. Note that the
differences in expression of BMPRII-SF and BMPRII-LF are greater
than those between BMPRII-SF and BMPRII-SFM, attesting to the
additional regulatory element(s) (e.g., the endocytosis signal that
enhances BMPRII-LF degradation; Figure 8).

Numerous studies on the endocytosis of receptors of the TGF-
superfamily suggested CME as the major internalization pathway; a
potential contribution by caveolar endocytosis has been conten-
tious (Ehrlich et al., 2001; Yao et al., 2002; Di Guglielmo et al., 2003;
Mitchell et al., 2004; Hartung et al., 2006; Chen, 2009; Hirschhorn
et al., 2012; Shapira et al., 2012). Moreover, conflicting results were
obtained when addressing the roles for endocytosis of the receptors
in the regulation of activation of Smad signaling pathways (Hayes
et al., 2002; Penheiter et al., 2002; Di Guglielmo et al., 2003;
Hartung et al., 2006; Chen et al., 2009; Chen, 2009; Hirschhorn
etal.,, 2012; Kim et al., 2012; Shapira et al., 2012, 2014; Umasankar
et al., 2012). Such conflicts may reflect the reliance on treatments
(chemical or genetic) that alter/inhibit altogether CME and/or cave-
olar endocytosis, since such general treatments affect not only the
endocytosis of the respective receptors, but also the endocytosis,
distribution, and trafficking of numerous cellular factors. In the pres-
ent study, we identified CME as the major endocytosis pathway of
BMPRII and reported marked differences in the endocytic potential
of the alternatively spliced forms of BMPRII (i.e., lack of endocytosis
of BMPRII-SF; Figure 5). Moreover, we identified a previously un-
known CME-targeting signal, of the dileucine class of endocytic mo-
tifs, localized at the C-terminal of BMPRII-LF (Figure 6). On the basis
of this finding, we generated an endocytosis-defective BMPRII-LF
mutant (BMPRII-LF-AA) and used it, together with the naturally alter-
natively spliced forms of BMPRII, to investigate the relationship
between BMPRII endocytosis, expression level, degradation, and
signaling (Figures 6-9).

Note that the different endocytosis rates of BMPRII-LF and BM-
PRII-LF-AA affect their cell surface expression levels, as measured
by the proteinase K digestion assay (Figure 7). The approximately
twofold difference between their surface expression levels corre-
lates with a similarly higher degradation rate for the endocytosis-
capable BMPRII-LF (Figure 8). The slower degradation of BMPRII-
LF-AA appears to be due to the fact that it does not undergo
endocytosis, since it is similar to that of BMPRII-SF, which also lacks
the endocytosis-targeting motif (Figure 8). This conclusion is in line
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FIGURE 8: Contribution of the C-terminal extension of BMPRII-LF to receptor degradation depends on the dileucine
endocytic signal. HEK293T cells were transfected with myc-BMPRII-LF, myc-BMPRII-LF-AA, or myc-BMPRII-SF and
subjected to the CHX-chase receptor degradation assay (Materials and Methods). (A—C) Representative experiments.
The immunoblots show myc-BMPRII and B-actin (loading control) before (time 0) or after addition of 300 uM CHX for
the indicated times. (D-F) Quantification (mean + SEM, n = 4) of the intensities of the bands of the specific myc-BMPRII
variants after normalization to the respective level at time 0. (G) Effect of degradation inhibitors. At 24 h
posttransfection, cells were incubated with either MG132 (25 uM) or chloroquine (25 pg/ml) for another 24 h or left
untreated for the same period (vehicle control). Cells were processed and immunoblotted as in Figure 1, and myc-
BMPRII receptor levels were analyzed by densitometry. The graph depicts the mean + SEM (n = 3) receptor levels after
normalization to B-actin, taking the control sample as 100%. Asterisks indicate a significant increase in the receptor level

relative to the untreated sample (*p < 0.05).

with the very similar decrease in the cell surface expression level
between TCé (which lacks the endocytosis motif) and TC7 (Figure
4). Moreover, in contrast to the endocytosis-defective BMPRII-SF
and BMPRII-LF-AA, the degradation of BMPRII-LF is sensitive to
both proteasomal and lysosomal inhibitors, in line with its signifi-
cantly faster endocytosis (Figure 8G). These results are in line with a
report that chloroquine increases cell surface BMPRII-LF levels and
restores BMP9 signaling in endothelial cells harboring PAH-related
BMPRII mutations (Dunmore et al., 2013). The notion of a positive
correlation between the cell surface expression levels of BMPRII
and the activation intensity of pSmad1/5/8 by BMP is also sup-
ported by the results depicted in Figure 9A, where BMPRII-SF
higher surface expression correlated with increased levels of pS-
mad1/5/8. Because this BMPRIl variant is hardly endocytosed,
these findings may imply that endocytosis of BMPRII is dispensable
for Smad1/5/8 activation. This notion is validated by the insensitiv-
ity of endogenous Smad1/5/8 activation by BMP2 to the CME in-
hibitor PitStop (Figure 9, B-D).

Taken together, the data in the present study support the notion
that the expression levels and plasma membrane levels of BMPRII
are determined by two molecular processes—translational regula-
tion of protein synthesis (which provides the major contribution) and
endocytosis/degradation (mild modulatory effect). Both mecha-
nisms enhance the expression of BMPRII-SF relative to BMPRII-LF at
the cell surface (where the receptors are exposed to stimulation by
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exogenous ligands), resulting in activation of the Smad1/5/8 path-
way at elevated intensities. Of interest, BMPRII-SF was reported to
be incapable of associating with and activating at least a subset of
non-Smad BMP signals (Foletta et al., 2003; Lee-Hoeflich et al.,
2004), implying that the alternative splicing of BMPRII may be an
important regulator of the balance of activation of canonical versus
noncanonical signals by BMPs.

MATERIALS AND METHODS

Reagents

DMEM, fetal calf serum (FCS), L-glutamine, penicillin-streptomycin
(25 and 40 pg/ml, respectively), Hanks’ balanced salt solution
(HBSS), and nystatin were from Biological Industries (Beit HaEmek,
Israel). Recombinant human BMP2 was a gift from W. Sebald
(University of Wurzburg, Wurzburg, Germany), and Opti-MEM was
from Life Technologies (Carlsbad, CA). Phosphate-buffered saline
(PBS), DMEM without L-methionine and L-cystine, protein G-Sep-
harose, fatty acid-free bovine serum albumin (BSA,; fraction V), pro-
tease inhibitor cocktail (P8340; PIC), NazVO,4, CHX, phenylmeth-
anesulfonyl fluoride (PMSF), dithiothreitol, Phosphatase Inhibitor
Cocktail 2, Phosphatase Inhibitor Cocktail 3, chloroquine, MG132,
and sucrose were from Sigma-Aldrich (St. Louis, MO). Anti-myc tag
9E10 mouse ascites (Evan et al., 1985) was from Covance Research
Products (Denver, PA), and anti-GFP (FL) was from Santa Cruz
Biotechnology (Santa Cruz, CA). Goat anti-mouse (GaM) F(ab’),
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FIGURE 9: BMPRII-dependent phosphorylation of BMP-responsive Smads correlates with
BMPRII surface expression levels and does not require its endocytosis. (A) COS7 cells were
cotransfected with YFP-Smad1 together with B-galactosidase (mock), myc-BMPRII-LF, myc-
BMPRII-LF-AA, or myc-BMPRII-SF. After 24 h, cells were serum starved and stimulated (or not)
with 10 nM BMP2 for 30 min. Panels depict representative immunoblots (n = 3), which were
probed with anti-pSmad1/5/8, anti-myc, or anti-GAPDH. Numbers under specific lanes indicate
the level of YFP-pSmad1 or endogenous (Endo) pSmad1/5/8 after calibration to GAPDH and
relative to unstimulated mock-transfected cells in the same experiment. (B, C) Untransfected
COS7 cells were serum starved, treated or not with PitStop, and subjected to BMP2 stimulation
and Western blotting as described to probe for endogenous total Smad1/5/8 or pSmad1/5/8.
(B) A representative experiment. (C) Quantification of the mean + SEM (n = 4) of pSmad1/5/8
to tSmad1/5/8 ratio. Asterisks indicate a significant increase (p < 0.01) in the ratio. (D) Control
experiment showing that PitStop blocks the internalization of BMPRII-LF in the presence of
ligand (conditions similar to those of the signaling assay). The internalization experiment was
performed as in Figure 5.

ulin Gs (IgGs) were from Jackson Immu-
noResearch (West Grove, PA). Monoclonal
rabbit 1gG anti-pSmad1/5/8 (Ser-463/
Ser-465) and monoclonal rabbit IgG against
glyceraldehyde-3-phosphate  dehydroge-
nase (GAPDH) were from Cell Signaling
(Danvers, MA), and mouse anti—-B-actin was
from MP Biomedicals (Solon, OH). PitStop
2 was obtained from Abcam (Cambridge,
United Kingdom). Promix cell labeling mix
[35S-(Met+Cys), >1000 Ci/mmol] was from
PerkinElmer (Boston, MA). Other standard
materials used throughout were from
Sigma-Aldrich.

Cell culture and transfection

COS7 and HEK293T cells (American Type
Culture Collection, Manassas, VA) were
grown in DMEM supplemented with 10%
FCS, penicillin, streptomycin, and L-gluta-
mine as described (Gilboa et al., 2000;
Hartung et al., 2006). Transient transfec-
tions of HEK293T or COS7 cells were car-
ried out using TransIT-LT1 Mir2300 (Mirus,
Madison, WI) according to the manufac-
turer’s instructions. Cells were assayed 24 h
after transfection.

Plasmids

Expression vectors (in pcDNAT1) encoding
human BMPRII-SF, BMPRII-LF, and BMPRII-
LF truncation mutants containing shorter
segments of the extension unique to
BMPRII-LF (all carrying an extracellular myc
epitope tag) were described by us earlier
(Nohe et al., 2002). Briefly, PCR mutagenesis
was used to introduce stop codons at the
indicated nucleotide position, with nucleo-
tide numbers according to Kawabata et al.
(1995) (TC6 at 2238, TC7 at 2946, and TC8
at 3064). The protein products are 746
(TCé6), 982 (TC7), and 1021 amino acids
(TC8), compared with 529—amino acid-long
BMPRII-SF  and 1038-amino acid-long
BMPRII-LF. They were subcloned into
pcDNA3 by PCR, followed by restriction di-
gest and religation, and verified by sequenc-
ing. YFP-Smad1 in pEYFP-C1 was generated
by in-frame fusion of enhanced YFP N-termi-
nal to Smad1. The pcDNA3 plasmid was
from Invitrogen (Waltham, MA), and B-Gal in
pcDNAT was a gift from H. F Lodish
(Whitehead Institute, Cambridge, MA).

Mutagenesis
The alanine substitution mutant of human
myc-BMPRII (BMPRII-LF-AA) was generated

conjugated to Alexa 546 was from Invitrogen-Molecular Probes
(Eugene, OR). Anti-myc F(ab’), (prepared as in Gilboa et al., 1998)
and fluorescent GaM F(ab’), were converted to monovalent Fab’
as described (Henis et al., 1994). Normal goat y-globulin and per-
oxidase-conjugated GaM and goat anti-rabbit (GaR) immunoglob-
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by PCR using the QuikChange Mutagenesis Kit from Stratagene (Ce-
dar Creek, TX), with the myc-BMPRII-LF plasmid serving as a tem-
plate. The forward mutagenesis primer was 5'-AATTCCAGTCCTGAT
GAGCATGAGCCTGCTGCGAGACGAGAGCAACAAGCTGGCC-3'.
The complementary sequence that served as the reverse primer was
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5'-GGCCAGCTTGTTGCTCTCGTTCTCGCAGCAGGCTCA-
TGCTCATCAGGACTGGAATT-3". BMPRII-SFM, a BMPRII-SF con-
struct containing a C-terminal extension of the last 99 nucleotides of
the coding sequence of BMPRII-LF (nucleotides 4181-4279), was
prepared by overlapping PCR using the mutagenesis-introducing
primers  5'-CTATGCAGAACGAGCGCAGAAGGGCAGTTCATTC-
CAAATCC-3" and 5-AATGAACTGCCCTTCTGCGCTCGTTCTG-
CATAGCAGTAGAC-3'. All constructs were verified by sequencing.

To generate GFP-C, a mutant of GFP extended at the 3’ coding
region by addition of the 99-nucleotide BMPRII-LF—derived se-
quence, we used overlapping PCR using pEGFP-N1 (Clontech,
Mountain View, CA) as a template and the following set of primers:
GFP forward, TTTTCCTTTAGGATCCACCATGGTGAGCAAGGGC-
GAGGAG; GFP-C extension reverse, GGATTTGGAATGAACT-
GCCCTCTTGTACAGCTCGTCCATG; GFP-C extension forward,
ATGGACGAGCTGTACAAGAGGGCAGTTCATTCCAAATCCAG-
CAC; and GFP-C reverse, TTTTCCTTTTGCGGCCGCTCACAGA-
CAGTTCATTCCTATATC. To generate a similar wild-type (wt) GFP
construct (without the extension), we used the same GFP forward
primer, with the wt GFP-only reverse, TTTTAATTTTGCGGCC-
GCCTTACTTGTACAGCTCGTCC. Both GFP-C and GFP constructs
were inserted into the BamH1-Not1 sites of pcDNA3 and validated
by sequencing.

Immunoblotting

HEK293T or COS7 cells were transfected in suspension (1 pg
DNA/600,000 cells) with vectors encoding myc-BMPRII-SF, TC6,
TC7, TC8, BMPRII-LF, BMPRII-LF-AA, GFP, GFP-C, or pcDNA3
(mock) and seeded in six-well plates. After 24 h, cells were washed
twice with cold PBS, and equal numbers of cells were lysed on ice
(30 min) with lysis buffer (150 mM NaCl, 10 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid [HEPES], pH 7.4, 0.5% IGEPAL CA-
630, 1% Triton X-100, PIC, and 0.1 mM Na3VOy,). After low-speed
centrifugation to remove nuclei and cell debris, the lysates were
subjected to SDS-PAGE (10% polyacrylamide), loading 300,000
cells/lane, followed by immunoblotting as described (Kfir et al.,
2005). The blots were probed (12 h, 4°C) by primary antibodies
(1:1000 anti-myc, 1:5000 anti-GFP, 1:50,000 anti-B-actin), followed
by peroxidase-coupled GaM IgG (1:5000 for 1 h at 22°C). The
bands were visualized by enhanced chemiluminescence (Western
Bright; Advansta, Santa Monica, CA) and quantified by densitome-
try using TINA software (version 2.10 g; Raytest Isotopenmessger-
aete, Straubenhardt, Germany).

Protein synthesis and protein degradation pulse-chase
assays

Suspended HEK293T cells were transfected as described by myc-
BMPRII-SF, TC6, TC7, TC8, BMPRII-LF, or pcDNA3 (mock) vectors
and seeded in six-well plates. After 24 h, cells were washed twice,
incubated (30 min, 37°C) in L-methionine- and L-cystine—free DMEM,
and labeled for 25 min with [3*S](Met+Cys) (70 uCi/well), followed by
three washes with PBS. Degradation was measured by chasing
(3-6 h, 37°C) in complete DMEM supplemented with 10% FCS.
Cells were lysed on ice (45 min) with immunoprecipitation buffer
(420 mM NaCl, 50 mM HEPES, 5 mM EDTA, 1% IGEPAL CA-630,
3 mM dithiothreitol, PIC [1:100], Phosphatase Inhibitor Cocktail 2
[1:100], and Phosphatase Inhibitor Cocktail 3 [1:100]). After low-
speed centrifugation to remove nuclei and cell debris, lysates
(600,000 cells for each lysed sample) were immunoprecipitated with
3 pg of mouse anti-myc antibody for 16 h at 4°C. Protein G-Sepha-
rose beads were blocked in PBS containing 3% BSA for 16 h at 4°C,
and 100 pl of beads was added to the cell lysates for 2 h at 4°C. The
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complexes were washed three times in immunoprecipitation buffer;
bound material was solubilized in 60 pl of SDS sample buffer, sub-
jected to SDS-PAGE (10% polyacrylamide), electrotransferred onto
nitrocellulose, and subjected to autoradiography (Fluoro Image
Analyzer FLA-5000; Fuji Photo Film, Tokyo, Japan).

Measurements of mRNA levels
Suspended HEK293T or COS7 cells were transfected as described
by myc-BMPRII-SF, TC6, TC7, TC8, myc-BMPRII-LF, or pcDNA3 vec-
tors and seeded in six-well plates. After 24 h, cells were washed
twice with PBS and harvested, and their RNA was isolated using EZ-
RNA total RNA isolation kit (Biological Industries). To remove DNA
contaminations, the extracted RNA was isolated again using acidic
phenol:chloroform:isoamyl-alcohol wash (125:24:1). After centrifu-
gation at 7000 x g (3 min, 22°C), the RNA phase was purified using
the RNeasy minikit (Qiagen, Valencia, CA). The purified RNA was
incubated (30 min, 37°C) with RNase-free DNase | (New England
BioLabs, Ipswich, MA), followed by inactivation of DNase | with
50 mM EDTA and incubation at 75°C for 10 min. The RNA was then
converted to cDNA using Verso cDNA synthesis kit (Thermo Scien-
tific, Waltham, MA). For the reverse transcriptase reaction, anchored
oligo dT primers were added, and PCR was applied according to
manufacturer’s instructions. The cDNA levels of each BMPRII con-
struct were determined by PCR using the forward primer 5-TGCCC-
GCTTTATAGTTGGAG-3' and the reverse primer 5-AGAATGAG-
CAAGACGGCAAG-3'". Results were normalized to GAPDH cDNA
levels, determined by PCR using the forward primer 5'-TGAGCAC-
CAGGTGGTCTCC-3" and the reverse primer 5-TAGCCAAATTC-
GTTGTCATACCAG-3". PCR was conducted using Taqg ready mix
from Hy-Labs (Rehovot, Israel) according to the manufacturer’s rec-
ommendations. For each reaction, 200 ng of cDNA served as tem-
plate. Quantification of band intensity in DNA gels was by densitom-
etry using TINA software.

gRT-PCR was carried out with the Rotor Gene 6000 system
(Corbett-Qiagen), using Absolute Blue SYBER Green ROX (Thermo
Scientific) in duplicate. Nontemplate controls (NTCs) and quantita-
tive standards (GAPDH) were included. Analysis was with the Rotor
Gene 6000 system series software. The BMPRII forward primer was
5-ATGACTTCCTCGCTGCAGCGG-3', and the reverse primer was
5-TCTGCGAAGCAGCCGC-3'. For GAPDH, the primers used were
5-CGGAGTCAACGGATTTGGTC-3" (forward) and 5'-GAATTTGC-
CATGGGTGGAAT-3' (reverse).

Sucrose cushion enrichment of polysomal/rRNA fraction

HEK293T cells were transfected with myc-BMPRII-SF or -LF
(3 x 10-cm plates/construct; 20 pg DNA/plate, calcium phosphate
transfection). After 24 h, cells were treated with 100 pug/ml cyclo-
heximide for 5 min. We subjected 10% of the cells to total RNA ex-
traction using the EZ-RNA kit. We lysed 90% of the cells in 1.5 ml of
lysis buffer (10 mM Tris-HCI, pH 7.6, 5 mM MgCl,, 0.5 mM CaCl,,
130 mM KCI, and 250 mM sucrose, supplemented with 200 U of
RNase inhibitor, 0.1 mg/ml heparin, 0.5% IGEPAL, and 0.5% sodium
deoxycholate) for 10 min on ice. Cells were then centrifuged at
1800 x g (10 min, 4°C), and the supernatant was loaded on 10 ml of
40% sucrose cushion (in lysis buffer, without supplements). After
centrifugation (25,000 x g, 17 h, 4°C), the pellet was resuspended
with 110 pl of RNase- and DNase-free water. RNA pellet and total
RNA were treated with 2 U of TURBO DNase (Ambion-Thermo Sci-
entific, Waltham, MA; 37°C, 20 min) and purified from DNA residues
with acidic phenol:chloroform, followed by RNeasy minikit (Qiagen).
cDNA was generated with poly-dT primers using Moloney murine
leukemia virus enzyme reverse transcriptase (Promega, Madison,
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WI) according to the manufacturer’s instructions. After reverse tran-
scription, samples were digested overnight with DPN1 restriction
enzyme to eliminate residual plasmid DNA.

Degradation measurements by CHX chase

Suspended HEK293T cells were transfected as described by myc-
BMPRII-SF or myc-BMPRII-LF and seeded in 60-mm plates. After
24 h, cells were incubated with 300 uM CHX for 1-6 h at 37°C,
lysed, and subjected to SDS-PAGE (loading lysates equivalent to
300,000 cells/lane) and immunoblotting.

Treatment with degradation inhibitors

COS7 or HEK293T cells were transfected in suspension (1 pg
DNA/600,000 cells) by myc-BMPRII-SF, BMPRII-LF, or BMPRII-
LF-AA and seeded in six-well plates. After 24 h, cells were either
left untreated (control) or treated with 25 yM MG132 or 25 pg/ml
chloroquine for 24 h at 37°C and subjected to SDS-PAGE and
immunoblotting using anti-myc.

Measurement of cell surface expression by proteinase

K treatment

Suspended HEK293T cells were transfected as described by myc-
BMPRII-SF, TC6, TC7 myc-BMPRII-LF, or myc-BMPRII-LF-AA and
seeded in 60-mm plates. After 24 h, cells were washed twice with
cold PBS and harvested on ice by pipetting. The cells were pelleted
at low speed and suspended in serum-free DMEM. Proteinase
K (300 pg/ml; dissolved in 50 mM Tris, 10 mM CaCl,, pH 8) was
added for 15 min at 4°C, whereas control cells were incubated in
buffer only. The reaction was stopped with 5 mM PMSF (5 min, 4°C).
After centrifugation (16,000 x g, 10's, 4°C), the cells were washed in
PBS containing 5 mM PMSF, lysed, and subjected to SDS-PAGE
(loading 300,000 cells/lane) and immunoblotting.

Immunofluorescence labeling of myc-tagged BMPRII
variants at the cell surface

COS7 or HEK293T cells grown on glass coverslips in six-well plates
were transfected with 1 ug of DNA of myc-BMPRII-SF, myc-BMPRII-
LF, or myc-BMPRII-LF-AA. After 24 h, cells were incubated (30 min,
37°C) in serum-free DMEM, washed with cold HBSS/HEPES/BSA
(20 mM HEPES, pH 7.2, 2% BSA), blocked with normal goat y-
globulin (200 pg/ml, 30 min, 4°C), and labeled with anti-myc
(20 pg/ml, 1 h, 4°C), followed by Alexa 546 GaM Fab’ (40 pg/ml,
30 min, 4°C), all in HBSS/HEPES/BSA. After washing at 4°C, cells
were fixed with 4% paraformaldehyde in PBS (30 min, 22°C).
Labeled slides were mounted with ProLong antifade reagent (Life
Technologies). Fluorescence images were recorded with a Cool-
SNAP HQ-M camera (Photometrics, Tucson, AZ) using a 63x/1.4
numerical aperture oil immersion objective mounted on an Axiolm-
ager D.1 microscope (Carl Zeiss Microimaging, Jena, Germany).

Internalization measurements

COS7 or HEK293T cells were grown on glass coverslips in six-well
plates and transfected using 1 pg of DNA of myc-BMPRII-SF, myc-
BMPRII-LF, or myc-BMPRII-LF-AA per well. After 24 h, the internal-
ization of the myc-tagged receptors was quantified by the point-
confocal method, using a fluorescence recovery after photobleaching
setup under nonbleaching illumination conditions as described
(Ehrlich et al., 2001). Briefly, the cell surface receptors were labeled
at 4°C as described forimmunofluorescence labeling of myc-tagged
receptors. After labeling, the cells were either fixed immediately
with 4% paraformaldehyde (first at 4°C, then at 22°C; time 0) or in-
cubated in HBSS/HEPES/BSA at 37°C for the indicated periods to
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allow endocytosis before fixation and mounting for immunofluores-
cence. Endocytosis was quantified by measuring the reduction in
the fluorescence intensity levels at the plasma membrane, focusing
the laser beam through the 63x objective at defined spots (1.86 pm?)
in the focal plane of the plasma membrane away from vesicular
staining and passing the fluorescence through a pinhole in the im-
age plane to make it a true confocal measurement (Ehrlich et al.,
2001). At each time point, at least 200 cells were measured.

Treatments affecting internalization

Endocytosis assays were conducted in HBSS/HEPES/BSA,; all treat-
ments were initiated by a 15-min preincubation (37°C) with the in-
hibitory drug/medium. The cells were kept under the inhibitory con-
dition throughout the labeling and internalization measurement.
Hypertonic treatment to disrupt the structure of clathrin-coated pits
(Heuser and Anderson, 1989) was conducted in HBSS/HEPES/BSA
supplemented with 0.45 M sucrose (Heuser and Anderson, 1989;
Ehrlich et al., 2001). Nystatin treatment to inhibit caveolar endocyto-
sis (Schnitzer et al., 1994; Di Guglielmo et al., 2003; Mitchell et al.,
2004) used 25 pg/ml drug. Treatment with the clathrin inhibitor
PitStop was at 30 pM (von Kleist et al., 2011).

Smad phosphorylation assay

COS7 cells were seeded and grown for 24 h in six-well plates. They
were cotransfected with 1 ug of DNA of YFP-Smad1 and 1 pg of
DNA of myc-BMPRII-LF, myc-BMPRII-LF-AA, myc-BMPRII-SF, or B-
Gal (mock). At 24 h posttransfection, cells were starved for 3 h in
serum-free DMEM and stimulated or not with 10 nM BMP2 for
30 min. Cells were lysed and subjected to SDS-PAGE (loading
300,000 cells/lane), followed by immunoblotting as described in
Immunoblotting. The blots were probed by anti-pSmad1/5/8
(1:1000), anti-myc (0.6 pg/ml), or anti-GAPDH (1:20,000), followed
by peroxidase-GoR or -GaM IgG (1:7500). Bands were visualized by
enhanced chemiluminescence and quantified by densitometry.
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