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PDGFRα/β heterodimer activation
negatively affects downstream ERK1/2
signaling and cellular proliferation

MariaB.Campaña1,MadisonR. Perkins1,MaxwellC.McCabe2, AndrewNeumann1,
Eric D. Larson 3 & Katherine A. Fantauzzo 1

The platelet-derived growth factor receptor (PDGFR) family of receptor tyr-
osine kinases consists of two receptors, PDGFRα and PDGFRβ, that homo-
dimerize and heterodimerize upon ligand binding. Here, we tested the
hypothesis that differential internalization and trafficking dynamics of the
various PDGFR dimers underlie differences in downstream intracellular sig-
naling and cellular behavior. Using a bimolecular fluorescence com-
plementation approach, we demonstrated that PDGFRα/β heterodimers are
rapidly internalized into early endosomes. We showed that PDGFRα/β het-
erodimer activation does not induce downstream phosphorylation of ERK1/2
and significantly inhibits cell proliferation. Further, we identified MYO1D as a
protein that preferentially binds PDGFRα/β heterodimers and demonstrated
that knockdown of MYO1D leads to retention of PDGFRα/β heterodimers at
the plasma membrane, increased phosphorylation of ERK1/2 and increased
cell proliferation. Collectively, our findings impart valuable insight into the
molecular mechanisms by which specificity is introduced downstream of
PDGFR activation to differentially propagate signaling and generate distinct
cellular responses.

The platelet-derived growth factor receptor (PDGFR) family of recep-
tor tyrosine kinases (RTKs) allows cells to communicate with one
another by binding to growth factors at the plasma membrane and
activating intracellular signaling pathways to elicit responses such as
migration, proliferation, survival and differentiation1,2. In humans,
aberrant PDGF signaling has been shown to cause differences in cra-
niofacial development, cancer, vascular disorders and fibrotic
diseases3–12. The mammalian PDGF family is composed of four dimeric
ligands, PDGF-AA, PDGF-BB, PDGF-CC and PDGF-DD, which variously
signal through two receptors, PDGFRα and PDGFRβ. These receptors
possess an extracellular ligand-binding domain harboring five
immunoglobulin-like loops, a single transmembrane domain and an
intracellular domain containing a split, catalytic tyrosine kinase13.
PDGFRα and PDGFRβ share the highest amino acid homology in the

kinase domains, with significantly reduced homology in the extra-
cellular and interkinase domains14. Upon ligand binding, the PDGFRs
dimerize to form PDGFRα homodimers, PDGFRα/β heterodimers or
PDGFRβ homodimers14–18. Through an undetermined mechanism,
dimerization promotes tyrosine kinase activity, resulting in the trans-
autophosphorylation of intracellular tyrosine residues16,19. Signaling
molecules and adapter proteins containing Src homology 2 phos-
photyrosine recognition motifs subsequently bind to specific phos-
phorylated residues in the receptors to initiate downstream
intracellular signaling cascades1,13.

The PDGFRsplay roles in developmental andpostnatal contexts in
the mouse. Both PDGFRα and PDGFRβ signaling are active in the
nervous system, neural crest, kidney and gonads. PDGFRα signaling
additionally functions in the thymus, lung, gut, adrenal gland and
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somites, while PDGFRβ signaling is also active in vascular cells2. Based
on in vivo mouse knockout phenotypes, the ligands PDGF-AA and
PDGF-CC have been shown to solely activate PDGFRα signaling during
development, while PDGF-BB activates PDGFRβ signaling20–24. While
this data is often interpreted as representing the functional roles of
PDGFRhomodimers, compelling evidencehas emerged indicating that
PDGFRα/β heterodimers also form during development. Analysis of
autophosphorylation mutant knockin alleles in mice suggested that
PDGFRβ is able to compensate for the loss of PI3K signaling through
PDGFRα upon heterodimer formation25. Embryos homozygous for an
allele (PdgfraPI3K) in which PDGFRα is unable to bind PI3K26 die peri-
natally and exhibit palatal clefting, among other abnormalities18,25.
However, these embryos do not display the full range of skeletal
defects, such as overt facial clefting, observed in Pdgfra-null embryos21.
In support of PDGFRα/β heterodimer formation, whereas PdgfrbPI3K/PI3K

mice do not exhibit craniofacial defects27, PdgfraPI3K/PI3K;PdgfrbPI3K/PI3K

double-homozygous mutant embryos in which PI3K signaling cannot
be engaged through PDGFRα/β heterodimers phenocopy Pdgfra-null
embryos25. More recently, we and others have demonstrated that
PDGFRα and PDGFRβ genetically and physically interact in the murine
embryonic mesenchyme, primarily in response to PDGF-BB
ligand18,28–30. However, definitive proof of the formation of active
PDGFRα/β heterodimers has remained elusive.

Technical limitations had previously prevented an unbiased ana-
lysis of PDGFR dimer-specific dynamics, as antibodies cannot differ-
entiate between receptors present as monomers or engaged in
homodimers versus heterodimers. Further, ligand identity alone can-
not inform dimer-specific conclusions, as some PDGF ligands, espe-
cially PDGF-BB, are promiscuous and can result in the formation of
multiple dimers18. To overcome these limitations, we recently adapted
a bimolecular fluorescence complementation (BiFC)31,32 approach
previously used with the ErbB family of RTKs33. We cloned plasmids
expressing C-terminal fusions of each PDGFR with BiFC fragments
corresponding to the N-terminal (V1) or C-terminal (V2) regions of the
Venus fluorescent protein32. The individual N- and C-terminal frag-
ments are non-fluorescent when bound to monomeric receptors.
However, upon receptor dimerization, the N- and C-terminal frag-
ments colocalize, resulting in a functional Venus protein that can be
visualized by fluorescencemicroscopy or purified biochemically using
a GFP-Trap nanobody that has an epitope spanning V1 and V233. Using
this approach, we demonstrated differences in the timing and extent
of PDGFRα homodimer and PDGFRβ homodimer dimerization, acti-
vation, internalization, trafficking and downstream signaling34. While
these findings provided considerable insight into mechanisms by
which specificity is introduced downstream of PDGFR activation, the
protein interactions that mediate the internalization and trafficking of
the various PDGFR dimers are incompletely understood.

Here, we employ the same BiFC approach to examine PDGFRα/β
heterodimers, revealing significant differences from what we pre-
viously observed for the PDGFR homodimers34. Further, we generate
the first PDGFR dimer-specific interactome, identifying proteins that
differentially bind the three PDGFR dimers and contribute to receptor
internalization following activation at the plasma membrane. Com-
bined, these findings substantially expand our understanding of the
mechanisms by which the various PDGFR dimers propagate down-
stream signaling to generate distinct cellular outputs.

Results
Generation and validation of a PDGFRα/β-BiFC cell line
To investigate PDGFRα/β-specific dynamics, we stably integrated
PDGFRα-V1 and PDGFRβ-V2 sequences (Supplementary Fig. 1A) into
the human-derived HCC15 cell line via lentiviral transduction. We
chose this cell line due to its mesenchymal expression profile, lack of
PDGFRA and PDGFRB expression, minimal expression of PDGF ligands,
and a spreadoutmorphology that allows for examination of trafficking

events35,36. Quantitative real-time PCR (qRT-PCR) revealed that the
transcripts encoding PDGFRA and PDGFRB were expressed at similar
levels in the PDGFRαV1/βV2 heterodimer cell line (Supplementary
Fig. 1B). Further, we demonstrated that both PDGFRα and PDGFRβ
proteins were expressed and migrated at the expected masses via
western blotting (Supplementary Fig. 1C).

To confirm the Venus complementation event upon exogenous
ligand treatment, we starved the cells for 24 h inHITESmedium lacking
any growth factors, photobleached and stimulated the cellswith PDGF-
BB ligand for 5min. We confirmed that 10 ng/ml PDGF-BB stimulation
resulted in the greatest Venus fluorescence intensity in our PDGFRαV1/
βV2 heterodimer cell line as compared to the other PDGF ligands and
to other PDGF-BB ligand concentrations (Supplementary Fig. 2A, B).
We observed little to no Venus expression in the absence of ligand
treatment (Fig. 1A) and robust Venus expression surrounding the
nucleus and at the periphery of the cell following ligand stimulation
(Fig. 1B). Quantification of fluorescence intensity demonstrated a sig-
nificant increase in Venus intensity between no ligand treatment and
5min of PDGF-BB treatment (Fig. 1C). The extent of colocalization of
the Venus signal with signals from anti-PDGFRα and anti-PDGFRβ
antibodieswas comparable in the PDGFRαV1/βV2 heterodimer cell line
(Fig. 1D). The observed Pearson’s correlation coefficient values less
than 1 indicated that the presence of the BiFC fragments alone was not
driving heterodimerization (Fig. 1D). The regions of receptor expres-
sion that were not Venus positive (Fig. 1E, F) likely represent mono-
meric receptors and/or potential PDGFRαV1/αV1 and especially
PDGFRβV2/βV2 homodimers, which would not be expected to
fluoresce.

PDGFRα/β heterodimers dimerize within several minutes
To confirm the Venus complementation event upon exogenous ligand
treatment biochemically, we stimulated the cells with PDGF-BB ligand
in a time course from 2min to 4 h. Lysates were immunoprecipitated
with the GFP-Trap nanobody, which should only pull down the
dimerized receptors, and subjected to western blotting for PDGFRα
and PDGFRβ. The immunoprecipitation signal was normalized to the
whole-cell lysate signal for each receptor. We found that the receptors
heterodimerize relatively quickly, with peak dimerization following
5min of ligand treatment for both PDGFRα and PDGFRβ (Fig. 2A, B). As
would be expected for heterodimers, the relative induction values for
the two receptors were not significantly different at any timepoint of
ligand stimulation (Fig. 2B). The presence of signal in the absence of
ligand stimulation was in line with our previous findings for both
PDGFR homodimers34 and a prior in silico study predicting an inactive
dimerization state for PDGFRα37.

We next examined activation of the receptors by assessing
receptor autophosphorylation. Cells were stimulated with PDGF-BB
ligand in a time course from 2min to 4 h. Whole-cell lysates were
immunoprecipitated with the GFP-Trap nanobody and subjected to
western blotting with an anti-phospho-PDGFR antibody, which
recognizes a phosphorylated tyrosine residue within the tyrosine
kinase domains of both PDGFRα and PDGFRβ. Consistent with pre-
vious findings which demonstrated that both ligand binding and
dimerization are required for receptor activation19,34,38, we observed
minimal phospho-PDGFR signal in the absence of ligand stimulation
(Fig. 2C). However, the receptors were significantly autopho-
sphorylated in response to ligand treatment, with peak activation
following 5min of PDGF-BB stimulation (Fig. 2C, D). The anti-phospho-
PDGFR blots possessed a single band representing the glycosylated,
phosphorylated versions of the receptors upon ligand treatment34.

PDGFRα/β heterodimers are rapidly internalized
Following dimerization and activation at the cell membrane in
response to ligand binding, PDGFRs are internalized and trafficked
through the early endosome before being trafficked to the lysosome
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via late endosomes for degradation or recycled to the membrane via
recycling endosomes for continued signaling34,39–43. To investigate the
trafficking dynamics of PDGFRα/β heterodimers in response to ligand
treatment, we examined colocalization of the Venus signal in our
PDGFRαV1/βV2 cell line with markers of various subcellular compart-
ments. We found that PDGFRα/β heterodimers were rapidly inter-
nalized, as indicatedby a significant decrease in colocalizationwith the
plasma membrane marker Na+/K+-ATPase44 from the 1min to 5min
ligand treatment timepoints (Fig. 3A–C). Further, analysis of Venus
colocalization with the early endosome marker RAB545 demonstrated

that PDGFRα/β heterodimers were internalized into early endosomes,
where they dwelled at relatively stable levels from 2min to 30min
following ligand treatment (Fig. 3D–F). PDGFRα/β heterodimers were
primarily found in signaling endosomes during this time based on
colocalization values for the signaling endosome marker APPL146 at
2min and 30minof ligand treatment (Fig. 3G–I) compared to those for
the non-signaling endosome marker EEA147 at these same timepoints
(Supplementary Fig. 3A–C). Following trafficking to the early endo-
somes, the PDGFRα/β heterodimers were subsequently trafficked to
RAB4-positive rapid recycling endosomes45 (Supplementary Fig. 3D, E),
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RAB11-positive slow recycling endosomes45 (Supplementary Fig. 3F, G)
and more so to RAB7-positive late endosomes45 (Supplementary
Fig. 3H, I). Colocalization of Venus signal with Na+/K+-ATPase at 60min
and 90min of ligand treatment (Supplementary Fig. 3J, K) was com-
parable to that following 1min of ligand treatment described above
(Fig. 3A, B), demonstrating that PDGFRα/β heterodimers can repopu-
late the plasma membrane following ligand stimulation.

To test the possibility of PDGFRα/β heterodimer recycling, we
performed flow cytometry, assessing the percentage of cells with
expression of Venus and surface expression of PDGFRα at multiple
timepoints of PDGF-BB ligand stimulation in our PDGFRαV1/βV2 het-
erodimer cell line. As PDGF-BB ligand does not induce formation of
PDGFRα homodimers18, these double-positive cells are a read-out of
PDGFRα/β heterodimer formation at the plasma membrane. These
experiments were performed in the presence of cycloheximide to
inhibit translation of new receptors.We observed a significant increase
in the percentage of double-positive cells between 0min and 1min of
ligand treatment (Supplementary Fig. 4A, B and E), which decreased to

baseline levels by 5min (Supplementary Fig. 4C, E). The percentage of
double-positive cells was further decreased, though not significantly
so, at 90min of ligand treatment (Supplementary Fig. 4D, E). Collec-
tively, these data indicate that PDGFRα/β heterodimers are rapidly
internalized into signaling endosomes, where they dwell for extended
lengths of time, before being trafficked for recycling and, more likely,
degradation.

Phospho-ERK1/2 is not induced by PDGFRα/β heterodimers
To examine the effects of the above PDGFRα/β heterodimer-specific
trafficking dynamics on downstream intracellular signaling, we per-
formed a time course of ligand stimulation from 2min to 4 h fol-
lowed by western blotting of whole-cell lysates for phosphorylation
of two effector molecules downstream of PDGFR activation, ERK1/
2 and AKT18,34,48. Parental HCC15 cells have a heterozygous
mutation in NRAS that results in constitutive activation of the
protein49 and increased phosphorylation of ERK1/2 at baseline in the
absence of exogenous PDGF ligand stimulation34. Baseline ERK1/2

Fig. 1 | Validation of a PDGFRα/β-BiFC cell line. A, B Venus expression (white or
green) as assessed by fluorescence analysis of HCC15 cells transduced with
PDGFRα-V1 andPDGFRβ-V2 in the absence (A) or presence (B) of 10 ng/ml PDGF-BB
ligand for 5min. Nuclei were stained with DAPI (blue; A, B). Images representative
of three experiments. Scale bars = 20 μm.C Scatter dot plot depicting fluorescence
intensity for the PDGFRαV1/βV2 heterodimer cell line in the absence or presence of
10 ng/ml PDGF-BB ligand for 5min. Data are mean ± s.e.m. P =0.03 (two-tailed,
paired t-test). Colored circles correspond to independent experiments. Summary
statistics from biological replicates consisting of independent experiments (large
circles) are superimposed on top of data from all cells; n = 38 technical replicates
for biological replicate 1,n = 40 technical replicates for biological replicates 2 and3.
D Scatter dot plots depicting Pearson’s correlation coefficient of the PDGFRαV1/
βV2 heterodimer cell line Venus signal with an anti-PDGFRα antibody and an anti-

PDGFRβ antibody signal following 10 ng/ml PDGF-BB ligand stimulation for 5min.
Data are mean ± s.e.m. Colored circles correspond to independent experiments.
Summary statistics from biological replicates consisting of independent experi-
ments (large circles) are superimposed on top of data from all cells; n = 25 technical
replicates across each of three biological replicates. E, F PDGFRα (E) and PDGFRβ
(F) antibody signal (white or magenta; E, F) and/or Venus expression (white or
green; E, F) as assessed by (immuno)fluorescence analysis of the PDGFRαV1/βV2
heterodimer cell line. Insets in E and F are regions wherewhite arrows are pointing.
Nuclei were stained with DAPI (blue; E, F). White arrows denote colocalization;
white outlined arrows denote lack of colocalization. Images representative of three
experiments. Scale bars = 20 μm (main images), 3 μm (insets). Source data are
provided as a Source Data file.
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Fig. 2 | PDGFRα/β heterodimers dimerize within several minutes.
A Immunoprecipitation (IP) of dimerized PDGFRα/β receptors with GFP-Trap
nanobody from cells that were unstimulated or treated with 10ng/ml PDGF-BB
ligand for 2min to 4 h followed bywesternblotting (WB)with an anti-PDGFRαor an
anti-PDGFRβ antibody. WCL, whole-cell lysates. Images representative of three
experiments. Uncropped blots in Source Data. B Line graph depicting quantifica-
tion of band intensities from n = 3 biological replicates as in A. Data are mean ±
s.e.m. P =0.05 for PDGFRβ 2min, P =0.02 for PDGFRβ 5min (two-tailed, ratio

paired t-test). C Immunoprecipitation of dimerized PDGFRα/β receptors with GFP-
Trap nanobody from cells that were unstimulated or treated with 10 ng/ml PDGF-
BB ligand for 2min to 4 h followed by western blotting with an anti-phospho (p)-
PDGFR antibody. Images representative of three experiments. Uncropped blots in
Source Data. D Line graph depicting quantification of band intensities from n = 3
biological replicates as in C. Data are mean ± s.e.m. P =0.02 for 5min, P =0.04 for
15min, P =0.01 for 30min, P =0.02 for 60min (two-tailed, ratio paired t-test).
Source data are provided as a Source Data file.
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phosphorylation was not different between parental HCC15 and
PDGFRαV1/βV2 cell lines (Supplementary Fig. 5A, B). PDGFRα/β
heterodimer activation did not induce downstream phosphorylation
of ERK1/2 (Fig. 4A, B). Alternatively, PDGFRα/β heterodimer

activation led to a transient phospho-AKT response, with a peak at
5min of ligand stimulation and a return to near baseline levels by
15min of PDGF-BB treatment that remained stable throughout the
rest of the time course (Fig. 4C, D).
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Fig. 3 | PDGFRα/β heterodimers are rapidly internalized. A, D, G Scatter dot
plotsdepicting Pearson’s correlation coefficient of the PDGFRαV1/βV2heterodimer
cell line Venus signal with an anti-Na+/K+-ATPase antibody (A), an anti-RAB5 anti-
body (D) or an anti-APPL1 antibody (G) signal following 10ng/ml PDGF-BB ligand
stimulation from 1–5min (A) or 2–30min (D, G). Data are mean ± s.e.m. P =0.001
for Na+/K+-ATPase 1 vs 5min, P =0.02 for RAB5 2 vs 10min, P =0.04 for RAB5 10 vs
30min (two-tailed, unpaired t-test with Welch’s correction). Colored circles cor-
respond to independent experiments. Summary statistics from biological repli-
cates consisting of independent experiments (large circles) are superimposed on
top of data from all cells; exact number (n) of technical replicates across each of

three biological replicates can be found in Source Data. B, C, E, F, H, I Na+/K+-
ATPase antibody signal (white or magenta; B, C), RAB5 antibody signal (white or
magenta; E, F) or APPL1 antibody signal (white or magenta; H, I) and/or Venus
expression (white or green; B, C, E, F, H, I) as assessed by (immuno)fluorescence
analysis of the PDGFRαV1/βV2 heterodimer cell line. Insets in B, C, E, F,H and I are
regions where white arrows are pointing. Nuclei were stained with DAPI (blue;
B, C, E, F, H, I). White arrows denote colocalization; white outlined arrows denote
lack of colocalization. Images representative of three experiments. Scale bars =
20μm (main images), 3 μm (insets). Source data are provided as a Source Data file.
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We then assessed phosphorylation of ERK1/2 and AKT in parallel
across all three of our PDGFR-BiFC cell lines, including over a shorter
time course on the same blots (Supplementary Fig. 6A–D) and over the
full 4 h time course in separate blots for each dimer (Supplementary
Fig. 6E–L, Supplementary Fig. 7). We demonstrated that PDGFRα

homodimer signaling did not induce downstream phosphorylation of
ERK1/2 nor AKT (Supplementary Fig. 6E, H, I and L). Alternatively,
PDGFRβ homodimer signaling led to significant phospho-ERK1/2 and
phospho-AKT responses (Supplementary Fig. 6G, H, K and L). Com-
bined, these results demonstrate that PDGFRβ homodimers are the
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and inhibits cell proliferation. A, C Western blot (WB) analysis of whole-cell
lysates (WCL) from the PDGFRαV1/βV2 heterodimer cell line following a time
course of 10 ng/ml PDGF-BB ligand stimulation from2min to 4 hwith anti-phospho
(p)-ERK1/2 (A) or anti-phospho (p)-AKT (C) antibodies. Images representative of
three experiments. Uncropped blots in Source Data. B, D Line graphs depicting
quantification of band intensities from n = 3 biological replicates as inA andC. Data
are mean ± s.e.m. P =0.005 for p-AKT 5min (two-tailed, ratio paired t-test). E, F
Colony growth in soft agar anchorage-independent growth assays for the HCC15
cell line (E) or the PDGFRαV1/βV2 heterodimer cell line (F) after 10 days in RPMI

growth medium in the absence or presence of 10 ng/ml PDGF-BB ligand in six-well
plate wells. Images representative of six experiments. G, H Scatter dot plots
depictingquantificationof colony count (G) or colony area (H) fromn = 6biological
replicates as in E and F. Data are mean ± s.e.m. P =0.0002 for colony count
HCC15 + PDGF-BB vs PDGFRα/β + PDGF-BB, P =0.0004 for colony count PDGFRα/β
vs PDGFRα/β + PDGF-BB, P =0.009 for colony areaHCC15 vs PDGFRα/β, P <0.0001
for colony area HCC15 + PDGF-BB vs PDGFRα/β + PDGF-BB (two-tailed, paired t-test
within each cell line and a two-tailed, unpaired t-test with Welch’s correction
between each cell line). Colored circles correspond to independent experiments.
Source data are provided as a Source Data file.
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only PDGFR dimers that generate a phospho-ERK1/2 response in this
setting, while phospho-AKT is induced downstream of PDGFRβ
homodimers and, to a lesser extent, PDGFRα/β heterodimers.

PDGFRα/β heterodimer activation inhibits cell proliferation
Proliferation is increased downstream of both PDGFRα and PDGFRβ
signaling in settings where both receptors are active30,50,51. To deter-
mine the effect of PDGFRα/β heterodimer activation on cell activity,
we assessed cell proliferation via a soft agar anchorage-independent
growth assay in RPMI growth medium with 10% fetal bovine serum
(FBS) over the course of 10 days (Fig. 4E–H, and Supplementary Fig. 8,
Supplementary Fig. 9A, B). Given that HCC15 cells are hyperprolifera-
tive at baseline, these anchorage-independent growth assays represent
a rigorous assay to assess differential cell growth in response to ligand
treatment and between cell lines. As expected, HCC15 cells, which do
not express PDGFRs, did not have significantly increased colony count
nor colony area upon PDGF-BB ligand stimulation (Fig. 4E, G and H).
Parental HCC15 cells grew visible colonies by the end of the assay
(Fig. 4E). PDGFRαV1/βV2 cells, however, proliferated less than parental
HCC15 cells, and significantly so in the presence of PDGF-BB ligand
(Fig. 4F–H). TUNEL staining revealed no significant differences in the
percentage of apoptotic cells betweenHCC15 cells and PDGFRαV1/βV2
cells upon PDGF-BB ligand stimulation (Supplementary Fig. 10A–E),
establishing that the disparities between the two cell lines in the
anchorage-independent growth assays are due to inhibition of pro-
liferation upon PDGFRα/β activation.

Given that PDGFRβ homodimers and PDGFRα/β heterodimers
bind the same ligand, PDGF-BB, together, these findings indicate that
PDGFRα/β heterodimers may serve as sinks that bind PDGF-BB and
prevent the ligand from activating PDGFRβ homodimers. To test this
hypothesis, we stimulated PDGFRαV1/βV2 cells with PDGF-BB ligand,
resulting in the potential formation of both PDGFRα/β heterodimers
and PDGFRβ homodimers. Following immunoprecipitation with the
GFP-Trap nanobody to pull down PDGFRα/β heterodimers, the
supernatant was immunoprecipitated with an anti-PDGFRβ antibody
to isolate PDGFRβmonomers and PDGFRβ homodimers. Each sample
was then subjected to western blotting with the anti-phospho-PDGFR
antibody to identify activated dimers (Supplementary Fig. 11A). This
experiment revealed that both active PDGFRα/β heterodimers and
PDGFRβ homodimers formed in the PDGFRαV1/βV2 cells (Supple-
mentary Fig. 11B). However, normalization of ligand-stimulated phos-
pho-PDGFR levels to unstimulated phospho-PDGFR levels for each
sample indicated lower relative induction approaching significance for
PDGFRβ homodimers following 5min of ligand stimulation in the
PDGFRαV1/βV2 cell line compared to this same timepoint in the
PDGFRβV1/βV2 cell line (Supplementary Fig. 11C), indicating that
PDGFRα/β heterodimers may indeed serve as ligand sinks.

MYO1D preferentially binds PDGFRα/β heterodimers
In light of our findings that the three PDGFR dimers have distinct
internalization and traffickingdynamics34, wenext combinedBiFCwith
stable isotope labeling by amino acids in cell culture (SILAC) and
quantitative mass spectrometry to identify proteins that differentially
interact with the various PDGFR dimers at the time of internalization.
We used a control cell line with myristoylated, membrane-targeted
Venus (Supplementary Fig. 12A, B), as well as our PDGFRαV1/αV234,
PDGFRαV1/βV2 and PDGFRβV1/βV234 cell lines representing each of
the three PDGFR dimers. Cells were either grown in the presence of
medium with light isotopes and left unstimulated or grown in the
presence of medium with heavy isotopes and stimulated with the
relevant PDGF ligand for 5min. Following cell lysis and extraction, we
mixed light and heavy samples 1:1 for each cell line, immunoprecipi-
tated the receptor dimers and interacting proteins with the GFP-Trap
nanobody, and generated tryptic peptides for mass spectrometry
analysis (Fig. 5A). Following total signal normalization and removal of

common contaminants52 that were not differentially detected across
samples, we filtered the proteins based on three criteria to identify
those with increased binding to one ormore PDGFR dimer in response
to PDGF ligand treatment (Fig. 5B). These parameters generated a list
of 350 total proteins (Supplementary Data 1). Of these, 71 proteins
were shared amongst all three PDGFR dimers, 51 were unique to
PDGFRαhomodimers, 67wereunique to PDGFRα/βheterodimers, and
60were unique to PDGFRβ homodimers (Fig. 5B). Gene ontology (GO)
analysis of the identified proteins with the Enrichr tool53 demonstrated
common and distinct biological processes for the individual dimers
(Supplementary Fig. 13).

Given our demonstration that the various PDGFR dimers have
different trafficking dynamics34, we next performed GO analysis of our
filtered proteins to identify those involved in trafficking that differ-
entially interact with the various PDGFR dimers (Fig. 5C). While some
of these 20 proteins had been implicated in RTK binding, none had
previously been reported to interact with the PDGFRs. One potential
issue with our approach of purification after sample mixing is a
replacement of PDGFR dimer-interacting proteins labeled with heavy
isotopeswithproteins labeledwith light isotopes, especially in the case
of transient interactions54. To validate ourmass spectrometryfindings,
we performed immunoprecipitation of whole-cell lysates from each
cell linewith theGFP-Trap nanobody followedbywesternblottingwith
antibodies against several of these traffickingproteins (Supplementary
Fig. 14). We chose to focus our initial studies on unconventional
myosin-Id (MYO1D), as this protein was not detected in the control
myristoylated Venus sample and had differential interaction with the
various PDGFR dimers upon ligand stimulation, with the greatest
binding to PDGFRα/β heterodimers (Fig. 5C). Further, MYO1D had
previously been shown to bind and affect the subcellular localization
of the RTKs EGFR, ERBB2 and ERBB455. We confirmed that MYO1D
preferentially binds PDGFRα/β heterodimers via immunoprecipitation
of whole-cell lysates from each cell line with the GFP-Trap nanobody
followed by western blotting with an anti-MYO1D antibody (Fig. 5D, E).

Of note, we observed increased MYO1D expression in whole-cell
lysates from the PDGFRαV1/βV2 cell line compared to both the
PDGFRαV1/αV2 homodimer and PDGFRβV1/βV2 homodimer cell lines
(Fig. 5D). Quantitative RT-PCR indicated that this upregulation is
observed on the transcript level as well (Supplementary Fig. 15). This
upregulation could stem from a mutation in the clone chosen for the
PDGFRαV1/βV2 cell line, disruption of MYO1D regulatory elements
upon insertion of the PDGFR-BiFC sequences, and/or increasedMYO1D
transcriptional activity or transcript stability upon PDGFRα/β hetero-
dimer activation. In favor of the latter hypotheses, MYO1D expression
increased with passage number for the PDGFRαV1/βV2 cell line (Sup-
plementary Fig. 15). Finally,we examined colocalizationofMYO1Dwith
the various PDGFR dimers following 5min of PDGF ligand stimulation
via immunofluorescence analysis, demonstrating significantly
increased colocalization with PDGFRα/β heterodimers compared to
either PDGFRα homodimers or PDGFRβ homodimers (Fig. 5F, G).

MYO1D knockdown alters PDGFRα/β heterodimer dynamics
To examine the effects of MYO1D knockdown on PDGFRα/β hetero-
dimer trafficking, we transfected PDGFRαV1/βV2 cells with a Silencer
Select negative control siRNA or a combination of two Silencer Select
siRNAs targeting MYO1D for 48 h. We confirmed efficient knockdown
of MYO1D with the siRNAs targeting MYO1D via western blotting of
whole-cell lysates at this timepoint (Supplementary Fig. 16). We found
a significant increase in colocalization of the Venus signal with Na+/K+-
ATPase upon treatmentwith siRNAs targetingMYO1D compared to the
negative control following 5min of ligand stimulation (Fig. 6A–C).
Accordingly, we observed a significant decrease in colocalization with
RAB5 upon treatment with siRNAs targeting MYO1D compared to the
negative control at 2min of ligand stimulation (Fig. 6D–F). We did not
detect differences in colocalization with RAB7 between the two
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Fig. 5 | MYO1D preferentially binds PDGFRα/β heterodimers. A Schematic
depicting experimental workflow for identification of PDGFR dimer-specific inter-
acting proteins. B Filters applied to the mass spectrometry dataset and Venn dia-
gram displaying shared protein identifications between samples within the filtered
data.CHeatmap of heavy (H)/light (L) SILAC ratios for identified proteins involved
in trafficking. D Immunoprecipitation (IP) of myristoylated Venus and dimerized
PDGFR receptors with GFP-Trap nanobody from cells that were unstimulated or
treatedwith 10 ng/ml PDGF ligand for 5min followedbywesternblotting (WB)with
an anti-MYO1D antibody. WCL, whole-cell lysates. Images representative of three
experiments. Uncropped blots in Source Data. E Scatter dot plot depicting relative
interaction from n = 3 biological replicates as in D. Data are mean ± s.e.m. Colored
circles correspond to independent experiments. F Scatter dot plot depicting
Pearson’s correlation coefficient of the PDGFRαV1/αV2 homodimer, PDGFRαV1/
βV2 heterodimer or PDGFRβV1/βV2 homodimer cell line Venus signal with an anti-

MYO1D antibody signal following 10ng/ml PDGF ligand stimulation for 5min as in
G. Data are mean ± s.e.m. P =0.0001 for PDGFRαV1/αV2 vs PDGFRαV1/βV2,
P =0.0004 for PDGFRαV1/βV2 vs PDGFRβV1/βV2 (two-tailed, unpaired t-test with
Welch’s correction). Colored circles correspond to independent experiments.
Summary statistics from biological replicates consisting of independent experi-
ments (large circles) are superimposed on top of data from all cells; n = 10 technical
replicates across each of three biological replicates. G MYO1D antibody signal
(white or magenta) and/or Venus expression (white or green) as assessed by
(immuno)fluorescence analysis of the PDGFRαV1/βV2 heterodimer cell line fol-
lowing 10 ng/ml PDGF-BB ligand stimulation for 5min. Inset in G is a region where
white arrows are pointing. Nuclei were stained with DAPI (blue). White arrows
denote colocalization; white outlined arrows denote lack of colocalization. Images
representative of three experiments. Scale bars = 20 μm (main images), 3 μm
(insets). Source data are provided as a Source Data file.
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treatments at 1 h of ligand stimulation (Fig. 6G–I), indicating that
knockdown of MYO1D primarily affects early internalization and traf-
ficking dynamics of the PDGFRα/β heterodimers.

Further, we assessed phosphorylation of ERK1/2 and AKT in cells
treated with negative control versus siRNAs targeting MYO1D
(Fig. 7A–F, Supplementary Fig. 17). PDGFRα/β heterodimer activation
did not induce downstream phosphorylation of ERK1/2 upon

treatment with the negative control siRNA (Fig. 7A, C). However,
treatment with siRNAs targeting MYO1D led to significant increases in
phosphorylation of ERK1/2 at 2, 5 and 15min of PDGF-BB ligand
treatment compared to baseline levels at 0min of ligand stimulation
(Fig. 7B, C). Alternatively, there were less significant increases in
phospho-AKT levels upon treatment with siRNAs targeting MYO1D
compared to treatmentwith negative control siRNA at 5, 15 and 60min
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of PDGF-BB ligand stimulation (Fig. 7D–F). Finally, we assessed cell
proliferation downstream of PDGFRα/β heterodimer activation upon
knockdown of MYO1D (Fig. 7G–J, Supplementary Fig. 18, Supplemen-
tary Fig. 19A, B). Soft agar anchorage-independent growth assays
revealed that PDGFRαV1/βV2 cells treated with negative control
(Fig. 7G) proliferated less than the same cells treated with siRNAs
targeting MYO1D (Fig. 7H) in the absence and presence of PDGF-BB
ligand (Fig. 7I, J), and significantly so as assessed by colony count
(Fig. 7I). Taken together, these data demonstrate that knockdown of
MYO1D leads to retention of PDGFRα/β heterodimers at the plasma
membrane, further resulting in increased downstream phosphoryla-
tion of ERK1/2 and increased cell proliferation.

Discussion
In this study, we used the BiFC technique to visualize and purify
PDGFRα/β heterodimers, demonstrating that this continues to be an
invaluable approach for studying RTK dimer-specific properties33,34,56.
Comparing our findings across the three PDGFR-BiFC cell lines, all
three dimers exhibited peak dimerization following 5min of ligand
stimulation, with PDGFRα/β heterodimers exhibiting an intermediate
speed of dimerization compared to the two homodimers34. Further,
the PDGFRα/β heterodimers had considerably reduced levels of
autophosphorylation compared to either homodimer, particularly at
early ligand stimulation timepoints34. Next, PDGFRα/β heterodimers
were internalized into early endosomes more quickly and dwelled at
that location for longer periods of time than either homodimer34. The
peak extent of colocalization of the Venus signal from PDGFRα/β
heterodimers with markers of rapid (15min) and slow (60min) recy-
cling endosomes was higher than those for both PDGFR homodimers
at these same timepoints, though closer to the values from PDGFRβ
homodimers34. Alternatively, Venus signal from PDGFRα/β hetero-
dimers hadan intermediate level of colocalizationwith amarker of late
endosomes at 90min of ligand stimulation compared to either
homodimer34. Taken together, these findings indicate that PDGFRα/β
heterodimers and PDGFRβ homodimers undergo recycling with simi-
lar dynamics and that both dimers are less likely to be degraded than
PDGFRα homodimers34. However, multiple lines of evidence indicate
that degradation is the predominant outcome of intracellular traf-
ficking for all three PDGFR dimers34. Surprisingly, phosphorylation of
ERK1/2 was not induced in response to PDGFRα/β heterodimer acti-
vation, and the phospho-AKT response, while reaching a higher rela-
tive induction thanuponPDGFRαhomodimer activation,was transient
in the PDGFRα/β heterodimer cell line upon PDGF-BB ligand treat-
ment. Accordingly, PDGFRα/βheterodimer activation didnot generate
a proliferative response.

While this study represents a first step in the analysis of PDGFRα/β
heterodimer dynamics, we acknowledge the possibility that tagged
PDGFRs may not function the same as untagged receptors. One lim-
itation of this study is that we cannot rule out that differences in
expression levels of the PDGFRs across our three PDGFR-BiFC cell lines
contribute to the disparities in results discussed above. Though we
were able to identify a PDGFRα/β heterodimer clone with relatively
equal expression of PDGFRA and PDGFRB among the hundreds of

clones screened, the clone had reduced overall levels of these tran-
scripts compared to our homodimer clones34. In the future, it will be
critical to compare the dynamics of the various PDGFRsat endogenous
expression levels, ideally in a cell type inwhich there is evidence that all
three dimers form, such as the craniofacial mesenchyme18. In that
setting, BiFC should continue to serve as a robust approach to both
visualize and purify the individual PDGFR dimers. An additional lim-
itation of our work is that we cannot directly monitor the kinetics of
receptor internalization and trafficking in response to sustained PDGF
ligand stimulation. Live-cell imaging over such long timepoints is not
possible in our system due to photobleaching of Venus. However, the
combination of more photostable fluorescent proteins with the BiFC
technique should prove a powerful approach to overcome this lim-
itation in the future.

Our colocalization studies demonstrated that PDGFRα/β hetero-
dimers are rapidly internalized into the signaling endosome sub-
population of early endosomes,where they dwell for extended lengths
of time. The fact that PDGFRα/β heterodimers are not long-lived at the
plasmamembrane indicates that they are unlikely to generate a robust
signaling response at this subcellular platform.Given that the signaling
endosome marker APPL146 has previously been shown to associate
with the RTKs EGFR and TrkA and is required for Akt and Erk1/2 sig-
naling downstream of these receptors57–60, it was unexpected that
PDGFRα/β heterodimers did not induce robust and sustained phos-
pho-ERK1/2 and phospho-AKT signals from this site either. It is possi-
ble, however, that PDGFRα/β heterodimers may sequester APPL1,
thereby preventing it frompropagating signaling downstreamof other
RTKs. In fact, our results point to a similar role for PDGFRα/β hetero-
dimers in serving as sinks that prevent PDGF-BB ligand from binding
and activating PDGFRβ homodimers. While the biological significance
of this potential function of PDGFRα/β heterodimers is unknown, it is
tempting to speculate that heterodimer formation may serve to
attenuate PDGFR signaling in instances of cell crowding and/or
increased PDGF-BB ligand availability. Though assays comparing the
binding affinity of PDGFRα/β heterodimers and PDGFRβ homodimers
to PDGF-BB ligand are beyond the scope of this work, such studies
would likely shed further light on the role of PDGFRα/β heterodimers.

Our mass spectrometry findings represent the first PDGFR dimer-
specific interactome and will be a rich resource for the field. Known
PDGFR-binding proteins were detected in our mass spectrometry
screen. For example, the catalytic subunit of PI3K, p110β, was bound to
both PDGFRα/β heterodimers and PDGFRβ homodimers, however
only in a single biological replicate for each dimer. Further, of the
unfiltered proteins that we identified, 49% overlapped with proteins
containing phospho-tyrosine residues from a previous SILAC-based
mass spectrometry screen in which human fibroblasts were stimulated
with PDGF-BB ligand, including MYO1D61. Of note, our screen revealed
an enrichment for proteins that function in mRNA processing in
binding all three PDGFR dimers. Interestingly, we had previously
demonstrated in the context of the facial mesenchyme that phos-
phorylation targets of Akt downstream of PI3K-mediated PDGFRα
homodimer signaling are similarly enriched for proteins involved in
RNA processing62 and further, that alternative RNA splicing is the

Fig. 6 |MYO1Dknockdown leads to retentionofPDGFRα/βheterodimers at the
plasma membrane. A, D, G Scatter dot plots depicting Pearson’s correlation
coefficient of Venus signal from the PDGFRαV1/βV2 heterodimer cell line treated
with Silencer Select negative control or Silencer Select siRNAs against MYO1D with
an anti-Na+/K+-ATPase antibody (A), an anti-RAB5 antibody (D) or an anti-RAB7
antibody (G) signal following 10 ng/ml PDGF-BB ligand stimulation for 5min (A),
2min (D) or 60min (G). Data are mean ± s.e.m. P =0.05 for Na+/K+-ATPase,
P =0.008 for RAB5 (two-tailed, unpaired t-test with Welch’s correction). Colored
circles correspond to independent experiments. Summary statistics from biologi-
cal replicates consisting of independent experiments (large circles) are

superimposedon topofdata fromall cells;n = 10 technical replicates across eachof
three biological replicates. B, C, E, F, H, I Na+/K+-ATPase antibody signal (white or
magenta; B, C), RAB5 antibody signal (white or magenta; E, F) or APPL1 antibody
signal (white or magenta; H, I) and/or Venus expression (white or green;
B, C, E, F,H, I) as assessed by (immuno)fluorescence analysis of the PDGFRαV1/βV2
heterodimer cell line. Insets inB, C, E, F,H and I are regions where white arrows are
pointing. Nuclei were stained with DAPI (blue; B, C, E, F,H, I). White arrows denote
colocalization; white outlined arrows denote lack of colocalization. Images repre-
sentative of three experiments. Scale bars = 20 μm (main images), 3 μm (insets).
Source data are provided as a Source Data file.
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predominant mechanism of gene expression regulation downstream
of this signaling pathway63,64. These results indicate that proteins that
function in mRNA processing engage with PDGFR signaling on multi-
ple levels: through binding to the receptors and via phosphorylation

by downstream effector(s). Moreover, our finding that PDGFRα
homodimers interact with proteins that function in organization of the
actomyosin cytoskeleton and in the regulation of signal transduction
by p53 is consistent with prior work62,65. Though the full scope of
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Fig. 7 | MYO1D knockdown leads to increased phosphorylation of ERK1/2 and
increased cell proliferation. A, B, D, E Western blot (WB) analysis of whole-cell
lysates (WCL) from the PDGFRαV1/βV2 heterodimer cell line treated with Silencer
Select negative control (A, D) or Silencer Select siRNAs against MYO1D (B, E) fol-
lowing a time course of 10 ng/ml PDGF-BB ligand stimulation from2min to 4 hwith
anti-phospho (p)-ERK1/2 (A, B) or anti-phospho (p)-AKT (D, E) antibodies. Images
representative of six experiments. Uncroppedblots in SourceData.C, F Linegraphs
depicting quantification of band intensities from n = 6 biological replicates as in
A, B, D and E. Data are mean ± s.e.m. P =0.05 for p-ERK1/2 siRNA MYO1D 2min,
P =0.02 for p-ERK1/2 siRNA MYO1D 5min, P =0.01 for p-ERK1/2 siRNA MYO1D
15min, P <0.0001 for p-AKT negative control 5min, P =0.0006 for p-AKT negative
control 15min, P =0.01 for p-AKT negative control 60min, P =0.04 for p-AKT

siRNA MYO1D 5min, P =0.03 for p-AKT siRNA MYO1D 15min (two-tailed, ratio
paired t-test). G, H Colony growth in soft agar anchorage-independent growth
assays for the PDGFRαV1/βV2 heterodimer cell line treated with Silencer Select
negative control (G) or Silencer Select siRNAs against MYO1D (H) after 10 days in
RPMI growthmedium in the absenceor presenceof 10 ng/ml PDGF-BB ligand in six-
well plate wells. Images representative of six experiments. I, J Scatter dot plots
depicting quantification of colony count (I) or colony area (J) from n = 6 biological
replicates as in G and H. Data are mean ± s.e.m. P =0.03 for colony count negative
control vs siRNA MYO1D, P =0.01 for colony count negative control + PDGF-BB vs
siRNA MYO1D + PDGF-BB (two-tailed, unpaired t-test with Welch’s correction
between each siRNA treatment). Colored circles correspond to independent
experiments. Source data are provided as a Source Data file.
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PDGFRα/β heterodimer function remains to be determined, our mass
spectrometry results suggest that activation of this dimer may con-
tribute to nucleosome assembly and organization, and regulation of
autophagy, immunoglobulin production and gene expression. Given
our findings that PDGFR dimers are dynamically trafficked throughout
the cell for hours following ligand treatment34, similar approaches
coupling biochemical purification of the dimers followed by mass
spectrometry at multiple timepoints following ligand stimulation
should provide a more complete understanding of the PDGFR dimer-
specific interactome in various subcellular compartments.

We identifiedMYO1Das aprotein interactingwith the PDGFRs and
demonstrated that it preferentially binds to dimerized, phosphory-
lated PDGFRα/β heterodimers. We do not know at this time whether
MYO1D binds PDGFRα and/or PDGFRβ in the heterodimer complex,
nor at what site(s) in the receptor(s) this binding occurs. These ques-
tions will be the subject of future research. However, given that the
heavy/light ratio in our mass spectrometry screen was also greater
than 1 for the PDGFRα homodimers, we speculate that MYO1D binds
PDGFRα within the heterodimer complex upon ligand treatment. We
found thatMYO1D contributes to the rapid internalization of PDGFRα/
β heterodimers from the plasma membrane into early endosomes in
HCC15 lung cancer cells. Interestingly, these results are in direct con-
trast to what has previously been demonstrated for EGFR, ERBB2 and
ERBB4 inCaco2 colorectal cancer cells. For thesemembersof the ERBB
family, MYO1D was shown to bind the unphosphorylated receptors
and anchor them in the plasma membrane55. As such, siRNA-mediated
knockdown of MYO1D resulted in decreased EGFR, ERBB2 and ERBB4
levels at the plasmamembrane55. It is possible that these discrepancies
arise due to differing cellular contexts and/or expression levels of the
various RTKs in their respective settings. Alternatively, these results
may reflect opposing roles for MYO1D in regulating RTK localization
and represent a means of divergence across RTK families.

Here, we demonstrated that PDGFRα/β heterodimers are rapidly
internalized from the plasma membrane into early endosomes,
resulting in an absence of phospho-ERK1/2 induction and a transient
phospho-AKT response. Alternatively, retention of PDGFRα/β hetero-
dimers at the plasma membrane via knockdown of MYO1D led to
increased phospho-ERK1/2 levels and decreased phospho-AKT levels
at early timepoints of ligand treatment. These findings indicate that
ERK1/2 and AKT phosphorylation downstreamof PDGFRα/β activation
may primarily occur at the plasmamembrane and the early endosome,
respectively, immediately following ligand stimulation. Our previous
results upon inhibition of clathrin-mediated endocytosis of PDGFRβ
homodimers via Dyngo-4a treatment suggest that engagement of
these signalingmolecules occurs at the same subcellular platforms for
PDGFRα/β heterodimers and PDGFRβ homodimers34. Alternatively, we
previously demonstrated that rapid internalization of PDGFRα
homodimers plays an important role in the propagation of down-
streamsignaling, indicating that this dimer primarily signals fromearly
endosomes34. Future work will explore whether binding of the PDGFR
homodimers to one or more of the proteins identified in our mass
spectrometry screen mediates receptor trafficking to affect intracel-
lular signaling. Taken together, our findings support a model in which
protein interactions and subcellular localization represent mechan-
isms by which specificity is introduced downstream of PDGFR activa-
tion to differentially propagate signaling and generate distinct cellular
responses.

Methods
Generation of the PDGFRα/β-BiFC and myr-Venus cell lines
The PDGFRαV1/αV2 homodimer and PDGFRβV1/βV2 homodimer
cell lines were generated as previously described34. For the PDGFRαV1/
βV2 heterodimer cell line, PDGFRα-V1/pLVX-Puro34 and PDGFRβ-V2/
pLVX-Puro34 lentiviral constructs (10mg each) and packaging vectors
pCMV-VSV-G66 and pCMV-dR8.9167 (5mg each) were transfected

into HEK 293T/17 cells (American Type Culture Collection)
using Lipofectamine LTX (Thermo Fisher Scientific, Waltham, MA,
USA). For the myristoylated-Venus cell line, the pCAG:myr-Venus
sequence (#32602, Addgene, Watertown, MA, USA) was amplified by
PCR using the following primers (Integrated DNA Technologies, Inc.,
Coralville, IA, USA): 5’-GATAGGATCCGCCACCATG-3’ and 5’-
CGTTTCTAGATTACTTGTACAGCTCG-3’. The sequence was cloned
into the pLVX-Puro vector using BamHI andXbaI sites. Themyr-Venus/
pLVX-Puro lentiviral construct (10mg) and packaging vectors pCMV-
VSV-G and pCMV-dR8.91 (5mg each) were transfected into HEK 293T/
17 cells using Lipofectamine LTX. In each case, medium containing
lentivirus was collected 48 h and 72 h following transfection and fil-
tered using a 13mm syringe filter with a 0.45 μm PVDF membrane
(Thermo Fisher Scientific) following addition of 4mg/ml polybrene
(Sigma-Aldrich, St Louis, MO, USA). Lentiviral-containing medium was
added toHCC15 lung cancer cells (see below) every 24 h for 2 days, and
cells were subsequently grown in the presence of 2 μg/ml puromycin
for 10 days. Individual Venus-positive cells were isolated on a Moflo
XDP 100 cell sorter (Beckman Colter Inc., Brea, CA, USA), following
5min of stimulation with 10 ng/ml PDGF-BB (R&D Systems, Minnea-
polis,MN,USA) diluted froma 1.5μg/mlworking solution in 40nMHCl
containing 0.1% BSA in the case of the PDGFRαV1/βV2 heterodimer cell
line, and expanded to generate clonal cell lines. The final clone chosen
for each cell line was confirmed by PCR amplification of the inserted
sequence(s) from genomic DNA using primers found in Supplemen-
tary Data 2. These PCR products were subcloned into the Zero Blunt
TOPO vector (Thermo Fisher Scientific) and Sanger sequenced.

PDGFR-BiFC and myr-Venus cell culture
The HCC15 lung cancer cell line was obtained from the laboratory of
Dr. Lynn Heasley (University of Colorado Anschutz Medical Campus).
The cell line was authenticated through short tandem repeat analysis
and tested formycoplasma contamination every 10 passages using the
MycoAlert Mycoplasma Detection Kit (Lonza Group Ltd, Basel, Swit-
zerland). PDGFR-BiFC and myr-Venus stable cells were cultured in
RPMI growth medium [RPMI 1640 (Gibco, Thermo Fisher Scientific)
supplemented with 100 U/ml penicillin (Gibco), 100 μg/ml strepto-
mycin (Gibco) containing 10% FBS (Hyclone Laboratories Inc., Logan,
UT, USA)] at 37 °C in 5% CO2. Once the stable cell lines were estab-
lished, they were split at a ratio of 1:5 for maintenance. PDGFRα/β
heterodimer cells were used for experiments at passages 10–17,
PDGFRα homodimer cells were used for experiments at passages
39–44, PDGFRβ homodimer cells were used for experiments at pas-
sages 48–53, and myr-Venus cells were used for experiments at pas-
sages 10–13. When serum starved, cells were grown in HITES medium
[DMEM/F12 (Corning, Corning, NY, USA) supplemented with 0.1%
bovine serum albumin (Fisher Scientific, Thermo Fisher Scientific),
10mM β-estradiol (Sigma-Aldrich), 10mM hydrocortisone (Sigma-
Aldrich), 5 μg/ml insulin (Sigma-Aldrich), 100 U/ml penicillin (Gibco),
100 μg/ml streptomycin (Gibco), 1.2mg/ml NaHCO3 (Santa Cruz Bio-
technology, Inc., Dallas, TX, USA), 30 nMNa3SeO3 (Sigma-Aldrich) and
10 μg/ml apo-transferrin (Sigma-Aldrich)].

qRT-PCR
Total RNA was isolated using the RNeasy Mini Kit (Qiagen, German-
town, MD, USA) according to the manufacturer’s instructions. First-
strand cDNAwas synthesized using a ratio of 2:1 randomprimers:oligo
(dT) primer and SuperScript II RT (Invitrogen, Thermo Fisher Scien-
tific) according to the manufacturer’s instructions. qRT-PCR was per-
formed on a CFX Connect Real-Time PCR Detection System and
analyzed with CFX Manager software (version 3.1; Bio-Rad Labora-
tories, Inc., Hercules, CA, USA). All reactions were performed with
SYBR Select Master Mix (Applied Biosystems, Thermo Fisher Scien-
tific), 300 nM primers (Integrated DNA Technologies, Inc.) and cDNA
in a 20 μl reaction volume. PCR primers for qRT-PCR analyses can be
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found in Supplementary Data 2. The following PCR protocol was used:
step 1, 2min at 50 °C; step 2, 2min at 95 °C; step 3, 15 s at 95 °C; step 4,
1min at60 °C; repeat steps 3 and4 for 39 cycles; step 5 (melting curve),
5 s per 0.5 °C increment from 65 °C to 95 °C. All samples were run in
triplicate and normalized against an endogenous internal control,
B2M. qRT-PCR experiments were performed across three independent
experiments, each using a separate passage of cells. When applicable,
statistical analyses were performed with Prism 9 (GraphPad Software
Inc., San Diego, CA, USA) using a two-tailed, unpaired t-test with
Welch’s correction between each cell line.

Immunoprecipitation and western blotting
PDGFR-BiFC cells and myr-Venus cells were cultured as described
above. To induce PDGFRα homodimer, PDGFRα/β heterodimer or
PDGFRβ homodimer signaling, PDGFRα homodimer cells and PDGFRβ
homodimer cells at ~60–70% confluence or PDGFRα/β heterodimer
cells at ~70–80% confluence were serum starved for 24 h in HITES
medium and stimulated with 10 ng/ml PDGF-AA (PDGFRα homodimer
cells) or PDGF-BB (PDGFRα/β heterodimer and PDGFRβ homodimer
cells) ligand (R&D Systems) for the indicated length of time. When
applicable, cells were transfected with siRNA (see below) for 48 h
before ligand stimulation. Protein lysates for immunoprecipitation
were generated by resuspending cells in ice-cold GFP-Trap buffer [M-
PERmammalian protein extraction reagent (Thermo Fisher Scientific),
1x complete Mini protease inhibitor cocktail (Roche, MilliporeSigma,
Burlington,MA,USA), 1mMPMSF, 10mMNaF, 1mMNa3VO4, 25mMβ-
glycerophosphate] and collecting cleared lysates by centrifugation at
13,400 g at 4 °C for 20min. For immunoprecipitations, cell lysates
(500 μg for PDGFRα homodimers and PDGFRβ homodimers, 1mg for
PDGFRα/β heterodimers) were incubated with GFP-Trap agarose
beads (GTA020; Bulldog Bio, Inc., Portsmouth, NH, USA) for 1 h or
overnight (only for ligand sink experiments) at 4 °C. Beads were
washed three times with ice-cold GFP-Trap buffer and the precipitated
proteins were eluted with Laemmli buffer containing 10% β-mercap-
toethanol, heated for 10min at 100 °C, and separated by SDS-PAGE.
When applicable, supernatant from immunoprecipitation experiments
was incubated with primary antibody overnight at 4 °C followed by
incubation with 20 μL of Protein A/G Plus-agarose beads (Santa Cruz
Biotechnology, Inc.) for 2 h at 4 °C the following day. Beads were
washed five times with ice-cold GFP-Trap buffer and the precipitated
proteins were eluted with Laemmli buffer containing 10% β-mercap-
toethanol, heated for 5min at 95 °C, and separated by SDS-PAGE. For
western blotting analysis of whole-cell lysates, protein lysates were
generated by resuspending cells in ice-cold GFP-Trap buffer and col-
lecting cleared lysates by centrifugation at 13,400 g at 4 °C for 20min.
Laemmli buffer containing 10% β-mercaptoethanol was added to the
lysates, which were heated for 5min at 100 °C. Proteins were subse-
quently separated by SDS-PAGE. Western blot analysis was performed
according to standard protocols using horseradish peroxidase-
conjugated secondary antibodies. Blots were imaged using a Chemi-
Doc XRS+ (Bio-Rad Laboratories, Inc.) or a ChemiDoc (Bio-Rad
Laboratories, Inc.). The following antibodies were used for western
blotting: PDGFRα (1:1,000; D13C6; 5241; Cell Signaling Technology,
Inc., Danvers, MA, USA); PDGFRβ (1:1,000; 28E1; 3169; Cell Signaling
Technology, Inc.); β-tubulin (1:1,000; E7; E7; Developmental Studies
Hybridoma Bank, Iowa City, IA, USA); GAPDH (1:50,000; 1E6D9;
60004-1-Ig; Proteintech Group Inc); phospho-PDGFRα (Tyr 849)/
PDGFRβ (Tyr857) (1:1,000; C43E9; 3170; Cell Signaling Technology,
Inc.); phospho-ERK1/2 (Thr202/Tyr204) (1:1,000; 9101; Cell Signaling
Technology, Inc.); ERK1/2 (1:1,000; 9102; Cell Signaling Technology,
Inc.); phospho-AKT (Ser473) (1:1,000; 9271; Cell Signaling Technology
Inc.); AKT (1:1,000; 9272; Cell Signaling Technology Inc.); AAKG1
(1:1,000; PA5-104369; Invitrogen); RHG01 (1:500; PA5-82157; Invitro-
gen); SCFD2 (1:1,000; BS-17281R; Bioss, Thermo Fisher Scientific);
VPS11 (1:1,000; 19140-1-AP; ProteintechGroup Inc, Rosemont, IL, USA);

Myosin ID (1:500; H-1; sc-515292; Santa Cruz Biotechnology, Inc);
horseradish peroxidase-conjugated goat anti-rabbit IgG (1:20,000;
111035003; Jackson ImmunoResearch Inc., West Grove, PA, USA); and
horseradish peroxidase-conjugated goat anti-mouse IgG (1:20,000;
115035003; Jackson ImmunoResearch Inc.). Quantifications of signal
intensity were performed with ImageJ software (version 1.53t, National
Institutes of Health, Bethesda, MD, USA). Immunoprecipitation and
western blotting experimentswereperformed across at least three and
as many as six independent experiments. Relative dimerized PDGFR
levels were determined by normalizing GFP-Trap immunoprecipitated
PDGFR levels to total PDGFR levels. Relative phospho-PDGFR levels
were determined by normalizing to total PDGFR levels, except for
ligand sink experiments in which relative phospho-PDGFR levels were
determined by normalizing to unstimulated phospho-PDGFR signals.
Relative phospho-ERK1/2 levels were determined by normalizing to
total ERK1/2 levels. Relative phospho-AKT levels were determined by
normalizing to total AKT levels. Relative MYO1D levels were deter-
mined by normalizing immunoprecipitated MYO1D levels to total
MYO1D levels. When applicable, statistical analyses were performed
with Prism9 (GraphPad Software Inc.) using a two-tailed, ratiopaired t-
test within each cell line (comparing individual ligand treatment
timepoint values to the no ligand 0min timepoint value) or a two-
tailed, unpaired t-test withWelch’s correction between each cell line or
siRNA treatment.

Fluorescence analysis
For fluorescence intensity and marker colocalization experiments,
cells were seeded onto glass coverslips coated with 5 μg/ml human
plasma fibronectin purified protein (MilliporeSigma) at a density of
80,000 cells, 100,000 cells and 40,000 cells per 24-well plate well for
the PDGFRα homodimer cell line, the PDGFRα/β heterodimer cell line
and the PDGFRβ homodimer cell line, respectively, in RPMI growth
medium. After 24 h, cells were washed with 1x phosphate buffered
saline (PBS) and serum starved in HITES medium. HITES medium was
replaced 23 h later. After 54min, coverslips were photobleached for
1min with an Axio Observer 7 fluorescence microscope (Carl Zeiss
Microscopy LLC, White Plains, NY, USA) using the 2.5x objective and
488 nm laser. Cells were allowed to recover for 5min and were treated
with 10 ng/mlPDGF-AA, PDGF-CCorPDGF-DD ligand (R&DSystems) or
1–100 ng/ml PDGF-BB ligand (R&D Systems) for the indicated amount
of time.When applicable, cellswere transfectedwith siRNA (seebelow)
for 48h before ligand stimulation. Cells were fixed in 4% paraf-
ormaldehyde (PFA) in PBS with 0.1% Triton X-100 for 10min and
washed in PBS. Cells were blocked for 1 h in 5% normal donkey serum
(Jackson ImmunoResearch Inc.) in PBS and incubated overnight at 4 °C
in primary antibody diluted in 1% normal donkey serum in PBS. After
washing in PBS, cells were incubated in Alexa Fluor 546-conjugated
donkey anti-rabbit secondary antibody (1:1,000; A21206; Invitrogen)
or Alexa Fluor 546-conjugated donkey anti-mouse secondary antibody
(1:1,000; A10036; Invitrogen) diluted in 1% normal donkey serum in
PBS with 2 μg/ml DAPI (Sigma-Aldrich) for 1 h. Cells were mounted in
VECTASHIELD HardSet Antifade Mounting Medium (Vector Labora-
tories, Inc., Burlingame, CA, USA) and photographed using anAxiocam
506 mono digital camera (Carl Zeiss Microscopy LLC) fitted onto an
Axio Observer 7 fluorescence microscope (Carl Zeiss Microscopy LLC)
with the 63x oil objective with a numerical aperture of 1.4 at room
temperature. The following antibodies were used for immuno-
fluorescence analysis: PDGFRα (1:1000; D13C6; 5241; Cell Signaling
Technology, Inc.); PDGFRβ (1:1000; 28E1; 3169; Cell Signaling Tech-
nology, Inc.); Na+/K+-ATPase (1:500; EP1845Y; ab76020; Abcam); RAB5
(1:200; C8B1; 3547; Cell Signaling Technology Inc.); APPL1 (1:200;
D83H4; 3858; Cell Signaling Technology Inc.); EEA1 (1:200; C45B10;
3288; Cell Signaling Technology Inc.); RAB7 (1:100; D95F2; 9367; Cell
Signaling Technology Inc.); RAB4 (1:200; ab13252; Abcam); RAB11
(1:100; D4F5; 5589; Cell Signaling Technology Inc.) and Myosin ID
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(1:500; H-1; sc-515292; Santa Cruz Biotechnology, Inc). For fluores-
cence intensity measurements, three independent trials, or biological
replicates, were performed. For each biological replicate, at least 38
technical replicates consisting of individual cells were imaged with Z-
stacks (0.24 μm between Z-stacks with a range of 2-8 Z-stacks). For
marker colocalization experiments, three independent trials, or bio-
logical replicates, were performed. For each biological replicate, at
least 10 technical replicates consisting of individual cells were imaged
with Z-stacks (0.24 μm between Z-stacks with a range of 2-8 Z-stacks)
per timepoint. For Fig. 3 and Supplementary Fig. 3, in cases where
technical replicates were less than 20, all BiFC-positive cells were
imaged. Images were deconvoluted using ZEN Blue software (Carl
Zeiss Microscopy LLC) using the ‘Better, fast (Regularized Inverse Fil-
ter)’ setting. For all images, extended depth of focus was applied to Z-
stacks using ZEN Blue software (Carl Zeiss Microscopy LLC) to gen-
erate images with the maximum depth of field. For fluorescence
intensity measurements, background was subtracted using rolling
background subtraction with a radius of 30 pixels using Fiji software
(version 2.1.0/1.53c). A region of interest (ROI) was drawn around each
Venus-positive cell, and integrated density was measured and recor-
ded as the fluorescence intensity. For marker colocalization mea-
surements, an ROI was drawn around each Venus-positive cell in the
corresponding Cy3 (marker) channel using Fiji software (version 2.1.0/
1.53c). For each image with a given ROI, the Cy3 channel and the EGFP
channel were converted to 8-bit images. Colocalization was measured
using the Colocalization Threshold function, where the rcoloc value
[Pearson’s correlation coefficient (PCC)] was used in statistical analy-
sis. When applicable, statistical analyses were performed on the aver-
age values from each biological replicate with Prism 9 (GraphPad
Software Inc.) using a two-tailed, paired t-test within each cell line
(comparing individual ligand treatment timepoint values to the no
ligand 0min timepoint value) or a two-tailed, unpaired t-test with
Welch’s correction between each cell line, siRNA treatment or non-0
min ligand treatment timepoints.

Flow cytometry
PDGFRα/β heterodimer cells at ~70-80% confluence were serum
starved for 24 h in HITES medium, pretreated with 10 μg/ml cyclo-
heximide (Sigma-Aldrich) in DMSO for 30min and stimulated with
10 ng/ml PDGF-BB ligand (R&D Systems) for the indicated length of
time. Cells werewashed twice in ice-cold PBS and suspendedby adding
ice-cold 5mM EDTA-PBS (pH 8.0) spiked with 0.0025% trypsin/EDTA
followed by centrifugation at 181 g at 4 °C for 5min. Cells were washed
twice with ice-cold FACS buffer [2% normal donkey serum (Jackson
ImmunoResearch Inc.) in PBS] and co-stained with PDGFRα XP Rabbit
mAb (Alexa Fluor 647 conjugate) antibody (1:50; D13C6; 5876; Cell
Signaling Technology, Inc.) and a cell viability dye (LIVE/DEAD Fixable
Violet Dead Cell Stain Kit, for 405 nm excitation; Thermo Fisher Sci-
entific) diluted in FACS buffer at 4 °C for 30min. Cells were washed
three times with ice-cold FACS buffer and resuspended in FACS buffer
for analysis. Sample collection was performed on a NovoCyte Penteon
flow cytometer (Agilent Technologies, Inc., Santa Clara, CA, USA) and
data were analyzed using NovoExpress software (version 1.5.6; Agilent
Technologies, Inc.). Each biological replicate consisted of at least
50,000 cells per treatment. Singlets made up at least 93% of cells, at
least 50% of which were alive. Only singlet, live cells were analyzed.
Flow cytometry experiments were performed across three indepen-
dent experiments, each using a separate passage of cells. Statistical
analyses were performed with Prism 9 (GraphPad Software Inc.) using
a two-tailed, paired t-test.

Anchorage-independent growth assay
For measurement of anchorage-independent cell growth, 25,000 cells
were suspended in 1.5ml RPMI growth medium with 0.35% Difco Agar
Noble (Becton, Dickinson and Company, Franklin Lakes, NJ) and

overlaid on a base layer containing 1.5ml RPMI growth medium with
0.5% Difco Agar Noble (Becton, Dickinson and Company) in six-well
plate wells. A feeding layer of 2ml RPMI growth medium supple-
mented with 10 ng/ml PDGF-BB ligand (R&D Systems) and/or 0.01 μM
siRNA (see below) was added on top of the agar and replaced every
day. Plates were incubated at 37 °C in 5% CO2 for 10 days, and viable
colonies were stained overnight with 1mg/ml Nitrotetrazoleum Blue
(Sigma-Aldrich) in PBS at 37 °C. Following a second overnight incu-
bation at 4 °C, wells from each independent trial were photographed
using a COOLPIX S600 digital camera (Nikon Inc., Melville, NY, USA).
Images were made binary using Adobe Photoshop (version 25.0.1;
Adobe Inc., San Jose, CA, USA), and colony number and area were
quantified using MetaMorph imaging software (Molecular Devices,
LLC, San Jose, CA, USA) and separately using ImageJ software (version
1.53t, National Institutes of Health, Bethesda). Samples in which agar
was broken were excluded from statistical analyses. These included
Trials 1 and 3 of HCC15 in the absence of ligand stimulation in Fig. 4.
Statistical analyses were performed on values from each of six inde-
pendent trials, or biological replicates, with Prism 9 (GraphPad Soft-
ware Inc.) using a two-tailed, paired t-test within each cell line or siRNA
treatment and a two-tailed, unpaired t-test with Welch’s correction
between each cell line or siRNA treatment.

TUNEL assay
For assessment of apoptosis, cells were seeded onto glass coverslips
coated with 5 μg/ml human plasma fibronectin purified protein (Mil-
liporeSigma) at a density of 100,000 cells per 24-well plate well in
RPMI growth medium. After 24 h, cells were washed with 1x PBS and
serum starved in HITES medium. HITES medium was replaced 23 h
later and 1 h later cells were left untreated or treated with 10 ng/ml
PDGF-BB. After 24 h, apoptotic cells were identified using the In Situ
Cell Death Detection Kit, Fluorescein (Sigma-Aldrich) according to the
manufacturer’s instructions for adherent cells. Cells were mounted in
VECTASHIELD HardSet Antifade Mounting Medium (Vector Labora-
tories, Inc.) and photographed using an Axiocam 506 mono digital
camera (Carl Zeiss Microscopy LLC) fitted onto an Axio Observer 7
fluorescence microscope (Carl Zeiss Microscopy LLC) with the 40x air
objective with a numerical aperture of 0.75 at room temperature.
Three independent trials, or biological replicates, were performed for
each cell line. For each biological replicate, 5 technical replicates
consisting of individual fields of cells were imaged. All TUNEL-positive
signals were confirmed by DAPI staining. Statistical analyses were
performed on the average values from each biological replicate with
Prism 9 (GraphPad Software Inc.) using a two-tailed, paired t-test
within each cell line and a two-tailed, unpaired t-test with Welch’s
correction between each cell line.

Mass spectrometry
The control myr-Venus and three PDGFR-BiFC cell lines were pro-
cessed and analyzed across two biological replicates each. The fol-
lowing amino acids were used for stable isotope labeling: unlabeled
(light) L-LYSINE:2HCL, unlabeled (light) L-ARGININE:HCL, stable
isotope-labeled (heavy) L-LYSINE:2HCL (13C6, 99%; 15N2, 99%) and
stable isotope-labeled (heavy) L-ARGININE:HCL (13C6, 99%; 15N4, 99%)
(Cambridge Isotope Labs, Inc. Andover, MA). Light SILACmediumwas
generated by adding unlabeled L-LYSINE:2HCL (final concentration
146.0mg/ml) and unlabeled L-ARGININE:HCL (final concentration
42.0mg/ml) to RPMI SILAC growthmedium [RPMI 1640 SILAC (Gibco,
Thermo Fisher Scientific) supplemented with 100 U/ml penicillin
(Gibco), 100 μg/ml streptomycin (Gibco) containing 10% FBS (Hyclone
Laboratories Inc.)]. Heavy isotope SILAC medium was generated by
adding heavy labeled L-LYSINE:2HCL (13C6, 99%; 15N2, 99%) (final
concentration 151.3mg/ml) and heavy labeled L-ARGININE:HCL (13C6,
99%; 15N4, 99%) (final concentration 44.0mg/ml) in RPMI SILAC
growth medium. Each SILAC medium was filtered through a 0.22 μm
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syringe filter. Each PDGFR-BiFC cell line was cultured in light SILAC
medium and separately in heavy SILAC medium for at least 6 cell
passages to achieve > 95% labeling. PDGFRα homodimer cells at ~75%
confluence, PDGFRα/β heterodimer cells at ~70–80% confluence and
PDGFRβ homodimer cells at ~65% confluence were serum starved for
24 h in HITES medium. Cells grown in light SILAC medium were left
unstimulated and cells grown in heavy SILACmediumwere stimulated
with 10 ng/ml PDGF-AA (PDGFRα homodimer cells) or 10 ng/ml PDGF-
BB (PDGFRα/β heterodimer and PDGFRβ homodimer cells) ligand for
5min. Myr-Venus cells were cultured in light SILAC medium, serum
starved at ~70% confluence for 24 h in HITES medium and left unsti-
mulated. Protein lysates for immunoprecipitation were generated by
resuspending cells in ice-cold GFP-Trap buffer and collecting cleared
lysates by centrifugation at 13,400 g at 4 °C for 20min. Before immu-
noprecipitation, light SILAC samples were combined with heavy SILAC
samples in a 1:1 ratio per cell line. For immunoprecipitations, cell
lysates (500 μg for myr-Venus, PDGFRα homodimers and PDGFRβ
homodimers, 1mg for PDGFRα/β heterodimers) were incubated with
GFP-Trap agarose beads (GTA020; Bulldog Bio, Inc.) for 1 h at 4 °C.
Beads were washed three times with ice-cold GFP-Trap buffer.

To prepare for trypsin digestion, beads were resuspended with
8M urea, 50mM ammonium bicarbonate. Tris (2-carboxyethyl)phos-
phine (TCEP)was added to a final concentration of 10mMand samples
were incubated at 30 °C for 1 h. Alkylation was performed by adding
chloroacetamide (CAA) to 25mM and incubating in the dark at room
temperature for 30min. Following alkylation, urea was diluted to 1M
and proteins digested overnight with modified sequencing grade
trypsin (Promega, Madison, WI, USA) at a 1:50 enzyme:protein ratio.
Beads were then centrifuged for 15min at 18,000 g and supernatant
digest solution was collected. Digested peptides were then desalted
using Pierce C18 spin tips (Thermo Fisher Scientific) according to the
manufacturer’s instructions.

Digested peptides were loaded onto individual Evotips (Evosep
Biosystems, Odense, Denmark) following the manufacturer’s instruc-
tions and separated on an Evosep One chromatography system (Evo-
sep Biosystems) using a Pepsep column (150mm inner diameter,
15 cm) packed with ReproSil C18 1.9mm, 120Å resin. Samples were
analyzed using the instrument default “30 samples per day” LC gra-
dient. The systemwas coupled to the timsTOF Promass spectrometer
(Bruker Daltonics, Bremen, Germany) via the nano-electrospray ion
source (Captive Spray, Bruker Daltonics). The mass spectrometer was
operated in PASEF mode. The ramp time was set to 100ms and 10
PASEF MS/MS scans per topN acquisition cycle were acquired. MS and
MS/MS spectra were recorded fromm/z 100 to 1700. The ionmobility
was scanned from 0.7 to 1.50Vs/cm2. Precursors for data-dependent
acquisition were isolated within ±1 Th and fragmented with an ion
mobility-dependent collision energy, which was linearly increased
from20 to 59 eV in positivemode. Low-abundance precursor ionswith
an intensity above a threshold of 500 counts but below a target value
of 20,000 counts were repeatedly scheduled and otherwise dynami-
cally excluded for 0.4min.

Data was searched using PEAKS X Pro (version 10.6; Bioinfor-
matics Solutions, Inc., Ontario, Canada). Precursor tolerancewas set to
± 25 ppm and fragment tolerance was set to ± 0.2Da. Data was sear-
ched against SwissProt (20,379 sequences) restricted toHomo sapiens.
Each fractionwas searched independently using a fully specific trypsin
cleavage definition allowing for 2 missed cleavages and a maximum of
5 modifications per peptide. Fixed modifications were set as carba-
midomethyl (C). Variable modifications were set as oxidation (M),
acetylation (K, protein N-term), and phosphorylation (STY). SILAC
isotopemodifications 13C(6) 15N(4) (R) and 13C(6) 15N(2) (K) were also
set as variablemodifications. Theminimumpeptide length was set at 7
amino acids and protein identifications required a minimum of 1
unique peptide identification. Results were filtered to 1% FDR at the
peptide andprotein levels. SILACquantificationwasperformedusing a

“Quantification” task in PEAKS X Pro set for SILAC 2-plex (R10, K8)
analysis. Quantification retention time rangewas set to 1.0min,with an
ion mobility range of 0.05 1/k0. Heavy conditions were set to include
100% R(+10.01) and K(+8.01) modifications. All results were filtered to
1% FDR. Auto-normalization was applied to the quantification results
within PEAKS before further processing. Statistical testing was per-
formed on filtered, normalized data using a one-way ANOVA with
multiple comparison correction within the SILAC “Quantification” task
in PEAKS X Pro. Gene ontology (GO) analysis of the identified proteins
was performed with the Enrichr tool53.

siRNA-mediated knockdown of Myosin ID
PDGFRα/β heterodimer cells at ~60% confluencewere transfectedwith
Silencer Select Negative Control No. 1 siRNA (4390843; Invitrogen,
Thermo Fisher Scientific) and separately two Silencer Select siRNAs
targeting humanMyosin ID (4392420; ID s9203 and s9204; Invitrogen,
Thermo Fisher Scientific) at a final concentration of 0.01 μM using
Lipofectamine RNAiMAX (Invitrogen, Thermo Fisher Scientific)
according to themanufacturer’s instructions for the indicated amount
of time.

Statistics
All experiments in the main text were performed across at least three
independent, biological replicates with similar results, with the
exception of mass spectrometry, which was performed across two
independent, biological replicates with similar results. The number of
independent experiments, number of technical replicates and statis-
tical tests applied are indicated in the relevant “Methods” section and
figure legend. Representative images of western blot, (immuno)fluor-
escence, flow cytometry density dot plots and soft agar anchorage-
independent growth assays are shown.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The mass spectrometry proteomics data generated in this study have
been deposited in the ProteomeXchange Consortium via the PRIDE68

partner repository under dataset identifier PXD048421. The mass
spectrometry proteomics data generated in this study are provided in
Supplementary Data 1 file. The remaining data generated in this study
are provided within the article and its Supplementary Informa-
tion. Source data are provided with this paper.
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