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Clinical management of triple-negative
breast cancer requires the identification
of new predictive and targetable
biomarkers. Here, Tavares et al.
demonstrate that the feline sarcoma-
related non-receptor tyrosine kinase FER
controls invasion-propagating
endosomal recycling and that high FER
expression is a candidate predictive
marker for taxane-containing adjuvant-
chemotherapy benefit in high-risk breast
cancer.
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SUMMARY

Elevated expression of non-receptor tyrosine kinase FER is an independent prognosticator that correlates
with poor survival of high-grade and basal/triple-negative breast cancer (TNBC) patients. Here, we show
that high FER levels are also associated with improved outcomes after adjuvant taxane-based combination
chemotherapy in high-risk, HER2-negative patients. In TNBC cells, we observe a causal relation between
high FER levels and sensitivity to taxanes. Proteomics and mechanistic studies demonstrate that FER regu-
lates endosomal recycling, a microtubule-dependent process that underpins breast cancer cell invasion. Us-
ing chemical genetics, we identify DCTN2 as a FER substrate. Our work indicates that the DCTN2 tyrosine 6 is
essential for the development of tubular recycling domains in early endosomes and subsequent propagation
of TNBC cell invasion in 3D. In conclusion, we show that high FER expression promotes endosomal recycling
and represents a candidate predictive marker for the benefit of adjuvant taxane-containing chemotherapy in

high-risk patients, including TNBC patients.

INTRODUCTION

Currently, chemotherapy is a major systemic treatment option
for invasive breast cancer (Cardoso et al., 2020). Although the
overall survival in breast cancer has significantly improved over
the past decades, treatment outcomes for high-risk breast
cancer patients can still be significantly improved (Thomas and
Gustafsson, 2011). One high-risk breast cancer subtype
concerns triple-negative breast cancer (TNBC). Due to the
metastatic potential of TNBC and lack of targeted therapy
options, further molecular insight is needed to identify specific
and pharmacologically relevant targets for disease manage-
ment, especially for this subtype.

A strong candidate for targeted intervention is the feline
sarcoma-related non-receptor tyrosine kinase FER. High expres-
sion of FER has been linked to tumor progression in several can-
cer types (Ahn et al., 2013; Li et al., 2009; Zirngibl et al., 2001). In
breast cancer, high FER expression is an independent predictor
of decreased patient survival, especially in lymph-node-negative
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TNBC (lvanova et al., 2013). FER belongs to a distinct subfamily
that shares a common structure, consisting of an FES/FER/
CIP4 homology (FCH) domain, followed by three regions of
predicted coiled-coil domains, a central SH2 domain, and a
carboxy-terminal kinase domain (Greer, 2002). The FCH domain
is adjacent to a coiled-coil region similar to the one present
in the membrane-interacting BAR domain proteins (Bin1,
Amphiphysin, and Rsv) (Chen et al., 2013). Together, they
constitute a functional unit that is termed as the F-BAR domain
and that has been linked to regulation of a plethora of cellular
processes such as endocytosis (e.g., CIP4), phagocytosis (e.g.,
FBP17), cytokinesis (e.g., PSTPIP1), and adhesion (e.g., FER,
PSTPIP1) (Liu et al., 2015). The central SH2 domain of FER
mediates interactions with substrates that are subsequently
phosphorylated by the carboxy-terminal kinase domain (Greer,
2002). Although several FER targets have been identified,
including Src (Oneyama et al., 2016), Cortactin, p120-catenin,
and B-catenin (Kim and Wong, 1995, 1998), it remained unclear
if these targets were subject to direct phosphorylation by FER.
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FER controls cell migration and invasion, possibly through
modulation of cortactin function and integrin-dependent control
of actomyosin contraction (Arregui et al., 2000; lvanova et al.,
2013). Although it is clear that downregulation or inactivation of
FER leads to a GO/G1 cell-cycle arrest, anchorage-independent
survival, and a strong inhibition of migration (lvanova et al., 2013;
Sangrar et al., 2007), the exact mechanisms continued to be
largely unidentified. In breast cancer, FER controls migration
and metastasis by regulating o6 and B1 integrin-dependent
adhesion (lvanova et al., 2013). Because FER depletion resulted
in the accumulation of a6 and B1integrins in early endosomes
(EEs) and plasma membrane, it suggests that endosomal recy-
cling and/or intracellular trafficking is central to FER-dependent
proliferative and migratory cues.

Plasma membrane homeostasis is tightly regulated by
continued endocytosis and endosomal sorting, resulting in an
intricate balance of protein recycling and degradation (Cullen
and Steinberg, 2018). Recycling of membrane receptors occurs
through multiple routes and is tightly regulated by Ras-like in
rat brain (Rab) proteins, small GTPases that associate and
coordinate membrane trafficking. Fast recycling promotes rapid
delivery of Rab4-positive endosomes from EEs (EE antigen 1
[EEA1]/Rabb) to the plasma membrane. Slow recycling relocates
molecules to Rab11-positive recycling endosomes prior to re-
localizing to the cell surface (Sonnichsen et al., 2000). It is,
however, unclear if and how FER controls its kinase substrates
to regulate endosomal sorting/recycling, processes essential
for the invasion and dissemination of cancer cells.

Here, we have used clinical data to identify FER as a candidate
predictor of taxane-containing adjuvant-chemotherapy benefits
in high-risk breast cancer. A combination of phospho-prote-
omics, chemical genetics, and functional cell biology was
applied to study the mechanisms underlying FER-dependent
breast cancer invasion. Our work demonstrates that FER
controls endosomal recycling and may represent a predictive
clinical biomarker of taxane efficacy in high-risk breast cancer,
including TNBC.

RESULTS

The phospho-proteome downstream of FER

Previously, we have shown that the tyrosine kinase FER propels
migration and metastasis of TNBC cells in mice and established
FER as a promising target for inhibition of metastatic breast
cancer (lvanova et al., 2013). To identify options for therapeutic
intervention of FER-driven processes, we analyzed the
phospho-proteome downstream of FER. For this we used
doxycycline (DOX)-inducible FER knockdown MDA-MB-231
cells (MM231-FERIKD) (Figure 1A; lvanova et al., 2013) in
combination with a stable isotope labeling by amino acids in
cell culture (SILAC) approach. Mass spectrometry (MS)
analysis identified a total of 202 unique phospho-sites on 141
proteins that were differentially regulated in FER-depleted cells
(Table S2A). We detected the majority of phosphorylation events
on serine and threonine residues, with a small fraction (<1%)
occurring on tyrosines (Table S2A). Major changes upon FER
depletion were observed in phosphorylated tyrosine (pTyr) resi-
dues (Figures 1B and 1B’), of which 8.3% were upregulated and
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91.7% were downregulated, followed by phosphorylated serine
(pSer) residues (up, 32.6% and down, 57.4%) and phosphory-
lated threonine (pThr) residues (up, 40% and down, 60%)
(Figure 1B’). Because epidermal growth factor receptor (EGFR)
has been described as a downstream target of FER (Guo and
Stark, 2011), phosphorylation of EGFR on Y1173 was used to
confirm the SILAC results. Indeed, FER depletion resulted in an
8-fold reduction in phosphorylation (Figure 1C). Interestingly,
Gene Ontology (GO) terms and reactome pathway enrichment
analyses showed a significant enrichment in “Cell Cycle,
Mitotic” (false discovery rate [FDR] = 3.9 x 1074 and “Mem-
brane Trafficking” (FDR = 5.8 x 10~%) pathways (Figures 1D
and 1E; Table S2B). Examples of affected proteins in these
pathways are KIF2A and KIF11, known mediators of microtubule
(MT) dynamics (Homma et al., 2003; Rapley et al., 2008).

Together, these results show that FER phosphorylates several
proteins involved in the regulation of MT-dependent processes:
membrane trafficking and proliferation.

High FER expression predicts increased sensitivity to
MT-stabilizer drugs

The possible reliance of MT-dependent processes like protein
trafficking on FER kinase instigated our hypothesis that high
FER levels in basal breast cancer cells could render cancer cells
more sensitive to MT-stabilizing drugs, e.g., taxanes.

To test this, we compared docetaxel and paclitaxel efficacy on
proliferation inhibition using basal MDA-MB-468 (MM468),
SUM149PT, and MM231 cells expressing different FER
levels (Figures 2A and S1A). Strikingly, high-FER MM231 cells
displayed a 9-fold higher sensitivity to docetaxel (Figure 2B;
half maximal inhibitory concentration [IC50] = 0.63 versus
5.7 nM) and paclitaxel when compared with MM468 cells
(Figure S1B; IC50 = 0.93 versus 4.67 nM). SUM149PT cells
exhibit intermediate levels of FER protein and response to
docetaxel (IC50 = 2.5 nM). To establish causality, MM231-
FERIKD cells were used to analyze the effect of FER depletion
on docetaxel and paclitaxel sensitivity. Indeed, FER depletion
caused a significant increase in docetaxel (Figure 2C) and
paclitaxel resistance (Figure S1C).

Totestclinical relevance, we explored if high FER expressionin
breast cancer is predictive for patient outcome after taxane treat-
ment. We analyzed gene expression data from the MATADOR
study (van Rossum et al., 2018), a randomized phase llI clinical
trial in which 664 patients were treated with either adjuvant
dose-dense doxorubicin + cyclophosphamide (ddAC) or AC
combined with docetaxel (TAC). The median follow up was 7
years. We found that in patients with low FER levels, no
difference in outcome was observed between adjuvant TAC
and ddAC (adjusted hazard ratio [adjHR] = 1.08; 95% confidence
interval [Cl]: 0.64-1.84, p =0.76) (Figure 2D). In contrast, high FER
levels correlated with an increased probability of recurrence-free
survival (RFS) following taxane-containing treatment, compared
with ddAC-only treatment (adjHR = 0.48; 95% CI: 0.24-0.96;
p = 0.039) (Figure 2E). The test for interaction was, however,
not statistically significant (p = 0.06). To further analyze the pre-
dictive value of FER expression, we grouped patients according
to their immunohistochemical profile (TNBC and ERPOSHER2NEG
[“luminal”] subtypes) (Figures 2D, 2E, S1D, and S1E). Despite the
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Figure 1. FER depletion attenuates cell-cycle progression and vesicle trafficking pathways

(A) FER knockdown in MM231. FER-IKD cells were treated with DOX, blotted, and probed with anti-FER antibody. GAPDH was used as loading control.

(B and B’) The effect of FER depletion on post-translational phosphorylation using SILAC.

(B) Shown are the ratios of serine (light blue), threonine (dark blue), or tyrosine (orange) residues in all phospho-sites enriched (left) or decreased (right) after

FER-iKD in MM231.

(B") Shown are the ratios of serine, threonine, or tyrosine residues phospho-sites enriched (green) or decreased (red) after FER-iKD in MM231. Ratio of serine,

threonine, or tyrosine residues shown is averaged from 3 phospho-proteomes.

(C) Phosphorylation of EGFR was used as a validation for the SILAC experiments in (B)—(D). Western blot showing the extent of EGFR downregulation of pTyr on
residue Y1173 using a phospho-specific antibody. EGFR and AKT expression were used as loading controls. Numbers below the panel indicate the pEGFRY''"®

signal in control and DOX-treated MM231 FER-IKD cells.

(D) From (B), the top 5 GO biological processes controlled by FER were derived. The x axis represents the log to base 2 of the false discovery rate (FDR) levels.
(E) Subnetworks of phosphorylated proteins involved in the top 5 reactome pathways, as identified by SILAC. Node colors represent fold-change regulation at the
phosphorylation level (upregulation [green] or downregulation [red]), while the node border color represents the biological process involved.

See also Table S2.

relatively low number of TNBC patients (n = 87), high FER
levels were correlated with a significant lower probability of
recurrence when treated with TAC versus ddAC in this subgroup
(adjHR = 0.079; 95% CI: 0.007-0.92; p = 0.043) (Figure 2E). For
patients with TNBC tumors expressing low FER levels, there
was no significant RFS difference when comparing the two
treatment arms (Figure 2D). Together, these data support that

high FER levels could be a predictor for sensitivity to taxane drugs
in high-risk breast cancers, including TNBC.

FER phosphorylates regulators of proliferation and
protein recycling

Our previous work and current observations prompted us to
further explore FER-driven mechanisms underlying TNBC cells
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response to taxanes. Hence, we performed direct FER-substrate
analysis using chemical genetics (Bishop et al., 2000). For this,
we identified a conserved methionine at position 637 (M637) as
a potential gatekeeper residue of the FER ATP-binding pocket
(Figures 3A and 3B). Considering the substantial homology and
structural similarity between FES and FER (Matsuura, 2019),
we inferred the FER structure based on an FES structure (Filippa-
kopoulos et al.,, 2008) (Figure 3C). Because full-length FER
cannot be produced in prokaryotes (Greer, 2002), we generated
truncated forms of the analog-sensitive M637A (FER-AS) allele;
wild-type (WT) and kinase-deficient (D742R) FER. The SH2-
and kinase-domain-containing truncates were expressed and
purified as GST-fusion proteins for in vitro assays to test kinase
activity using ATPyS (Figure 3D) and “bulky” ATPyS analogs
(Hertz et al., 2010) (Figure 3E). FER autophosphorylation was
used as positive control, and recombinant cortactin was used
as a potential control substrate based on published observations
(Sangrar et al., 2007) (Figure 3D). Importantly, FER-AS was
susceptible to the cell-permeable inhibitor NM-PP1 (Figure 3F).
NM-PP1 treatment blocked FER autophosphorylation and
phosphorylation of cortactin (Figure 3F), thus identifying
cortactin as a direct FER kinase substrate in vitro. As predicted,
FER-AS could utilize a variety of bulkyATPyS analogs, of which
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benzyl-ATPyS, we performed substrate

labeling in MM231 whole-cell lysates
(Figure 3H). Analysis of the purified thio-phosphopeptides using
MS revealed the identity and location of multiple pTyr sites on 16
tagged peptides. Among these, we identified 6 substrates
that are involved in cytoskeletal rearrangement, transcriptional
regulation, cell proliferation, and vesicular trafficking
(Table S1). The identified FER autophosphorylation sites were
considered internal positive controls. Our data also confirmed
phosphorylation of the FER activation loop at Y714 (Oneyama
et al.,, 2016), the SH2 domain (Y492, Y497), and the kinase
domain (Y615) (Hikri et al., 2009) (Table S1). Interestingly, three
autophosphorylation sites were identified in domains crucial for
FER kinase activity. One site corresponded to Y532 in the SH2
domain while the other two sites were mapped to Y578 and
Y799 in the FER catalytic domain (Table S1). We also identified
Y357 phosphorylation in oTubulin (TUBA1B), a substrate
previously implicated as a direct FER target (Shapovalova
et al., 2007). Among the 6 direct FER targets identified, two
were MAPK1 and DCTN2 (also known as Dynamitin/p50),
proteins implicated in cellular proliferation and membrane
trafficking, respectively. As such, we have successfully
developed an analog-sensitive model system for FER kinase
and identified direct FER targets using a chemical genetics
approach.
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Figure 3. Analog-sensitive FER (FER-AS)
phosphorylates trafficking and cytoskeleton
regulators

(A) Identification of the gatekeeper residue.
Sequence alignment of the kinase domain hinge
region and conservation of the gatekeeper residue
in FER. Consensus sequence (orange) and the
gatekeeper methionine residue at position 637
(M637) (magenta) are shown.

(B) Schematic view on the chemical genetics
approach.

(C) Surface representation of FER-wild type (WT)
and FER-AS inferred from the FES structure.
Zoom-in surface (left panels) and ribbon repre-
sentation (right panels) of the ATP pocket show the
details of the gatekeeper pocket. The gatekeeper
residue (magenta), peptide backbone (gray), and
consensus sequences (orange) are shown.

(D and E) FER-AS phosphorylates cortactin in vitro.
Kinase assays with recombinant GST-tagged WT,
kinase dead (D742R), or FER-AS in the presence of
ATPYS (D) or N®-benzyl-ATPyS (E).

_GST (FER) 7O GST(FER) 70 -C | GsT (FER) > O 2y1-A -
— (F) Inhibition of tyrosine kinase activity in FER-AS.
brf“ AS Kinase assays with recombinant FER D742R and
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(15 uM).
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Control over tumor progression features by FER is
tyrosine kinase dependent
To determine whether the oncogenic FER functions rely on its
tyrosine kinase activity, we reconstituted FER-iKD cells with a
DOX-inducible, full-length, and RNAi-resistant version of FER-
AS. Upon DOX, we could reach near-endogenous levels in
FER-AS-reconstituted MM231 cells (FERTECON; Figures 4A,
S2A, and S2B). In control cells, FER was mostly concentrated
at the perinuclear area and within protrusive structures (Fig-
ure 4B). Interestingly, NM-PP1 treatment resulted in a homoge-
neous distribution of FER throughout the cytoplasm (Figure 4B).
During cancer progression, cells detach, invade surrounding
tissues, and disseminate to distant organs. These metastatic
steps are interrelated and dependent on cell adhesion. To probe
whether cancer cell adhesion is dependent on the tyrosine
kinase activity of FER, we employed FERFECON cells. While
FER depletion led to overt cell spreading followed by formation
of abundant focal adhesion (FA) sites, using phospho-

Paxillin (pPax) localization as a readout
(Figures 4C and S2C), FERFECON rescued
FER loss, resulting in motile cells
characterized by sporadic FA formation
and absence of F-actin stress fibers (Figures 4C, 4D, and
S2C). Kinase inhibition using NM-PP1 largely abolished the
migratory phenotype (Figures 4C and 4D) and associated with
an increase in FA formation (Figure 4E).

Next, we analyzed the contribution of the tyrosine kinase
activity of FER to cell-cycle progression. FER depletion led to a
50% reduction of dividing (S-phase) cells (Figures 4F and 4G).
Upon DOX treatment, FERTECON cells exhibited a rescue of
their proliferative potential (Figures 4F and 4G). Treatment of
FERPFECON cells with DOX and/or NM-PP1 resulted in an
approximate 30% reduction of dividing cells (Figures 4F, 4G,
S2D, and S2E), coinciding with a decrease of FERTECON cell
numbers (Figure 4H). Moreover, we observed 3D cell invasion
was fully inhibited in the presence of DOX and NM-PP1 (Figure 41)
whereas cells treated with NM-PP1 showed 3D invasion
resembling the control condition (Figure S2F). Also, NM-PP1 did
not influence growth of FERFECON cells in the absence of
DOX (Figures S2D-S2H). Interestingly, FER-AS kinase inhibition
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resulted in a reduction in spheroid size, which could be attributed
to impaired cell proliferation upon treatment with both DOX
and NM-PP1 (Figures 41 and 4J). In the absence of DOX
treatment, NM-PP1 did not influence growth of FERTECON cells
(Figures S2G and 2H). Moreover, both FER loss and FER-AS
kinase inhibition results in a reduction in the invasive potential (Fig-
ure 4K). Importantly, specific inhibition of FER kinase activity using
NM-PP1 leads to a decrease in docetaxel-induced cytotoxicity
(Figure 4L), indicating that FER-dependent oncogenic triggers
and responses to taxanes are largely dependent on its tyrosine ki-
nase activity. In short, high FER expression and activity underpin
taxane responses in TNBC cells.

Since Y187 on MAPK1 was identified as a putative FER
phosphorylation site (Table S1), we assessed MAPK1
phosphorylation downstream of FER kinase activity. Validation
kinase assays were performed employing NM-PP1, resulting in
specific inhibition of FER-AS-dependent pTyr of MAPK
(Figure S3A). Using whole-cell lysates and a combination of
coimmunoprecipitation (colP) with MAPK1/3-specific and pan
tyrosine phosphorylation antibodies, we found that FER loss or
inactivation significantly reduced MAPK1 pTyr (Figures S3B
and S3C, respectively). MAPK1 was indeed phosphorylated on
the Y187 residue (Figure S3; co-localization of the red pY20
and green pMAPK1 signal). The obtained NM-PP1-induced
reduction of MAPK1 Y187 phosphorylation, when compared
with the contribution of MAPK1 phosphorylation by the MEK1
inhibitor (MEKI) selumetinib, suggested that approximately
20%-30% of the total MAPK1 activation on Y187 in MM231 cells
is through direct phosphorylation by FER kinase (Figure S3G).
Together with the downregulation in EGFR phosphorylation
observed by SILAC upon FER KD (Figures 1C and 1E), our
data suggest a dual regulation of FER on MAPK signaling: first,
indirectly through the downregulation of EGFR activation and
second, directly through the phosphorylation of MAPK1.

Another FER substrate associated with proliferation and
membrane trafficking was oTubulin (Table S1). Using in vitro
kinase assays, we could confirm aTubulin as a genuine FER
target (Figure S4A). We therefore also tested whether FER
depletion impacted MT stability, but we observed no changes
in the abundance of either CAMSAP2-stabilized MT minus
ends (Figure S4B) or de-tyrosinated MTs (Figure S4C). We
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therefore conclude that FER-induced sensitivity to taxanes is
not caused by direct control of FER on MT stability.

FER depletion affects integrin recycling

Because our biochemical data indicated a role for FER-depen-
dent membrane/protein trafficking, we studied the effect of
FER loss on endosomal and lysosomal processes using
endocytic uptake and endosomal sorting of BSA (lysosome-
directed cargo). Co-localization analysis with the EE marker
EEA1 and the lysosomal membrane protein LAMP1 (Figures 5A
and S5A, respectively) did not show BSA accumulation in EEs
or lysosomal alterations in DOX-treated cells, indicating that
endocytic uptake and transport of BSA to lysosomes is
independent of FER. We also visualized acidified late
endosomes and lysosomes by cell-permeable SiR lysosomes
in live cells and found no significant differences in lysosomal
vesicle trafficking upon FER loss (Figure 5B). Furthermore,
endogenous LAMP1 labeling showed no effects on steady-state
spatial distribution of lysosomes upon FER depletion, whereby
lysosomes retained their predominant localization in the
perinuclear area upon DOX (Figure 5C). Loss of FER did not
affect co-localization between LAMP1 and o6 integrin
(Figure 5D), indicating normal transport and degradation of o6
integrin to lysosomes. Together, these results show that FER
neither controls transport of endocytosed cargo to lysosomes
nor causes aberrations in lysosome acidification, transport, or
lysosomal degradation.

Next, we assessed the impact of FER depletion on endosomal
recycling. Cells were incubated with the recycling marker
transferrin (TF) and co-stained with EEA1 (Cullen and Steinberg,
2018), which showed an accumulation of TF in EEA1-positive
EEs upon FER depletion (Figures 5E and 5F). Given the previous
observation that «6 and B1 integrin localizations are controlled
by FER (lvanova et al., 2013), we analyzed co-localization of
these integrins with EEA1 and observed a significant accumula-
tion in EEs in the absence of FER (Figures 5E-5G, S5B, and S5C).
Importantly, FER kinase inhibition in FERFECON cells using
NM-PP1 also induced an increased accumulation of TF in EEs
when compared with control FERFECON cells (Figures 5H, 5I,
S5D, and S5E). Hence, our data show that cargo recycling
from EEs depends on the kinase activity of FER.

Figure 4. A reconstitution model to study how FER kinase activity controls BC progression

(A) MM231 FER iKD cells were stably reconstituted to endogenous levels with an FER-AS mutant (FERFESON). Expression levels of reconstituted and WT FER
were assessed using FER and V5-tag antibodies (V5). GAPDH was used as loading control.

(B) FERRECON s functional. FERRECON cells treated with DOX and NM-PP1 and probed for F-actin (magenta), FER (white), and DNA (DAPI, blue) using immuno-

fluorescence (IF). Scale bars, 15 um.

(C-E) FER kinase activity is essential for cell motility. (C) IF confocal images showing the effect of FER kinase inhibition on cell motility. The velocity of individual
cells was quantified upon FER depletion or after inhibition of the tyrosine kinase activity with NM-PP1 using live-imaging (D). Phosphorylation of Paxillin (p-Pax,
cyan) was used to illustrate the sessile adhesive phenotype and the presence of FAs (arrows), which were quantified in (E). Scale bars, 15 um.

(F and G) FERRECON cells were used for cell-cycle profiling, and the percentage of cells in S phase was determined.

(H) FERRECON celis were treated as indicated and the effect of FER kinase activity of cell proliferation was determined using colony formation assays.

(I-K) FER kinase is essential for the invasive growth of BC cells in 3D. FERTECON cells were plated as tumor spheroids in collagen- gels, imaged after adminis-
tration of DOX and/or NM-PP1 (phase contrast; I), and stained for Ki-67 (J). Quantifications of tumor spheroid invasiveness are shown in (K). Scale bars, 50 um.

Quantifications are from at least three biological replicates.
(L) Taxane responses in basal BC cells are FER kinase dependent. FE
istration.

RRECON

cells were treated with 0.5 nM docetaxel in the context of DOX and NMPP1 admin-

Error bars indicate SD; ns indicates non-significant; *p < 0.05, **p < 0.01, and ***p < 0.0001. Statistical significance was calculated using one-way ANOVA.

See also Figures S2, S3, and S4.
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Figure 5. FER controls endosomal recycling/trafficking
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and stained with anti-EEA1. Quantification of BSA and EEA1 co-localization is shown in (A). (B) Trajectory lengths were measured of SiR-lysosome-positive
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colocalization is shown in (D).

(legend continued on next page)
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We then analyzed the formation of recycling vesicles by
immuno-localization of endogenous Rab11 and Rab4 (McCaffrey
etal., 2001). Rab4 marks early-stage recycling tubules that form at
the early-endosomal vacuole and travel either directly to the
plasma membrane or to specialized, Rab11-positive recycling en-
dosomes (van der Sluijs et al., 1992; Ullrich et al., 1996). Interest-
ingly, FER-depleted cells showed an increase in Rab11-positive
vesicles (Figures 5J and 5K) and a collapse of Rab4-positive
membranes compared with control cells (Figures 5L and 5N).
This was dependent on the kinase activity of FER, as inhibition
using NM-PP1 also led to abrogation of Rab4-expressing struc-
tures (Figures 5M and 5N).

Together, the findings that recycling cargo accumulates in
EEA1-positive endosomes and that the collapse of the Rab4-
recycling tubules upon FER depletion indicate that FER is
involved in kinase-dependent protein sorting and/or tubule
formation at early-sorting endosomes.

DCTN2 is a candidate intermediate of FER kinase
activity and endosomal recycling

Because FER controls endosomal recycling/sorting and endo-
somal recycling relies on MT-dependent transport (Caviston
and Holzbaur, 2006), we focused on the FER substrate DCTN2
(Table S1). DCTN2 is an integral part of the dynactin complex
(Valetti et al., 1999), which is essential for MT minus-end-
directed transport of membrane organelles (Liu, 2017). First, ki-
nase assays were performed using recombinant GST::DCTN2
fusion proteins, which confirmed that FER-AS phosphorylates
DCTN2 in vitro (Figure 6A). To functionally assess a contribution
of DCTN2 to tumor progression, we performed loss-of-function
experiments using two lentiviral DOX-inducible hairpins (Fig-
ure 6B). Upon DOX addition, we observed sessile phenotypes
that overlapped with those observed in FER-depleted cells:
extensive cell spreading, stress fiber formation, larger, more
abundant FAs in interphase cells, and decreased migration
speed (Figures 6C-6F). Next, we reconstituted DCTN2-depleted
cells with GFP-tagged versions of WT DCTN2 (GFP-DCTN2"T)
or DCTN2 mutant YBA (GFP-DCTN2Y®) (Figure 6G) because
Tyr6 of DCTN2 was identified as a potential FER kinase
phosphorylation site (Table S1). DCTN2-Y6 resides in the
interaction surface with ARP1 in the dynactin complex; its
replacement by an alanine might thus affect dynactin-dynein
complex formation or function (Figures S6A-S6D). To investigate
this, we co-immunoprecipitated GFP-tagged DCTN2 proteins
(Figure S6E) and blotted for dynein intermediate chain and
ARP1 (Figure 6H), a dynein complex component that mediates
the binding of dynein to dynactin (Vaughan et al., 2001). Indeed,
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MM231 cells reconstituted with GFP-DCTN2Y®* showed an
approximate 50% reduction in the ability to interact with
ARP1 and dynein when compared with cells rescued with
GFP-DCTN2"T (Figure 6l).

We next functionally tested DCTN2"T or DCTN2Y®* reconsti-
tuted cells in the context of 2D adhesion. While DCTN2VT
rescued the phenotype induced by DCTN2 iKD (Figures 7A
and 7B), DCTN2Y® failed to functionally reconstitute DCTN2,
leading to overt cell spreading, increased FA formation
(Figures 7A and 7B), and decreased cell migration speed
(Figure 7C). These observations suggested that the DCTN2-Y6
residue is important for the motility of MM231 cells. Moreover,
reconstitution with the DCTN2-Y6A mutant failed to fully restore
cellular invasion upon DCTN2 depletion (Figures 7D’ and 7D”),
indicating that DCTN2Y® is essential for the motility, invasion,
and growth of MM231 cells.

To study if endosomal recycling tubule formation is dependent
on DCTN2 and its Y6 residue, we visualized recycling tubules on
sorting endosomes using Rab4 in conjunction with EEA1 and
observed that DCNT2 depletion caused an abrogation of
endosomal tubular structures (Figures 7E and 7G) and an
accumulation of EEA1 in the perinuclear area (Figure 7E),
phenocopying loss of FER function (Figures 5L-5N). Also,
while reconstitution of GFP-DCTN2"T rescued Rabé4-positive
structures, GFP-DCTN2Y®A reconstituted cells showed severely
impaired Rab4 recycling tubule formation (Figures 7F and 7G). In
contrast to DCTN2WT, mutation of DCTN2Y® did not rescue
proper B1 integrin localization, leading to an accumulation of
B1 integrin in EEA1 vesicles (Figure 7H).

We next analyzed if the Y6A mutation confers an effect on
taxane sensitivity using the DCTN2"T and DCTN2Y®” reconsti-
tuted breast cancer cells. Cells were treated with two different
docetaxel concentrations, and cellular proliferation was followed
over time. Interestingly, we find that reconstitution with the
DCTN2Y8A mutant does not significantly impact the growth
reduction caused by docetaxel (Figure S6F). In sum, these re-
sults suggest that DCTN2 specifically regulates endosomal
recycling circuitry to promote FER-dependent migration and
invasion of TNBC cells.

DISCUSSION

Since MTs are intricately involved in and necessary for vesicular
trafficking, and early endosomal function is controlled by FER
kinase, we assessed the efficacy of MT-stabilizing drugs in the
context of FER. Our preclinical findings were corroborated in
the clinical MATADOR trial, suggesting that high FER mRNA

(E-G) FER controls endosomal recycling. MM231 iKD cells were treated with DOX and incubated with fluorophore-conjugated transferrin (TF). EEA1 (red), TF
(cyan), and a6 integrin expression (a:6; yellow) were visualized in (E), and co-localization was quantified (F and G). Inset images correspond to a 240% magni-

fication.

(H and 1) FER controls endosomal recycling through its kinase activity. FERTESON cells were treated with DOX and NM-PP1 and incubated with TF-647 (green).
Cells were stained for EEA1 (red; H), and co-localization with TF was quantified in (I). Inset images correspond to a 240% magnification.
(J and K) FER differentially controls the formation of Rab11-positive recycling tubules. MM231 FER iKD cells were treated with DOX and stained for Rab11 (J).

Quantification of area of Rab11-positive vesicles is shown in (K).

(L-N) FER activity controls formation of Rab4 positive tubules. FER iKD (L) or FERTECON (M) cells were treated with DOX and NM-PP1 and were stained for Rab4
(white). Inset images correspond to a 175% magnification. Scale bars = 15 um. Quantifications of the Rab4-positive vesicle areas are shown in (N).
Error bars indicate SD; ns indicates non-significant; **p < 0.01 and ***p < 0.0001.

See also Figure S5.

Cell Reports 39, 110584, April 5, 2022 9




¢ CellPress

Cell Reports

A B . ) Figure 6. DCTN2is a candidate FER tyrosine
kba _ 4 - NM-PP{ KDa L#l '_KL#E_ DOX kinase substrate

70 pDCTN2 — (A) DCNT2 is a direct FER substrate. Shown are ki-

E PFER 501‘ - W IDCTN2 nase assays using FER-D742R and FER-AS in the

70- DCTN2 _ presence of ATPyS, using recombinant GST-

W — a FER 50_-_*- AKT Sg;::j as substrate. GST-FER served as loading

TAs D742R

C
| Facin_| DOTNZ DA |

- DOX

+ DOX

.

G

(B-F) DCNT2 is essential for BC cells motility.
DCTN2 was knocked down in MM231 cells using
two independent DOX-inducible shRNA se-
quences (B), and cells were stained for DCTN2
(cyan) (C) or p-Paxillin (D). Scale bars, 50 um. The
effect on FA formation was quantified in (E). (F)
Live fluorescence imaging of MM231 DCTN1iKD
cells transfected with pGK-GFP + DOX grown in
2D. Migration speed was quantified.

(G-l) The N-terminal Y6 residue of DCTN2 controls
dynactin complex formation. DCTN2-iKD cells
were reconstituted with either DCTN2 WT
(DCTN2RECON.WT) or the alanine substitute
DCTN2Y®A  (DCTN2RECON_YBA) (G), whereby
GAPDH was used as loading control (asterisk indi-
cates unspecific band). Dynactin complex forma-
tion was assessed using colP and western blotting
(H and I). Parental MM231 cell lysates were used
as non-specific immunoprecipitation controls.

DCTN2RECON ) ) ) .
o g Ak KD WT YA Blot§ were .blotted W|th.ant|—dyne|n (Intgrmedlate
3 g 1‘ KDa = & = F = ¥ DOX Cha|ln), anti-ARP1, ‘antl-GFP, and ann-A!(T -as
g ! 755 === I loading controls fc?r input samples. Quantification
3 ES- 1 ! 50 of levels of dynein and ARP1 bound to GFP-
221 ] { DCTN2-WT and GFP-DCTN2-Y6A was performed.
2 € i 75 *GFP—DCTN2 !Error bars indicate SD; *p.< 0.05. Statistical signif-
w 3 3 50 DCTN2 icance was calculated using Student’s t test.
% 1 %1 f; See also Figure S6.
; 2 |V 50
0- Igo_ ! 35 | e e <o eme «w| GAPDH
[ - DOX [+ DOX [ - DOX @+ DOX
migration, and invasion. It has been sug-
gested that cancer cells upregulate recy-
H I 10 * 1.0- * cling pathways to re-use growth factor
DCTN2RECON - DCTN2RECON ’ a receptors instead of targeting them to
kDa C WTYBA C WTY6A o e lysosomes for degradation, a shift that re-
701 I — ——|Dynein ("'5 c % sults in prolonged signaling and increased
50] . [ = —]ARP1 =054 | 2§ 0.54 proliferation (Eden et al., 2010; Lonic
70i —— | — o GFP g:: oo et al., 2021; Rafn and Kallunki, 2012).
70= - ___l AKT E Formation of recycling tubules starts
Input Co-IP 0.0- WT Y6A 0.0 WT Y6A by the induction of membrane curva-

levels predict the benefit of adjuvant taxane-containing
chemotherapy in high-risk breast cancer. Provided these
findings can be confirmed in an independent cohort, this
provides substantial ramifications for the clinical management
of aggressive breast cancer types using chemotherapy. As
FER does not affect MT stability, our data suggest that
breast cancers expressing elevated FER levels strongly rely on
MT-dependent cell processes. Based on our work, we propose
that next to the obvious effects on mitosis, endosomal recycling
represents an additional and essential process during tumor
invasion that is controlled by FER kinase activity.

Endosomal trafficking is a crucial process that regulates the
activation of major signaling pathways driving proliferation,
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ture on sorting endosomes. Local mem-

brane deformation subsequently recruits
F-BAR-containing proteins that regulate nascent tubule elonga-
tion (Delevoye et al., 2016). Although FER contains an F-BAR
domain, it is not a strong inducer of membrane curvature but
instead mainly acts as a curvature sensor whereby high mem-
brane curvature increases FER kinase activity (Yamamoto
et al., 2018). However, upon FER depletion or its kinase inhibi-
tion, we observed an impairment of Rab4-recycling endosome
formation. This would result in the accumulation of recycling
cargoes in sorting endosomes instead of entering recycling
tubules, while transport of cargo to lysosomes would remain un-
affected. Indeed, Rab4 tubule formation is an essential step for
the recycling of most B1 integrins in basal breast cancer (Po-
welka et al., 2004; Rainero and Norman, 2013), and commitment
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toward a fast-recycling route relies on the enrichment of specific
endosomal-sorting complexes such as Rab4, retromer, and
retriever in early-endosomal microdomains (Cullen and Stein-
berg, 2018; Sonnichsen et al., 2000). Interestingly, FER loss of
function leads to an aberrant enrichment of Rab11-positive
structures, which may either result from a compensatory mech-
anism for impaired Rab4 recycling or from another attenuation of
trafficking through slow endosomal recycling.

Formation and function of endosomal compartments and
sorting of cargo in the EE may involve segregation of endosomal
compartments by means of a “tug of war” between dynein and a
counteracting kinesin (Driskell et al., 2007). In this model,
opposing motors present at the EE would either be dynamically
switched on and off in a coordinated manner or maintained
within a competitive balance of forces (Granger et al., 2014).
Although such a mechanism is not fully understood, the
interaction between Rab4 and dynein might contribute to the
recruitment of dynein to control sorting of EEs (Bielli et al.,
2001). Our work indicates that when DCTN2 is depleted or
reconstituted by mutant DCTN2Y®4, it causes an impairment in
endosomal tubule formation. As such, it might suggest that
modulation of the dynactin-dynein function is required for the
separation of endosomal sub-domains, thus enhancing the
sorting process and, consequently, tubulogenesis (Valetti
et al., 1999). While the precise molecular and biochemical nature
of this regulation, how FER-kinase-dependent processes control
vesicular transport, and the effects on taxane responses are
beyond the scope of this study, our observations suggest that
tyrosine phosphorylation of DCTN2 by FER kinase is tightly
regulated in a temporal and spatially restricted manner. As also
proposed by others, such a multifactorial and intricate regulation
of the dynein-dynactin complex could potentially control
early versus late endosome formation and function (Short
et al., 2002).

Notwithstanding the absence of formal evidence of in vivo
phosphorylation of the Tyr6 residue by full-length FER, we
propose that in high-curvature Rab4 endosomes, FER can
phosphorylate DCTN2, leading to modulation of dynactin-
dependent organelle transport complexes. Phosphorylation on
DCTN2-Tyr6 would thus potentially disrupt the balance between
opposing MT motors, thereby promoting tumor invasion through
formation of Rab4 tubules and subsequent acceleration of adhe-
sion and growth-receptor recycling to the plasma membrane.

In short, we have revealed DCNT2 as a potential FER kinase
target in breast cancer and shown that the identified DCNT2-
Tyr6 epitope affects endosomal recycling and that high FER

Cell Reports

activity is causal to both endosomal recycling and taxane re-
sponses. Because the DCTN2 Y6 residue does not impact
cellular proliferation upon docetaxel treatment, our findings
potentially uncouple FER-dependent growth from FER-depen-
dent migration and invasion, whereby the latter is probably
more reliant on endosomal recycling mediated by DCTN2. Our
clinical data indicate that FER can predict taxane responses in
a cohort of breast cancers that are all highly proliferative. We
therefore hypothesize that FER—despite its control over
MAPK-dependent proliferation—mostly propels migratory and
metastatic cues in high-risk and basal-like breast cancers. In
this context, DCTN2 may represent an intermediate regulator
of these invasive processes through control of endosomal recy-
cling. Whether this role is directly subjected to FER-dependent
phosphorylation of the DCTN2 Y6 residue in vivo will require
additional research.

Together with the prognostic value of FER expression levels in
node-negative TNBC (lvanova et al., 2013), our clinical and
mechanistic studies further strengthen the importance of FER
as a putative predictive biomarker and drug target in high-risk,
HER2-negative breast cancer. We propose that FER expression
levels should be tested prospectively as a stratifying marker for
taxane-based chemotherapy in high-risk, HER2-negative breast
cancers.
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Figure 7. Tyrosine 6 of DCTN2 is essential for BC cell motility and invasion
(A—-C) DCTN2-Y6 controls 2D adhesion and migration. DCTN2-reconstituted cells were treated with DOX and probed for expression of pPax (cyan) and F-actin
(magenta). White arrows highlight the overt presence of FA, which were quantified in (B). (C) Live fluorescence imaging was used to quantify the 2D migration

speed of DOX-treated DCTN2RECONWT and DCTN2RECON_YBA cells.

(D) DCTN2 iKD (D’), DCTNRECONWT, or DCTN2RECON_YBA (D”) cells were treated with or without DOX and plated as tumor spheroids in basement membrane
extract. Cells were imaged by phase contrast, and tumor spheroid invasiveness was quantified. Scale bars, 50 pm.

(E-H) The DCTN2 tyrosine 6 residue is necessary for endosomal recycling. DCTN2 iKD cells were treated with or without DOX and stained for Rab4 (gray), 1-
integrin (red), and EEA1 (green) (E). DCTN2RECON_WT or DCTN2RECON.YBA cells were treated with DOX and stained for Rab4 (gray). Scale bars, 15 um (F). Quan-
tifications of Rab4-positive vesicle areas are shown in (G). Co-localization studies for p1-integrin and EEA1 in DCTN2 iKD, DCTN2RECONWT, and DCTN2RECON.

Y6A cells treated with or without DOX (H).

Error bars indicate SD; **p < 0.01, **p < 0.001, and ****p < 0.0001. Statistical significance was calculated using one-way ANOVA.

See also Figure S6.
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rat anti-B1 Integrin

rat anti-a6 Integrin

mouse anti-Rab4b

rabbit anti-Rab11

rabbit anti-DCTN2

Ki-67

rat anti-tyrosinated a-tubulin

BD Transduction

Santa Cruz Biotechnology

Bio-rad

Bio-rad

Li-Cor

Li-Cor

Santa Cruz Biotechnology

Life Technologies

Sigma-Aldrich

Thermo Fisher Scientific
Developmental Studies Hybridoma Bank
It was a kind gift from Dr. Sonnenberg
Santa Cruz Biotechnology
Thermofisher

Sigma Aldrich

Dako

Thermo Fisher Scientific

Cat# 610000; RRID: AB_397423
Cat# sc-393389; RRID: AB_2909607
Cat# 170-6516; RRID: AB_11125547
Cat# 170-6515; RRID: AB_11125142
Cat# 92668071; RRID: AB_10956166
Cat# 92632210; RRID: AB_621842
Cat# sc-138; RRID: AB_627677

Cat# 44722G; RRID: AB_2533733
Cat# T5168; RRID: AB_477579

Cat# MA1-164; RRID: AB_2536869
Cat# 528306; RRID: AB_528306

N/A

Cat# 271982; RRID: AB_10709179
Cat# 71-5300; RRID: AB_87868

Cat# HPA039715; RRID: AB_10795154
Cat# M7240; RRID: AB_2142367
Cat# MA1-80017; RRID: AB_2210201

rabbit anti-de-tyrosinated aTubulin Abcam Cat# ab48389; RRID: AB_869990
rabbit anti-CAMSAP2 Novus Cat# NBP1-21402; RRID: AB_2068823
Bacterial and virus strains

E. coli Rosetta2(DE3) Novagen Cat# 71400

Chemicals, peptides, and recombinant proteins

NM-PP1 Calbiochem Cat# 529581

Cultrex Basement Membrane Extract Trevigen Cat# 3533-005-02

cOmplete , EDTA-free Protease
Inhibitor Cocktail Roche

GST-Tubulin

ATPgS
N6-furfuryl(Fu)-ATPgS
N6-phenylethyl(Phe)-ATPgS
N6-benzyl(Bn)-ATPgS
p-nitrobenzyl mesylate
Doxycycline

SiR-Lysosome

with BSA-Alexa555
Transferrin-Alexa647
Purified GST-FER WT protein
Purified GST-FER AS protein
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Roche Applied Science

Sigma
BioLog
BiolLog
BioLog
BioLog
Abcam
Sigma
Tebu-bio
Invitrogen
Invitrogen
This study
This study

Cat# 4693116001

Cat# SRP5148
Cat# A 060-05
Cat# F 008-05
Cat# P 026-05
Cat# B 072-05
Cat# ab138910
Cat# D9891-1G
Cat# SC012
Cat# A34786
Cat# T23366
N/A

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Purified GST- FER-D742R protein This study N/A

Purified GST- MAPK1 protein This study N/A

Purified GST- DCTN2 protein This study N/A

Dithiothreitol Sigma Cat# R0861
Doxycycline free FCS Hyclone GE Healthcare Cat# SH30070.03T
penicillin and streptomycin Sigma Cat# P0781-100ML
DMSO Sigma Cat# D5879-1L
TCEP Sigma-Aldrich Cat# 646547-10X1ml
HEPES Sigma Cat# H3375-25G
Triton X-100 Sigma Cati#t T9284

NaCl Sigma Cat# 71376-1KG
NaVvO3 Sigma Cat# S6508-10G
NaF Sigma Cat# S6776-100G
NP-40 Merck Cat# 492016-100ML
Urea Ambion Cat# AM9902
ammonium bicarbonate Sigma Cat# 09830-1kg
Tween-20 VWR International Cati# 8.22184.0500

ECL-HRP detection kit
ProLong antifade
Docetaxel

Paclitaxel

GFP-Trap anti-GFP beads

Advanstra
Molecular Probes
Accord

Enzo Life Sciences
Chromotek

Cat# K-12045-D20
Cat# P36961

N/A

Cat# BML-T140
Cat# gta-20

Critical commercial assays

QuickChange

in-fusion HD enzyme
CloneJET PCR Cloning Kit
GATEWAY cloning

Agilent Technologies
Takara

Thermo Fischer scientific
Thermo Fischer scientific

Cat# 200521
Cat# 639649
Cat# K1231
Cat# 11791019

Deposited data

The mass spectrometry proteomics data

ProteomeXchange Consortium
via the PRIDE partner repository

PRIDE: PXD021307

The bulk mRNA sequencing data GEO (https://www.ncbi.nlm.nih.gov/ Cat# GSE167977
geo/query/acc.cgi?acc=GSE167977)

Experimental models: Cell lines

Human - MDA-MB-231 Eppelheim N/A

Human - HEK293T N/A N/A

Oligonucleotides

N/A See Table S2 for full list of N/A
oligonucleotide sequences

Recombinant DNA

PAcG2T vector Addgene Cat# 38167

Plasmid pGEX-6P-1 GE Healthcare Cat# 28-9546-48

pLV_FUTG_Tet_Inducible_shRNA This study N/A

pPDONR201 Invitrogen Cat# 12536017

PENTRY-DCTN2WT This study N/A

pPENTRY-DCTN2Y6A This study N/A

pJET-DCTN2WT This study N/A

pLV.CMV.GFP-DCTN2WT This study N/A

pLV.CMV.GFP-DCTN2Y6A This study N/A

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Software and algorithms

ImagedJ

R version 3.6.1, package
tableone 0.1.11

R Packages survival 3.1.11,
survminer 0.4.6

OrganoSeg
Imaris for Tracking software
Fiji TrackMate plugin

Volocity
Fiji Comdet plugin
Graphpad Prism

Schneider et al., 2012
N/A

N/A

Borten et al., 2018
Bitplane, Oxford Instruments
Tinevez et al., 2017

Quorum Technologies
Katrukha, 2020
Graphpad

https://imagej.nih.gov/ij/
https://cran.r-project.org/

https://cran.r-project.org/

N/A
N/A

https://doi.org/10.1016/j.
ymeth.2016.09.016

https://github.com/ekatrukha/ComDet
https://www.graphpad.com/

scientificsoftware/prism/

RESOURCE AVAILABILITY

Lead contact
Information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Patrick W. B.
Derksen (P.W.B.Derksen@umcutrecht.nl).

Materials availability
Plasmids and cell lines generated in this study can be obtained through the Lead Contact.

Data and code availability
® The MS proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019)
partner repository with the dataset identifier PRIDE: PXD021307. Dataset will be made available as of the date of publication.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this work is available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and culture conditions

MDA-MB-231 cells (MM231) were provided by Cell Lines Service (Eppelheim, Germany). STR typing of all cell lines was verified by
PCR. Sub-confluent cells were treated with 3.9 nM doxycycline (DOX) for at least 5 days. FERFECON cells were subsequently, treated
with 1 uM NM-PP1 (Calbiochem, 529581) or DMSO for 72h.

For 3D assays, MM231 cells were added to Cultrex Basement Membrane Extract (BME) (Trevigen; 3533-005-02) at a density of
1000 cells/50 pL BME. Droplets of 50 uL were added to flat bottom optical plastic 24-well plates (Corning, Tewksbury, USA). Plates
were incubated for 45 min. at 37°C to allow the BME to solidify, after which 500 uL normal growth medium was added. Cells were
cultured for 7 days at 37°C.

METHOD DETAILS

Plasmids
FER M637A was generated by site-directed mutagenesis (200521, QuickChange; Agilent Technologies, Wilmington DE) using
GST-FER WT in pAcG2T vector (38167, Addgene) as template. FER truncated forms, DCTN2 and MAPK1 were excised from
pJET vectors using EcoRl and Notl and ligated into the pGEX-6P-1 vector to introduce the GST tag. Full length FER-AS (M637A
FER) cDNA resistant to FER shRNA expressed by MDA-MB-231 FER-iKD [980-998] (MM231 FER-iKD) was generated by introducing
four silent mutations in the target sequence, by site-directed mutagenesis. Inducible DCTN2-specific shRNA constructs
(DCTN2-iKD) were generated using two shRNA oligo nucleotides (flanked by Xhol and Agel restriction sites). shRNA oligonucleotides
were annealed and ligated in pLV_FUTG_Tet_Inducible_shRNA using in-fusion HD enzyme (639649, Takara).

PENTRY-DCTN2YT and pENTRY-DCTN2Y®A were generated using GATEWAY cloning (Thermo Fischer scientific) as
follows: pJET-DCTN2"T vector was used as template to generate DCTN2"T PCR products flanked by attB recombination sites.
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PENTRY-DCTN2Y®A was generated by site-directed mutagenesis (200521, QuikChange; Agilent Technologies, Wilmington DE) of
pJET-DCTN2YT. The attB sites were generated using pJET-DCTN2Y®” vector as template. We cloned DCNT2VT and DCTN2Y%”
into a pDONR201 using a BP Reaction, generating pENTRY-DCTN2"" and pENTRY-DCTN2®A. Full length DCTN2"" and
DCTN2Y%* cDNAs resistant to DCTN2 shRNA 2 were generated by introducing three silent mutations in pENTRY-DCTN2VT and
PENTRY-DCTN2"®A, pLV.CMV.GFP-DCTN2"T and pLV.CMV.GFP-DCTN2Y%" were constructed using GATEWAY cloning. All
constructs were verified by DNA sequencing.

Sequences of oligonucleotides are detailed in Table S3.

Virus generation and cell transduction

Inducible shRNA (iKD) constructs targeting DCTN2, and DCTN2"T, DCTN2Y®* and FER-AS-expressing lentivirus production and
transduction have been described previously (Schackmann et al., 2011) In short, lentiviral particles were produced in HEK293T or
COS7 cells using third-generation packaging constructs. Supernatant containing viral particles was harvested 48 hours after
transfection, passed through a 45um filter, and concentrated 10 to 150-fold by ultra-centrifugation (175,000g; 150 minutes).
MM231 cells were transduced overnight in the presence of 4 ug/mL polybrene (Sigma-Aldrich). DOX-inducible cell lines were treated
for 4 days with 0.1 pg/mL DOX, refreshed every 2 days.

3D morphology assessment

Brightfield images were acquired by using a 10x objective on an EVOS M5000 Imaging System. Images were white balanced (after
preliminary autoexposure). At least 5 images were acquired per chamber well, and at least two wells were imaged per condition.
Three independent experiments were performed.

SILAC labelling - mass spectrometry

For SILAC labelling, MM231 FER-iKD cells were grown in DMEM medium for SILAC (88364, Invitrogen), containing heavy (13C6- and
15N2-lysine) or light (12C- and 14N-lysine) amino acids (Dundee Cell Products). After 8-10 passages, incorporation of the labeled
amino acids was tested by LC/MS/MS. Control cells were cultured in “light” and DOX-treated cells in “heavy” medium (forward
experiment). As a control, control cells were cultured in “heavy” and DOX-treated cells in “light” medium (reverse experiment). At
80-90% confluence, cells were harvested and lysed with lysis buffer containing 8M Urea, 1M ammonium bicarbonate (ABC)-buffer
(non-TMT labeling), phosphatase inhibitor cocktail 2 and 3 (Roche), protease inhibitor cocktail (Roche), 10mM 10 mM tris(2-carbox-
yethyl)-phosphine (TCEP), 40mM 2-chloroacetamide (CAA). The number of cells was quantified, and cell extracts from each cell line
were mixed at a 1:1 ratio. Samples were processed as previously described (Humphrey et al., 2015). Briefly, the samples harvested in
lysis buffer were sonicated followed by overnight digestion. After digestion the samples were concentrated and cleaned up using
Sep-Pak C18 columns. The samples were enriched for phosphopeptides. First the samples were eluted from Sep-Pak column using
1 ml Buffer (80% acetonitrile and 0.1% formic acid) and acidified by adding Trifluoroacetic acid (TFA) to 6% concentration. The
samples were then added to pre-washed TiO2 beads (~ 10:1 beads:protein; ZirChrom Sachtopore-NP, 5um, 300A) and incubated
for 5 min at 37C on a shaker. The supernatant was then incubated again on a second batch of TiO2 beads. Phosphopeptides were
now bound to the TiO2 beads. After incubation the beads were centrifuged and the supernatant was removed. The beads were then
washed 3 times with wash buffer (60% Acetonitrile, 1% TFA) using centrifugation to remove remaining non-phosphopeptides. The
samples were then transferred with transfer buffer (80% Acetonitrile, 0.5% Formic Acid) to a stagetip with a single C8 layer. The
samples were centrifuged to complete dryness and eluted with elution buffer (40% acetonitrile, 60% NH40H (25% HPLC grade)
in a new container. After elution the samples were concentrated and cleaned up on C18 stagetips. The samples were then eluted
and fractioned using Reverse Phase high pH OnStagetip Fractionation into 3 fractions. After elution the samples were concentrated
to dryness by SpeedVac and resuspended with 14 ul Buffer (water, 0.1% formic acid) half of which is used for mass-spec analysis.
The samples were then analysed on an Orbitrap Fusion™ Tribrid™ mass spectrometer using a 240-minute gradient, full scan
resolution of 240k, cycle time of 1 second and HCD fragmentation readout in the lon Trap on rapid scanout. Three independent
experiments were performed. The MS proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE
(Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD021307.

Thiophosphorylated peptides - mass spectrometry

Covalent capture of thio-phosphorylated substrate proteins was performed using 2 mg protein from lysates labeled with bulky
ATPrs. Isolation of the resulting phospho-peptides and analysis by LC-MC/MS was performed as previously described (Blethrow
et al., 2008). Cells were lysed with complete denaturation buffer (8M Urea, 10 mM TCEP, 100 mM NH4HCO3, 2 mM EDTA).
Denaturation buffer was added to the labeled lysate such that the final concentration is 6 M Urea, followed by 1 hour incubation
at 55°C. Sample was diluted by adding 50 mM NH4HCO3; such that the final concentration of Urea was 2 M, and added 1 M
TCEP to a final concentration of 10 mM and trypsin in a 1:50-1:10 ratio. After an incubation at 37°C for overnight, the sample was
acidified by the addition of 2.5% TFA to attain 0.1% TFA. C-18 Sep Pak were washed with 0.1% TFA 50% Acetonitrile:H,0, followed
by 10 mL of 0.1% TFA:H,O and the acidified sample was loaded to the column. Then, the column was washed with 0.1% TFA:H,0.
Peptides were eluted with 1 mL 0.1% TFA in 50% Acetonitrile:H,O and concentrated to near dryness using a speed vacuum.
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lodoacetyl agarose beads were prepared for each sample by pipeting 50% resin slurry into a siliconized tube. After a short spin at
10,0009 followed by supernatant removal, beads were washed with 200 mM HEPES pH 7.0. A blocking solution of 50% Acetonitrile
50% 20 mM HEPES pH 7.0 and 5 mg/mL BSA was added to the beads and incubated for ten minutes in the dark. Additionally, we
prepared another covalent capture reaction by directly adding several pmols of the thio-phosphorylated CREB peptide to the beads
in 50% Acetonitrile 50% 20 mM HEPES pH 7.0 with BSA. The pH of the digested labeled peptide mixture was adjusted by adding
200 mM HEPES pH 7.0 to a final concentration of 20 mM. Beads were spun down again, the supernatant removed, and each sample
was added to one tube of bead mixture followed by room temperature incubation in the dark with gentle rocking for overnight. The
entire reaction was added to the top of the column and let it drain into a microcentrifuge tube. The reaction tube was washed
with 50% Acetonitrile 50% 20 mM HEPES pH 7.0. Beads were washed by adding 1 mL of each solution in the following order:
H>O; 5 M NaCl; 50% Acetonitrile; 5% Formic Acid. 10 mM DTT was added to the column, allowing it to drain halfway, and then
incubating for 10 minutes with the solution in the column. Then, a solution of 1 mg/mL Oxone pH ~3.5 in water was added to the
column. Phospho-peptides were desalted and concentrated with a C-18 ziptip. Next, the ziptip was washed with 0.1% TFA 50%
acetonitrile H,0, then with 0.1% TFA H,0, then with 0.1% TFA H20 and eluted by washing with 0.1% TFA 50% Acetonitrile-H-O.
The sample was concentrated on a speed vacuum and analyzed by tandem mass spectrometry using a QSTAR ELITE that includes
coupled liquid chromatography on a reverse phase C18 column utilizing a 3-32% acetonitrile gradient in 0.1% formic acid. MS
spectra were acquired for 1s. For each MS spectrum the two most intense multiply charged peaks were selected for generation
of subsequent collision-induced dissociation MS. The data was analyzed by centroiding using Analyst QS software. Search the
MS/MS spectra against the entire UniProt database, selecting no constant modifications and allowing the following variable
modifications: Phospho: Serine, Threonine, Oxidized: Methionine.

Purification of recombinant proteins

FER WT, FER AS, FER-D742R, MAPK1 and DCTN2/pGEX-6P-1 vectors were introduced into Rosetta bacteria, and transformants
were plated on LB-agar plates containing ampicillin (Sigma-Aldrich). Protein expression was induced for 16h at 18°C by adding
0.2 mM Isopropyl B-D-1-thiogalactopyranoside (Sigma-Aldrich). After induction, bacteria pellets were lysed in lysis buffer
containing 10 mM EGTA, 10 mM EDTA, 0.1% Tween 20, 250 mM NaCl, 5 mM DTT, 0.325 mg/mL lysosome, and protease inhibitors
(CompleteTM; Roche Applied Science). Cells were sonicated and centrifuged at 38k relative centrifugal force for 30 min at 4°C.
Supernatants were coupled to glutathione-Sepharose 4B beads (Amersham Biosciences) and proteins were eluted in buffer
containing 100 mM Tris (pH 8.0), 30 mM reduced glutathione and 75 mM KCI.

Immunoprecipitation and in vitro kinase reactions

Immunoprecipitation of phospho-MAPK1/3 was performed as previously (van de Ven et al., 2015), using mouse anti-phospho-p44/42
MAPK (1:50; Cell Signaling, 9101s). MM231 DCTN2iKD expressing GFP-DCTN2"T or GFP-DCTN2Y®” were cultured in DOX-induced
conditions (1 ng/mL, Sigma), for 10 days in 10cm dishes. GFP-Trap anti-GFP beads (#gta-20; Chromotek) were used to perform the
co-immunoprecipitations.

Recombinant truncated FER kinases were included into a 25-ulL reaction containing kinase buffer (10 mM MgCI2, 20 mM Tris
buffer pH 7.5 and 0.1 mM NasVOa4 (SigmaAldrich)), Each reaction was supplemented with an equal amount (1 uL) of GST-Cortactin,
GST-MAPK1 or GST-Tubulin (SRP5148, Sigma), ATPyS (250 uM, A 060-05, BioLog), N°-furfuryl(Fu)-ATPyS (250 pM, F 008-05,
BioLog), N®-phenylethyl(Phe)-ATPyS (250 uM, P 026-05, BioLog) or N®-benzyl(Bn)-ATPyS (250 uM, B 072-05, BioLog) with or without
10 pm NM-PP1 (Calbiochem). After 30 min at 30°C, the reactions were stopped using 0.5M EDTA. Thiophosphorylated samples
were subsequently incubated with 2.5 mM p-nitrobenzyl mesylate (Epitomics, Burlingame, CA). After 2h at room temperature,
25 uL of 2x sample buffer was added to stop the reaction.

Immunoblotting analysis

MM231 cells were directly lysed in sample buffer, separated by SDS/PAGE and blotted. The following antibodies were used forimmu-
noblotting analysis: mouse anti-FER (1:1000; Cell Signaling, 4268s), rabbit anti-GAPDH (1:1000; Millipore, Mab374); mouse anti-GST
(1:1000; Santa Cruz, sc-138), mouse anti-thiophosphate ester (1:5000; Abcam, ab92570), rabbit anti-V5 (1:1000, 13202, Cell
Signaling), rabbit anti-phospho-p44/42 MAPK (1:1000; Cell Signaling, 9101s), rabbit anti-phospho-p44/42 MAPK (1:1000; Cell
Signaling, 4370s), mouse anti-p44/42 MAPK (1:1000, Cell Signaling, 9107), mouse anti-phospho tyrosine (1:500; BD Transduction,
610000), mouse anti-DCTN2 (1:500; Santa Cruz, sc-393389). Detection was performed by using HRP-conjugated goat anti-mouse
or goat anti-rabbit antibodies (1:5000; Bio-rad, 170-6516 or 170-6515) and Enhanced Chemi-Luminescence (ECL) detection (GE
Healthcare). Detection was also performed using IRDy680 and IRDye800 labeled goat anti-rabbit or goat anti-mouse antibodies
(1:5000; Li-Cor,926-68071 or 92632210). Quantification was done using the Image Studio Lite software (LI-COR Biotechnology).

Immunofluorescence analysis

Specimens for immunofluorescence (IF) microscopy were prepared as described (Tavares et al., 2017). Briefly, cells were plated in
glass coverslips and fixed in 4% paraformaldehyde in PBS at pH 7 for 20 min and permeabilized with TBS-T (TBS—0.1% Triton
X-100) at room temperature. Cells were blocked in PBS-T supplemented with 10% BSA for 1 h at room temperature. Primary
antibodies were incubated overnight at 4°C in blocking solution. Coverslips were then washed three times with PBS and incubated
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with secondary antibodies and with Rhodamine-conjugated Phalloidin (Sigma, P-1951) at 0.3 mM in blocking solution for 1 h at room
temperature. After three washes in PBS, cells were stained with 2 ng/mL DAPI (Sigma, D9542) for 5 min. in TBS, washed again
with PBS and mounted on Prolong. Confocal analysis was conducted with a Plan-Apochromat 63x /1.40 Oil DIC M27 or with a
LD Plan-Neofluar 40x/0.6 Korr M27 objectives mounted on an inverted Carl Zeiss LSM 700 Laser Scanning Microscope. For
immunofluorescence staining of aTubulin (tyrosinated /detyrosinated) and CAMSAP-2, cells were fixed in cold methanol for
10 min at -20 °C. Imaging was performed using a Nikon Eclipse Ni-U Microscope, Ni 100x NA 1.45 oil immersion objective. Images
were acquired and analyzed with ImagedJ software.

Primary antibodies used: anti-phospho Paxillin (1:100; Life Technologies, 447226), mouse anti-o.Tubulin (1:1000; #T5168, Sigma-
Aldrich), mouse anti-LAMP1 (1:500; MA1-164, Thermo Fisher Scientific), rat anti-B1 Integrin (1:200, 528306, Developmental Studies
Hybridoma Bank), rat anti-a:6 Integrin (Sonnenberg et al., 1987) (1:20), mouse anti-Rab4b (1:50, 271982, Santa Cruz Biotechnology),
rabbit anti-Rab11(1:200, 71-5300, Thermofisher), rabbit anti-EEA1 (1:100, 3288, Cell Signaling Technology), rabbit anti-DCTN2
(1:100, HPA039715, Sigma Aldrich) and Ki-67 (1:50, M7240, Dako), rat anti-tyrosinated a-tubulin (1:200; MA1-80017, Thermo Fisher
Scientific), rabbit anti-de-tyrosinated oTubulin (1:200; ab48389, Abcam) and rabbit anti-CAMSAP2 (1:200; NBP1-21402, Novus).
Secondary antibodies used were: Alexa-488-, Alexa-594, Alexa-647, Alexa-633, and Alexa-568-conjugated goat antibodies against
rat, rabbit and mouse (1:200; all from Molecular Probes by Invitrogen).

Live cell imaging

MM231 FER iKD or DCTN2 iKD cells were induced for 5 days with or without Dox, and MM231 FERTECON cells were treated for 3 days
with NM-PP1 or DMSO (control), before plating them on 8-well glass-bottom plates (Ibidi, Grafelfing, Germany). Cells were imaged
every 15 min. for 16 h. using a Olympus Cell-M imaging system with an UPlanFL N 20x/0.50 objective. During imaging, cells were kept
in complete DMEM medium (with or without DOX, or with DMSO or NM-PP1) under normal growth conditions (37°C, 5% CO2). Cell
migration was quantified using the Imaris for Tracking software (Bitplane, Oxford Instruments, UK) or TrackMate (Tinevez et al., 2017)
plugins.

Cell were treated with 200nM SiR-Lysosome (Tebu-bio, SC012) 1hr before imaging. Fluorescence imaging of live cultures was
performed on a Nikon spinning disk-based confocal imaging station with the Perfect Focus System equipped with Plan Apo VC
100x N.A. 1.40 oil objective. Imaging of lysosomes with SiR-Lysosome was performed at 0.05 s for 600s. The length of the directional
tracks was analyzed using the MTrackd plugin for vesicle tracking.

BSA/Transferrin uptake assay

Cells were incubated for 3hrs in medium with BSA-Alexa555 (10 ug/mL; A34786, Invitrogen). For Transferrin uptake studies, cells
were first incubated on ice for 10 min, then Transferrin-Alexa647 (50 pg/mL; T23366, Invitrogen) was added and incubated for
15 min. Cells were rinsed with PBS and fixed with 4% PFA for 2hr at RT. Samples then followed the same immunofluorescence
protocol described above. Samples were imaged on a DeltaVision widefield microscope using ax100/1.4 A immersion objective.
Pictures were deconvolved using Softworx software and analyzed using Fiji ImageJ v1.48q (Schneider et al., 2012). Quantification
of colocalization was done using Volocity high-performance image analysis software (Quorum Technologies) or with Comdet plugin
in Fidi (https://github.com/ekatrukha/ComDet).

Cell counting and cell cycle profiling

Cell numbers were quantified using the Countess™ Cell Counter (Invitrogen) and fixed in 70% ethanol. Cells were washed and
incubated with staining solution containing 20 pg/mL propidium iodide and RNase 100 pg/mL and analyzed by flow cytometry
(FACSCelesta; BD Sciences). FlowdJo, LLC software was used for quantification of the percentage of S-phase cells. Quantifications
are from at least three biological replicates.

Colony formation assays

Optimal drug concentrations were determined by serial dilution for each cell line. Cells were treated with docetaxel (Accord, India) or
Paclitaxel (BML-T140, Enzo Life Sciences) for three days within a range of 0.1 nM - 250 nM and with DMSO as vehicle control.
Experiments were performed at least three times. Cells were fixed with media containing 2.5% glutaraldehyde (Sigma) for 10 min
and stained with 0.1% Crystal Violet (Sigma) for 30 min. Proliferation rate/crystal violet intensity was determined by washing the cells
for 30 min with 10% acetic acid and measuring optical density (OD) at A=595nm. IC50 values and significance were calculated using
four parameters logistical regression, non-linear fit of exponential decay test and unpaired two-tailed Student’s multiple t-test,
respectively.

Clinical data analyses

RNA seq datasets from the MATADOR study (Dutch Breast Cancer Research Group (BOOG) BOOG 2005-02) (van Rossum et al.,
2018) were obtained from formalin-fixed, paraffin-embedded primary tumor specimens (submitted to be published) and were
used to study the association between FER mRNA expression levels and patient outcome after six adjuvant cycles of dose-dense
doxorubicin and cyclophosphamide (ddAC) or six cycles of docetaxel, doxorubicin and cyclophosphamide (TAC) (van Rossum et al.,
2018). For 574 patient tumor samples good quality RNA sequencing data could be obtained. Out of the normalized and log2
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transformed data (with use of DESeq?2) the FER expression per patient was measured. FER high was defined as an RNA expression
above the median [8.538] value derived from FER expression levels measured in all patients. Correlation of FER expression with
clinicopathological features of the patient cohort is presented in Table S4 and tested for difference in distribution using the Pearson
Chi-square test (R version 3.6.1, package tableone 0.1.11).

Recurrence-free survival was defined as the interval between randomization and locoregional or distant relapse or death by any
cause. We assessed whether the effect of adjuvant TAC versus ddAC chemotherapy on recurrence-free survival, expressed as the
hazard ratio, differed by FER status based on multivariate proportional hazards regression with an interaction term, adjusting for the
following potential confounders: Tumor size, lymph node status, histologic grade, age and type of surgery. Results of the model are
reported with corresponding confidence intervals (Cl) fitted for RFS, and interaction p-values (alpha 0.05). Recurrence-free survival
was evaluated according to FER status by Kaplan—Meier curves and log-rank statistics (Packages survival 3.1.11, survminer 0.4.6).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of colocalization assays

Imaged plugin Comdet v.0.3.61 (Katrukha, 2020) (https://github.com/ekatrukha/DoM_Utrecht) was used for detection and fitting of
single molecule fluorescent spots. With this method, individual spots are detected in both channels and the percentage of the signal
(pixels) that is shared between both channels is measured. Quantification was performed for 3 separate experiments with n>40 cells.

3D morphology quantification

Each image was segmented by individually optimizing the OrganoSeg (Borten et al., 2018) parameters manually until a suitable
segmentation was achieved. Invasiveness was inferred using ‘Solidity’ parameter (Invasiveness=1-Solidity) reported in each spheroid
caption.

Analysis of live cell imaging data
Cell migration was quantified using the Imaris for Tracking software (Bitplane, Oxford Instruments, UK) or TrackMate (Tinevez et al.,
2017) plugins.

Imaging of lysosomes with SiR-Lysosome was performed at 0.05 s for 600s. The length of the directional tracks was analyzed using
the MTrackd plugin for vesicle tracking.

Quantification of immunofluorescence

Ki67 and phospho-Paxillin

For each experiment, all images were acquired with identical illumination settings. Image analysis was performed with Fiji image pro-
cessing software (Imaged). Immunofluorescence images were quantified for both phospho-Paxilin (pPax) and Ki67 signal using mac-
ros in FIJI. For pPax quantification, Phalloidin signal was used to demarcate cells via thresholding and nuclei were demarcated using
DAPI signal and “Analyze particles”, excluding nuclei that were cut off by the image border. Subsequently, pPax foci were quantified
using “Find Maxima” command in conjunction, after which foci were measured within the demarcated cells. Finally, in Excel, pPax
data was converted from signal to foci and number of foci was averaged to the number of cells quantified in the image, determined by
number of nuclei. Significant differences between conditions were visualized and tested in Graphpad Prism 9 software.

For Ki67 quantifications, DAPI was used to demarcate the nuclei, after a smooth and “Gaussian blur” to increase definition of
nuclei in spheroids. Nuclear ROIs were established after thresholding with the DAPI signal and using “Analyze particles” command.
Finally, Ki67 signal was measured within these ROIs and exported to Excel. Per image, nuclear ROIs were filtered based on size
(25>R0I<250) to exclude debris and merged ROls. Afterwards, Ki67 thresholds were established image by image, using the
average of the five lowest Integrated Densities multiplied by three, accounting for signal intensity differences due to imaging depth
in gels. Significant differences between conditions were visualized and tested in Graphpad Prism 9 software.

Quantifications of Rab4- and Rab11-positive vesicle areas

Size analysis of Rab4 and Rab11 positive endosomal organelles was done using the Comdet plugin in Fiji (https://github.com/
ekatrukha/ComDet) (Schindelin et al., 2012) First, cellular areas in the images (2 or 3 per image) were selected and identified as region
of interest (ROI) using the actin labelling (Phallodin-Alexa*®®) signal in the images. Objects were subsequently detected with the
CombDet plugin of Fiji in the respective Rab4 or Rab11 channels. Values of ‘NArea’ were chosen to measure Rab4 and Rab11 objects
with puncta and tubule-like appearances. 10 images (20-30 cells) from 3 independent experiments were processed. Area of Rab4
and Rab11 particles were obtained from the output table from the ComDet plugin, averaged per image, and plotted in GraphPad.

Mass spectrometry

Raw mass spectrometry data were processed using MaxQuant version 1.5.1.6, with an false-discovery rater (FDR) < 0.01 at the level
of proteins, peptides and modifications, using default settings with the following minor changes: oxidized methionine (M), acetylation
(protein N-term) and phospho (STY) were selected as variable modifications, and carbamidomethyl (C) as fixed modifications
minimum peptide length of six amino acids, and “match between runs” (MBR) was enabled with a matching time window of
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1 min. Proteins and peptides were identified using a target-decoy approach with a reversed database, using the Andromeda search
engine integrated into the MaxQuant environment. Searches were performed against the Human UniProt FASTA database
quantification of peptides and proteins was performed by MaxQuant. Bioinformatics analysis was performed with Perseus, Microsoft
Excel and R statistical computing software. Annotations were extracted from UniProtKB, Gene Ontology (GO), Kyoto Encyclopedia
of Genes and Genomes (KEGG), Reactome, Ingenuity IPA and NCI-Nature. Significance was assessed by Student’s t-test, using
permutation-based FDR to control for multiple hypothesis testing.

Statistical analysis

Statistical significance was analyzed either using the Mann-Whitney U test, or t test, as indicated in the figure legends. For the t tests,
data distribution was checked for normal distribution of the data. Error bars represent the standard deviation (SD). The asterisks
indicate significant differences. Statistical analysis was performed with Graphpad Prism 9 software.
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