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Protein tyrosine phosphatases (PTPs) are critical regulators of signal transduction but have yet to be exploited fully
for drug development. Receptor protein tyrosine phosphatase δ (RPTPδ/PTPRD) has been shown to elicit tumor-
promoting functions, including elevating SRC activity and promoting metastasis in certain cell contexts. Dimeri-
zation has been implicated in the inhibition of receptor protein tyrosine phosphatases (RPTPs). We have generated
antibodies targeting PTPRD ectodomains with the goal of manipulating their dimerization status ectopically,
thereby regulating intracellular signaling.Wehave validated antibody binding to endogenous PTPRD in ametastatic
breast cancer cell line, CAL51, and demonstrated that amonoclonal antibody, RD-43, inhibited phosphatase activity
and induced the degradation of PTPRD. Similar effects were observed following chemically induced dimerization of
its phosphatase domain.Mechanistically, RD-43 triggered the formation of PTPRDdimers inwhich the phosphatase
activity was impaired. Subsequently, the mAb–PTPRD dimer complex was degraded through lysosomal and pro-
teasomal pathways, independently of secretase cleavage. Consequently, treatment with RD-43 inhibited SRC sig-
naling and suppressed PTPRD-dependent cell invasion. Together, these findings demonstrate that manipulating
RPTP function via antibodies to the extracellular segments has therapeutic potential.
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Protein tyrosine phosphorylation is a reversible, post-
translational modification orchestrated by protein tyro-
sine kinases (PTKs) and protein tyrosine phosphatases
(PTPs). Owing to the wide variety of cellular events regu-
lated by modulation of tyrosine phosphorylation status,
both PTKs and PTPs have long been considered attractive
pharmacological targets (Krebs 1993). The development of
PTK inhibitors has yielded numerous successful drugs,
highlighting the promise of exploiting dysfunctional tyro-
sine phosphorylation-dependent signal transduction for
therapeutic development in various diseases, including
cancer. In contrast, whereas PTPs also play indispensable
roles in balancing cellular signaling pathways and have
been implicated in multiple diseases (Tonks 2013), they
have been historically underexploited as therapeutic tar-
gets, mostly due to their highly charged catalytic pocket.
Small molecule inhibitors targeting the PTP active site
are predominantly charged molecules, which underlies
poor bioavailability (Mullard 2018). Hence, alternative ap-
proaches, such as targeting allosteric sites (Krishnan et al.

2014; Chen et al. 2016), stabilizing the inactive oxidized
form of PTPs (Haque et al. 2011), or developing cell-per-
meable peptides (Lang et al. 2015), are being pursued.
Receptor protein tyrosine phosphatases (RPTPs) are

transmembrane proteins comprising an extracellular re-
ceptor segment and an intracellular phosphatase segment.
RPTPs have two intracellular phosphatase domains: The
membrane-proximal domain (D1) performs the catalytic
function, whereas the membrane-distal domain (D2) has
no catalytic function but regulates RPTP activity (Tonks
2006). Receptor PTKs are activated by dimerization, and
antibodies that perturb formation of RTK dimers inhibit
the kinase activity (Fauvel and Yasri 2014). In a comple-
mentary manner, dimerization has been shown to inhibit
RPTP activity (van der Wijk et al. 2005). Therefore, phar-
macological agents engaging the extracellular segment
of RPTPs offer an innovative approach to manipulate the
function of these receptor proteins.
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Diverse mechanisms have been proposed to explain
dimerization-mediated inhibition of RPTPs, involving
the wedge motif (Bilwes et al. 1996; Majeti et al. 1998),
D2 domain (Fujikawa et al. 2019; Wen et al. 2020), and
transmembrane domain (Chin et al. 2005; Bloch et al.
2019). Thewedgemotif is a conserved helix–turn–helix lo-
cated between the transmembrane region and the D1
domain in somemembers of the RPTP family. The wedge
motif has been shown to interactwith the catalytic pocket
of the apposing D1 domain in crystal structures (Bilwes
et al. 1996), and mutations at this interface have been
shown to impair dimerization-associated inhibition in
RPTPs (Majeti et al. 1998). These models provide a struc-
tural basis for the regulation of RPTP function by intrinsic
homophilic interaction (Tertoolen et al. 2001; Xu and
Weiss 2002) or ligand-mediated monomer/dimer/oligo-
mer switches (Fukada et al. 2006; Coles et al. 2011) under
physiological conditions, indicating that dimerization-
mediated inhibition may be a shared regulatory feature
across the RPTP family. Consequently, targeting of the
ectodomain is attractive as the basis for modulating
RPTP function pharmacologically. Nevertheless, there
are several critical biochemical details that remain to be
characterized, such as the fate of dimerized RPTP mole-
cules and whether secretase cleavage, which is shown to
modify the extracellular segments of RPTPs and result in
shedding, may affect the efficacy of approaches to induce
artificial dimerization via the extracellular segments.

Receptor protein tyrosine phosphatase δ (PTPRD) is pri-
marily expressed in the central nervous system (Cornejo
et al. 2021); however, aberrant expression of PTPRD is ob-
served in a subset ofmetastatic breast cancer patients, par-
ticularly in those deficient in expression of metastasis
suppressor protein 1 (MTSS1), a putative tumor suppressor
gene (Chaudhary et al. 2015) and a binding partner of
PTPRD (Woodings et al. 2003). Several studies suggest
that PTPRD is associated with invasive morphological
changes (Chaudhary et al. 2015) and hyperactivation of
the proto-oncogenic protein tyrosine kinase SRC (Yeat-
man 2004), consistent with an oncogenic role in certain
contexts. For example, PTPRD overexpression promotes
invasive growth of MCF10A cells in vitro (Chaudhary
et al. 2015). Similarly, in xenografts, PTPRD levels are pos-
itively correlatedwith themetastasis of breast cancer cells
(Yuwanita et al. 2015). Inmousemodels, PTPRDdepletion
attenuates the activity of SRC family kinases (Nakamura
et al. 2017) and perturbs the self-renewal of neural progen-
itor cells (Tomita et al. 2020).Mechanistically, this results
from PTPRD dephosphorylation of phospho-tyrosine 527
(pTyr527) located in the C-terminal autoinhibiting loop
of SRC. Dephosphorylation of pTyr527 triggers autophos-
phorylation of tyrosine 416 (pTyr416) within the SRC ki-
nase domain, which ultimately stimulates SRC activity
(Hunter 2015). Therefore, inhibition of PTPRD alone or
in combination with anti-SRC therapy may offer a path
for intervention in a subset of metastatic breast cancers.

PTPRD, together with PTPRS and PTPRF (also known
as LAR), belongs to the LAR-RPTP subfamily (Cornejo
et al. 2021). The extracellular segment of LAR-like RPTPs
is composed of three immunoglobulin-like domains (Ig)

and four or eight fibronectin III-like domains (FNIII), de-
pending on the isoform (Pulido et al. 1995). In addition,
there are three secretase cleavage sites thatmodify the ex-
tracellular and transmembrane domains (Fig. 1A). Secre-
tase cleavage serves critical roles in the translocation and
destruction of RPTPs. In the secretory pathway, the ecto-
domain is proteolytically processed bya furin family secre-
tase (S1) and forms a complex through noncovalent
interactions between the resulting segments (Fig. 1A; An-
ders et al. 2006). Two additional cleavage events, S2 and
S3, regulate the subcellular localization and stability of
LAR-like RPTPs (Cornejo et al. 2021) through a mecha-
nism similar to that of other membrane proteins, such as
Notch (Shih andWang 2007) and PTKs (Merilahti and Ele-
nius 2019). S2 cleavage, also known as shedding, releases
the ectodomain of receptor phosphatases from the cell
membrane and promotes S3 cleavage, as well as the degra-
dation of RPTPmolecules (Aicher et al. 1997; Burden-Gul-
ley et al. 2010). The S3 cleavage event releases the
phosphatase intracellular domain (PICD) into the cytosol,
where it remains catalytically active but is subject to facil-
itated degradation (Haapasalo et al. 2007; Phillips-Mason
et al. 2011). It remains to be determined whether secre-
tase-dependent degradation is the only mechanism for
RPTP destruction from the membrane and whether artifi-
cial dimerization of the ectodomains may affect the intra-
cellular catalytic domains without being compromised by
these cleavage events.

In this study, we have implemented a monoclonal anti-
body-based strategy to induce PTPRDdimerization ectop-
ically and ultimately suppress PTPRD-dependent cell
invasion.We produced and evaluated an array ofmonoclo-
nal antibodies that target the ectodomain of PTPRD. We
validated twocellmodels inwhichPTPRDactivitywasas-
sessed by SRC phosphorylation and regulated by chemi-
cally induced dimerization. After demonstrating that
antibody RD-43 was capable of inhibiting PTPRD activity
and promoting the degradation of PTPRD, we established
that RD-43 both induced PTPRD dimerization and facili-
tated thedegradationofPTPRDdimers in a secretase-inde-
pendent pathway. In a breast cancer cell model, we
demonstrated that RD-43 suppressed PTPRD-dependent
cell invasion. Collectively, this research highlights the po-
tential of antibodies to the RPTP ectodomains as probes to
target their enzymatic functions and modify their
stability.

Results

Monoclonal antibodies targeting PTPRD ectodomain
were generated and validated

Our approach to manipulate PTPRD activity using anti-
bodies relied on recognition of their ectodomains dis-
played on the cell surface. To generate PTPRD
ectodomain-specific monoclonal antibodies (mAbs), we
used recombinant human PTPRD ectodomain secreted
from HEK293T cells (293T) as an antigen to generate a li-
brary of hybridoma clones (Fig. 1B). Positive mAb clones
were screened through enzyme-linked immunoassay
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Figure 1. Monoclonal antibodies targeting PTPRD ectodomain were generated and validated. (A) Schematic illustration of PTPRD (iso-
form 1) structure. (Ig domains) Immunoglobulin-like domains, (FNIII domains) fibronectin type III-like domains, (PTP domains) protein
tyrosine phosphatase domains. S1, S2, and S3 represent sites of proteolytic processing. (B) Schematic illustration of the workflow to pro-
duce PTPRD ectodomain (RD-ECD) as antigen to generate antibodies from immunized rats. (C ) ELISA measurements of the affinity of
PTPRD mAbs for the PTPRD ectodomain. Data are normalized to the highest antibody concentration set at 100%. (D) Flow cytometry
analysis of 293T cells transfected with empty vector (EV) or PTPRD stained with IgG or the indicated PTPRD antibodies. (E) Represen-
tative confocal immunofluorescence microscopy images of 293T cells stably expressing empty vector (EV) or PTPRD stained with IgG or
the indicated PTPRD antibodies (red). Scale bars, 20 μm. (F ) Immunoblot analysis of lysates ([WCL] whole-cell lysate) of 293T cells trans-
fected with empty vector (EV) or PTPRD, followed by immunoprecipitates (IP) with anti-His antibody-conjugated beads, or Protein G
beads conjugated with IgG or the indicated PTPRD antibodies.
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(ELISA) (Fig. 1C; Supplemental Fig. S1A). Subdomains of
PTPRD-ECD were cloned, expressed, and purified by the
same method, and epitopes recognized by the mAbs were
characterized by ELISA. Our epitope-mapping data
showed that antibody RD-43 recognized the FN domain
segment of PTPRD (Supplemental Fig. S1B).

Weused variousmethods to validate the ability ofmAbs
to recognize cells expressing PTPRD. By flow cytometry,
we observed that PTPRD mAbs, but not control IgG, spe-
cifically labeled 293T cells expressing PTPRD (Fig. 1D).
We used immunofluorescence to validate binding of
PTPRDmAbsat theexpectedmembrane locations in fixed
293T cells (Fig. 1E). Moreover, the PTPRD mAb signal
colocalized with a commercial anti-His antibody, which
targeted the tagged intracellular fragment (Supplemental
Fig. S2A) following cell permeabilization. As a comple-
mentary approach to assess PTPRD expression by immu-
noblot, we validated monoclonal antibody RD-28, which
detected PTPRD in the denatured form following SDS-
PAGE (Supplemental Fig. S2B) and did not crossreact to
other LAR-like RPTP proteins (Supplemental Fig. S2C).

Previous studies have indicated that LAR-like RPTPs
are proteolytically processed by furin family secretases to
generate two noncovalently associated fragments (Fig.
1A; Supplemental Fig. S1; Anders et al. 2006). To charac-
terize this interaction, we performed immunoprecipita-
tion followed by immunoblot with the N-terminal
fragment of PTPRD and the His-tagged intracellular frag-
ment. These fragments coimmunoprecipitated in a recip-
rocal manner (Fig. 1F). Taken together, we generated an
array of mAbs that targeted PTPRD with high affinity.
We demonstrated that PTPRD is present on the cell sur-
face as a noncovalently associated complex, supporting
the structural basis for regulation of PTPRD activity
through manipulating its ectodomain. Moreover, we vali-
dated the binding of mAbs to PTPRD on the cell mem-
brane by immunofluorescence and flow cytometry and
additionally established mAb RD-28 as a probe to assess
PTPRD levels by immunoblotting.

PTPRD-dependent SRC activation was reversed
by chemically induced dimerization

To explore themodulation of PTPRD function by antibod-
ies, we verified two cell models in which we could assess
activity and test whether dimerization inhibited PTPRD.
It has been reported previously that PTPRD dephosphory-
lates the inhibitory pTyr527 of SRC in vitro, which pro-
motes autophosphorylation and activation of the kinase
(Chaudhary et al. 2015). Hence, we asked whether PTPRD
increased the level of SRC pTyr416, the active form of
SRC, in living cells. In transfected 293T cells, we showed
a dose-dependent increase of SRC pTyr416 phosphoryla-
tion when PTPRD was overexpressed (Fig. 2A). Further-
more, in a metastatic breast cancer cell line, CAL51,
CRISPR–CAS9-mediated knockout of PTPRD (sgRD1
and sgRD2) attenuated SRC pTyr416 phosphorylation
compared with the scrambled sgRNA control (SCB) (Fig.
2B,C). These cells were chosen because analysis of Dep-
Map RNA-seq data revealed lowMTSS1 and high PTPRD

levels (Supplemental Fig. S3), consistent with a target tu-
mor type that would be expected to respond to PTPRD an-
tibodies. Similar results were observed by measuring the
activation status of SRC with antibodies directed against
the nonphosphorylated form of Tyr527 (Fig. 2B,C).

To investigate the effect of PTPRD dimerization on
SRC activity, we made use of an inducible dimerization
system based on the DmrB tag and its synthetic, mem-
brane-permeable ligand, AP20187, which induces the for-
mation of homodimers of DmrB-tagged proteins (Fig. 2D;
Yang et al. 2000). In 293T cells, expression of the DmrB-
tagged PTPRD activated SRC pTyr416, suggesting that
the DmrB tag itself did not interfere with PTPRD activity.
Furthermore, in the presence of AP20187, SRC activity
was unchanged in cells expressing wild-type, untagged
PTPRD; however, we observed an AP20187-dependent
decrease in SRC activity in PTPRD-DmrB-expressing
cells. In addition, we observed in both mAb RD-28 and
anti-His blots that AP20187 treatment resulted in de-
creased levels of PTPRD protein, indicating that DmrB-
mediated dimerization of PTPRD was associated with
degradation (Fig. 2E). DmrB-tagged PTPRD carrying a cat-
alytically deadmutation (C1553S [Jia et al. 1995], PTPRD-
CS-DmrB) did not activate SRC, indicating that SRC acti-
vation was dependent on the catalytic activity of PTPRD.
Furthermore, the DmrB-PTPRD-C/S construct was also
subject to AP20187-mediated degradation, illustrating
that dimerization-associated degradation was indepen-
dent of its phosphatase activity (Fig. 2E). Moreover, we re-
constituted expression of PTPRD using the DmrB-tagged
construct (PTPRD∗DmrB) in CAL51 PTPRD KO cells and
restored SRC pTyr416 phosphorylation to a similar extent
compared with the control cells. Again, this effect was
abolished by dimerization of PTPRD (Fig. 2F,G), which
also promoted the degradation of DmrB-tagged PTPRD
in CAL51 cells (Fig. 2F).

Finally, to investigate whether degradation was caused
by PTPRD dimerization or SRC inhibition, we treated
cells with dasatinib, a small molecule inhibitor of SRC
family kinases (Kennedy and Gadi 2018), and measured
the levels of PTPRD protein.We showed that dasatinib re-
duced SRC phosphorylation but did not interfere with
PTPRD expression, suggesting that it was dimerization,
rather than SRC inhibition, that potentiated PTPRD de-
struction (Fig. 2F). To summarize, we established a chem-
ically induced system that promoted dimerization of the
catalytic fragment of PTPRD. PTPRD-dependent SRC ac-
tivation was abolished upon induction of dimerization in
both 293T cells, in which PTPRD was overexpressed, and
CAL51 cells, in which PTPRD was expressed at endoge-
nous levels.

PTPRD mAbs inhibited SRC activity and promoted
PTPRD degradation

It is known that the intrinsic bivalency of antibody mole-
cules is capable of inducing protein dimerization (Fauvel
and Yasri 2014; Lu et al. 2020). Therefore, we asked
whether PTPRD mAbs could recapitulate the SRC
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Figure 2. Chemically induced dimerization inhibited PTPRD-dependent SRC activation. (A) Immunoblot analysis of 293T cells trans-
fected with GFP, PTPRD isoform 1 (full-length PTPRD with eight FNIII domains), or PTPRD isoform 6 (shorter PTPRD with fourFNIII
domains) at different doses ([+] 1 μg, [++] 2 μg, [+++] 4 μg). (B) Immunoblot analysis of CAL51-CAS9 cells expressing scrambled sgRNA (SCB)
or PTPRD targeting sgRNAs sgRD1 and sgRD2. (C ) Quantification of densitometry of SRC pTyr416/SRC and SRC non-pTyr527/SRC
from three replicates of immunoblot conducted as in B. (∗∗∗) P-value < 0.001. (D) Schematic illustration of the structure of PTPRD with
DmrB andC-terminalHis tag. DmrB tag induces homodimer formation in the presence of AP20187. (E) Immunoblot analysis of 293T cells
transfected with GFP, DmrB-tagged PTPRD, or catalytically dead DmrB-tagged PTPRD (PTPRD-C/S-DmrB) treated with AP20187 at dif-
ferent doses ([+] 1 μM, [++] 2 μM). (F ) Immunoblot analysis of CAL51-CAS9 cells expressing scrambled sgRNA (SCB), PTPRD targeting
sgRNA (sgRD-2), and gRNA-resistant PTPRD with DmrB tag (RD∗DmrB) treated with AP20187 (2 μM, overnight) or dasatinib (50 nM,
1 h). (G) Quantification of densitometry of SRC pTyr416/SRC from three replicates of immunoblot conducted as in F. (∗∗∗) P-value <
0.001, (n/s) P-value > 0.05.
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inhibition and PTPRD degradation that we observed fol-
lowing chemically induced dimerization.

We performed immunofluorescence staining of fixed
CAL51 cells to validate the recognition of endogenous
PTPRD by our mAbs. We confirmed that PTPRD mAbs
stained wild-type CAL51 cells (RD WT), but not PTPRD
knockout cells (RDKO) (Fig. 3A, top panel, fixed staining).
Next, we applied these mAbs to live cells, followed by fix-
ation and secondary antibody staining. Interestingly, we
observed a loss of signal withmAbRD-43 (Fig. 3A, bottom
panel, live staining), indicating that antibody bindingmay
promote PTPRD destruction in living cells. To reveal the
dynamics of these effects of RD-43, we performed immu-
noblot analysis (Fig. 3B). We observed that RD-43 induced
noticeable reduction of PTPRD levels following 1-h treat-
ment and further promoted the destruction of PTPRDpro-
tein following extended treatment with antibody.
Furthermore, treatment with antibody was shown to sup-
press SRC activity rapidly prior to degradation, indicating
that RD-43-bound PTPRD molecules were catalytically
impaired before degradation (Fig. 3B). Similar observations
weremade in 293T cells, where RD-43 treatment reversed
PTPRD-dependent signaling changes to the same extent
as the DmrB system (Supplemental Fig. S4).

To validate further these effects of RD-43 on SRC inhi-
bition and PTPRD degradation, we tested amurinized iso-
type of the antibody, in which the native, rat-derived Fc
region was swapped with the Fc region from mice (RD-
43MS) (Fig. 3C). This murinized isotype enabled us to
detect PTPRD simultaneously using both rat isotype
RD-28 and RD-43MS antibodies. Under short-term treat-
ment, RD-43MS inhibited SRC activity to the same extent
as the native antibody; in long-term treatment, RD-43MS

also promoted the loss of PTPRD protein (Fig. 3D).
To test the importance of bivalency in the actionofmAb

RD-43, we generated the Fab fragment from RD-43MS,
which contained only one antigen-binding arm (Fig. 3C).
RD-43MS-Fab bound to PTPRD comparably with RD-
43MS in ELISA (Supplemental Fig. S5A) and immunofluo-
rescence staining (Supplemental Fig. S5B). However, treat-
mentwithRD-43MS-Fab did not cause protein degradation
or SRC inhibition in PTPRD-expressing 293T cells (Fig.
3F). Moreover, concomitant treatment of RD-43MS-Fab
with an anti-mouse Fab-specific secondary antibody
(anti-Fab 2nd), which would be expected to cross-link
two Fab molecues, was demonstrated to rescue partially
the regulatory functions of RD-43MS-Fab (Fig. 3F; Supple-
mental Fig. S5B).

Altogether, we demonstrated that a monoclonal anti-
body, RD-43, as well as its murinized variant, inhibited
SRC activity and promoted PTPRD degradation in a man-
ner that was dependent on antibody bivalency, consistent
with the results of DmrB-mediated dimerization.

RD-43-bound PTPRD was degraded through lysosomal
and proteasomal pathways but independently
of secretase cleavage

We have shown that both chemically induced dimeriza-
tion and RD-43 treatment promoted degradation of

PTPRD. To characterize the underlying mechanism, we
examined the lysosomal and proteasomal pathways,
which coordinate the degradation of membrane proteins
(Korolchuk et al. 2010). In CAL51 cells, lysosomal inhibi-
tors bafilomycin A1 (BafA1) (Yamamoto et al. 1998) and
hydroxychloroquine (HCQ) (Mauthe et al. 2018) partially
rescued RD-43-mediated degradation. Furthermore, inhi-
bition of proteasomal function with MG132 (Lee and
Goldberg 1998) or lactacystin (Csizmadia et al. 2010)
counteracted the degradation caused by RD-43. Com-
bined inhibition of the two pathways enhanced this effect,
suggesting that both lysosomal and proteasomal pathways
were involved in RD-43-mediated PTPRD degradation
(Fig. 4A). Similar results were observed using immuno-
fluorescence to detect PTPRD degradation (Supplemental
Fig. S6A). Cotreatment with mAb RD-43MS and BafA1 re-
sulted in a cytoplasmic distribution of PTPRD that over-
lapped with the lysosomal marker (Supplemental Fig.
S6B), in which RD-43 colocalized with PTPRD (Supple-
mental Fig. S6C). In contrast, PTPRD rescued by treat-
ment with proteasomal inhibitors retained a membrane-
associated pattern (Supplemental Fig. S6A).

Secretase cleavage is a critical step during the physiolog-
ical processing of LAR-like RPTPs (Cornejo et al. 2021).
Two secretase cleavage products, S2 and S3 (Fig. 1A),
have been identified in PTPRD, which control RPTP de-
struction (Fig. 4B; Phillips-Mason et al. 2011). To investi-
gate the involvement of shedding (S2) in RD-43-mediated
degradation, we collected the conditioned media from
cells treated with either RD-43 or TPA (12-O-tetradeca-
noylphorbol-13-acetate), a PKC agonist that facilitates α-
secretase-mediated receptor shedding (Lichtenthaler
et al. 2018). Compared with TPA, RD-43 did not cause
the accumulation of PTPRD ectodomain in the condi-
tionedmedia. Furthermore, RD-43-mediated PTPRD deg-
radation was not sensitive to GI-254023X (Ludwig et al.
2005), an α-secretase inhibitor (Fig. 4C). These data suggest
that PTPRDdegradationpromoted byRD-43was indepen-
dent of receptor shedding.

To determine whether RD-43-induced PTPRD degrada-
tion was dependent on the cleavage of the intracellular
phosphatase segment (S3), we applied a γ-secretase inhib-
itor to cells treatedwith RD-43. In cells with facilitated S2
cleavage (Fig. 4D, lanes 6–9), treatment with DAPT, a po-
tent γ-secretase inhibitor (Dong et al. 2021), blocked the
S2 product from being further processed or degraded (Fig.
4D, lane 7). Proteasomal inhibition caused the accumula-
tion of the product of S3 cleavage (Fig. 4D, lane 8), suggest-
ing that the S3 product was the direct target for
degradation in the secretase-dependent pathway. In con-
trast, in RD-43-treated cells (Fig. 4D, lanes 10–13),
DAPT neither generated the S2 fragment nor rescued
PTPRD degradation (Fig. 4D, lane 11), suggesting that
RD-43-mediated PTPRD degradation was not dependent
on γ-secretase activity. More importantly, in cells treated
with RD-43 and lactacystin, PTPRD molecules were res-
cued in the form of S1 (Fig. 4D, lanes 12,13, anti-His
blot), which did not serve as the target of degradation in
TPA-treated cells. Consistent with the accumulation of
the C-terminal fragment, the extracellular fragment was
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Figure 3. A bivalent antibody RD-43 inhibited SRC activity and promoted PTPRD degradation. (A) Representative confocal immuno-
fluorescence microscopy images and quantification of CAL51 cells expressing PTPRD (RD WT) or knockout PTPRD (RD KO) stained
with representative PTPRD mAbs after fixation (top panel, fixed staining) or incubated with the indicated PTPRD antibodies before fix-
ation (bottom panel, live staining). Relative fluorescence intensities were quantified and normalized to RD-28 staining under either fixed-
or live-staining conditions (n= 4). Scale bars, 20 μm. (B) Immunoblot analysis of CAL51 cells that were untreated (CTRL) or treated with
100 nMRD-43 for the indicated duration. (O/N) Overnight. (C ) Schematic illustration of the structure of native RD-43, RD-43MS with the
mouse-derived Fc region, RD-43MS-Fab with themouse-derived Fab constant region, and a speculated binding profile of two RD-43MS-Fab
molecues with one anti-mouse Fab-specific secondary antibody (anti-Fab 2nd). (D) Immunoblot analysis of CAL51 cells treated with 100
nM rat IgG, RD-43, mouse IgG, or RD-43MS for the indicated durations. (E) Quantification of densitometry of SRC pTyr416/SRC calcu-
lated from three replicates of immunoblots conducted as inD. (∗∗∗) P-value < 0.001, (n/s) P-value > 0.05. (F ) Immunoblot analysis of 293T
cells transfected with GFP or PTPRD and treated with 100 nMRD-43MS, 200 nMRD-43Fab, or 100 nM anti-mouse Fab-specific secondary
antibody (anti-Fab 2nd).
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Figure 4. RD-43 promoted PTPRD degradation via lysosomal and proteasomal pathways but independently of secretase cleavage.
(A) Immunoblot analysis of CAL51 cells preincubated with vehicle (Veh), bafilomycin A1 (BafA1; 20 nM, 4 h), MG132 (5 μM, 4 h), hydrox-
ychloroquine (HCQ; 100 μM, 4 h), and lactacystin (Lacta; 20 μM, 4 h) and treatedwith RD-43 (100 nM, 2 h). (Lane 1) PTPRDknockout cells
(RD KO) were loaded as negative control. (B) Schematic illustration of the secretase-dependent degradation of PTPRD. Proteolytic S2
cleavage is catalyzed by α-secretase and generates an extracellular soluble ectodomain (Shedding); S3 cleavage is catalyzed by γ-secretase
and generates a cytosolic soluble fragment (Intracellular cleavage) that serves as the target for proteasomal degradation. (C ) Immunoblot
analysis of lysates or conditionedmedia from293T cells transfectedwith empty vector (EV) or PTPRDand treatedwith vehicle (Veh), TPA
(1 μM, 1 h), RD-43 (100 nM, 2 h), andGI-254023X (GI; 5 μM, 4 h). (S1) TheC-terminal product of S1 cleavage, (S2) the C-terminal product of
S2 cleavage, (S3) the C-terminal product of S3 cleavage. (D) Immunoblot analysis of lysates of 293T cells stably expressing empty vector
(EV) or PTPRD and treated with vehicle (Veh), TPA (1 μM, 1 h), RD-43 (100 nM, 2 h), DAPT (500 nM, 4 h), and lactacystin (Lacta; 20 μM, 4
h). (E) Representative confocal immunofluorescencemicroscopy images of 293T cells stably expressing empty vector (EV) or PTPRD treat-
edwithTPA (1 μM,1 h), lactacystin (Lacta; 20 μM,4 h), andRD-43MS (100 nM, 2 h) followed by stainingwithRD-28 (red), anti-His antibody
(green), andDAPI (blue). Scale bars, 20 μm. (F ) Schematic illustration of the proposed PTPRDdimer complex induced byRD-43. This com-
plex was degraded through lysosomal and proteasomal pathways.
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also partially rescued by proteasomal inhibition (Fig. 4D,
lanes 12,13, RD-28 blot), recapitulating the observations
inCAL51 cells (Fig. 4A; Supplemental Fig. S6A). Taken to-
gether, these observations suggest that RD-43-bound
PTPRD underwent a distinct degradation mechanism, in
which the mature PTPRD complex (after S1 cleavage)
served as the direct target of degradation machineries
(Fig. 4F) in which secretase activities were dispensable.
To validate further the difference between secretase-de-

pendent and RD-43-mediated degradation pathways, we
performed immunofluorescence and examined the sub-
cellular localization of extracellular and intracellular frag-
ments of PTPRD generated by these pathways (Fig. 4E). In
cells treated with RD-43MS and proteasome inhibitor, the
His-tagged fragment remained membrane-associated,
rather than adopting a cytosolic distribution due to secre-
tase cleavage (Fig. 4E, anti-His signal, green). In contrast,
the ectodomain remained colocalized with the His-tagged
fragment in RD-43MS-mediated destruction, unlike in
TPA-treated conditions, in which the ectodomain was
shed and could not be rescued (Fig. 4E, PTPRD signal, red).
Altogether, these observations underscore that RD-43-

bound PTPRD followed an unconventional degradation
pathway that relied on proteasomal and lysosomal activi-
ties but was independent of secretase cleavage (Fig. 4F).
Our model suggests that due to the absence of secretase
cleavage, antibody-bound ectodomains were capable of
engaging the intracellular catalytic fragments.

RD-43 induced dimerization of PTPRD

To assess the binding ratio between RD-43 and PTPRD
ectodomain in solution, we performed size-exclusion chro-
matography with in-line multiangle light scattering (SEC-
MALS). Similar approaches have been used to determine
the monomer/dimer status of PTPRS (Coles et al. 2011).
Following SEC-MALS, we concluded that RD-43 bound
PTPRD ectodomain in a 1:2molar ratio, indicated by a sin-
gle peak corresponding to the antibody–antigen complex
(Fig. 5A). Consistent with this, a 1:1 ratio of RD-43 to ecto-
domain did not saturate mAb binding, whereas a 1:4 ratio
displayed unbound ectodomain (Supplemental Fig. S7).
To demonstrate the formation of an antibody–PTPRD

dimer complex in cells, we performed a coimmunopre-
cipitation assay in 293T cells expressing His- and V5-
tagged PTPRD. First, we validated that His- or V5-tagged
PTPRDwas expressed at similar levels when individually
transfected to 293T cells (Supplemental Fig. S8). Then, we
investigated whether precipitation of His-tagged PTPRD
could enrich V5-tagged PTPRD in the presence of RD-43
antibody (Fig. 5B). The data illustrate that short-term
treatment with RD-43 was sufficient to induce interac-
tion between His- and V5-tagged PTPRD (Fig. 5C, lane
6), suggesting that the acute SRC inhibition observed in
CAL51 cells (Fig. 3B) occurred concomitantly with the
rapid formation of PTPRD dimers. Upon extended treat-
ment, in which PTPRD degradation took place, blocking
lysosomal and proteasomal pathways sustained the inter-
action between His- and V5-tagged PTPRD (Fig. 5C, lanes
8–11; Supplemental Fig. S8).

To determine whether dimer formation was dependent
on the extracellular epitope of RD-43, we tested for copre-
cipitation of V5-tagged full-length PTPRD and the His-
tagged intracellular fragment of PTPRD (RD-S3) (Fig.
5D). Despite the presence of antibody or protein degrada-
tion inhibitors, we did not detect an interaction between
the PTPRD-S3 fragment and full-length PTPRD (Fig.
5E). We conclude that through bivalent binding of the
ectodomains of two PTPRD molecules, RD-43 induced
the formation of PTPRD dimers that also incorporate
their intracellular catalytic domains.
Finally, to demonstrate that RD-43 induced PTPRD

dimerization in living cells, we performed a proximity li-
gation assay (PLA) to visualize the distribution of PTPRD
homodimers in the prescence of protein degradation in-
hibitors. In 293T cells expressing His- and V5-tagged
PTPRD, RD-43 triggered the interaction between the
His- and V5-tagged proteins in cellular membrane regions
(Fig. 5F, 30 min), consistent with the immunoprecipita-
tion data (Fig. 5C). Coincident with PTPRD degradation
during extended treatment, the PLA signal was depleted
at 3 h of treatment (Fig. 5F, 3 h) but was rescued at distinct
subcellular regions through lysosomal or proteasomal in-
hibition (Fig. 5F, BafA1 and MG132). Taken together, we
showed RD-43 induced PTPRD dimerization in living
cells and validated our model that RD-43-bound PTPRD
dimer involved both extracellular and intracellular frag-
ments, concomitantly serving as the target of lysosomal
and proteasomal pathways (Fig. 4F).

Antibody-mediated PTPRD dimerization suppressed
PTPRD-dependent invasion of breast cancer cells.

Having shown that RD-43 induced PTPRD dimerization,
inhibited SRC signaling, and promoted PTPRD degrada-
tion (Fig. 3), we compared various additional PTPRD
mAbs with the isotype control. Under short-term treat-
ment, we observed that RD-43 potently down-regulated
SRC phosphorylation, with two other mAbs displaying a
similar, but lesser, effect compared with the isotype con-
trol (Fig. 6A,B). During long-term treatment, PTPRD
mAbs facilitated protein degradation. In particular, treat-
ment with high concentration of RD-43 led to a decrease
in PTPRD protein similar to that in the genetic knockout
(Fig. 6C,D). Consistent with these results, we showed that
mAb RD-31 and RD-75 induced formation of PTPRD di-
mers to a lesser extent than RD-43 in cells (Supplemental
Fig. S9), further supporting an association between the in-
duction of PTPRD dimers and the inhibition and degrada-
tion of PTPRD.
RPTP-dependent SRC activity has been reported to be

essential for the invasive growth of cancer cells (Spring
et al. 2015; Lin et al. 2020). To test whether RD-43-medi-
ated PTPRD inhibition and degradation were sufficient to
suppress cancer cell invasion, we assessed the invasion of
CAL51 cells in transwell assays. CAL51 cells were trypsi-
nized from tissue culture plates and resuspended in
growthmedia for a temporary suspension culture to recov-
er PTPRD protein levels (Supplemental Fig. S10). Cells
were then resuspended in serum-free media, counted,
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Figure 5. RD-43 induced dimerization of PTPRD. (A) Size-exclusion chromatography with in-line multiangle light scattering (SEC-MALS)
of RD-43 alone (green), PTPRD ectodomain (RD-ECD; purple) and a 2:1 molar ratio mixture of RD-ECD and RD-43 (orange). (B) Schematic
illustration of the His- and V5-tagged full-length PTPRD dimerized by RD-43. (C ) Immunoblot analysis of 293T whole-cell lysate (WCL) or
immunoprecipitates with anti-His antibody-conjugated beads (IP-His). 293T cellswere transfectedwithGFP (2 μg) or 1 μg ofHis-tagged and 1
μg of V5-tagged PTPRD plasmid. Transfected cells were preincubated with bafilomycin (BafA1; 20 nM, 3 h) andMG132 (5 μM, 3 h) and then
treatedwith RD-43 (100 nM) for the indicated times. (D) Schematic illustration of the V5-tagged full-length PTPRD bound by RD-43 and the
His-tagged truncated PTPRD that lacks the ectodomain and transmembranemotif. (E) Immunoblot analysis of 293Twhole-cell lysate (WCL)
or immunoprecipitateswith anti-His antibody-conjugated beads (IP-His). 293T cellswere transfectedwithGFP (2 μg), 1 μg ofV5-tagged, and 1
μg ofHis-tagged PTPRD (RD-V5RD-His), or 1 μg of V5-tagged PTPRD and 1 μg ofHis-tagged truncated PTPRD (RD-V5RD-S3-His) plasmids.
Transfected cells were preincubated with bafilomycin (BafA1; 20 nM, 4 h) and MG132 (5 μM, 4 h) and treated with RD-43 (100 nM, 3 h).
(F ) Representative confocal immunofluorescence microscopy images of 293T cells expressing empty vector (EV) or PTPRD treated with ve-
hicle (Veh), 100 nMRD-43 for the indicated durations, bafilomycin (BafA1; 20nM, 4h), andMG132 (5 μM,4h). Proximity ligation assay (PLA)
signal between His and V5 tags is displayed in the red channel. Scale bars, 20 μm.
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Figure 6. Bivalent antibody RD-43 inhibited SRC activity and PTPRD-dependent cell invasion. (A) Immunoblot analysis of CAL51 cells
treated with 100 nM IgG, RD-31, and RD-75 and 25 nM or 100 nM RD-43 for 1 h. Cells treated with 50 nM dasatinib were loaded as pos-
itive controls. (B) Quantification of densitometry of SRC pTyr416/SRC calculated from three replicate immunoblots as conducted in A.
(∗∗∗) P-value < 0.001, (∗∗) P-value < 0.01. (C ) Immunoblot analysis of CAL51 cells treatedwith 100 nM IgG, RD-31, and RD-75 and 25 nMor
100 nMRD-43 overnight (O/N). PTPRDknockout cells (RDKO) were included as positive controls. (D) Quantification of densitometry of
PTPRD/actin calculated from three replicate immunoblots as conducted inC. (∗∗∗) P-value < 0.001. (E) Transwell assay analysis of CAL51
cells treated with 100 nM IgG, RD-31, RD-75, RD-43 (25 nM or 100 nM), or 50 nM dasatinib. Cell invasion was determined by crystal
violet staining intensity normalized to IgG-treated cells. Representative images of the invasion membrane of each group are shown (n
=4). (F ) Transwell assay analysis of CAL51-CAS9-sgSCB cells (sgSCB) treated with 100 nM IgG or 50 nM dasatinib, and CAL51-CAS9-
sgPTPRD cells (sgRD2) treated with 100 nM IgG, RD-31, RD-43, or RD-75. Cell invasion was determined by crystal violet staining
intensity normalized to IgG-treated CAL51-CAS9-sgSCB cells. Representative images of the invasionmembrane of each group are shown
(n= 3). For E and F, data are presented asmean± SEM. Statistical significancewas calculated using a two-tailed Student’s t-test. (∗∗) P-value
< 0.01, (∗∗∗) P-value < 0.001, (n/s) P-value > 0.05.
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and seeded with PTPRD mAbs in the upper chamber of
transwell assay plates (Supplemental Fig. S10C). We dem-
onstrated that, in a dose-dependentmanner, RD-43 signif-
icantly reduced cell invasion, phenocopying treatment
with SRC inhibitor (Fig. 6E). Moreover, we showed that
PTPRD knockout cells displayed limited cell invasion
and that treatment with PTPRD mAbs did not exert fur-
ther inhibition (Fig. 6F). Together, these data illustrate
that treatment with PTPRD-dimerizing mAbs was suffi-
cient to suppress PTPRD-dependent invasion in CAL51
cells.

Discussion

Since the first FDA approval of a protein kinase inhibitor,
imatinib, for treatment of chronic myelogenous leuke-
mia, the number of drugs targeting various kinases across
multiple cancer subtypes has increased dramatically (Ri-
vera-Torres and San José 2019). In fact, kinase inhibitors
represent a major component of modern cancer therapy
and a multibillion-dollar industry. Nevertheless, drug re-
sistance, both acquired and intrinsic, remains a major
challenge to the effectiveness of kinase inhibitors in the
clinic. One of the potential approaches to overcome drug
resistance is combination therapy. Dual inhibition of
SRC and receptor kinases, for example, has shown syner-
gistic anticancer effects in preclinical models and is now
in pharmaceutical development (Belli et al. 2020). Addi-
tionally, targeted protein degradation, including PROTAC
technology (Zhao et al. 2022), has emerged as a cutting-
edge approach for the destruction of specific disease-asso-
ciated proteins, either alone or in combination. Our work
presents an example of using a function-modulating anti-
body not only to inhibit enzymatic catalysis but also to fa-
cilitate the degradation of a potential therapeutic target.

In this study, we focused on a receptor tyrosine phos-
phatase, PTPRD, that was previously shown to promote
metastasis in breast cancer models (Chaudhary et al.
2015; Yuwanita et al. 2015). We generated an array of
monoclonal antibodies and extensively validated their
recognition of PTPRD through various experimental
methods.We demonstrated that antibody-mediated dime-
rization of PTPRD leads to the acute inhibition of PTPRD
activity and facilitates receptor degradation following ex-
tended treatment. We uncovered a degradational pathway
of mAb-bound PTPRD dimers that relies on lysosomal
and proteasomal activities but does not involve extracel-
lular shedding or intracellular cleavage by secretases.
More importantly, we demonstrated that mAb RD-43
suppresses SRC activity and PTPRD-dependent invasion
in a breast cancer cell model, highlighting that these anti-
bodies may provide a new strategy for therapeutic inter-
vention in PTPRD-dependent tumors.

The classic view that PTPs perform solely negative reg-
ulatory roles in signal transduction has been replaced by a
vision of integrated signaling networks that are controlled
by both protein tyrosine kinases and phosphatases. Mem-
bers of the PTP family can function both negatively (to
counteract PTK activity) and positively (to promote sig-

naling events). A canonical mechanism underlying
RPTP-mediated positive effects on signaling is by activa-
tion of SRC family kinases. Multiple RPTPs are capable
of exerting tumor-promoting effects in certain cell con-
texts, such as PTPRA (Truffi et al. 2014) and PTPRJ, and
have become therapeutic targets in cancer therapy; how-
ever, the dual function of such RPTPs remains to be char-
acterized across varied cellular contexts. For example,
although siRNAs targeting PTPRJwere shown to suppress
cancer cell migration, invasion, andmetastasis by inhibit-
ing SRC signal (Spring et al. 2015), an inhibitory antibody
targeting PTPRJ has conversely been shown to promote
cell growth and angiogenesis (Takahashi et al. 2006),
with such tumor suppressor effects mediated through
dephosphorylation of receptor tyrosine kinases (Bloch
et al. 2019). Therefore, application of such antibodies in
a therapeutic context would require careful selection
and validation of an appropriate patient population.

RPTPs may be regulated by dimerization-mediated in-
hibition, which provides a therapeutic avenue to manipu-
late their function through targeting their cognate
ectodomains. Advantages of antibody-based pharmaceuti-
cals include high affinity and specificity. Furthermore, the
intrinsic bivalency of antibody molecules may promote
dimerization; such antibodies have proven capable of re-
versing cellular phenotypes mediated by PTPRS (Wu
et al. 2017) and PTPRJ (Takahashi et al. 2006). However,
there has not been a detailed biochemical investigation re-
garding the fate of the dimerized RPTP molecules, partic-
ularly in the case of function-modulating antibodies. In
this study, we performed extensive validation of antibody
binding to the ectodomain, including dimer formation in
solution in vitro (Fig. 5A), in cell lysates (Fig. 5B), and in
living cells (Fig. 5F). Importantly, our data suggest that
PTPRD degradation was associated with dimerization, ei-
ther induced by bivalent antibody binding or chemically
induced by the DmrB system. Under physiological condi-
tions, ligand binding has also been suggested to manipu-
late LAR-like RPTP activity through regulation of the
monomer/dimer status (Coles et al. 2011). In fact, we dem-
onstrated that HSPG, a bivalent/multivalent ligand of
PTPRS (Aricescu et al. 2002), induced PTPRS degradation
in a dose-dependent manner (Supplemental Fig. S11B,C),
suggesting that dimerization-associated receptor degrada-
tionmay serve as a regulatorymechanism across the LAR-
RPTP subfamily.

Here, we reported a secretase-independent degrada-
tional pathway for bivalent antibody-induced destruction
of PTPRD. Mechanistically speaking, this degradation in-
volved both lysosomal and proteasomal activity but was
independent of secretase clevage. Ubiquitination of the
intracellular segment of PTPRD, which associates nonco-
valently with the extracellular segment, was observed fol-
lowing antibody-mediated dimerization (Supplemental
Fig. S11A), as well as ligand-induced dimerization of
PTPRS (Supplemental Fig. S11D). Nevertheless, secretase
cleavage remains a critical process during the physiologi-
cal degradation of membrane proteins, including RPTPs
(Phillips-Mason et al. 2011; Cornejo et al. 2021). Antibod-
ies can facilitate the shedding of membrane proteins; this
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is reported to compromise the efficacy of antibody-based
therapy due to the loss of epitopes in cancer cells and an-
tibody neutralization due to accumulation of the shed
ectodomain in the tumor microenvironment (Pak et al.
2014). Furthermore, ligands (Ni et al. 2001) or antibodies
(Ancot et al. 2012) that bind to the extracellular segment
can also promote intracellular cleavage to generate a phos-
phatase fragment that is catalytically active (Haapasalo
et al. 2007) but no longer membrane-associated, which
can bypass dimerization induced extracellularly. In this
study, we observed a secretase-independent degradation
pathway for RD-43-bound PTPRD. We demonstrated
that the antibody–PTPRD dimer complex that formed
rapidly after antibody binding remained associated during
the process of degradation. This is consistentwith amodel
in which bivalent antibodies lock PTPRD molecules in a
catalytically impaired state, inwhich neither the extracel-
lular fragment (which the antibodies bind to) nor the in-
tracellular fragment (which performs the catalytic
function) can escape before degradation.
Previous research demonstrated that loss of MTSS1 re-

sulted in the up-regulation of PTPRD in breast epithelial
cell models (Chaudhary et al. 2015), associated with en-
hanced SRC activity, and facilitated metastatic growth.
Further studies should investigate whether combined
anti-SRC and anti-PTPRD therapywill improve outcomes
in this specific breast cancer subgroup. In addition, it is
important to note that apart from the aberrant up-regula-
tion inmetastatic breast cancer, PTPRD is physiologically
expressed in the central nervous system (CNS), regulates
neurogenesis (Tomita et al. 2020) and synapse formation
(Nakamura et al. 2017), and has been implicated in neuro-
logical diseases (Drgonova et al. 2015). Genomic studies
revealed that PTPRD levels are associated with vulnera-
bility to addiction, such as smoking and drug abuse (Drgo-
nova et al. 2015). Indeed, PTPRD knockout mice,
including heterozygous knockouts, showed significant re-
duction in cocaine-conditioned place preference, indicat-
ing the potential of targeting PTPRD in addiction
treatment (Drgonova et al. 2015; Uhl et al. 2018). Another
recent study showed that PTPRD knockout animals
develop resistance to hormone-induced obesity (Mishra
et al. 2022). These discoveries expand the repertoire of po-
tential applications for targeting PTPRD in disease.
In addition to SRC, another substrate of PTPRD,

STAT3, has been characterized in glioblastoma (Veeriah
et al. 2009; Ortiz et al. 2014) and melanoma (Solomon
et al. 2008), as well as in the overexpression system of
293T cells (Supplemental Fig. S4; Veeriah et al. 2009),
and has been associated with its tumor suppressor func-
tions. In some cases of breast cancer, miRNA has also
been reported to regulate PTPRD expression and STAT3
phosphorylation (Zhang et al. 2020). It is worth noting,
however, that PTPRD knockout animals do not develop
spontaneous tumors (Drgonova et al. 2015; Nakamura
et al. 2017). Therefore, it is important to determine the
functional specificity of PTPRD in distinct contexts, espe-
cially from the perspective of targeting oncogenic PTPRD
signaling specifically in cancer therapy. To that end, our
work provides reliable antibody tools to assess the expres-

sion of PTPRD through multiple experimental methods.
Furthermore, we have validated an inhibitory antibody
that enabled rapid and specific suppression of endogenous
PTPRD in genetically unmodified systems. Having now
generated andmechanistically characterizedmonoclonal,
inhibitory antibody tools for PTPRD, future studies will
explore the bioactivity of these antibodies in vivo and ex-
ploit targeting RPTP signaling in a variety of disease
contexts.

Materials and methods

Tissue culture, transfection, and stable cell lines

HEK293T cells (293T) were purchased from ATCC (CRL-3216).
CAL51 cells are from the Cold Spring Harbor Laboratory
(CSHL) Tissue Culture Facility (https://www.cshl.edu/research/
core-facilities/tissue-culture). All cell lines used in this study
were genetically verified and tested mycoplasma-negative. Cells
were propagated in Gibco DMEM high-glucose HEPES (Thermo
Fisher) with 0.5% penicillin/streptomycin (Thermo Fisher) and
10% FBS (Thermo Fisher) and, for CAL51 cells, 10% GlutaMAX
supplement (Thermo Fisher).
Transient transfections in 293T cells were conducted by Trans-

IT-293T transfection reagent (Mirus). For the purpose of antigen
production, 15 μg of plasmid was transfected into 6.0 × 106 cells
in a 10-cm plate. At 8 h posttransfection, 10 mL of culture media
was changed and collected at 36 and 60 h posttransfection. For vi-
rus production, 10 μg of backbone plasmids, 5 μg of pVSVG, and
3.75 μg of pPAX (Addgene) were transfected into 2.0 × 106 cells
in a six-well plate. At 8 h posttransfection, the media was
changed, and viral media was collected at 36 and 60 h posttrans-
fection. For cell signaling studies, 1.0 × 106 cells were seeded in
12-well plates. Transfection doses are specified in the figure
legends.
CAL51 cells were seeded in six-well plates at 0.2 × 106 cells/

well 18 h prior to infection with viral particle-containing media
in the presence of 8 μg/mL polybrene. At 24 h postinfection, the
media was aspirated and infected cells were incubated with com-
plete growthmedia for 12 h, followed by antibiotic selectionwith
2 μg/mL puromycin for 48 h or 1 mg/mLG418 selection for 7 d to
establish CRISPR KO cell lines or CRISPR rescue cell lines ex-
pressing gRNA-resistant PTPRD constructs. For cell signaling
studies, 1.6 × 106 cells were seeded into six-well plates 24 h prior
to lysis.

Production of PTPRD ectodomain

PTPRD ectodomain (ECD) residues 21–1265 from the PTPRD
long isoform (isoform 1) were chosen as the template for protein
production in the 293T expression system. The signal peptide de-
rived from the human IL2 gene (MYRMQLLSCIALSLALVTNS)
was fused to the N terminus of PTPRD ECD, and one His6 tag
was fused to the C terminus of the construct. Purified His-tagged
PTPRD ECD was purchased from ACROBiosystems.

Generation of anti-PTPRD monoclonal antibodies

Three 6-wk-old Sprague Dawley rats (Taconics) were immunized
with 1.5 mg of purified PTPRD ECD (100 μg per animal per boost
for five weekly boosts). Immune response was monitored by
ELISA to measure the serum anti-PTPRD IgG titer from blood
samples. After a 60-d immunization course, the rat with the
strongest anti-PTPRD immune response was terminated, and

PTPRD mAbs

GENES & DEVELOPMENT 13

 Cold Spring Harbor Laboratory Press on September 13, 2023 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.350713.123/-/DC1
https://www.cshl.edu/research/core-facilities/tissue-culture
https://www.cshl.edu/research/core-facilities/tissue-culture
https://www.cshl.edu/research/core-facilities/tissue-culture
https://www.cshl.edu/research/core-facilities/tissue-culture
https://www.cshl.edu/research/core-facilities/tissue-culture
https://www.cshl.edu/research/core-facilities/tissue-culture
http://genesdev.cshlp.org/
http://www.cshlpress.com


107 splenocytes were collected for making hybridomas by fusing
with the rat myeloma cell line YB2/0, following standard meth-
ods (Greenfield 2014). All procedures were approved by the
CSHL Institutional Animal Care and Use Committee (IACUC).
Antibodies were purified from hybridoma culture medium by us-
ing Protein G Sepharose (GE Healthcare) according to the manu-
facturer’s instructions.

Enzyme-linked immunoassay (ELISA)

Purified proteins were immobilized at 50 ng/well in a 384 ELISA
plate (Thermo Fisher Scientific 464718) as per themanufacturer’s
instructions. In brief, protein-coatedwells were blockedwith PBS
with 1% BSA overnight at 40°C prior to incubation with primary
antibody. Primary and secondary antibodies were diluted in PBS-
T with 1% BSA. Specified concentrations of primary antibodies
described in the figures were used for binding by incubating the
plates for 1 h at room temperature. Species-specific HRP-conju-
gated secondary antibodies (Jackson ImmunoResearch 112-035-
071, 115-035-071, and 115-035-072) were used at 1:5000 dilution,
and the plates were incubated for 30 min at room temperature.
Threewasheswith PBS-Twere performed between each antibody
incubation step and before enzymatic signal development. Sig-
nals were developed by using TMB substrate (Thermo Fisher Sci-
entific 34022) as per the manufacturer’s instructions.

Murinization of RD-43

To engineer the chimeric antibody RD-43MS, the rat mAb V do-
mains from RD-43 heavy and light chains were cloned onto the
mouse IgG2a constant region. The resulting chimeric IgG2a anti-
body therefore comprised rat V domains in-frame with the con-
stant regions of mouse IgG2a. The recombinant chimeric
antibodies were then produced from 293T cells transfected with
the chimeric IgG2a expression constructs, followed by purifica-
tion from the culture supernatants by standard methods using
Protein G Sepharose (GE Healthcare).

Generation of RD-43MS-Fab

To generate RD-43MS-Fab, purified RD-43MS was incubated with
immobilized Ficin-agarose resin (Thermo Fisher Scientific 44881)
in the presence of 10 mM cysteine following the manufacturer’s
user manual. After the Ficin digestion, the soluble phase was col-
lected and the undigested IgG and Fc fragments were next re-
moved from the desired Fab fragment using Protein A
Sepharose. After Protein A incubation, the Fab fragment was col-
lected from the supernatant phase followed by dialysis in PBS.

Immunoblot

Cells were washed with 1 mL of PBS and incubated with 150 μL/
300 μL (12-well/six-well plate) of lysis buffer (25 mM Tris at pH
7.4, 150 mM NaCl, 1% NP-40, 5% glycerol) containing protein-
ase and phosphatase inhibitor cocktails (Thermo Fisher) for 30
min on ice. Lysates were then transferred to 1.5-mLmicrocentri-
fuge tubes and centrifuged at 15,000 rpm for 15min at 4°C. Super-
natants were transferred to ice-cold 1.5-mL tubes and the protein
concentration was determined by Bradford assay (Bio-Rad). Ly-
sates were then diluted to a final concentration of 2 μg/μL and
mixed with 5× SDS loading buffer (5% β-mercaptoethanol,
0.02% Bromophenol blue, 30% glycerol, 10% SDS, 250 mM
Tris at pH 6.8). Cell lysate (20 μL) was subjected to 10% SDS-
PAGE followed by transfer to nitrocellulose membranes (GE
Health). Membranes were blocked (Pierce Protein-Free T20

blocking buffer, Thermo Fisher) for 1 h at room temperature, in-
cubated with primary antibody overnight at 4°C, incubated
with secondary antibody for 1 h at 4°C (PierceWestern Blot signal
enhancer, Thermo Fisher), and developed (Pierce ECL Western
blotting substrate, Thermo Fisher).

Immunoprecipitation

Whole-cell lysates were produced as described above and diluted
to the final concentration of 1 mg/mL. For immunoprecipitation
of PTPRD, 500 μL of cell lysate was incubated with PTPRD
monoclonal antibodies (4 μg/mL) for 1 h at 4°C and incubated
with 25 μL of ProteinGmagnetic beads (Thermo Fisher), followed
by the same washing steps as described below. For pull-down of
His-tagged proteins, 500 μL of cell lysate was incubated with 25
μL of Ni-NTA magnetic beads (Cell Signaling Technology) over-
night at 4°C and washed three times with 250 μL of PBS for 15
min at room temperature.

Flow cytometry

293T cells were seeded and transfected in low-attachment six-
well plates as described above. Transfected cells were washed
from the plates with PBS, centrifuged at 300g for 5min, and resus-
pended in ice-cold presorting buffer (BD Biosciences). After
counting, 1.5 × 105 cells were resuspended in 2 mL of presorting
buffer containing PTPRD monoclonal antibody (4 μg/mL) for 30
min at 4°C, followed by fluorescent-conjugated secondary anti-
body (Jackson ImmunoResearch) for 15 min at 4°C. Stained cells
were analyzed by LSR Dual Fortessa cell analyzer (BD
Bioscience).

Immunofluorescence microscopy

For 293T cells, 0.3 × 106 cells were seeded in collagen-coated,
eight-well chamber slides (Ibidi) and incubated for 24 h. For
CAL51 cells, 0.6 × 106 cells were seeded in IBI-treated eight-well
chamber slides (Ibidi). Cells were fixed with 4% PFA (Cell Signal-
ing Technology) for 15 min at room temperature and washed
three times with PBS. The last round of PBS washing contained
0.1% Triton X-100 (Sigma) for permeabilization. Cells were
then blocked with 5% normal goat serum (Cell Signaling Tech-
nology) diluted in PBS and incubatedwith primary antibody over-
night at 4°C followed by fluorescent secondary antibody for 1 h at
4°C. Immunofluorescence images were taken with a LSM710
confocal microscope (Zeiss).

Proximity ligation assay (PLA)

Transfected 293T cells were seeded in collagen-coated eight-well
chamber slides (Ibidi) and incubated for 24 h. Cells then under-
went the same process of fixation, permeabilization, blocking,
and primary antibody incubation as for immunofluorescence
staining. After the removal of primary antibody, cells were incu-
bated with PLA probe-conjugated secondary antibodies (Sigma
Duolink PLA fluorescence probe) for 1 h at 37°C and incubated
with PLA ligation buffer for 1 h at 37°C followed by PLA amplifi-
cation for 2 h at 37°C (SigmaDuolink PLA). Immunofluorescence
images were gathered using a LSM710 confocal microscope
(Zeiss).

Transwell assay

CAL51 cells were trypsinized, centrifuged, and resuspended in
complete growth media and incubated for 4 h. Cells were
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centrifuged, resuspended in FBS-free media, and counted. Cells (2
× 105) were seeded in the upper chambers of Matrigel invasion
transwell plates (Corning) with antibodies or dasatinib and incu-
bated for 18 h. Residual cells were removed and those cells that
had undergone invasion were fixed with ice-cold methanol for 3
min, followed by 5% crystal violet staining (Sigma) for 2min. Im-
ages of the stained cells were taken with an ECHO Revolve
microscope.

SEC-MALS

Lyophilized PTPRD-ECD protein was resuspended in water at a
concentration of 1 mg/mL. The protein was then repurified using
a Superdex75 Increase 10/300 column equilibrated in 10mMTris
(pH 7.4) and 50 mM NaCl. Peak fractions were pooled, concen-
trated to 1–2 mg/mL, and then taken for subsequent biophysical
analyses.
Analytical gel filtration was used to assess the behavior of RD-

ECD, RD-43, and complexes thereof to assess initial indications
of protein folding and oligomeric state. Between 4 and 10 µg of
protein was applied to a Superose6 Increase 3.2/300 column at a
flow rate of 0.05 mL/min in 10 mM Tris (pH 7.4) and 50 mM
NaCl. Protein elution was monitored at 280 nm.
Multiangle light scattering was used to determine the oligo-

meric state of the RD-ECD alone and in complex with monoclo-
nal antibodies. Protein (∼40 µg) was taken for in-line size-
exclusion chromatography on a Superose6 Increase 10/300 GL
column (monitored at 280 nm) followed by light scattering anal-
ysis. Chromatography was performed in a buffer of 10 mM Tris
(pH 7.4) and 50 mM NaCl. MALS was measured with a Wyatt
Dawn Heleos-II and processed using the included software (Astra
version 5.3.4). Bovine serum albumin (BSA) was used as calibra-
tion standard.

Statistics

All results are expressed as the mean±SEM. ANOVA and a two-
tailed Student’s t-test were used to determine statistical signifi-
cance. A P-value of ≤0.05 was considered significant. Statistical
analysis and generation of graphswere performed usingGraphPad
Prism version 9 (GraphPad Software).
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