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CANCER

EGFR targeting PhosTACs as a dual inhibitory approach
reveals differential downstream signaling

Zhenyi Hu'?t, Po-Han Chen'*f, Wenxue Li°t, Mackenzie Krone', Sijin Zheng1,
Jacques Saarbach’, Ines Urquizo Velasco', John Hines', Yansheng Liu®, Craig M. Crews

We recently developed a heterobifunctional approach [phosphorylation targeting chimeras (PhosTACs)] to
achieve the targeted protein dephosphorylation (TPDephos). Here, we envisioned combining the inhibitory ef-
fects of receptor tyrosine kinase inhibitors (RTKls) and the active dephosphorylation by phosphatases to achieve
dual inhibition of kinases. We report an example of tyrosine phosphatase-based TPDephos and the effective epi-
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dermal growth factor receptor (EGFR) tyrosine dephosphorylation. We also used phosphoproteomic approaches
to study the signaling transductions affected by PhosTAC-related molecules at the proteome-wide level. This work
demonstrated the differential signaling pathways inhibited by PhosTAC compared with the TKI, gefitinib. More-
over, a covalent PhosTAC selective for mutated EGFR was developed and showed its inhibitory potential for dys-
regulated EGFR. Last, EGFR PhosTACs, consistent with EGFR dephosphorylation profiles, induced apoptosis and
inhibited cancer cell viability during prolonged PhosTAC treatment. PhosTACs showcased their potential of modu-
lating RTKs activity, expanding the scope of bifunctional molecule utility.

INTRODUCTION

Epidermal growth factor receptor (EGFR) belongs to the ErbB family
of receptor tyrosine kinase (TK) proteins (I). EGFR is composed of an
extracellular ligand binding domain, a transmembrane domain, and
an intracellular kinase domain (2, 3). Upon ligand binding by epider-
mal growth factor (EGF), tumor necrosis factor-a (TNF-a), etc.,
EGFR forms homodimers or heterodimers with other ErbB family
receptors, which then leads to a conformational change and subse-
quent activation of TK domains (4).

Activated EGFR promotes downstream signal transduction through
autophosphorylation on multiple sites. The tyrosine residue phos-
phorylation at the EGFR C-terminal tail provides docking sites for
proteins with Src Homology (SH2) and phosphotyrosine-binding
(PTB) domains (5, 6) such as the adaptor proteins SHC-transforming
protein 1 (SHC) and growth factor receptor-bound protein 2 (Grb2)
(7, 8). For example, EGFR phospho-Y974 (pY974) has been shown
to recruit SHC, signal transducer and activator of transcription
5 (STATS5), and Src, while EGFR pY1173 binds to Grb2, SHC, phos-
pholipase C gamma 1, and Src homology region 2 domain-containing
phosphatase-1 (9). In addition to these auto-phosphorylated tyrosine
sites, phosphorylation of Y845 of EGFR, located within the activa-
tion loop of the kinase domain, correlates with EGF-dependent acti-
vation of EGFR (10-12).

EGFR phosphorylation initiates multiple downstream signaling
pathways, including the mitogen-activated protein kinases (MAPKs),
phosphoinositide 3-kinases/protein kinase B (also known as AKT),
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and the Janus kinase (JAK)/STAT pathway (1), and accordingly affects
several fundamental cellular processes, such as cell proliferation,
cell metabolism, and survival (13). Phosphorylated EGFR activates
MAPK pathway through adaptors proteins such as GRB2 and son of
sevenless homolog 1 (SOS1), promoting cell growth and proliferation
(14). In addition, EGFR can directly activate STAT3 or through Src
and JAK-STAT3, which can then dimerize and translocate into nucle-
us, where it can promote cell differentiation, survival, and prolifera-
tion (15).

EGEFR dysregulation has been implicated in pathologies of many
different types of cancers. In particular, EGFR amplification, overex-
pression, and mutations have been frequently found in non-small cell
lung cancer (16, 17). To address EGFRSs critical role in cancer pathol-
ogy, many tyrosine kinase inhibitors have been developed, such as the
first-generation TK inhibitors (TKIs) (gefitinib), second-generation
TKI (afatinib), and third-generation TKI (osimertinib) (18). While
these TKIs have improved cancer therapeutic intervention, unfortu-
nately, resistance inevitably emerges after long-term use. For instance,
EGFR T790M leads to gefitinib resistance through enhancing EGFR’s
affinity toward adenosine triphosphate (ATP) and/or blocking of gefi-
tinib binding (19, 20), and C797S mutation renders osimertinib
ineffective through replacement of the osimertinib-reactive cysteine
residue (21). In addition, TKIs are often associated with a number of
undesirable side effects, namely, dermatological adverse events such
as pruritus and acneiform skin rashes (22-24). These inadequacies
of TKIs drive continued interest in therapeutic avenues for EGFR
inhibition.

Because phosphorylation is critical for EGFR activation and
downstream signal transduction, induced EGFR dephosphorylation
provides a promising avenue for an alternative approach to EGFR in-
hibition. Phosphatases are a group of enzymes that function by re-
moving phosphates from phosphorylated proteins, thereby regulating
their function. Phosphatases are categorized into several classes:
phosphoprotein phosphatases (PPPs), Mg**/Mn**-dependent pro-
tein phosphatases (PPMs), protein tyrosine phosphatases (PTPs), and
aspartate-based protein phosphatases (25). Among them, PTPs selec-
tively remove phosphate groups from tyrosine residues and have been
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shown to play important roles in regulating receptor or nonreceptor
tyrosine kinases. For instance, protein tyrosine phosphatase nonre-
ceptor type 2 (PTPN2) has been reported to regulate EGFR function
through its dephosphorylation (26, 27).

While phosphatases have critical roles in regulating cellular ho-
meostasis and immense potential in disease treatment, their clinical
application has been insufficiently explored (28, 29). Recent advances
in bifunctional molecules, however, provide a paradigm shift in drug
development. Unlike traditional small-molecule enzyme inhibitors
that function through an occupancy-driven mechanism, heterobi-
functional molecules function via event-driven mechanisms. Prote-
olysis targeting chimera (PROTAC), first developed by our laboratory,
is a prime example of a bifunctional molecule in that they have dem-
onstrated advantages over traditional inhibitors, such as a catalytic
mode of action (30), high selectivity (31), and extended period of ef-
fect (32, 33). Similar to PROTACs, we have more recently reported
phosphorylation targeting chimeras (PhosTACs) as an approach to
modulate phosphorylation of proteins of interest (POIs) (34, 35),
which specifically and significantly induced targeted protein [i.e.,
programmed cell death protein 4 (PDCD4), forkhead box O3
(FOXO03), and tau] dephosphorylation. In addition, Zheng et al. (36),
Yamazone et al. (37), and Zhang et al. (38) used bifunctional mole-
cules to achieve dephosphorylation of tau, AKT, and apoptosis signal-
regulating kinase 1 (ASK1), respectively. However, all aforementioned
works are based on serine/threonine phosphatases, and the potential
of tyrosine phosphatase (especially against RTKs) has not been in-
vestigated.

In this study, we envisioned combining the “occupancy-driven
modality” of TKIs with the “event-driven modality” of bifunctional
molecules to achieve dual inhibition of EGFR with TKI-based Phos-
TAC. We report an example of harnessing a tyrosine phosphatase
(PTPN2) to dephosphorylate EGFR. As a proof of concept, we showed
that PhosTACs dephosphorylate wild type (WT) and mutated EGFR
(L858R/T790M) in HeLa cells and H1975 cells, respectively, which
subsequently inhibited cellular proliferation. Moreover, we used the
phosphoproteomic method to study the signaling transductions af-
fected by PhosTAC at the proteome-wide level. Site-specific phospho-
proteomic data confirmed the induced EGFR dephosphorylation by
PhosTACs, and its differential influence on cell signaling pathways
compared with the EGFR inhibitor, gefitinib. Given that TKIs are
widely used as a major treatment for cancer-targeted therapy, we be-
lieve that this technology has the potential as a modality for both basic
and translational research.

RESULTS

PhosTACs recruit tyrosine phosphatase via a fusion

protein system

Given its well-established significance in cancer pathology, we selected
EGFR as the target protein to explore the potential of tyrosine
phosphatase recruitment using PhosTACs (Fig. 1A). We used the
first-generation EGFR inhibitor, gefitinib, as the EGFR recruiting
molecule because it has high affinity (Kg = 35 nM) toward WT EGFR
(20). Because of the lack of well-established tyrosine phosphatase
activator, we used the FK506 binding protein 12 (FKBP12"%Y) fusion
protein strategy as previously described (34). In this way, this fusion
protein can be easily recruited with FKBP12"¢" small-molecule li-
gand (39), providing an efficient bio-orthogonal method that has
been widely used in PROTAC research and proven to be an effective
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chemical biology tool (40, 41). We chose the 45-kDa isoform of
PTPN2 (TC45), a phosphotyrosine-specific nonreceptor phos-
phatase, as the phosphatase for the EGFR to minimize possible
target protein incompatibility. The PTPN2-TC45 was fused with
FKBP12™¢V tag protein at its N-terminal and stably expressed in
HeLa cells as we previously did for protein phosphatase 2A (PP2A)
(34). Last, to construct the bifunctional PhosTACs, we used chemi-
cal linkers to connect the FKBP12"¢" ligands and gefitinib mole-
cule and established a small library of PhosTACs (Fig. 1B and
figs. S1, A and B and S2; including GePhosl, GePhos3, GePhos6,
and GePhos9).

Because this PhosTAC was designed to combine the inhibitory ef-
fects of both a TKI and active dephosphorylation by a phosphatase, it
is intriguing to distinguish between any dephosphorylation effects at-
tributable to the gefitinib molecule alone versus that from the active
PTPN2 recruitment. To distinguish these two effects, we designed a
nonbinding PhosTAC-negative control inspired by inactive epimers
in PROTAC development (42). PROTAC epimers have similar physi-
cal and chemical properties as active PROTACs but cannot recruit E3
ligases, leading to no POI degradation (43). Similarly, we designed
a GePhosl epimer that lacks binding affinity toward FKBP12™¢", The
FKBP12 protein is a rotamase that catalyzes the cis-transisomerization
of L-prolyl amide bonds (44), and the S-pipecolic ester motif in FKB-
P12V ligand was shown to be the main contributor for binding
(Fig. 1B and fig. S1A, circled in red) (45). Therefore, we hypothesized
that inversion of the stereocenter of pipecolic ester motif may lead to
decreased binding affinity. Accordingly, the FKBP12™¢" epimer li-
gand with an R-pipecolic ester motif was synthesized, and its binding
affinity for recombinant FKBP12F%V was measured (fig. S1, B and C)
by surface plasmon resonance (SPR) and isothermal titration calo-
rimetry (ITC). As expected, we observed a low nanomolar Ky for
binding of the original FKBP12"*" ligand to FKBP12"*¢Y (K3 = 16 nM),
and none for the epimer by single- or multi-cycle SPR (Fig. 1C and
fig. S3, A and B), which was corroborated by ITC (K4 =9.9 + 7.8 nM)
(fig. S3C). Moving forward, we used this epimer ligand to generate an
inactive GePhosl epimer (denoted iGePhosl) as a nonbinding nega-
tive control (Fig. 1B). As iGephosl lacks the phosphatase recruiting
possibility, thus any possible dephosphorylation effect induced by
iGephosl could be attributed to the residual effect of the gefitinib
molecule. As expected, we observed enhanced ternary complex for-
mation induced by GePhosl (fig. S22). It is worth noting that FKBP-
127V fusion protein has been widely used as a tool in PROTAC
studies (46), cell imaging (47), etc., this epimer compound provides a
valuable negative control compound for future chemical biology studies.

PhosTAC induces dephosphorylation in a catalytic manner

One of the advantages of bifunctional molecules, exemplified by
PROTACG:, is its unique event-driven pharmacology model (33), exe-
cuting catalytical effect (48). As phosphorylation is fast and reversible,
we hypothesize that PhosTAC may also have similar catalytic poten-
tial that phosphate groups decorated on EGFR can be removed by
PhosTAC-recruited PTPN2 (Fig. 1A), in an iterative fashion. To test
the catalytic mechanism of PhosTACs, we monitored the amount of
released phosphate with the malachite green, which can form com-
plex with free orthophosphate and can be detected by a spectropho-
tometer with absorbance at 620 nm. We co-incubated recombinant
proteins of the EGFR kinase domain and FKBP12"*V-PTPN2 with
GePhosl or iGePhosl, respectively, in vitro. After 1 hour of reaction,
iGePhosl did not induce significant phosphate release enhancement
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Fig. 1. Design of EGFR-targeting PhosTACs. (A) Scheme of the EGFR PhosTAC action mechanism. (B) Structure of GePhos1 and iGePhos1. (C) SPR sensograms of
FKBP127% binding to FKBP127¢" ligand (top) and FKBP127¢Y epimer ligand (bottom). FKBP127*¢V protein exhibited high affinity toward FKBP12™%" ligand
(K4 =16 nM), while no notable binding was detected for FKBP1273¢V epimer ligand. (D) Catalytic dephosphorylation effect of PhosTACs. EGFR, PTPN2, and PhosTACs
were incubated with the indicated condition for 1 hour. The dephosphorylation effects were monitored via phosphate release as indicated by ODg;0 nm in the Malachite

Green assay.

compared with EGFR or PTPN2 protein alone in ATP solution, while
GePhos1 induced a significantly higher amount of phosphate release
compared to the iGePhos1 (Fig. 1D). We observed that the released
phosphate induced by GePhosl was 27.59 + 0.49 pM compared with
7.68 + 0.20 pM by iGePhosl, which was several thousand times
equivalent of PhosTAC and PTPN2. Similar results were also ob-
tained with lower amount of EGFR, PTPN2, or PhosTAC molecules
in vitro (fig. S4). This result is in accordance with the PTPN2’s
high catalytic activity (49), showcasing the catalytic effect of Phos-
TAC. Previously, our laboratory reported the catalytic effect of PROTAC
(48), demonstrating that one PROTAC can induce the installation
of multiple ubiquitin with the stoichiometry of about three, and
the higher catalytic rate of PhosTAC indicates potential for kinase
inhibition.

PhosTAC (GePhos1) induces EGFR dephosphorylation

Next, we tested the ability of EGFR PhosTACs to induce intra-
cellular EGFR dephosphorylation in a FKBP12™¢Y-PTPN2(TC45)-
engineered HeLa cells. In this engineered cell line, we observed slightly
reduced cell growth compared with the parental HeLa cells (fig. S5).
We hypothesized that serum starvation would arrest and synchronize
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randomly activated EGFR in regular culture conditions, so HeLa cells
with WT EGFR stably expressing FKBP12"**V-PTPN2(TC45) were
serum-starved for 24 hours. In addition, because EGFR phosphoryla-
tion cycle is rapid and short (less than 20 min based on our data),
PhosTAC may not act in time without pretreatment. Thus, serum star-
vation and PhosTAC cotreatment were applied in our experiments.
After which, cells were subsequently stimulated with EGF (100 ng ml™")
for 15 min, collected and lysed, and then analyzed via immunoblot-
ting. We tested the ability of EGFR PhosTACs to induce intracellular
EGEFR dephosphorylation. Among the PhosTACs (with different linker
length) tested, GePhos1 demonstrated the optimal potency (fig. S6);
thus, we next focused on the investigation of GePhosl. Relative to
treatment with dimethyl sulfoxide (DMSO) or iGePhosl, cells treated
with 100 nM GePhosl1 displayed profound EGFR dephosphorylation
at both EGFR pY1068, which is one of the major EGFR autophosphor-
ylation sites, and at pY845, a key site within the kinase loop (Fig. 24,
figs. S7 and S8). Because EGFR phosphorylation at the C-terminal tail
is crucial for the recruitment and activation of downstream signaling
proteins, we also analyzed the phosphorylation state of proteins known
to associate with activated EGFR. As shown in Fig. 2A, notable de-
phosphorylation of STAT3 pY705 was observed in GePhosl-treated
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cells. Notably, the iGePhos1 PhosTAC epimer showed moderate de-
phosphorylation at high concentration (1000 nM), possibly due to the
EGEFR inhibition effect of gefitinib itself. As a side-by-side control,
we found that GePhos1 showed similar dephosphorylation potency
beyond 100 nM when compared with gefitinib (Fig. 2A). The half-
maximum dephosphorylation (DpCsg) for GePhosl is around 13 nM
in the engineered HeLa cells (fig. S9). In addition, after a high amount
of EGF stimulation, we observed a reduction of total EGFR level,
which was restored with the GePhosl treatment (Fig. 2A). This is pos-
sibly due to the fact that GePhos1 blocked EGFR phosphorylation un-
der strong EGF stimulation, which was known to induce EGFR
phosphorylation followed by protein endocytosis and down-regulation
(Fig. 2A) (50, 51). In the absence of EGF stimulation, we did not ob-
serve substantial EGFR protein level change in DMSO, gefitinib, or
GePhos1-treated FKBP12-PTPN2 HeLa cells after 24-hour incubation
(fig. S1I0A). As a parallel control, the parental HeLa cells also showed
high EGF-dependent EGFR phosphorylation and degradation. Those
data suggest that the inverse correlation between EGFR phosphoryla-
tion and protein level is a conserved phenomenon and further sup-
ports the on-target mechanism of GePhos1 on EGFR (fig. S10B). To
further confirm the phosphatase-dependent mechanism of GePhosl,
a direct comparison of the impact when recruiting inactive or active
PTPN2 phosphatase in the same cell line would be ideal. However, be-
cause of technical limitations in our system, we were only able to com-
pare the inactive and active FKBP12-PTPN2 in separate stable cell
lines. We generated a cell line expressing the inactive phosphatase mutant
fused to FKBP12"*Y, named as FKBP12"**V-PTPN2'%%(TC45).
In this FKBP12"*V-PTPN2*5(TC45) cell line, we observed only
slightly reduced EGFR phosphorylation with GePhos1 compared with
iGePhosl (Fig. 2C and fig. S11). Possible reasons for this minor
phosphatase-independent effect may be the residual inhibition effect
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of gefitinib warhead, as well as that the GePhos1 recruitment of PTPN2
to EGFR sterically hinders cis- and/or trans-EGFR autophosphoryla-
tion in response to EGF stimulation.

Next, we tested EGFR phosphorylation and dephosphorylation
kinetics upon treatment with EGF after pre-incubation with GePhosl
(Fig. 2B and fig. S7B). In the negative control iGePhos1-treated cells,
EGFR pY1101, pY1068, and pY845 signals spiked around 2.5 min
compared with no EGF stimulation at time 0 min and gradually de-
creased starting at 10 min after EGF stimulation, followed with phos-
phorylation of SHC (pY239/240), GRB2-associated binding protein
1 (GAB1) (pY627), mitogen-activated protein kinase kinase (MEK1/2)
(pS217/221), extracellular signal-regulated protein kinases 1 and
2 (ERK1/2) (pT202/pY204), AKT (pS473), and STAT3 (pY705). In
contrast, GePhos1 treatment substantially blunted EGFR phosphory-
lation at pY1101, pY1068, and pY845. Consistently, downstream sig-
naling was also inhibited by GePhos1: we observed moderate increase
of pSHC (pY239/240), faster turnover of pGAB1 (pY627) and
pERK1/2 (pT202/Y204), delayed phosphorylation peak of MEK1/2
(pS217/221), and inhibited upregulation of pSTAT3 (pY705) (Fig. 2
and fig. S7). It is noteworthy that GePhosl and iGePhosl showed
similar in vitro inhibitory effects toward EGFR [median inhibitory
concentration (ICsp) = 0.38 and 0.29 nM, respectively; fig. S23), sug-
gesting that the diminished inhibitory effect of iGePhosl in the cel-
lular assay was not a result of the modified FKBP12 ligand, which is in
consistent with our proposed mechanism of PhosTAC.

Phosphoproteomic approach reveals altered EGFR signaling
by PhosTAC

Next, a phosphoproteomic approach was used to investigate the phos-
phorylation changes associated with PhosTAC treatment (dataset S1).
HeLa cells expressing FKBP12"*¢V-PTPN2 were serum-starved while
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treated with DMSO, GePhosl, iGePhosl, or gefitinib. All groups were
then stimulated with EGF for 0 (no EGF), 7.5 or 15 min before sample
collection. We chose 7.5 and 15 min due to the sample prepara-
tion bandwidth limitation and limited liquid chromatography-mass
spectrometry testing throughput. Samples were digested and ana-
lyzed using a data-independent acquisition (DIA) proteomic ap-
proach (52). Proteomic data revealed the influence of GePhosl on
proteome-wide phosphorylation levels compared to iGePhos1. Using
DIA-MS, we identified approximately 60,000 phospho-peptides in
each sample (fig. S12). The number of substantially changed phos-
phopeptides detected in each treatment was visualized in the Venn plot
(fig. S13A). In addition, a heatmap showed no substantial phosphory-
lation changes before EGF treatment (at 0 min) between DMSO-,
gefitinib-, GePhosl1-, or iGePhosl1-treated groups (fig. S13B).

In agreement with previous data, dephosphorylation of the EGFR
C-terminal tyrosine residues was validated via this independent and
unbiased approach, including pY1068, pY1110, pY1172, and pY1197

EGFR-Y1197

(Fig. 3, A and B, and figs. S14 and 15A). In addition, GePhosl ro-
bustly down-regulated multiple other phosphorylation sites of EGFR
compared to DMSO and iGePhosl (Fig. 3C and fig. S14A). Further-
more, we observed decreased phosphorylation of many downstream
proteins such as SHC (pY426 and pY427), SOS1 (pS1333), ERK
(pY187), and STAT3 (pY705) (figs. S14, B and C and S15), demon-
strating PhosTAC’s regulatory effect on EGFR signaling.

GePhosl induced more significantly down-regulated protein
phosphorylation when compared with iGePhosl (Fig. 3D). Notably,
we observed complex signaling consequences induced by GePhosl
(Fig. 3, D and E) with many phosphorylation sites being significant-
ly altered in this study. For example, we observed significant de-
phosphorylation of EGFR pY1197, along with SHC pS426, inositol
polyphosphate phosphatase-like 1 (INPPL1) [pY987 and pS1003; a
regulator of EGFR (53, 54)] (Fig. 3D), TK nonreceptor 2 (TNK2)
(pY827) (55), and STAT3 (pY705) (Fig. 3E), showcasing the regula-
tory effect on EGFR signaling pathways through the PhosTAC
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Fig. 3. GePhos1-induced dephosphorylation events confirmed by DIA-MS. (A and B) Extracted extracted ion chromatogram (XIC) graphs from Spectronaut software
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mechanism. A few protein phosphorylation levels were significantly
increased in GePhosl-treated cells compared with iGePhosl, such
as methylosome subunit pICIn [encoded by chloride nucleotide-
sensitive channel 1A (CLNS1A)] pS90. However, the functional
consequence and correlation with EGFR signaling remain to be elu-
cidated (Fig. 3, D and E). We next enriched the top 100 proteins
whose phosphorylation was significantly reduced by GePhos1 com-
pared to iGePhsol (P < 0.05) and applied these candidates to Gene
Ontology (GO) analysis. It was shown that these dephosphorylated
candidates are involved in pathways such as EGF/EGFR signaling,
response to growth factor, and small and Ras homologous (RHO)
GTPase-related signals, indicating the influence of GePhosl on
these pathways (Fig. 3F).

We next examined the different dephosphorylation patterns in-
duced by gefitinib or GePhosl because gefitinib functions through
an occupancy-driven mechanism compared to GePhosl, which
combined the occupancy- and event-driven mechanisms. After
7.5 min of EGF stimulation, gefitinib demonstrated stronger EGFR
phosphorylation inhibition compared with GePhosl in term of
pY1197, while less obvious differences on other EGFR phosphoryla-
tion sites was observed. The comparatively less effects of GePhosl to
gefitinib on EGFR and downstream SHC (Y426 and Y427) (Fig. 4A)
are attributable to its presumably poorer cell permeability due to its
larger molecular size and less optimized structure as a proof-of-
concept molecule. Notably, GePhos1 showed decreased inhibition
toward receptor-interacting protein kinase 2 (S363) (Fig. 4A), a
known off-target of gefitinib (56, 57), suggesting a possible extra
layer of target selectivity provided by the PhosTAC mechanism,
which is also commonly found in PROTAC studies (33). We also ob-
served GePhosl treatment led to preferential eukaryotic translation
initiation factor 4E binding protein 1 (EIF4EBP1) (pS85) dephos-
phorylation (58, 59), whose function was associated with abnormal
cell growth (60-62), indicating possible antiproliferative advantages
of PhosTACs (Fig. 4A). After 15 min of EGF stimulation, more
significant and distinct protein dephosphorylation events were ob-
served between GePhosl- and gefitinib-treated groups (Fig. 4B).
Notably, we observed preferential dephosphorylation of EIF4AEBP1
(pS86), eukaryotic translation initiation factor 4B (pS406) (63, 64),
Capicua (pS77) (65), and yes-associated protein 1 (pT143) (66) by
GePhosl, which again indicates possible inhibitory advantages com-
pared to gefitinib (Fig. 4, A and B).

Next, we compared the top 100 proteins, whose phosphorylation
events were significantly reduced by GePhosl compared to gefitinib
(P < 0.05). GO analysis revealed that these proteins are involved in
EGF/EGEFR signaling, Rho GTPase signaling, signaling by RTKs, etc.,
showcasing unique influence of GePhos1 on these pathways (Fig. 4C).
We next explored the kinome and identified 116 kinases potentially
affected in our phosphoproteomic study (Fig. 4D). When compared
with gefitinib, GePhos1 preferentially affects the TK family, TK-like
kinase family, and cyclin-dependent kinases (CDKs), glycogen syn-
thase kinases, MAP kinases, and CDK-like kinases family (CGMC).
In comparison with GePhosl, STE kinase family phosphorylation
was preferentially down-regulated by gefitinib (Fig. 4E). The dynamic
impacts on kinome phosphorylation by GePhos1 or gefitinib in the
presence of EGF are visually represented via a heatmap, showcasing
differential impacts of GePhosl. For example, phosphorylation of
Unc-51-like kinase 1 (ULK1) (S330), P21 (RAC1)-activated kinase 4
(PAK4) (S181), MAPK1 (Y187), and AKTI1(S122/124/126) were
preferentially down-regulated by GePhosl at 15 min compared
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with DMSO or gefitinib (Fig. 4F). Overall, these results indicate that
GePhosl, via recruiting a phosphatase, affects phosphorylation
through a different action than gefitinib, which directly inhibits EGFR
kinase activity. This PhosTAC technology could provide an alterna-
tive avenue for RTK inhibition with possible selectivity and advan-
tages. However, the phosphorylation signaling pathways modified by
PhosTAC are of great complexity, and further investigation is re-
quired. Our PhosTACs enabled the biologically intriguing com-
parison of cell signaling consequences between the EGFR activity
inhibition through drugs such as gefitinib and dual inhibitory mode
of actions in GePhosl.

Covalent PhosTAC (AfaPhos1) induces

EGFR dephosphorylation

One major challenge for clinical applications of EGFR TKIs is ac-
quired drug resistance, e.g., mutations of EGFR at L858R/T790M
lead to higher ATP affinity (20) or decreased TKI engagement, re-
sulting in gefitinib resistance. One of the commonly used cell lines
for mutated EGFR study is H1975, a non-small cell lung cancer cell
line. To expand the PhosTAC application in cell lines harboring TKI-
resistant mutations, we generated FKBP12F36V-PTPN2—expressing
H1975 cells. As expected, in H1975, L858R/T790M EGEFR is consti-
tutively phosphorylated under normal conditions, and EGF stimula-
tion only slightly enhanced phosphorylation (fig. S16), which is of
substantial contrast as observed in WT EGFR of HeLa (Fig. 2). In
addition, GePhos1 or gefitinib treatment only demonstrated limited
EGFR dephosphorylation (fig. S16) in H1975 irrespective of EGF
stimulation. This is probably due to the limited engagement of the
gefitinib molecule to mutated EGFR. To overcome the acquired TKI
resistance, the next generation of TKIs, such as afatinib, containing
cysteine reactive groups was developed to react with EGFR C797 and
covalently bind to EGFR. When comparing the potency of gefitinib
with afatinib in H1975, only afatinib effectively reduced EGFR phos-
phorylation under normal culture conditions (fig. S17). To effectively
target mutated EGFR with PhosTAC, we designed a new EGFR
PhosTAC based on afatinib as a warhead, named AfaPhos1 (Fig. 5A,
left). Similar to iGePhosl, we synthesized inactive PhosTAC epimer
with the FKBP12"%" epimer ligand (named iAfaPhosl; Fig 5A,
right). As expected, we observed dose-dependent EGFR dephos-
phorylation at both pY1068 and pY845 with AfaPhosl treatment,
achieving 90% dephosphorylation at 0.5 pM [Fig. 5, B (left) and C,
and fig. S18], while iAfaPhos1 displayed a blunted dose-dependent
dephosphorylation effect, showing 90% dephosphorylation when
dosing above 5 pM [Fig. 5, B (right) and C, and fig. S18]. The reduced
inhibition efficiency disparity between AfaPhosl and iAfaPhosl
compared to GePhosl and iGePhosl in HeLa is possibly due to the
high potency of the afatinib warhead and loss of catalytic activity of
covalent PhosTAC, which is also commonly observed for covalent
PROTAC:s (32). We also observed notable dephosphorylation after
6-hour treatment of AfaPhos1 and GePhosl (fig. S19); this is in ac-
cordance with the fast kinetic of phosphatase action and our tau
PhosTAC study (35).

It is worth noting that due to the L858R/T790M mutations,
H1975 EGFR has high phosphorylation level even without the EGF
stimulation; thus, no EGF stimulation was applied in this experi-
ment, and subsequently, no EGF-dependent total EGFR down-
regulation was observed. Overall, our result demonstrates that the
covalent ligands can be applied as potent warheads for future Phos-
TAC design.

6of 14



SCIENCE ADVANCES | RESEARCH ARTICLE

GePhos1 vs. Gefitinib 7.5 min
© - « -~ SHC1(S426)
SHC1(Y427) — o
o 4
BCAR1(T326)
< 4 . « EGFR_(Y1197)
° o b B
3 R &
< oK .
[ 5 o
ES EIF4EBP1(S85)
8
- 9
1
- 4

-6 -4 -2 0 2 4
Log, fold change

Log, fold change

GePhos1 vs. gefitinib

Signaling by Rho GTPases, Miro GTPases and RHOBTB3

Regulation of apoptotic signaling pathway
Regulation of peptidyl-tyrosine phosphorylation

Transmembrane receptor protein tyrosine kinase signaling pathway
Signaling by receptor tyrosine kinases

Regulation of plasma membrane bounded cell projection organization
Epidermal growth factor receptor signaling pathway

Regulation of cytoskeleton organization

B C Down-regulation
GePhos1 vs. Gefitinib 15 min “75min 15min_
EGF/EGFR signaling pathway
EIFAEBP1(S86) & & Signaling by Rho GTPases
~. = % pvalue
A " MR ° o AFAP1(5661,8669) 0.01 mRNA metabolic process
Iy o I mRNA processing
° % Chromatin organization
X Y e 008 RNA splicing
[ S DNA metabolic process
a e IFaB(s406) e Histone modification
N Toicem / S Cell Cycle
S Regulation of cell cycle process
T [YAP1(T143)
7 I , Signaling by EGFR
y v
T T T T T T T
6 -6 -4 -2 0 2 4 6

Regulation of binding

Muscle structure development

F DMSO GePhos1 Gefitinib
E PhosTAC vs. Gefitinib 0 7515 07515 0 7.5 15 min
ULK1_S330
PAK4_S181 |ogz FC
.k‘ I )
™ MAPK3_Y204s
MAPK1_Y187 o
AKT1_$122.8124,8126
I -5
CMGC

AGC

CAMK

CAMK

Branch/node color Atypical kinases

Branch/node color Atypical kinases

W AcC Log, fold change
W Atypical ABC1 =S 9 3]
CAMK [ N i | ABC1
ki
Alpha .
m cvec Node size alers
m Otner o 22 88
STE Brd
0 ® .
u (1 )
| KL PDHK

PDHK
PIKK
—e
ro @

TIF1

PIKK

RIO

TIF1
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EGFR PhosTACs induce apoptosis and cell toxicity

EGEFR signaling is critical for cell survival and proliferation; thus,
we set to test the biological effect of EGFR PhosTACs. We tested
the apoptosis-inducing effect of PhosTAC using annexin V and
propidium iodide staining. After incubating cells with PhosTACs
for 48 hours, we observed that GePhosl and AfaPhosl induced
apoptosis and cell death in HeLa (Fig. 6A) and H1975 cells, re-
spectively (Fig. 6B). Using CellTiter-Glo assay, which monitors
the cellular ATP content, to measure cell viability, we observed
that after 4 days of treatments, 5 pM GePhos] resulted in a 48.5%
decrease in cell viability, while the epimer displayed 20.6% de-
crease in FKBP12"¢V-PTPN2 HeLa cells. After 6 days of treat-
ment, GePhos1 and gefitinib did not reach full inhibition of HeLa
cells at 5 pM concentration, GePhos1 exhibited 78.5% (ICs5y =
0.81 pM), epimer 23.4%, and gefitinib 74.3% (ICso = 2.54 pM) (Fig. 6C
and fig. S20B) cell viability inhibition in FKBP12"¢V-PTPN2
HeLa cells. In FKBP12"**V-PTPN2 H1975 cells, we found that
AfaPhosl (5 pM) inhibited cell viability by 94.1%, while epimer
decreased cell viability by 65.2% after 4 days of treatments. After
6 days, AfaPhosl exhibited a 99.6% decrease in cell viability
(ICsp = 1.26 uM), iAfaPhosl a 57.6% decrease (ICsy = 2.58 pM),
and afatinib (IC5p = 2.11 pM) (Fig. 6D and fig. S20D). Similar to
the aforementioned, the inhibitory effect of iAfaPhosl at high
concentration is possible due to the high potency of the afatinib
warhead, loss of catalytic activity of covalent PhosTAC, and
H1975’ dependence on EGFR. PhosTAC showed lower inhibi-
tion effect compared to TKIs in parental cell lines (fig. S20). No-
tably, GePhosl can inhibit H1975 cell viability after 4 days of
treatment when compared with iGePhos1 (fig. S21). These results
together demonstrate the inhibitory effects of PhosTAC on cellu-
lar proliferation.

Huetal, Sci. Adv. 10, eadj7251 (2024) 27 March 2024

DISCUSSION

In conclusion, targeted protein dephosphorylation (TPDephos) rep-
resents a modality with potential for selective and effective protein
regulation. TPDephos is relatively new but is growing rapidly: our
laboratory reported PhosTACs for PDCD4, FOX3a (34), and tau (35);
in addition, Zheng et al. (36), Yamazone et al. (37), Zhang et al. (38),
and Simpson et al. (67) reported dephosphorylation of tau, AKT,
ASK1, family with sequence similarity 83 member D, and ULK1, re-
spectively. These studies represent exploratory and pioneering works
in TPDephos, demonstrating the potential for basic and therapeu-
tic research.

TPDephos with PhosTACs provides another therapeutic modali-
ty in addition to kinase inhibitors and degraders. With its unique
event-driven mechanism, PhosTACs have the potential for more
precise and potent inhibition of POI compared with kinase inhibi-
tors. Targeted protein degradation with PROTACs (68), lysosome-
targeting chimeras (69), and antibody-based PROTACs (70) have
demonstrated great therapeutic value in recent years via removal of
the POIs. Because many kinases have kinase-independent functions
(71, 72), the removal of the whole protein gives rise to the possibility
of unexpected side effects. On the other hand, PhosTACs modulate
POI phosphorylation levels without degrading the whole POI, so
PhosTACs are expected to modulate POI with more precision, with
more predictable outcomes.

In this PhosTAC model, we combined the inhibitory effect of a
TKI and active dephosphorylation induced by a tyrosine phospha-
tase to achieve dual inhibition of EGFR. Notably, our work repre-
sents an example of harnessing a tyrosine-protein phosphatase
(PTPN2) for RTK-targeted dephosphorylation by a small bi-
functional molecule other than protein dimerizers (73), provid-
ing a modality for RTK inhibition, whose dysregulation has been

8of 14



SCIENCE ADVANCES | RESEARCH ARTICLE

HelLa
A
DMSO GePhos1 (1 pM)

4 " Dead o Dead
()]
°
S
k<] = kT
€
=2
el Qt Q@ Qt @
g1 = =
o
L B .
o Live » o Live @ of

Apoptotic| Apoptotic|
s i3 it o W
Annexin V
B
H1975
DMSO AfaPhos1 (1 pM)
" Dead . Dead

A =
(]
el - o
g - Q @ . a Q"
E e
-_g & Live @ o "= Live o4
a
]
o ey

Apoptotic Apoptotlc

T

rr T
T T 10* 10°

§a s 10

>

Annexin V

c HelLa cells
1.5
-o- GePhos1 4 days
-# iGePhos1 4 days
£ 1.0 ~+ GePhos1 6 days
E ¥ iGePhos1 6 days
S 0.5
0.0 1 I 1 I 1
-1.0 -0.5 0.0 0.5 1.0
Log (uM)
D H1975 cells
1.5
-o- Afaphos1 4 days
-# jAfaPhos1 4 days
Z 1.0 = T &+ AfaPhos1 6 days
§ * iAfaPhos1 6 days
S 0.5- 7
0.0 T T T T 1
15 1.0 -05 00 0.5 1.0

Log (uM)
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treated controls.

implicated in many types of diseases. Similarly, but on the flip side,
the recent development of the phosphorylation-inducing chimeric
small molecules (PHICS) platform for induced tyrosine phosphor-
ylation certainly highlighted the importance and general inter-
ests in manipulating tyrosine phosphorylation (74). Also, we use
phosphoproteomic method to study the signaling transductions
affected by PhosTAC or similar concepts at the proteome-wide level.
More intriguingly, the differential signaling pathways inhibited by
PhosTAC compared with kinase inhibitor (gefitinib) suggest a po-
tential window to manipulate related biological outcomes. It is also
worth noting that we have designed an epimer control compound
for the FKBP™¢Y protein, which provides a valuable tool com-
pound, as the FKBP12"%" protein/degradation tag (dTAG) system
is widely used in chemical biology studies. We subsequently de-
signed a covalent afatinib-based PhosTAC to target the gatekeeper-
mutated EGFR (L858R/T790M) and demonstrated its ability to
dephosphorylate mutant EGFR. Consistent with predicted Phos-
TAC functions, EGFR PhosTACs induced apoptosis and inhibited
cell viability in two different cancer cell lines.

As a category of bifunctional molecules, the development of
PhosTACs still faces many challenges. For example, the current
EGFR PhosTACs induced less pronounced dephosphorylation on
EGEFR (Fig. 4A) and downstream proteins when compared to TKIs
such as gefitinib, which is attributable to their lower potency due to

Huetal, Sci. Adv. 10, eadj7251 (2024) 27 March 2024

unoptimized structures, and presumably lower cell permeability due
to the larger molecular sizes of these proof-of-concept PhosTACs. In
addition, AfaPhosl, the covalent PhosTAC based on afatinib, dem-
onstrated a lower efficacy disparity compared to the control, which is
possibly due to the fact that its covalent nature prevents the “event-
driven modality” of PhosTAC, indicating the limitation of covalent
bifunctional molecules. Also, the PhosTAC induced downstream
signaling pathways are exceptionally complex and need future inves-
tigations. In addition, no phosphatase activators have been well-
established thus far, and the discovery of phosphatase ligands has
been proven to be difficult.

However, with putatively >100 protein tyrosine phosphatases
in the human genome and >30 protein Ser/Thr phosphatases
along with their regulatory subunits, the possibility for future de-
velopment of more efficient or target-specific PhosTACs is intrigu-
ing. The rapid dephosphorylation kinetics of phosphatases also
may enable PhosTACs to modulate signaling quickly and effec-
tively. In addition, the unique event-driven mechanism of bifunc-
tional molecules may also provide PhosTACs with advantages
such as selectivity and long-lasting effects. Overall, we demon-
strated the feasibility of co-opting a TKI and a tyrosine phospha-
tase for PhosTACs, showcased their potential for targeted RTK
dephosphorylation, and provided a dual inhibitory modality for
both basic and translational research.
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MATERIALS AND METHODS

Materials and instruments

Detailed information about materials and instruments is contained
in the Supplementary Materials. All chemicals, reagents, and anti-
bodies are used without modification unless specified.

Cell line, DNA constructs, and chemicals

Hela FlpIn-Trex (Thermo Fisher Scientific), HeLa derivative, and 293T
cell lines were maintained and cultured with Dulbecco’s modified
Eagle’s medium supplied with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (P/S). H1975 lung cancer cell line (American
Type Culture Collection) and its derivative were maintained in RPMI
medium supplied with 10% FBS, 1% P/S, and additional glucose
(45¢g liter™! final). All cell lines were incubated at 37°C with
5% CO,. PTPN2_TC45 short isoform WT cDNA was inserted into
PpcDNA5-FRT/TO-Flag-FKBP12" % vector [modified f rom pcDNA5-
FRT/TO-Flag-FKBP12"%°Y-PP2A A in our previous report (34)] by
Gibson assembly (E2611, NEB) to generate pcDNA5-FRT/TO-Flag-
FKBP12"*%V-PTPN2_TC45. The p hosphatase d ead P TPN2*'%® w as
generated by site-directed mutagenesis (QuickChange II, Agilent) us-
ing the following primer pairs (5'-CCTGCGGTGATCCACAGTAGT
GCAGGCATTGG-3' and 5-CCAATGCCTGCACTACTGTGGATC
ACCGCAGG-3') based on the PTPN2 WT sequence. The DNA se-
quence of Flag-FKBP12™%V-PTPN2 was amplified by p olymerase
chain reaction and assembled to pReceiver vector by Gibson assembly
to generate a lentiviral vector carrying Flag-FKBP12"¢"-PTPN2.
This PTPN2 carrying vector was cotransfected with psPAX2 and
pMD2.G into 293T cells by Trans-LT1 (Mirus Bio) to generate lentivi-
ral particles, which were then used to transduce H1975 to establish a
Flag-FKBP12"¢V-PTPN2-expressing cell line. EGF (R&D Systems)
was reconstituted in sterile PBS and aliquoted for storage at —20°C.

FKBP127%%Y recombinant protein purification
PET15b-6XHis-FKBP12"%" was purchased from Addgene (#73180).
PTPN2 was cloned from pcDNA5-FRT/TO-Flag-FKBP12"*°"-PTPN2
and assembled into pET15b-6xHis-FKBPI12f3¢V to generate pET15b-
6xHis-FKBP12"*°Y-PTPN2 by Gibson assembly. To generate 6xHis-
FKBP12"¢" recombinant proteins, either expression vector was first
transformed into Escherichia coli BL21 (DE3) and cultured in a 2-liter
Luria-Bertani flask. When optical density (ODgq) reached 0.6, 2 mM
isopropyl p-Dp-thiogalactopyranoside was added for another 21.5-hour
shaking at 18°C. After induction, the bacterium was collected and
lysed in lysis buffer [50 mM Trizma HCI, 300 mM NaCl, 10 mM
imidazole, 0.5 mM TCEP (pH 7.5), and protease inhibitor cocktail]
followed by triple 3-min sonication (Branson Sonifier 450, 50% duty
cycle, output control: 6) and centrifugation at 12,000 rpm for 20 min.
The s upernatant w as t hen c ollected a nd i noculated i n t he n ickel-
nitrilotriacetic acid (Ni-NTA) resin. After washing and elution, the
eluent was dialyzed against PBS with 4% glycerol overnight at 4°C. The
dialyzed samples were briefly spun down to remove precipitated pro-
teins, the clear supernatant was subjected to ITC (FKBP12™*" pro-
tein) or size exclusion chromatography using S75 column (AKTA, GE
Healthcare) (for FKBP12F°¢V in SPR assay and FKBP127¢V_PTPN2).
The S75 column was equilibrated with PBS, and soluble protein frac-
tions were aliquoted, snap-freezed, and stored at —80°C.

In vitro dephosphorylation
EGFR recombinant protein with kinase domain was purchased (Sino
Biological, catalog no. 10001-H20B2) for in vitro dephosphorylation.
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For the in vitro dephosphorylation assay, the 6xHis-FKBP12F¢V-
PTPN2 protein was dialyzed in reaction buffer [20 mM tris, 300 mM
NaCl, 0.02% Triton X-100, 2 mM DTT, and 2 mM MnCl, g})H 7.5)].
A 5 pl of EGFR (160 nM) and 5 pl of 6xHis-FKBP12¢V-PTPN2
(80 nM) are added to 84 pl of reaction buffer along with 5 pl of ATP
solution (1 mM; Thermo Fisher Scientific, catalog no. R0441) in a clear
96-well plate. GePhos1 (1 pl, 400 nM), inactive GePhosl (1 pl, 4 nM),
or DMSO (1 pL) was added accordingly. The plate was then incubated
at 37°C for 1 hour, and phosphate release was monitored by Malachite
Green assay according to the manufacturer’s protocol (Enzo Life Sci-
ences, catalog no.BML-AK111-0250). Released phosphate concentra-
tions were calculated from the standard curve generated with the
phosphate standard solution.

SPRand ITC

All SPR experiments were performed on a Biacore 8K (Cytiva) at
25°C, and PBS-P+ (Cytiva) with 2% DMSO was used as the running
buffer. 6xHis-FKBP12F36V was diluted in 10 mM sodium acetate
(pH 5.5) and immobilized on a CM5 (Cytiva) chip using 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide cou-
pling conditions until an immobilized resonance units (RU) of 3000
was achieved. For single-cycle experiments, a contact time of 120 s
and dissociation time of 600 s was performed (30 pl/min), and both
molecules were tested with a four-fold dilution series from 0.29-
300 nM. For the multi-cycle experiment, a contact time of 120 s and
dissociation time of 400 s were performed for each analyte concentra-
tion (40 pl/min). The active ligand was tested from 1.17 to 75 nM,
while the epimer was tested from 3.9 to 1000 nM. After blank subtrac-
tion, reference subtraction, and solvent correction were applied, the
kinetic model of 1:1 binding in Biacore Evaluation Software (Cytiva)
was used to quantify binding. ITC experiments were done in a buffer
composed of 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4, and 1% DMSO at 298 K using an Affinity ITC (TA instru-
ments). The stirring speed is 125 rpm, the injection rate is 0.5 pl/s, and
the cell volume is 182 pl. Baseline subtraction was performed using
Blank (Constant) model subtraction in NanoAnalyze (TA Instru-
ments). The titration sequence included 22 injections, 2.5 pl each,
with a spacing of 180 s between the injections. The titration condi-
tions were as follows: 110 pM FKBP12"" ligand or epimer ligand
into 20 pM FKBP12™¢Y. NanoAnalyze software (TA instruments)
was used to analyze the raw ITC data.

Sample process, Western blotting, and antibodies

To anal¥ze EGFR phosphorylation status, HeLa cells expressing
FKBP12"%V_PTPN2 were seeded into 12-well plates and serum-
starved for 24 hours in the presence of DMSO or PhosTAC:s (as indi-
cated in each experiment). EGF (final 100 ng ml™!) was added for the
last 15 min (or as indicated for each time point) of the incubation
period before sample collection by radioimmunoprecipitation assay
buffer with 1% SDS. The collected samples were then passed through
a 22-gauge syringe 10 times to help lysing cells. The protein samples
were quantified by bicinchoninic acid (BCA) assay, mixed with 4x
sample buffer, boiled at 95°C for 5 min, and subjected to SDS-
polyacrylamide gel electrophoresis using indicated antibodies. The
antibodies used in this study as follows: anti-EGFR (Thermo Fisher
Scientific, #MA5-13269), anti-EGFR pY1068 (Cell Signaling Tech-
nology, #3777), anti-EGFR pY1101 (Abcam, #ab76195), anti-EGFR
pY845 (Cell Signaling Technology, #2231), anti-AKT (Cell Signaling
Technology, #9272), anti-AKT pS473 (Cell Signaling Technology,
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#4060 s), anti-ERK1/2 (Cell Signaling Technology, #4695), anti-
ERK1/2 pT202/pY204 (Cell Signaling Technology, #4370), anti-
STAT3 (Cell Signaling Technology, #4904), anti-STAT3 pY705 (Cell
Signaling Technology, #9145), anti-SHC pY239/240 (Cell Signaling
Technology, #2434), anti-GAB1 (Cell Signaling Technology, #3232),
anti-GAB1 pY627 (Cell Signaling Technology, #3233P), anti-FKBP12
(Santa Cruz Biotechnology, #133067), anti-glyceraldehyde-3-
phosphate dehydrogenase (Millipore, #MAB374), and anti-vinculin
(Cell Signaling Technology, #13901). Quantification of Western blots
was performed with Image Lab 6.1 software (Bio-Rad) following the
manufacturer’s instruction, and figures were created with Prism
9.0 or 10.

Ternary complex pull-down assay
FKBP12"¢V-PTPN2-expressing HeLa cells were serum-starved and
treated with dimethyl sulfoxide (DMSO), GePhosl (1000 nM), or
iGePhos1 (1000 nM) for 24 hours. The cells were then collected with
lysis buffer (150 mM NaCl, 1 mM EDTA, 25 mM tris-HCI, and 1%
Triton X-100) and centrifuged at 15,000 rpm for 20 min at 4°C to
collect the supernatant. After BCA analysis, 1 mg of each supernatant
(adjusted to total volume 500 pl) was co-incubated and rotated
with anti-FKBP12 antibody (20 pl; Santa Cruz Biotechnology, H-5,
#SC-133067) for 16 hours at 4°C. The agarose beads (40-pl beads
slurry; Millipore, protein G agarose, #16-266) were then added to
each lysate for an additional 8 hours to immuno-precipitate
FKBP12"¢V-PTPN2-associated proteins. The agarose beads were
then washed with 1 ml of lysis buffer for three times, eluted with
sample buffer, and analyzed via Western blotting using indicated an-
tibodies. Anti-PTPN2 antibody (ABclonal, #A1808) and anti-EGFR
(Thermo Fisher Scientific, #MA5-13269).

In vitro HTRF KinEASE assay

ATP & Substrate solution (2x) and kinase solution (2X) were pre-
pared using assay buffer (HTRF KinEASE TK Kkit, PerkinElmer,
62TKOPEJ). A 50 nl of compound was transferred to 384 assay plate
(Greiner, 784075). The added 2.5 pl of 2X kinase solution was mixed
and incubated in a polystyrene-coated 384 assay plate for 10 min at
25°C. A 2.5 pl of 2 Substrate & ATP solution was added to the well
and incubated at 25°C for 60 min. XL665 & Antibody solution (2x)
were prepared with detection buffer. A 5 pl of kinase detection reagent
was added to the well and incubated for 60 min at 25°C. The fluores-
cence signals of 620 nm (Cryptate) and 665 nm (XL665) were read by
microtiter-plate reader (BMG, PHERAstar FSX).

Cell culture for phosphoproteomics

HelLa cells expressing FKBP12"**V-PTPN2 were seeded into 10-cm
culture dishes until 80% confluency. All dishes were then washed with
PBS once and treated with serum-free medium together with DMSO,
GePhosl (500 nM), inactive GePhos1 (500 nM), or gefitinib (500 nM)
(three replicates for each group) for 24 hours. At the last 15 min, cells
were then treated with EGF (final 100 ng ml™) for 7.5 or 15 min. No
EGF treatment was applied for 0-min sample. To collect samples for
mass spectrometry, all medium were removed, rinsed with cold PBS
once, and immediately snap-frozen by liquid nitrogen. All cells were
then scraped down by cell scrapers using 500 pl of 10 M urea contain-
ing cOmplete protease inhibitor cocktail (Roche, #11697498001) and
PhoSTOP phosphatase inhibitor cocktail (Roche, #4906845001), snap-
frozen in liquid nitrogen, and store at —80°C until sample processing.
Three replicates were used for each condition.
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Sample preparation for phosphoproteomics

As described in the previous study (52), the cell samples were lysed by
sonication at 4 C for two cycles (1 min per cycle) using a Vial Tweeter
device (Hielscher-Ultrasound Technology) (75, 76) and then centri-
fuged at 20,000¢ for 1 hour to remove the insoluble material. The pro-
tein concentration assay was performed using the Bio-Rad protein
assay dye, and a total of 700 pg of protein mixture was transferred to
new 2-ml Eppendorf tubes for alkylation reduction reaction. The pro-
tein mixture was reduced with a final concentration of 10 mM tris-(2-
carboxyethyl)-phosphine and incubated for 1 hour at 37'C. The
following alkylation was performed with 20 mM iodoacetamide in
the dark for 1 hour at room temperature. After the reduction, for tryp-
sin digestion, all the samples were diluted five times with the 100 mM
NH4HCOj3 and digested with sequencing grade porcine trypsin (Pro-
mega) at a ratio of 1:20 overnight at 37°C. The peptide mixture was
purified with a C18 column (MacroSpin Columns, NEST Group
INC). The amount of the final peptides was determined by NanoDrop
(Thermo Fisher Scientific).

For the phosphopeptide enrichment, 250 pg of purified peptide
mixture was processed using the High-Select Fe-NTA kit (Thermo
Fisher Scientific, #A32992). The enrichment protocol was the same as
described previously (77). Briefly, the resins of one tube in the kit were
used for five samples equally. The peptide-resin mixture was incubat-
ed for 30 min at room temperature and gently shaken for 10 min and
then transferred into the filter tip (TF-20-L-R-S, Axygen) to remove
the supernatant by centrifugation. Then, the resins binding phospho-
peptides were washed sequentially with 200 pl X 3 washing buffer
(80% ACN and 0.1% trifluoroacetic acid) and 200 pl x 3 H,O to re-
move nonspecifically peptides. The phosphopeptides were eluted
from the resins by 100 pl X 2 elution buffer (50% ACN and 5%
NH;3¢H,0) and dried with SpeedVac (Thermo Fisher Scientific). All
centrifugation steps above were conducted at 500¢ for 30 s. The elu-
ates were dried immediately with SpeedVac and resuspended with
buffer A for future MS analysis.

Data-independent acquisition mass spectrometry

The samples were measured by the DIA-MS method as described pre-
viously. (78-80) The Orbitrap Eclipse Tribrid mass spectrometer
(Thermo Fisher Scientific) instrument coupled to the EASY-nLC
1200 systems (Thermo Fisher Scientific, San Jose, CA). For the data
acquisition, the total 150-min gradient was used at the flow rate of
300 nl/min with the temperature controlled at 60°C using a column
oven. The method consisted of one MS1 scan and 33 variable win-
dowed MS2 scans [with 1 mass/charge ratio (m/z) overlapping be-
tween isolation windows]. The MS1 scan range was 350 to 1650 m/z,
and the MSI resolution was 120,000 at m/z 200. The MS1 full scan
automatic gain control (AGC) target value was set to 500%, and the
maximum injection time was 100 ms. The MS2 resolution was set to
30,000 at m/z 200 with the MS2 scan range 200 to 1800 m/z, and the
normalized higher-energy collisional dissociation (HCD) collision
energy was 28%. The MS2 AGC was set to 4000%, and the maximum
injection time was 52 ms. The default peptide charge state was set to 2.
Both MS1 and MS2 spectra were recorded in profile mode.

Data analysis

The Spectronaut v16 (81-83) was used for the DIA data analysis with
the direct DIA algorithm. For the phosphorylation site collapse from
different precursors based on two rules: (i) the less missing value was
selected; (ii) for the multiple precursors that have the same number of

110f 14



SCIENCE ADVANCES | RESEARCH ARTICLE

missing values, the highest intensity one was selected. The oxidation
at methionine and the phosphorylation at S/T/Y were set as variable
modifications, whereas carbamidomethylation at cysteine was set as
fixed modification. To quantify phosphorylation sites across condi-
tions, the probability of posttranslational modifications cutoff was set
at 0.75 and 0 to report two datasets, for phosphosite localization and
quantification, respectively. This means that for a specific phosphory-
lation site, the PTM score was above 0.75 for at least one sample to
localize the phosphosites in the peptide, as we reported previously
(84). Both peptide and protein false discovery rate cutoffs (Q value)
were controlled below 1%. All the other Spectronaut settings are kept
as default.

The plots were created by R packages (“ggplot” and” pheatmap”).
Functional annotation analysis was performed on the online tool
MetaScape with Expression Analysis function (https://metascape.org/
gp/index.html#/main/step1).

Phosphoproteomics data availability

All the MS-based phosphor-DIA datasets have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository
(85) with the dataset identifier PXD038022.

Apoptosis and cell viability assay

For the analysis of apoptosis, HeLa and H1975 cells were seeded in
six-well plates for 24 hours, after which, the medium was changed to
serum-free medium. DMSO, GePhosl (1 pM), or inactive GePhos1
was added to HeLa cells, while DMSO, AfaPhosl (1 pM), or inactive
AfaPhosl was added to H1975 cells. Both HeLa cells and H1975 cells
were treated for 48 hours before being collected. HeLa cells and
H1975 cells were isolated and stained according to the manufacturer’s
protocol. Briefly, trypsinized cells were pelleted by centrifugation at
300¢ for 5 min, washed once with PBS, and resuspended in binding
containing propidium iodide and annexin V Alexa Fluor 488 (Invit-
rogen, catalog no. V13241). Following a 15-min incubation, the cells
were diluted with binding buffer to a final volume of 0.5 ml, and the
fluorescence was detected with BD Biosciences LSRFortessa flow cy-
tometer. Data were analyzed with BD FACSDiva Software.

For the cell viability assay, HeLa cells expressing FKBP12
PTPN2 were seeded as 3000 cells per well in 96-well plates (Corning,
#3610) in full medium for 24 hours and then treated with GePhosl or
iGePhosl in serum-free conditions for 4 or 6 days. H1975 cells ex-
pressing FKBP12V-PTPN2 were seeded as 3000 cells per well in
96-well plates (Corning, #3610) in full medium for 24 hours and then
treated with AfaPhosl or iAfaPhos] in serum-free conditions for 4 or
6 days. The relative cell viability was measured by CellTiter-Glo (Pro-
mega, catalog n0.G9241) with a plate reader (Tecan Spark) following
the manufacturer’s protocol and normalized against DMSO control
for each treatment. Data presented are mean and SDs from three biol-
ogy replicates. Data were processed with Prims 9.0.
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