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ABSTRACT: Focal adhesion kinase (FAK), a cytoplasmic protein tyrosine kinase, exerts kinase-dependent enzymatic
functions and kinase-independent scaffolding functions, both of which are crucial in cancer development, early embryonic
development and reproduction. However, previous efforts for FAK blocking mainly focus on kinase inhibitors. Proteolysis
Targeting Chimeras (PROTACs) are hetero-bifunctional molecules that allow direct post-translational knockdown of
proteins via ubiquitination of a target protein by E3 ubiquitin ligase and subsequent proteasomal degradation. Here, we
designed and synthesized an FAK PROTAC library with FAK inhibitor (PF562271 or VS6063) and CRBN E3 ligand. A novel
FAK-targeting PROTAC, FC-11, showed a rapid and reversible FAK degradation with a picomolar of DC,, in various cell lines
in vitro, which implying that FAK-PROTACs could be useful as expand tools for studying functions of FAK in biological

system and as potential therapeutic agents.

Focal adhesion kinase (FAK, ~125 kDa), also called
protein tyrosine kinase 2 (PTK2), was first reported in 1992
as a member of the non-receptor protein tyrosine kinases
(PTKs) subfamily'. FAK is widely expressed in a variety of
species, including human, rodent, chicken, frog,
drosophila and xenopus, which has a greater than 9o%
homology in amino acid sequence?. FAK contains four
linearly arranged functional domains from its N terminus
(Figure 1a): the FERM (band 4.1, Ezrin, Radixin, Moesin)
domain, the catalytic kinase domain, three proline-rich
regions (PRI, PRII, PRIII) and the focal adhesion targeting
(FAT) domain3 4. FAK FERM domain contains a nuclear
localization sequence (NLS), which has an important role
in cellular regulation by binding to membrane proteins
(growth factor receptors and chemokine receptors) and
nuclear proteinss7. FAK kinase domain contains the
activation loop and tyrosine sites, which ultimately
regulate FAK kinase activity®. The PRI-III regions and FAT
domain mainly participate in various protein-protein
interactions, similar to FAK FERM domaind. Thus, FAK
exerts kinase-dependent enzymatic functions and kinase-
independent scaffolding functions, both types of function
are crucial in cancer development, early embryonic
development, reproduction and so on*3.

Although a few FAK small molecule inhibitors were
developed by major pharmaceutical companies, and some
of them have reached clinical trials for varieties of
malignant cancers4+, essential non-enzymatic functions
of FAK cannot be investigated or blocked with reported

FAK kinase inhibitors. As conventional kinase inhibitors
can only act on the protein kinase domain, and may lead
to drug resistance. Thus, developing a practical strategy to
against both kinase-dependent enzymatic functions and
kinase-independent scaffolding functions of FAK is an
urgent and meaningful need for FAK-related diseases.

Proteolysis targeting chimera (PROTAC) is a novel
chemical knockdown technology for the post-translational
proteins of interest. PROTACs are hetero-bifunctional
small molecules containing two recognition moieties: one
specifically binds an E3 ubiquitin ligase, and the other
specifically binds the target protein. PROTAC molecules
can
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Figure 1. Introduction to FAK protein and FAK-
PROTACS. a) FAK protein schematic. FAK-PROTACs can
act on both enzymatic and non-enzymatic functions of
FAK, while FAK inhibitor only act on the enzymatic
function of FAK. Y, Phosphotyrosine; S, Phosphoserine; *,
Autophosphorylation site (Tyr3g7); PR, Proline-Rich
Regions. b) Schematic depiction of the PROTAC strategy.

drive E3 ubiquitin ligase to the target protein, which results
in ubiquitination of the target protein and consequent
proteasome-mediated degradation (Figure 1b)7 8. Unlike
classic inhibitors, PROTAC eliminates rather than inhibits
both enzymatic and non-enzymatic protein functions
(Figure 1a). Although two FAK-targeting PROTACs have
been reported in previous studies' 2°, the combination of
different E3 ligase ligands with different inhibitors of FAK
could be valuable for improving the activities, drug-like
properties and exploring structure-activity relationship
(SAR). Herein, we designed and synthesized a series of
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different FAK-targeting PROTACs with FAK inhibitor
(PF562271 or VS6063) and ligand of CRBN E3 ligase, which
could contribute to development of potent tools or
potential therapeutic agents for specifically degrading
FAK.

Results and Discussion. Based on the previous studies
of our laboratory, linker length, mode of binding to the
target protein, and relative spatial orientations of the
target protein and E3 ubiquitin ligase are three major
critical factors for achieving efficient degradation of the
target protein. Optimizing the combination of these three
factors is the key to design of potent and specific PROTACs.
To identify the suitable linker length in our FAK-PROTAC
library, we designed linkers of different lengths by
changing the number units of ethylene glycol (e.g. using
diethylene or triethylene glycol). Both the position of the
linker

i.I
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Figure 2. Design of FAK-PROTACs. a) Chemical structures of FAK inhibitors. b) Binding model of FAK inhibitor PF562271
with FAK protein. ¢) General structure of the designed FAK-PROTACs.

Scheme 1. Synthetic route of FAK-PROTACs.
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connecting to binders and the rigidity of the linker were
also investigated to modulate the interaction of the target
protein and E3 ligase, and thus directly determine
degradation efficacy.

In this study, we chose two FAK inhibitors, VS6063 and
PF562271%, as FAK binders, and one PF562271 analogue as
a negative control for FAK binding (Figure 2a). According
to the co-crystal structure of FAK and PF562271 (PDB:
5TOB, Figure 2b), the lactam ring of PF562271 exposed to
solvent region, and do not play a significant role in protein
binding; therefore, they presented suitable sites to link
with ligands of E3 ligase. Based on the above design
principles, we constructed a series of FAK targeting

PROTACs with a combination of different FAK ligands,
diverse linkers and the ligand of CRBN based E3 ligase*>
(Figure 2c) following a general chemical synthetic route
(Scheme 1). In brief, the F atom was substituted by N-
methyl methanesulfonamide to generate intermediates 1
or 2. Then the cyano group was reduced to primary amine,
which was used to substitute a chloride atom in 2,4-
dichloro-5-(trifluoromethyl) pyrimidine. The selectivity of
this step was not very good, so that two analogues could be
obtained. The remained chloride atom was substituted by
intermediates 9 or 10 subsequently. The final PROTACs
were produced via click chemistry.

Table 1. The structures and protein degradation activities of FAK-PROTACs.
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DR, target protein degradation relative to DMSO. The data were repeated in three independent experiments by Western

blot method.

The degradation efficiency of FAK-PROTACs was first
evaluated in the human ovarian cancer cell line PA1at1and
10 nM with 8 h treatment. We found that FAK-PROTACs
derived from VS6063 or PF562271 with shorter diethylene
or triethylene glycol linkers exhibited higher degradation
activity FC-1: DR (Protein degradation relative to DMSO),,
M = 71%, FC-4: DR, nm = 90%, FC-8: DR, o = 96%, FC-11:
DRy v = 99% (Table 1 and Figure S1) These results
indicate that a shorter FAK-PROTAC linker is more
conducive to promoting close proximity between CRBN
and FAK.

In our FAK-PROTAC library, the FAK ligands could
present two different orientations of the amide bond (-
NHCO- and -CONH-) for extending (Table 1). Our results
suggest that PROTACs with a carbonyl group closer to
triazole exhibited higher degradation activity (FC-7 ~ FC-9
better than FC-1 ~ FC-3; FC-10 ~ FC-12 better than FC-4 ~
FC-6, Table 1). Therefore, the -NHCO- extending group
provided a better angle and spatial orientation for the
interaction of FAK and CRBN (Figure S2). At the same
time, we observed that the linker length with the highest
degradation efficacy was different for these two binding
modes: diethylene glycol and triethylene glycol linkers
yielded higher degradation activity for -CONH- and -
NHCO-, respectively, which seems the different proper

linkers formed a special conformation with the highest
degradation in these two binding modes.

When the amino group was replaced with a more rigid
alkynyl group in the ligand for binding E3 ligase,
degradation activity was significantly decreased (FC-15 ~
FC-17 vs FC-11, DR, ,»: 62%, 62%, 62% vs 90%, Table 1 and
Figure S1), whereas substitution with a methylene group
bearing similar flexibility to the amide group maintained
degradation activity (FC-18 vs FC-11, DR, ,m: 85% vs 90%,).
These results suggest that the introduction of rigid linking
groups on the side of the CRBN ligand will restrict the
spatial orientation of CRBN, preventing it from getting
close to FAK. Flexible linking groups, however, allow CRBN
to swing toward FAK at a favorable angle to form a special
conformation, and further result in increased degradation
potency.

Finally, the composition of linkers also influences
degradation activity. A comparison of FC-11 (DR, ,u = 90%),
FC-14 (DR, m = 67%), FC-19 (DR, v = 62%) and FC-20 (DR,
oM = 40%) illustrated that a linker with oxygen atoms could
lead to more efficient degradation, which may be related
to the special conformation forms, cell permeability and
other possible factors of PROTACs. Taken together, our
results revealed that the balance of linkers and binding
modes between FAK and CRBN is critical in the design of
efficient PROTACs.
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Figure 3. FC-u induced degradation of FAK via ubiquitin-proteasome system. a) Chemical structure of FC-u. b) FAK
degradation at the indicated dose of FC-11. ¢) Quantitative analysis of FAK levels after FC-11 treated. The cells were treated
by FC-u1 at the indicated doses for 8 h in PAi1 cells, and the data was collected from three independent experiments. d)
Confirmation of CRBN-based mechanism in driving degradation of FAK upon FC-11 treatment. PA1 cells were treated for 8
h with FC-11 (+, 1 nM; ++, 10 nM; +++ 100 nM) alone, or pomalidomide (10 pM) or PF562271 (10 pM) alone, or combination
of FC-u1 with pomalidomide or with PF562271. e) Confirmation of proteasome-based mechanism in driving degradation of
FAK upon FC-u1 treatment. PA1 cells were treated for 8 h with FC-11 (+, 1 nM; ++, 10 nM; +++ 100 nM) alone, MGi32 (5 M)
or carfilzomib (5 uM) alone, or a combination of FC-11 with MG132 or with carfizomib.

Due to the potent degradation efficiency, we chose FC-n
(Figure 3a, 3b and 3c) as the probe to establish chemical
FAK-knockdown models in our remaining investigations.
We confirmed that it induced FAK degradation via CRBN-
mediated and proteasome-dependent mechanisms
(Figure 3d and 3e). PA1 cells were treated with an excess
of the CRBN ligand pomalidomide or the FAK ligand
PF562271 to compete with FC-u1 for binding to E3 ligase and
FAK, respectively (Figure 3d). As expected, the excess
pomalidomide or PF562271 successfully reduced FAK
degradation induced by FC-u1, which confirmed that the

degradation was mediated by CRBN E3 ubiquitin ligase and
required the binding of FC-u to FAK and CRBN.
Pomalidomide or PF562271 treatment alone (at the same
concentration) can not result degradation. Furthermore, a
combination of proteasome inhibitor (MGi32 or
carfilzomib) and FC-n treatment completely blocked FC-n
induced FAK degradation (Figure 3e). Overall, these
results demonstrate that the fast and efficient FAK
degradation induced by FC-u is based on a CRBN-
mediated and proteasome-dependent mechanism.
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Figure 4. Highly potent and broad applicability of FC-11. a) Half-maximal degradation concentrations (DCs,) of FC-u for
FAK in different source of cell lines. b) Cellular FAK recovery levels after wash out FC-11 from PAu1 cell culture medium. The
cells were treated for 8 h before washout. c) Efficiently decreased pFAK%397 levels at the indicated dose of FC-u1 for 8 h in
TM3 cells. FC-11 significantly exceeds PF562271 on the decreasing levels of pFAKY397. d) Time course reduction of pFAK%397

in TM3 cells by FC-u1.

To further assess the efficiency and broad applicability
of FC-11, 5 different cell lines from different species were
used (Figure 4a and Figure S3). Suprisingly, after 8 h
incubation, the half-maximal degradation concentration
(DC,,) of all the tested cell lines (both normal and cancer
cell lines) were all at the scale of picomolar. The DC,,
showed as: 310 pM in TM3, 8o pM in PA1, 330 pM in MDA-
MB-436, 370 pM in LNCaP, and 40 pM in Ramos cells. As
with previously reported PROTACs?3, excess FC-n
exhibited the hook effect in some cell lines (Figure S3). 8
h of FC-11 treatment in PA1 cells resulted in profound FAK
degradation, which recovered to normal levels at least one-
week post-washout (Figure 4b). More importantly, FC-n
significantly outperformed the FAK inhibitor PF562271 in
the reduction of autophosphorylation of FAK (pFAK%397)
under the same concentration and treatment conditions
(Figure 4c). PF562271 showed an inhibitory effect on
pFAK®™97 only at a high dose (3 pM), while FC-11 exhibited
a significant effect below 1 nM. Furthermore, in a time-
course experiment, FC-u rapidly decreased FAK and
pFAKY1397 levels, leading to more than 50% protein loss
within 1 h at 100 nM in TM3 cells (Figure 4d). The result
demonstrated that the potent FAK PROTAC (FC-11) not
only has a broad application, but also with a high
degradation activities, which dramatically outperform the
FAK inhibitor PF562271 in the reduction of
autophosphorylation of FAK (pFAK%397),

Furthermore, we also detected the effect of FC-n
induced FAK degradation on cell proliferation of the tested
cell lines (Figure S4). Like the reported FAK PROTACs'9 20,
the efficient knockdown of FAK by FC-11 did not more

severely affect proliferation of the tested cell lines than the
FAK inhibitor PF562271 in 3 days drug incubation (Figure
S4), which question the kinase-independent scaffolding
function of FAK being required for cell proliferation in
vitro in the tested cell lines beyond the effect of inhibition
by its kinase-dependent enzymatic activity.

In summary, we demonstrated that one potent FAK
degrader, FC-11, exhibits rapid and highly efficient
degradation of FAK in various cell lines with a DC,, at
picomolar potencies for 8 h treatment. Furthermore, the
degraded FAK proteins can be fully recoved after wash out
PROTAC molecules, which need only about 1 week in vitro
cell lines. However, like the reported FAK PROTACsS, the
cell proliferation activity by FAK PROTAC not significantly
beyond FAK inhibitor in the tested cell lines in vitro.
Therefore, more in vivo work is required to understand and
clarify the biological functions of FAK PROTACs. In
addition, the chemical modifications in PROTACs in
comparison with the parental inhibitors could reduce the
binding affinity with targets and improve the selectivity
under most conditions. In particular, PROTACs employ
the ubiquitin-proteasome system with a few components
and steps, which naturally introduces the essential
matching conditions for target degradation and thus
improves the selectivity'? 1o 20 24 25, Therefore, FC-11 may
also be used as a highly specific and potent tool to study
the FAK-related biology, which may not only help us to
understand the FAK biology but could also lead to the
development of new therapeutic agents for the therapy of
FAK-related diseases.
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