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ABSTRACT: PROTACs (proteolysis targeting chimeras) are an
emerging class of promising therapeutic modalities that degrade
intracellular protein targets by hijacking the cellular ubiquitin—
proteasome system. However, potential toxicity of PROTACs in
normal cells due to the off-tissue on-target degradation effect limits
their clinical applications. Precise control of a PROTAC’s on-target
degradation activity in a tissue-selective manner could minimize
potential toxicity/side-effects. To this end, we developed a cancer
cell selective delivery strategy for PROTACs by conjugating a
folate group to a ligand of the VHL E3 ubiquitin ligase, to achieve
targeted degradation of proteins of interest (POIs) in cancer cells
versus noncancerous normal cells. We show that our folate-
PROTACs:, including BRD PROTAC (folate-ARV-771), MEK
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PROTAC (folate-MS432), and ALK PROTAC (folate-MS99), are capable of degrading BRDs, MEKs, and ALK, respectively, in a
folate receptor-dependent manner in cancer cells. This design provides a generalizable platform for PROTACs to achieve selective

degradation of POIs in cancer cells.

B INTRODUCTION

By hijacking an endogenous E3 ubiquitin ligase and the
ubiquitin—proteasome system (UPS), the proteolysis targeting
chimera (PROTAC) technology could potentially be applied
to target any intracellular proteins for degradation, including
those so-called undruggable targets such as transcriptional
factors and scaffold proteins.' > Compared to small-molecule
inhibitors, PROTACS are potentially more powerful therapeu-
tic modalities, as they do not rely on occupancy-driven
pharmacology, in part due to the catalytic nature of PROTACs
in degrading their protein targets." However, potential off-
tissue effect(s), i.e., diffused distribution of PROTAC
molecules in nontarget normal tissues/organs after being
systemically administered, may lead to unwanted toxicity issues
and complications in the clinic.”® Recently, we and others have
independently reported light-controllable PROTAC:, either by
incorporating photocage groups, such as nitroveratryloxycar-
bonyl (NVOC),””® 4,5-dimethoxy-2-nitrobenzyl (DMNB),
and [7-(diethylamino)coumarin-4-yl]methyl (DEACM),"°
onto the pomalidomide or von Hippel—Lindau (VHL) ligand
moieties in PROTACs or by installing a photoswitchable
azobenzene in the linker region.'' ™" These light-controllable
PROTACs provide an avenue to achieve spatiotemporal
regulation of the catalytic activity of the PROTAC molecules,
but there is also limitations of these methods, as they could be
used only in limited cancer types with light accessibility.'*"
To achieve the targeted-delivery goal, several antibody-based
PROTAC:S have also been developed recently to degrade either
membrane proteins or intracellular protein targets, via
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targeting cell membrane-anchored receptors, such as HER2
and ERa.'°"** However, a major disadvantage of antibody-
based PROTACs is due to their relatively high molecular
weight and instability during systemic administration, which
limits their effective application in the clinic. Furthermore,
besides using membrane-anchored antigen(s) as cellular clues
for antibody—drug conjugates such as antibody-based
PROTACs, several small molecule ligand—receptor pairs
have also been used in targeted delivery of drugs, such as
vitamin B12 and the transcobalamin receptor,”” transferrin and
the transferrin receptor,”* and folate and the folate receptor.”

Folate receptor @ (FOLR1) is the most well-defined target
for drug delivery into cancer cells, because FOLRI1 is highly
expressed in many cancer types, such as ovarian cancer, lung
cancer, and breast cancer, while normal tissues or cells have
very low or no FOLRI expression.”” Besides FOLRI, other
receptors, such as FOLR2 and FOLR3, are also capable of
transporting folate into cells, while their affinity to folate is
relatively lower than FOLR1.” As such, a FOLRI-targeting
strategy has already been used for decades in both tumor
imaging”® and cancer-targeting drug delivery,”” and several
FOLRI-targeting drugs are in phase II/III clinical trials.”®
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Figure 1. FOLRI transports folate-PROTAC into cancer cells for targeted degradation of a protein of interest (POI). (A) Schematic representation
of the folate-PROTAC strategy. Following the FOLR1-mediated entrance into cancer cells, the folate group (light blue triangle) is cleaved by
endogenous hydrolase, releasing the active PROTAC to degrade the POL (B) Schematic illustration of the activation of folate-ARV-771 by
endogenous hydrolase. (C, D) Western blot analysis of BRD protein levels from HeLa or HFF-1 cells treated with the indicated doses of ARV-771,
folate-ARV-771, or folate-ARV771N for 12 h. (E, F) Cell viability of HeLa or HFF-1 cells after treatment with ARV-771, folate-ARV-771, or folate-

ARV-771N for 72 h.

Moreover, FOLR2 is also used as a target for drug delivery.””
These prompted us to use the folate-conjugating strategy for
the specific delivery of PROTAC: into cancer cells to achieve
controllable targeted degradation of a protein of interest
(POI), thus eliminating potential unwanted toxicity to normal
tissues. To this end, we designed folate-PROTACs, which are
preferentially transported into cancer cells with high FOLR1
expression. After entry into cancer cells, folate-PROTACs are
catalyzed by intracellular hydrolases®™ to release the folate
moiety, and then the uncaged PROTAC recruits endogenous
VHL E3 ubiquitin ligase to ubiquitinate the POI for
subsequent degradation by the 26S proteasome (Figure 1A).

B RESULTS AND DISCUSSION

Design and Synthesis of Folate-ARV-771. A typical
PROTAC molecule consists of three functional parts: a
warhead to recruit the POI, a ligand to recruit the E3
ubiquitin ligase, and a linker between these two moieties.” To
ensure that the folate-PROTAC design is generally applicable,
we chose to install a folate group onto the E3 ubiquitin ligase
ligand. For a VHL-based PROTAC, the hydroxyl group in the
VHL ligand is critical for the recruitment of VHL E3 ubiquitin
ligase,”””! and inversion of the stereochemistry from R to S or
installation of a bulky caging group on the hydroxyl moiety
abolishes PROTAC activity, ”>” primarily due to the loss of
VHL-binding ability. To this end, we designed a lead
compound, folate-PROTAC (folate-ARV-771), by incorporat-
ing folate via an ester bond” onto the hydroxyl group of a
well-studied VHL-based bromodomain (BRD) degrader, ARV-
771.° Through this strategy, we achieve two goals: (1) the
folate moiety aids targeted enrichment of PROTACs into
cancer cells; and (2) similar to the other caging strategy,g’m the
caged folate-PROTAC compound is inert to begin with and
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can be activated after being uncaged via cleavage by
endogenous hydrolases in cells (Figure 1A and B).

Folate-ARV-771 was synthesized through a Cu-catalyzed
azide—alkyne cycloaddition (CuAAC) reaction to conjugate
alkyne-modified folic acid and azide-modified ARV-771 ester
(Scheme S1). In addition, a negative control of folate-
PROTAC, folate-ARV-771N, was designed and synthesized
by replacing the ester bond with a noncleavable amide bond
(Figure 1B and Scheme S2); thus folate-ARV-771N is resistant
to cleavage and remains inactive even after entering cancer
cells. Furthermore, two stereochemical negative controls,
namely, ARV-766" and folate-ARV-766, were also synthesized
(Scheme S3) with the reversed configuration at the
hydroxyproline in the VHL ligand moiety, which were
incapable of binding with VHL E3 ubiquitin liase and
degrading BRDs.” Then, the stability of folate-ARV-771 was
measured after incubating either in phosphate-buffered saline
(PBS), in cell culture media, or in media plus 10% fetal bovine
serum (FBS) at 37 °C. These results indicated that folate-
ARV-771 was relatively stable in physiological conditions that
are used to culture cells in our experimental setting (Figure
S1).

Folate-ARV-771 Preferentially Degrades BRDs in
Cancer Cells. In order to determine the specific role of
folate-PROTAC in degrading POIs in cancer cells versus
normal cells, we took advantage of three cancer cell lines with
high FOLRI1 expression, including HeLa cells,> OVCAR-8
ovary cancer cells,”® and T47D breast cancer (BRCA) cells,**
as well as three noncancerous normal cell lines with low
FOLRI expression, including human fibroblast cells (HFF-1),
human normal kidney epithelia cells (HK2), and mouse
fibroblast cells (3T3) (Figure S2A). Notably, in HeLa cancer
cells, folate-ARV-771 degraded BRD4 as efficiently as ARV-
771, while the noncleavable negative control, folate-ARV-
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Figure 2. Folate-ARV-771 degrades BRD4 in a FOLR1-dependent manner. (A) Western blot analysis of BRD4 level in HeLa cells after treatment
with the indicated doses of free folic acid with either 30 nM folate-ARV-771 or ARV-771 for 12 h. (B) Cell viability of HeLa cells treated with
folate-ARV-771 with or without free folic acid for 72 h. (C) HeLa cells with or without knockdown of endogenous FOLRI were treated with folate-
ARV-771 for 2 h, and then the levels of BRD4 were determined by Western blot. (D) Western blot analysis of basal BRDs and FOLR1/2 levels in a
panel of BRCA cell lines and the noncancerous normal breast epithelial MCF10A cells. (E) Western blot analysis of BRD4 level in BRCA cell lines
with either high FOLRI expression (ZR-75-1, SK-BR-3, and AUS6S) or low FOLRI expression levels (BTS49 and MDA-MB-231) or
noncancerous normal breast epithelial MCF10A cells after treatment with folate-ARV-771 for 12 h.

771N, and the stereochemical negative control ARV-766 and
folate-ARV-766 were incapable of degrading BRDs even at 100
nM (Figures 1C, S2B, and S2C). Similarly, folate-ARV-771
had comparable efficiency with ARV-771 in degrading BRDs in
both OVCAR-8 (Figure S2D and E) and T47D cancer cells
(Figure S2F), while folate-ARV-771N did not (Figure S2D—
F). In contrast, folate-ARV-771 was less efficient than ARV-
771 in degrading BRDs in HFF-1 (Figure 1D), HK2 (Figure
S2G), and 3T3 (Figure S2H) noncancerous normal cells.

In keeping with these results, folate-ARV-771 had a
comparable cell killing ICy, with ARV-771 in three FOLRI-
expressing cancer cell lines, including HeLa cells (246 nM vs
183 nM, Figure 1E), OVCARS cells (297 nM vs 215 nM,
Figure S3A), and T47D cells (18 nM vs 13 nM, Figure S3B).
In contrast, folate-ARV-771 was much less efficient than ARV-
771 in noncancerous normal cell lines, including HFF-1 cells
(>10 uM vs 1.1 uM, Figure 1F), HK2 cells (2.1 uM vs 166
nM, Figure S3C) and 3T3 cells (1.4 M vs 210 nM, Figure
S3D). Furthermore, we also compared the expression of BRD
proteins among those cell lines (Figure S2A) and found that
the difference of sensitivity to ARV-771 or folate-ARV-771
may not be due to the different expression levels of protein
targets (Figures 1 and S2). Taken together, these results
indicated that folate-ARV-771 is specifically enriched and
degrades POI in cancer cells versus noncancerous normal cells.

Folate-ARV-771 Degrades BRD4 in VHL- and FOLR1-
Dependent Manners. To show that the degradation of POI
by folate-PROTAC depends on VHL E3 ubiquitin ligase, we
further treated HeLa cells with free VHL ligand (VH-032)
together with folate-ARV-771. We found that cotreatment of
VH-032 effectively blocked the degradation of BRDs by folate-
ARV-771 (Figure S4A) and increased the ICs, of folate-ARV-
771 (Figure S4B). Moreover, deletion of endogenous VHL
completely abolished the effect of folate-ARV-771 on both
degradation of BRDs and inhibition of cell proliferation
(Figure S4C and D), further supporting the dependence of
folate-ARV-771 on endogenous VHL E3 ubiquitin ligase. In
addition, the proteasome inhibitor MG132 and the Cullin
neddylation inhibitor MLN4924,”> which represses the
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activation of Cullin RING ubiquitin ligases (CRLs), blocked
the effect of folate-ARV-771 in degrading BRDs in cancer cells
(Figure S4E—G). These results demonstrate that folate
conjugation will not introduce nonspecific function to original
PROTACsS, and their effects on degradation are proteasome
dependent.

The entry of a folate-conjugate into cells largely depends on
its receptor FOLR1 on the cancer cell membrane,” and
FOLRI-mediated drug entry can be antagonized by free folic
acid.*® To this end, HeLa cells were pretreated with free folic
acid and then challenged with either ARV-771 or folate-ARV-
771. In keeping with previous findings,”*° we found that free
folic acid antagonized the ability of folate-ARV-771 in
degrading BRD4, but not ARV-771 (Figure 2A). As such,
pretreatment with free folic acid significantly increased the ICy,
of folate-ARV-771 from 365 nM to 1.5 uM (Figure 2B).
Furthermore, depletion of endogenous FOLRI also eliminated
the effect of folate-ARV-771 in degrading BRD4 in HeLa and
T47D cancer cells (Figures 2C and SSA). Notably, excessive
free folic acid or VHL ligand could not completely abolish the
cytotoxicity of folate-ARV-771, even when the degradation
event was efficiently blocked (Figures 2A,B and S4A,B),
suggesting that PROTAC derived from a BET inhibitor likely
retains its original inhibitory function on BRDs, which should
be noted during its clinic usage. After binding with FOLR1,
folate—conjugates take advantage of the endocytosis process to
enter cells.”” To further examine the role of endocytosis in this
process, we pretreated HeLa cells with an endocytosis
inhibitor, MACD,* and found that MACD efficiently blocked
the effect of folate-ARV-771 in degrading BRD4 (Figure SSB).

To further determine the critical role of FOLRI for dictating
the activity of folate-PROTAC, we measured the expression of
FOLRI in a panel of BRCA cell lines and a noncancerous
breast epithelial cell line, MCF10A, and found that ZR-75-1,
SK-BR-3, and AUS6S cells have high FOLR1 expression, while
BT549, MDA-MB-231, and MCF10A cells have relatively
lower or no FOLRI expression (Figure 2D). Then, we
measured the effects of folate-ARV-771 in these cell lines with
distinct FOLR1 expression levels. Notably, folate-ARV-771

https://doi.org/10.1021/jacs.1c00451
J. Am. Chem. Soc. 2021, 143, 7380—7387


http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.1c00451/suppl_file/ja1c00451_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00451?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00451?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00451?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c00451?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c00451?rel=cite-as&ref=PDF&jav=VoR

Journal of the American Chemical Society pubs.acs.org/JACS

A & » B Folat Folat
¢ olate- Olate- -
) o Ms432 MS432 msasn  HT20
o u ™o e . R 0.03.1 3 1 0.4 3 1 4 3 1 uMi2h
\/\/\/\/\/Y/ﬁ 3 y
\/\/\/\/\/\[r
;J:FI:. . Q\{)JJ 47\)20" Hydrolase Fm" /ﬁQ Pr— i S———— |5 VEK1
re.
Q VHL E3 ligase e —
MEKs recruiting ! - -—e - ek
recruiting Hi MS432
Folate-MS432, X=0
Folate-MS432N, X=NH kao - - e e e S e e e s e |B: Vinculin
YN.
Folate
Cancer targeting F —®-  MS432 (ICso = 176 nM)
HT-29 = Folate-MS432 (ICs; = 436 nM)
D E 125 —— Folate-MS432N (ICs; = 5.7 pM)
Folate-MS432 Folate-MS432 - 4+ + + Folate-MS432 100
0 0 1 3 1 Folicacid(mM) 00 1 3  VHLIigand (M) - -+ - MGI32 g z
275
- i e wee |B: MEK1 - 1B: MEKA +  MLN4924 E
- W W IB: MEK1 .‘;" 50
-— ~ = IB: MEK2 - -~ B:MEK2 3 25
- S S 1B: MEK2
- Vineuli N 0
RN, 5 Vinclin - ——— 1B Vinculin SRameman '5: Vinculin 400 90 80 70 60 -50
HT-29 HT-29 HT-29 Log,o [compound] (M)

Figure 3. Folate-MS432 degrades MEK1/2 in a FOLR1-dependent manner. (A) Schematic illustration of the activation of folate-MS432 by
endogenous hydrolase. (B) Western blot analysis of MEK1 and MEK2 levels in HT-29 cells treated with indicated doses of MS432, folate-MS432,
or folate-MS432N for 12 h. (C, D) Western blot analysis of MEK1 and MEK2 levels in HT-29 cells after the cotreatment with free folic acid or
VHL ligand (VH-032) and 100 nM folate-MS432 for 12 h. (E) Western blot analysis of MEK1 and MEK2 levels in HT-29 cells after the
cotreatment with 10 uM MG132 or 1 uM MLN4924 and 100 nM folate-MS432 for 12 h. (F) Cell viability of HT-29 cells after treatment with
MS432, folate-MS432, or folate-MS432N for 72 h.
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Figure 4. Folate-MS99 degrades ALK fusion proteins in a FOLR1-dependent manner. (A) Schematic illustration of the activation of folate-MS99
by endogenous hydrolase. (B) Western blot analysis of the NPM-ALK fusion protein level from SU-DHL-1 cells treated with indicated doses of
MS99, folate-MS99, or folate-MS9IN for 12 h. (C) Western blot analysis of NPM-ALK fusion protein from HT-29 cells after the cotreatment with
free folic acid and 0.3 uM folate-MS99 for 12 h. (D) Western blot analysis of NPM-ALK fusion protein level in SU-DHL-1 cells after the
cotreatment with 10 uM MG132 or 1 uM MLN4924 and 0.3 uM folate-MS99 for 12 h. (E) Cell viability of SU-DHL-1 cells after treatment with
MS99, folate-MS99, or folate-MS99N for 72 h.

degraded BRD4, as efficiently as ARV-771, in those BRCA other hand, the effect of folate-ARV-771 could be antagonized
cells with relatively high FOLR1 expression (Figure 2E). In by free folic acid (Figure 2A) or abolished by genetic depletion

contrast, in either normal breast epithelial MCF10A cells or of FOLRI (Figures 2C and S5A), indicating that FOLRI might
FOLRI-low cells (BT549 and MDA-MB-231), folate-ARV-771 be the major transporter for folate-ARV-771. Given that folate-

AR (Eroure Sy, Mot b ARVt owld wll | PROTACis rlatively stable n cel culture media supplied with
degrade BRD4 with low efficiency in cells lines with low
FOLRI expression, such as BTS49 and MCF10A (Figure 2E), as 2 h after folate-PROTAC treatment (Figure S2), this finding
and this effect could possibly be in part due to the existence of largely excludes the possibility of an uncaging process before
other folate receptors, such as FOLR2 (Figure 2D). On the the entry of folate-PROTAC into cells. Taken together, these

serum (Figure S1), and the degradation of POI occurs as early
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results indicated that folate-ARV-771 degrades BRDs most
likely in a FOLR1-dependent manner in cancer cells.

Folate-MS432 Degrades MEK1/2 in a FOLR1-Depend-
ent Manner. To further examine whether the folate-mediated
caging strategy can also be applied to other VHL-based
PROTACs, we further designed and synthesized two other
folate-PROTACsS, folate-MS432 (Figure 3A) and folate-MS99
(Figure 4A), based on our previously reported MEK1/2
degrader (MS432)* and a close analogue of a reported ALK
degrader (MS99),*" respectively. Folate-MS432 and its
negative control folate-MS432N (Figure 3A) were synthesized
through a similar strategy with folate-ARV-771 and folate-
ARV-771N (Schemes S4 and S5). We examined the effect of
folate-MS432 in HeLa cells and found that folate-MS432
degraded MEK1 and MEK2 as efficiently as MS432, while
folate-MS432N was incapable of degrading either MEK1 or
MEK?2 even at 1 uM (Figure S6A).

Since MEK/ERK signaling is critical for the survival of
BRAF mutant cancer cells, we further evaluated the effect of
folate-MS432 in BRAF-V600E mutant harboring cells,
including a colorectal cancer cell line, HT29,° and a
melanoma cell line, SK-MEL-28.>" As expected, folate-
MS432 degraded MEK1 and MEK2 in both HT29 and SK-
MEL-28 cells in dose- and time-dependent manners, while
folate-MS432N could not do so (Figures 3B and S6B—E).
Moreover, pretreatment of folic acid blocked the effect of
folate-MS432 in degrading MEK1 and MEK2 in both HT-29
(Figure 3C) and SK-MEL-28 cells (Figure S6F). Furthermore,
cotreatment with the VHL ligand, VH-032 (Figure 3D), the
proteasome inhibitor MG132, or the Cullin neddylation
inhibitor MLN4924 (Figures 3E and S6G) blocked the
degradation of MEK1/2 in HT-29 cells, indicating that
folate-MS432 degrades MEK1/2 in VHL E3 ubiquitin ligase-
and proteasome-dependent manners. However, VH-032 was
relatively less effective in repressing the effect of folate-MS432
than MG132. Finally, we measured the cell viability of both
HT-29 and SK-MEL-28 cells after treatment with either
MS432, folate-MS432, or folate-MS432N. In HT-29 cells, the
ICs, of MS432 and folate-MS432 was 176 and 436 nM,
respectively (Figure 3F). In SK-MEL-28 cells, the ICy, of
MS432 and folate-MS432 was 32 nM and 390 nM, respectively
(Figure S6H). These results together indicated that folate-
MS432 degrades MEK1/2 largely in a FOLRI-dependent
manner.

Folate-MS99 Degrades ALK Fusion Proteins in a
FOLR1-Dependent Manner. Anaplastic lymphoma kinase
(ALK) fusion proteins are the drivers in several types of
cancer, including the EML4-ALK fusion in non-small-cell lun:
cancer (NSCLC)* and NPM-ALK fusion in leukemia®
(Figure S7A and B). These fusion proteins are constitutively
active and confer resistance to the ALK inhibitor in the
clinic,"** while ALK degraders are expected to overcome such
drug resistance.”®** To this end, a new folate-conjugated VHL-
based degrader, folate-MS99, and its negative control, folate-
MS99N, were synthesized (Figure 4A and Schemes S6—S8).
We first determined the efficiency of folate-MS99 in degrading
ALK fusion proteins in SU-DHL-1 cells, an anaplastic large cell
lymphoma (ALCL) cell line with NPM-ALK fusion.** Both
MS99 and folate-MS99 degraded NPM-ALK fusion protein
efficiently in SU-DHL-1 cells, while folate-MS99N was
incapable of degrading NPM-ALK even at 3 yuM (Figures 4B
and S7C). Furthermore, folate-MS99 efficiently degraded the
EMLA4-ALK fusion proteins in two NSCLC cell lines, NCI-

7384

H2228 and NCI-H3122 cells (Figure S7D and E). More
importantly, pretreatment with free folic acid antagonized the
effect of folate-MS99 in degrading NPM-ALK fusion protein in
SU-DHL-1 cells (Figure 4C) and EML4-ALK fusion protein in
both NSCLC cells (Figure S7F and G), suggesting the key role
of FOLRI in mediating the effect of folate-MS99. Further-
more, the proteasome inhibitor MG132 and the Cullin
neddylation inhibitor MLN4924 largely abolished the effect
of folate-MS99 in degrading ALK fusion proteins in both SU-
DHL-1 cells (Figure 4D) and NSCLC cells (Figure S7H and
I). We further measured the cell viability of SU-DHL-1 cells
after treatment with MS99, folate-MS99, or folate-MS99N.
The ICs, values of MS99 and folate-MS99 were 91 nM and
200 nM, respectively (Figure 4E). These results indicated that
folate-MS99 is efficient in degrading ALK fusion proteins likely
in a FOLR1-dependent manner.

B CONCLUSION

Taken together, we provide a FOLRI-targeting delivery
strategy for PROTAC:s to selectively degrade POIs in cancer
cells versus noncancerous normal cells and have validated three
lead folate-PROTACs (folate-ARV-771, folate-MS432, and
folate-MS99) that effectively degraded BRDs and MEK1/2
and ALK fusion proteins, respectively, in a FOLR1-dependent
manner in cancer cells. Our results also indicate that, besides
FOLRI, other receptors/transporters such as FOLR2 might
also help the specific recruitment of folate-caged PROTAC:s to
enter cells. Furthermore, passive diffusion of folate-caged
PROTAC: to transduce into cells through the cell membrane
could also be possible,45 although it might not be the major
route due to the hydrophilic nature of the charged folate
molecule.® Moreover, the conjugation of the folate group
leads to an increase of the molecular weight of PROTACs to
over 1000 Da, which might compromise the oral bioavailability
and pharmacokinetics of folate-PROTACs. Thus, additional in-
depth studies are warranted to optimize the stability of folate-
caged PROTACs and to evaluate their efficiency in cancer-
specific delivery of PROTACs in vivo. Taken together, our
results clearly demonstrate that this approach is generalizable
and could be applied to all VHL-recruiting PROTAC:s, thereby
providing a targeting strategy to selectively degrade POIs in
cancer cells and to minimize potential toxicity/side-effects in
normal tissues/cells, thus enhancing therapeutic windows of
PROTAC:.

B EXPERIMENTAL METHODS

General Chemistry Methods. Common reagents or materials
were purchased from commercial sources and used without further
purification. Ultraperformance liquid chromatography (UPLC)
spectra for compounds were acquired using a Waters Acquity I-
Class UPLC system with a PDA detector. Chromatography was
performed on a 2.1 A, 30 mm ACQUITY UPLC BEH C18 1.7 ym
column with water containing 3% acetonitrile and 0.1% formic acid as
solvent A and acetonitrile containing 0.1% formic acid as solvent B at
a flow rate of 0.8 mL/min. The gradient program was as follows: 1—
99% B (1—1.5 min) and 99—1% B (1.5—2.5 min). High-performance
liquid chromatography (HPLC) spectra were acquired using an
Agilent 1200 Series system with a DAD detector for all the
intermediates and final products below. Chromatography was
performed on a 2.1 X 150 mm Zorbax 300SB-C18 5 ym column
with water containing 0.1% formic acid as solvent A and acetonitrile
containing 0.1% formic acid as solvent B at a flow rate of 0.4 mL/min.
The gradient program was as follows: 1% B (0—1 min), 1-99% B (1—
4 min), and 99% B (4—8 min). High-resolution mass spectra
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(HRMS) data were acquired in positive ion mode using an Agilent
G1969A API-TOF with an electrospray ionization (ESI) source.
NMR spectra were acquired on a Bruker DRX-600 spectrometer with
600 MHz for proton (*H NMR) and 151 MHz for carbon (**C
NMR); chemical shifts are reported in (§). Preparative HPLC was
performed on Agilent Prep 1200 series with the UV detector set to
220 or 254 nm. Samples were injected onto a Phenomenex Luna 250
X 30 mm, S ym, C,g column at room temperature. The flow rate was
40 mL/min. A linear gradient was used with 10% acetonitrile in H,O
(with 0.1% TFA) (B) to 100% acetonitrile (A). HPLC was used to
establish the purity of target compounds. All final compounds had
>96% purity using the HPLC methods described above. ARV-771,°
MS432,>” and VH-032"" were synthesized according to the published
procedures.

Stability Assay of Folate-ARV-771. The stability assay of folate-
ARV-771 (100 uM) was performed using HPLC after incubating
either in PBS or in cell culture media (DMEM) alone, or DMEM plus
10% FBS at 37 °C for 2, 4, 8, or 16 h. To precipitate proteins in FBS,
the mixture was diluted with an equal volume of acetonitrile and
centrifuged, followed by HPLC analysis for the top clear solution.

Cell Culture. Human embryonic kidney 293T (HEK293T),
human fibroblast (HFF1), mouse 3T3 fibroblast, human kidney
epithelial cells HK2, HeLa, OVCARS8, MDA-MB-231, and SK-MEL-
28 cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FBS, 100 units/mL of penicillin, and 100
pug/mL streptomycin. T47D, BT549, ZR-75-1, SK-BR-3, AU565, SU-
DHLI1, NCI-H2228, NCI-H3122, and HT-29 cells were cultured in
RPMI1640 containing 10% FBS, 100 units/mL of penicillin, and 100
pug/mL streptomycin. MCF10A cells were cultured in MEGM media
(CC-3150, Lonza) plus 100 ng/mL cholera toxin. The panels of
breast cancer and epithelial cells were cultured as previously
described.*** The usage of SU-DHLI, NCI-H2228, and NCI-
H3122 cells for evaluation of ALK degrader and the usage of HT29
and SK-MEK-28 cells for evaluation of MEK degrader is based on our
previous reports.® The shRNA for FOLRI was purchased from Sigma.
The lentivirus of shFOLRI and sgVHL was generated in HEK293T
cells for the infection of HeLa and T47D cells as previously
described.”®* Cells were infected with lentivirus, selected with
puromycin for 72 h, followed by further PROTAC treatment.

For all PROTAC treatment, cells were incubated with chemicals
for 12 h unless otherwise indicated. For the competition assay, cells
were incubated with the indicated dose of folic acid (F8758, Sigma),
VHL ligand (VHL-032), or MBCD (21633, Cayman) together with
respective PROTACs for 12 h. For proteasome or CRL inhibition
assays, cells were treated with 10 uM MG132 (BML-P1102, ENZO
Life Sciences) or 1 uM MLN4924 (S7109, SelleckChem) together
with respective PROTACs for 12 h.

Antibodies. Anti-BRD3 (11859-1-AP) and FOLRI1 (23355-1-AP)
antibodies were purchased from Proteintech. Anti-BRD4 (A301-
985A-M) antibody was purchased from Bethyl Laboratories. Anti-
ALK (3633), MEK1 (2352), and MEK2 (9147) antibodies were
purchased from Cell Signaling Technologies. FOLR2 (PAS-45768)
antibodies were purchased from ThermoFisher. Monoclonal anti-
Vinculin antibody (V-4505), peroxidase-conjugated anti-mouse
secondary antibody (A-4416), and peroxidase-conjugated anti-rabbit
secondary antibody (A-4914) were purchased from Sigma. All
antibodies were used at a 1:1000 dilution in 5% bovine serum
albumin (BSA) in Tris-buffered saline with 0.1% Tween-20 (TBST)
buffer for Western blots.

Immunoblot (IB) Assay. Cells were lysed in EBC buffer (50 mM
Tris pH 7.5, 120 mM NaCl, 0.5% NP-40) supplemented with
protease inhibitors (Pierce) and phosphatase inhibitors (phosphatase
inhibitor cocktail set I and II, Calbiochem). The protein
concentrations of the lysates were measured using the Bio-Rad
protein assay reagent on a Beckman Coulter DU-800 spectropho-
tometer. The lysates (30—60 ug protein) were then resolved by 10%
or 7% (used for blotting BRD4 and BRD3) SDS-PAGE at 130 V for
80—100 min and immunoblotted with the indicated antibodies at 4
°C overnight, washed four times with TBST, incubated with
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secondary antibody in 5% nonfat milk for 1 h at room temperature,
and then washed four times with TBST.

CCK-8 Cell Proliferation Assay. Cell viability was analyzed as
previously described.® Briefly, cells in 96-well plate were treated with
the indicated doses of respective PROTACs for 72 h and then
incubated with 10 uL/well of CCK-8 (K1018, APExBIO) solution at
37 °C for 1-2 h, followed by the measurement of optical density at
450 nm. Cells treated with vehicle or puromycin were used as the
negative and the positive control, respectively.
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