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ABSTRACT: We report that phosphotyrosine−cholester-
ol conjugates effectively and selectively kill cancer cells,
including platinum-resistant ovarian cancer cells. The
conjugate increases the degree of noncovalent oligomeri-
zation upon enzymatic dephosphorylation in aqueous
buffer. This enzymatic conversion also results in the
assembly of the cholesterol conjugates inside and outside
cells and leads to cell death. Preliminary mechanistic
studies suggest that the formed assemblies of the
conjugates not only interact with actin filaments and
microtubules but also affect lipid rafts. As the first report of
multifaceted supramolecular assemblies of cholesterol
conjugates against cancer cells, this work illustrates the
integration of enzyme catalysis and self-assembly of
essential biological small molecules on and inside cancer
cells as a promising strategy for developing multifunctional
therapeutics to treat drug-resistant cancers.

We report enzymatic, in situ conversion of supramolecular
assemblies of cholesterol conjugates for selectively

killing cancer cells, including platinum-resistant1 ovarian cancer
cells. Due to the emergence of resistance to platinum-based
chemotherapy, little progress has been made in treating some
types of cancer. For example, ovarian cancer, a common cancer
worldwide, remains difficult to treat (the five-year survival rate
has remained the same over recent decades).2 This challenge
with anticancer-drug resistance demands innovative approaches
for developing cancer therapy. Departing from the dogma of
tight ligand−receptor interactions in molecular therapy, we3−5

and others6 are exploring enzyme catalysis and self-assembly of
small molecules for developing new strategies for future cancer
therapy, especially for cancers that respond poorly to

immunotherapy.7 Recent results have supported the concept
of enzyme-instructed self-assembly (EISA) of small molecules
for selectively inhibiting cancer cells,4,5,8,9 which employ
enzymatic reactions to generate assemblies of small molecules
in situ either on the surface or inside of cancer cells. However,
the inhibitory concentrations of those self-assembling mole-
cules are still higher than for drugs in the clinic. Therefore, new
strategies are needed for maximizing the efficacy of EISA so
that its excellent selectivity can be leveraged for developing
clinical medicines for cancer therapy.
We hypothesize that simultaneously activating extrinsic and

intrinsic cell death signaling10 by EISA would effectively kill
cancer cells. Thus, we choose cholesterol, an evolutionarily
optimized molecule known to be present both on the cell
surface11 and inside cells,12 as a building block for designing
EISA precursors. Further motivation for the use of cholesterol
is that the interaction between proteins and cholesterol is
critical for cellular functions.13 Additionally, cholesterol has
been used as a motif to enable self-assembly to form various
nanostructures.14 We covalently conjugate cholesterol with D-
phosphotyrosine to generate a precursor (1a) for EISA. Our
results reveal that (i) 1a, besides being orders of magnitude
more potent than the previous reported precursors for EISA,4 is
more potent than cisplatin for inhibiting platinum-resistant
ovarian cancer cells; (ii) 1a inhibits cancer cells selectively
because EISA generates assemblies of 1b in situ on or inside the
cancer cells; (iii) the assemblies of 1b, indeed, are able to
activate extrinsic and intrinsic cell death signaling simulta-
neously. Thus, this work illustrates EISA as a multistep process
to generate multifaceted nanomedicine from small molecules,
including the building blocks of life.15

Although conjugates of cholesterol and amino acids have
been reported,16 there is no report of the conjugate of tyrosine
and cholesterol. After using a facile synthesis (Scheme S1) to
generate 1a, we examine its activity against a platinum-resistant
ovarian cancer cells (A2780cis).17 As shown in Figure 1, 1a
inhibits A2780cis cells and is more potent than cisplatin, a
clinical drug. The IC50 of 1a is 13 ± 1.3 μM (48 h), which is
about five times lower than the IC50 of cisplatin against
A2780cis, 71 ± 1.2 μM (48 h). Importantly, the dosage of 1a
(8.7 ± 0.8 μg/mL) is much lower than that of cisplatin (21.2 ±
0.4 μg/mL) against A2780cis, promising an effective drug
candidate. The dosage curve of 1a (Figure 1A) exhibits a
threshold concentration, deviating from the conventional
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dosage curve and agreeing with molecular aggregation.18 To
examine the effect of the chirality of the tyrosine, we use L-
phosphotyrosine to replace the D-phosphotyrosine in 1a to
generate 2a (Scheme S2 and Figure S1) and find that the IC50
of 2a against A2780cis is 22 μM (72 h), which coincides with
1b and 2b forming different-size assemblies (vide infra). We
also test the inhibitory activity of 1b (or 2b) itself, the
dephosphorylated product of 1a (or 2a), against A2780cis. The
IC50 values (at 72 h) of 1b and 2b are 50 μM and 36 μM,
respectively, considerably higher than those of 1a and 2a (11
and 22 μM). These results indicate that enzymatic
dephosphorylation likely contributes to the higher activity of
1a (or 2a) relative to that of 1b (or 2b) against A2780cis cells.
As shown by transmission electron microscopy (TEM), in

PBS, 1a (100 μM) formed particles with a mean size of 5.7 ±
0.37 nm (Figure 2A,C), indicating oligomerization of 1a. In

contrast, bigger particles with a mean size of 13.7 ± 0.37 nm
(Figure 2B,D) form after the addition of alkaline phosphatase
(ALP) into the solution of 1a. The formation of larger
oligomers of 1b likely originates from dephosphorylation of 1a,
possibly due to the elimination of the repulsive phosphates
groups. Without the use of ALP, the direct addition of 1b (100
μM) in PBS buffer results in much larger particles (bilayer-like
with a diameter of 20 nm and some bigger ones around 100
nm) (Figure S3). We have also measured magic-angle-spinning
(MAS) direct-polarization (DP) 31P NMR spectra of 1a (40 wt
%) before and after the addition of ALPs (Figure S4). The
spectra confirm that ∼44% of 1a is converted to 1b after
treatment with ALP. Static 31P solid-state NMR results are in

agreement with the formation of spherical nanoparticles (18
nm diameter) of 1b, consistent with TEM images of the NMR
sample (Figure S5). Similar to 1a, adding 2a in PBS buffer
results in oligomers as particles (diameters of 9 ± 2 nm). The
addition of ALP into the solution of 2a results in clustering of
bigger particles (diameter of 16 ± 2 nm). The direct addition of
2b provides an aqueous sample containing bilayer-like
assemblies with a diameter of about 20−50 nm (Figure S3).
As shown in Figure S6, the CMC of 1a is 1.3 μM in PBS buffer.
There is little variation in CMCs of 2a and 2b, which are 2.1
and 4.5 μM, respectively, whereas the CMC of 1b is 22.3 μM.
These observations, collectively, confirm that an enzymatic
reaction modulates the morphology of the assemblies of the
cholesterol conjugates, which likely contributes to the different
inhibitory activities of 1a, 1b, 2a, and 2b. That is, being
incubated with cancer cells, 1a (or 2a) turns into 1b (or 2b), a
process catalyzed by the extra- or intracellular phosphatase of
the cancer cells; the resulting 1b (or 2b) forms oligomers,
which results in death of the cancer cells. Not being generated
by the EISA process in situ, 1b or 2b shows less cytotoxicity
than the 1a or 2a.
Next, we use HS-5 cells (a stroma cell line expressing low

level of ALP)9 to verify the selectivity of 1a against cancer cells.
Figure 3A shows that 1a at 12.5 μM is innocuous to HS-5.

Moreover, 1b hardly inhibits the proliferation of HS-5 cells. To
confirm the selectivity of 1a in targeting cancer cells, we
coculture HS-5 and A2780cis cells. Cell viability (Figure S7)
indicates that 1a selectively kills the cancer cells, agreeing with
the results from the separate cultures of A2780cis and HS-5
(Figure 3A). To further confirm that membrane-anchored ALP
(i.e., as an ectophosphatase)19 contributes to the inhibitory
activity of 1a, we incubate A2780cis with 1a and exogenous
ALP (1 U/mL) and find that exogenous ALP, indeed, partially
rescues the A2780cis cells (Figure 3B). The addition of L-
phenylalanine (L-Phe) or levamisole, two types of inhibitors of

Figure 1. Dosage curves of (A) 1a and (B) cisplatin against A2780cis
cells at 48 h.

Figure 2. (A,B) TEM images of (A) 1a (100 μM); (B) 1a (100 μM)
treated with ALP (1 U/mL) in PBS (pH7.4) after 24 h; bar is 50 nm.
(C,D) Histogram of the size of oligomers (according to TEM, for 200
particles) in (C) A and (D) B.

Figure 3. (A) Viability of A2780cis or HS-5 cell lines incubated with
12.5 μM of 1a or 1b for 48 h. (B) Viability of A2780cis treated by 1a
(12.5 μM) in the presence of phosphatase inhibitors or cell death
signaling inhibitors at 48h ([L-Phe] = [levamisole] = 1 mM, [ALP] = 1
U/mL, [zVAD-fmk] = 45 μM, [PJ34] = 1 μM, [Nec-1] = 50 μM). (C,
D) Confocal images of A2780cis cells treated with anti-DR5 (C)
without or (D) with the addition of 1a (12.5 μM) for 24 h. Scale bar =
30 μm.
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ALP,20 also results in higher cell viability of A2780cis. These
partial rescue effects validate the contribution of the membrane
ALPs on the cell surface for cell death. The residual cytotoxicity
implies that mechanisms other than EISA likely contribute to
the activity of 1a.
We co-incubate A2780cis with 1a in the presence of a pan-

caspase inhibitor (zVAD-fmk),21 a PARP-1 inhibitor (PJ34),22

or a necroptosis inhibitor (Nec-1).23 The addition of zVAD-
fmk, PJ34, or Nec-1 all rescues the cells, but only partially.
These results confirm that 1a induces cell death via multiple
mechanisms, including apoptosis and regulated necrosis, by
activating both extrinsic and intrinsic cell death signaling. After
adding the primary antibodies of extrinsic cell-death receptors24

(i.e., anti-CD95, anti-DR3, anti-DR5, anti-TNFR1, and anti-
TNFR2) to bind their corresponding receptors on the cells, we
use fluorescent secondary antibodies to reveal the binding. The
addition of 1a results in significantly clustering of DR5 (Figure
3D), while the clustering of DR3 or TNFR1 is rather moderate
(Figure S9), and there is little clustering of CD95 or TNFR2
(Figure S9). These preliminary results suggest that, after ALP
turns 1a to 1b, the assemblies of 1b likely promiscuously
interact with DR5, DR3, and TNFR1 to result in cell death.
Moreover, TRAIL, a ligand of DR5, increases the cytotoxicity in
the presence of 1a (Figure S10), further suggesting that the
assemblies of 1b enhance the clustering of the death receptors
for TRAIL and lead to cell death. To better understand
signaling molecules involved in survival and apoptosis path-
ways, we use PathScan apoptosis multitarget sandwich ELISA
to detect their changes of expression,25 which suggests that
assemblies of 1a/1b mainly initiate the activation of p53, which
later activates the caspase cascade and downstream poly(ADP-
ribose) polymerase to eventually induce apoptosis in A2780cis
cells (Figure S11).
Cholesterol is a key component of lipid rafts, dynamic

assemblies in the cell membrane.26 To examine the changes of
lipid rafts in the presence of 1b assemblies (after EISA), we use
laurdan as a fluorescence marker.27 In the absence of treatment
with 1a, the fluorescence of laurdan disperses relatively evenly
in the whole cell membrane (Figure 4). But the addition of 1a
results in increased inhomogeneity of the fluorescence (Figure
4), indicating that the addition of 1a increases the micro-
heterogeneity of the cell membrane.28 This result is in

agreement with the notion that lipid rafts participate in cell
death signaling.29

To examine whether the intracellular assemblies of 1b,
formed after 1a enters the cell, alter the dynamics of
cytoskeletons to cause cell death,8 we examine the changes of
F-actin and microtubules. Compared with the control, A2780cis
cells treated with 1a (12.5 μM) mainly exhibit short, ill-defined
actin filaments (Figures 4 and S12), indicating that the
assemblies of 1b interact with F-actin and disrupt the dynamics
of F-actin. Unlike the microtubules extending through the
entire control cells, microtubules in the A2780cis treated with
1a reorganize in the proximity of plasma membranes,
suggesting that the assemblies of 1b promote the formation
of apoptotic microtubule networks.30 These results are
consistent with cytoskeleton proteins actively interacting with
membrane rafts.31 Although the alteration of cytoskeletons can
be the consequence of cell death, the observation that more
than 80% of cells are viable after incubation with 1a for 24 h
suggests that the interaction between the assemblies of 1b and
F-actin and microtubules results in cell death (Scheme 1),
agreeing with apoptosis caused by intracellular assemblies of
small molecules.25

In conclusion, we demonstrate that a simple conjugate of
cholesterol and phosphotyrosine exhibits higher potency and
higher selectivity than cisplatin against platinum-resistant
ovarian cancer cells. Besides inhibiting HeLa cells with IC50
of 16 μM, 1a exhibits almost the same activity against A2780cis
and A2780 cells (Table S1), implying that the mechanism of
platinum resistance is ineffective toward the assemblies of 1b
formed by EISA. The tyrosine residue is necessary because the
conjugate of phenylalanine and cholesterol is innocuous to
A2780cis and HeLa cells (Figures S1 and S13). The
incorporation of D-Phe-D-Phe (Scheme S2 and Figure S13)
between cholesterol and tyrosine significantly decreases the
cytotoxicity of 4a or 4b, suggesting that tyrosine needs to
connect to cholesterol directly. Most importantly, this work
illustrates a new way to use one kind of molecule to regulate
multiple biological targets, possibly including the dynamics of
lipid rafts. Such a “one-to-many” targeting via supramolecular
assemblies may be useful to counter anticancer drug resistance.

Figure 4. Confocal images of A2780cis cells stained with laurdan (10
μM), Alexa Fluor 633 phalloidin (F-actin, red), and Hoechst (nuclei,
blue) or tubulin tracker (green) without or with the addition of 1a
(12.5 μM) for 12 h (scale bar is 10 μm).

Scheme 1. EISA of the Tyrosine-Cholesterol Conjugate
Activates Extrinsic and Intrinsic Cell Death Signaling
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