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Abstract

Here we show intranuclear nanoribbons formed upon dephosphorylation of leucine-rich L- or
D-phosphopeptide catalyzed by alkaline phosphatase (ALP) to selectively kill osteosarcoma cells.
Being dephosphorylated by ALP, the peptides first transformed into micelles and then convert

into nanoribbons. The peptides/assemblies first aggregate on cell membrane, then enter cells via
endocytosis, and finally accumulate in nuclei (mainly in nucleoli). Proteomics analysis suggests
that the assemblies interact with histone proteins. The peptides kill osteosarcoma cells rapidly

and are nontoxic to normal cells. Moreover, the repeated stimulation of the osteosarcoma cells

by the peptides sensitizes the cancer cells rather than inducing resistance. This work not only
illustrates a novel mechanism for nucleus-targeting, but also may lead a new way to selectively kill
osteosarcoma cells and minimize drug resistance.

Graphical Abstract

Upon the dephosphorylation of ALP, the leucine-rich phosphopeptides self-assemble into micelles
and then convert into nanoribbons. The phosphopeptides/assemblies first aggregate on cell
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membrane of osteosarcoma cells, and then enter cells via endocytosis, disrupt nuclear membrane,
and finally accumulate in nuclei by interaction with histone proteins to induce cell death.
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Osteosarcoma cells

Introduction

Nucleus, being the most sensitive intracellular organelle in eukaryotic cells,[!] performs
key cell functionsl?l. Consisting of proteins, DNAs and RNAs[3! and acting as the site of
ribosome biogenesis4l, nucleolus is a distinct sub-nuclear compartment without membrane.
Nucleus-targeting has tremendous potential to inhibit cancer cellsl®] because it may lead to
effective therapeutic treatment. To target nuclei, usually there are three strategies: passive
diffusion of molecules, the active nuclear transport of nuclear localization signal (NLS,
ligands that bind nuclear transport receptorsl®l), and opening the nuclear envelopel®3l. By
using passive diffusion strategies to target nuclei, the small molecules/nanoassemblies need
to go through the nuclear pore complexes (NPCs)[7], thus their sizes are usually lower

than ~ 10 nm[8! as the passive diffusion is unavailable for nanoassemblies larger than
NPCs. One may target nuclei by modifying the nanoassemblies with NLSs, which usually
contain positive charges (e.g., lysine or arginine residues) to enhance the cellular and nuclear
uptake of nanoparticles and to tightly adhere to anionic DNAB2 91, As to opening the
nuclear envelope strategy reported, disturbing the membrane integrity upon light irradiation
enhances the nuclear uptake[10]. Besides, other strategies for nucleus targeting were also
reported, such as boronated targeting strategy[11].

Recently, we reported a phosphopeptide, consisting of four L-leucine, a N-terminal
fluorescent group (NBD), and a C-terminal L-phosphotyrosine, which self-assembles into
nanoribbons via enzyme instructed self-assembly (EISA)[!2]. The role of NBD is to reveal
the location of the peptide assemblies in cells[X3]. The dephosphorylated pentapeptide (due
to the overexpressed alkaline phosphatase (ALP) by human induced pluripotent stem cells
(iPSCs)) self-assembles and accumulates in nuclei of iPSCs and selectively eliminate iPSCs
rapidly. Carrying negative charges (a carboxyl group and a phosphate group) and lack any
known NLSs, the leucine rich assemblies differ fundamentally from the nuclear targeting
strategies reported previously.

The above unexpected result, as the first case of intranuclear assemblies of peptides,
stimulates us to use the phosphopeptide (1Lp, NBD-LLLL,Y, L = L-leucine, Y =
L-phosphotyrosine) to selectively inhibit other cells that overexpress ALP, such as
osteosarcoma cells. To study the role of chirality in the peptides, we use D-amino

acid residues to replace the L-amino acid residues in 1L p completely or partially for
preparing the D-enantiomers 1Dp (NBD-Illlpy, | = D-leucine, py = D-phosphotyrosine)
and the diastereomer 1DL p (NBD-ILILpy). We design 1Dp because the D-peptides are
proteolytically resistant and exhibit higher efficacy for cancer cell inhibition[X4]. The
purpose of 1DL p is to evaluate the self-assembly and cytotoxicity of heterochiral peptides.
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To study the contribution of dephosphorylation, we synthesized 1L (NBD-LLLLY,Y =
L-tyrosine) and 1D (NBD-Illly, y = D-tyrosine) as the controls. To study the mechanism of
nucleus-targeting via leucine-rich assembly, we also designed the biotin-modified enzyme
substrates 2L p (NBD-LLLLK(biotin),Y, K = L-lysine) and 2Dp (NBD-lllIk(biotin),y, k =
D-lysine) to enrich proteins for the proteomics analysis that aims to identify the proteins
interacting with the assemblies of the peptides.

Here we show that the phosphopeptide assemblies interact with histone proteins,
accumulates in nuclei, and selectively inhibit osteosarcoma cells (Figure 1). Specifically,

1L p, 1Dp, or 2L p, upon dephosphorylation catalyzed by ALP, first self-assembles to

form micelles and then turns into nanoribbons. Being incubated with osteosarcoma cells,
the phosphopeptides first aggregate on cell membrane, then enter cells via endocytosis,
disrupt nuclear membrane, and finally accumulate in nuclei (mainly in nucleoli). Proteomics
analysis indicates that the assemblies associate with histone proteins in cells, likely
contributing of nucleus-targeting. The phosphopeptides show high cytotoxicity against
osteosarcoma cells (i.e., SISA-1 and Saos2), and are nontoxic to normal cells (i.e., HS-5
and HEK293). Surprisingly, the repeated stimulation of the osteosarcoma cells by the
phosphopeptides sensitizes the cancer cells to the phosphopeptides rather than inducing
acquired drug resistance. This work not only illustrates a novel strategy for nuclei-targeting,
but also may lead a new way to selectively kill osteosarcoma cells and minimize acquired
drug resistance.

Results and Discussion

Molecular Synthesis and Characterization.

We used solid phase peptide synthesis (SPPS) to make the peptides (Scheme S1). Briefly,
after reacting NBD-CI and p-alanine to produce NBD-B-alanine and protecting L- or
D-phosphotyrosine by 9-fluorenylmethoxycarbonyl (Fmoc), we synthesized the designed
peptides via SPPS by using Fmoc-protected amino acids. After the deprotection, the
condensation of A or B with biotin produces precursor 2L p or 2Dp, respectively. After
purification by high performance liquid chromatography (HPLC), MS and 1H NMR (Figure
S1-5S13) confirm the purity and identity of the precursors.

EISA to Form Nanoribbons.

Since the previous study has reported the EISA behaviors of 1L p[12], we mainly describe
that of 1Dp here. 1Dp dissolves in phosphate buffered saline (PBS) to yield a clear orange/
yellow solution, even at 10 mM (Figure S14d and e), indicating excellent water solubility of
1Dp. Because of the Tyndall effect of colloids, self-assembly formed nanostructures enable
a beam of light to become visible by scattering. Thus, we used the Tyndall test to study

the self-assembly by naked eyes[15]. In the Tyndall test of 1Dp solution, beams of light
(Figure S14d and €) confirm the self-assembly of 1Dp in PBS. In the solution of 1Dp (200
UM), transmission electron microscopes (TEM) images show only nanoparticles (Figure
2), and the critical micelle concentration (CMC) of 1Dp is 83.3 uM (Figure S18a). After
being incubated with ALP (0.5 U/mL, 37°C, 24 h), 1Dp (200 uM) converts to 1D, and
yellow precipitate appears. The Tyndall test also shows beam of light, confirming that 1D
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self-assembles in PBS to form colloids. TEM shows that dephosphorylation of 1Dp results
in nanoribbons with the diameters of 85 + 13 nm, and the CMC of 1D is 10.5 uM (Figure
S18b). Interestingly, dephosphorylation of 50 uM of 1Dp by ALP provides nanofibers with
diameter of 6 £ 1 nm, while 100 uM and 400 puM of 1D still self-assemble into nanoribbons
(Figure S16).

Because cell inhibitory activity of EISA depends the self-assembly supramolecular
nanostructures formed by EISA, a key requirement for selectively killing osteosarcoma
cells by EISA is that 1Dp undergoes EISA to form nanoribbons on and in the osteosarcoma
cells, which overexpress ALP, but not on and in normal cells that do not overexpress

ALP. To study the EISA of 1Dp at different ALP concentrations, we incubated 1Dp (200
uM) with different concentrations of ALP (from 0.1 U/mL to 0.8 U/mL) for 1 hour and

4 hours. One hour after the addition of ALP in the solution of 1Dp, TEM shows that
micelles with diameter of 434 + 86 nm form in the presence of 0.1 and 0.2 U/mL of

ALP, and nanoribbons form in the presence of 0.4 and 0.8 U/mL of ALP (Figure S15).
Four hours after the addition of ALP in the solution of 1Dp, TEM shows that micelles
form in the presence of 0.1 U/mL of ALP, and nanoribbons form in the presence of 0.2,
0.4 and 0.8 U/mL of ALP (Figure S15). Besides, in presence of 0.1 U/mL of ALP, 1Dp
self-assembles into nanoribbons without other nanostructures after dephosphorylation by
ALP for 24 h (Figure S17), indicating that ALP hardly interact with the dephosphorylated
pentapeptide (1D). These results indicate that 1L p[12] and 1Dp share similar self-assembly
behaviors, such as ALP triggered nanoparticle-to-nanoribbon transition. Moreover, the 1L p
and 1L share similar CMCs with 1Dp and 1D respectively. However, there are still a few
differences: 1L p shows a higher dephosphorylation rate than that of 1Dp, agreeing with
that L-peptides are usually better substrates than D-peptide for enzymatic recognition and
catalysis. The self-assembling nanostructures (both of micelle and nanoribbon) from the
dephosphorylation of 1Dp has a larger size than that of 1L p, likely resulting from the
different dephosphorylation rates.

To understand the secondary structures of the 1Dp and 1D in the assemblies, we compared
the circular dichroism (CD) spectra of 1Dp before and after the addition of ALP with those
of 1L p (Figure S19a and b). Without the addition of ALP, the solution of 1Dp exhibits

only weak CD signals, indicating that the phosphate increases the solubility and disfavors
forming extensive peptide assemblies. After the addition of ALP in the solution of 1Dp, to
produce 1D, CD exhibits two negative bands at 203 and 228 nm. The CD signals of 1Dp and
1D are opposite to those of 1L p and 1L [12], agreeing with that they are enantiomeric pairs.
We measured the CD spectra of 1Dp at different concentrations before and after the addition
of ALP. The molar CD intensity decrease as the increase of the concentration of 1Dp (Figure
S19c and d), agreeing with the observation that 1D aggregates to form precipitates at high
concentrations.

To study the influence of heterochirality, we examined the morphology change of the
heterochiral control compound 1DL p (NBD-ILILpy) before and after adding ALP. At 200
UM, the TEM images only show nanoparticles in both solutions of 1DL p without and
with dephosphorylation. In the solution with ALP, we observed more dense nanoparticles,
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confirming that dephosphorylation enhance the ability of self-assembly (Figure S21). The
CD spectra of 1DL p without and with ALP overlay well with each other, exhibiting
slight negative bands at 202 nm and 225 nm (Figure S22). These results indicate that
heterochirality disfavors self-assembly, agreeing with the our previous report!12].

Intranuclear Self-assembly.

Since the fluorescence of NBD increases significantly in hydrophobic environment, we

used confocal laser scanning microscopy (CLSM) to reveal the cellular localization of the
pentapeptide assemblies formed upon ALP dephosphorylation. After being incubated with
1L p or 1Dp (200 pM) for 4 h, the SISA-1 cells, which overexpress ALP, exhibit strong
fluorescence in nuclei and much weaker fluorescence in cytoplasm and on the membrane
except for a few puncta (Figure 3a). The bright field images show dark nuclei, which overlay
well with the strong fluorescence. In addition, we observed stronger fluorescence and darker
region in nucleoli than that in the other part in nuclei. In addition, the sizes of the cells

and nuclei appear to be larger of the cells treated by 1Dp than by 1L p (Figure 3a). This
observation, agreeing with the amount of nuclear accumulation (vide infra), likely originates
from the proteolytic resistance of D-peptides. The results indicate that the EISA of 1L p or
1Dp targets and accumulates in nuclei of SISA-1 cells, especially in nucleoli.

The nucleus-targeting depends on the concentration of the precursors. When the
concentration is 100 uM or lower, there is hardly any fluorescence in the cells (Figure

S23 and S24). After incubation with 1L p or 1Dp for different time (less than 4 h), the
fluorescence in cell nuclei increases as the increasing of incubation time (Figure S25, S26,
S29 and S30). However, incubating SJISA-1 cells with the heterochiral phosphopeptide,

1DL p, hardly results in any fluorescence after 4 h, even when the concentration is as high as
400 uM (Figure S31). The weaker self-assembly ability of the heterochiral sequence, 1DL p,
than that of 1L p or 1Dp, leads to the absence of nucleus-targeting ability of 1DL p, similar
with the case of iPSCs[2],

We also incubated other cells with 1L p or 1Dp. After being incubated with 1L p or 1Dp

for 4 h, the Saos2 cells, another osteosarcoma cell line, exhibit strong NBD fluorescence in
nuclei, like that in SJISA-1 cells (Figure S27 and S28). While only a couple of HelLa cells
exhibit NBD fluorescence in nuclei, no fluorescence appears in HepG2 cells, HS-5 cells,

and HEK293 cells after incubation with 1L p or 1Dp for 4 h. The results confirm that the
precursors selectively target the nuclei of the osteosarcoma cells that overexpress ALP. Since
these cells express different levels of ALP, this observation suggests that 1L p or 1Dp relies
on rapid dephosphorylation catalyzed by ALP for targeting the nuclei.

We used an inhibitor (2,5-dimethoxy-N-(quinolin-3-yl)-benzenesulfonamide (DQB)) to
inhibit ALPU6] or treated the cells with phospholipase C (PLC) to remove GPl-anchored
ALP on cell membranelX”]. After incubation with 1L p or 1Dp and DQB for 4 h, SISA-1
cells exhibit no fluorescence (Figure S32). After the pretreatment of SISA-1 cells with

PLC (0.2 U/mL, 24 h), CLSM shows little fluorescence in the cells incubated 1L p or 1Dp.
SJSA-1 cells incubated with 1L or 1D, which lacks phosphate, only show weak fluorescence
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on the membrane. These results further support that the nucleus-targeting mainly originates
from the ALP-catalyzed dephosphorylation.

Because HEK293 cells has relatively low expression of ALP and no fluorescence in nuclei
of HEK?293 after incubation with 1L p or 1Dp (Figure S27 and S28), we used TNAP-RFP
transfected HEK 293 cells[*8], which overexpress and show intracellular distribution TNAP
(i.e., tissue-nonspecific ALP), as a control to delineate the role of ALP. The 2D time-lapse
CLSM images show the NBD fluorescence appearing in the TNAP-transfected SJSA cells
and then in the cell nuclei (Movies 9 and 10, Figure S33 and S34) when the TNAP-RFP
transfected HEK293 cells being incubated with 1L p or 1Dp. These results support with the
assumption that nucleus-targeting mainly originates from the ALP-catalyzed EISA.

To trace the dynamics of the EISA of 1L p and 1Dp inside SJSA-1 cells, we used 2D time-
lapse CLSM to image the changes of the fluorescence in the cells being incubated with 1L p
or 1Dp (200 uM) (Movies 1 and 2, Figure S35 and S37). The fluorescence of the assemblies
first appears in the cytoplasm and then become intense in nuclei (Figure S36 and S38). The
nuclei shrink after the assemblies emerge in the nuclei, and the nuclei show nuclear blebbing
(Figure S35 and S37, red arrows). We monitored the increase of fluorescence in several
SJSA-1 cells over 2 h (Figure 3b and d). Figure 3c shows the mean fluorescence intensity

in the nuclei of the two cells and their nucleoli. The mean fluorescence intensity in the two
nuclei keep increasing in 2 h. The fluorescence in the nuclei and nucleoli are synchronous.
The SJSA-1 cells, being incubated with 1Dp (200 uM), exhibit similar fluorescence increase
to those of SISA-1 cells being incubated with 1L p (Figure 3¢). We also used 1L p or 1Dp

to treat RFP expressing SJISA-1 cells (Movies 7 and 8). While being incubated with 1L p or
1Dp, the SISA-1 cells show the release of RFP, confirming the disruption of cell membrane
and release of cytoplasm (Figure S39 and S40, yellow arrows). The nucleus-shrinking,
nucleus-blebbing, and the disruption of cell membrane induced by EISA in nuclei contribute
to the cell death (vide infra).

We also used 3D time-lapse CLSM to image the changes of the fluorescence in SISA-1 cells
being incubated with 1L p or 1Dp (Movies 3 and 4). The NBD fluorescence first appears

on the membrane of cells especially the filopodia contact points among cells (Figure S41
and S42), then the fluorescence appears in the cytoplasm and nuclei. The nucleus-shrinking
observed via 2D CLSM imaging is the humping of the nuclei (Movies 3, 4 and 15, side
views), which causes the shrinking of intersecting surface. The nucleus-humping usually
accompanies cell-humping.

Since actin maintains cell shapel19], the nucleus-humping likely is resulted from the
dysregulation of actin dynamics. We transfected actin-RFP fusion construct into SISA-1
cells, which expresses RFP fused to cell actin. The 3D CLSM imaging shows the disruption
of actin filaments after incubation with 1L p or 1Dp significantly (Figure 3f, Movies 11 and
12). We also used 1L p or 1Dp to treat another osteosarcoma cell line, Saos2 cell line, the
2D CLSM imaging shows similar cell behaviors observed in SISA-1 cells (Movies 5 and
6). The 3D CLSM imaging also shows the disruption of actin filaments in cells (Movies 13
and 14). Besides, the Saos2 cells also exhibit the disruption of tubulin (Figure S43). Those
results indicate that the EISA in nuclei is resulted from disruption of actin and microtubule
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dynamics, which lead to the loss of nucleus integrity (evidenced by nucleus-humping

and nucleus-blebbing) and the disruption of cell membrane. Such multiple disruptions (of
cytoskeletons and membrane integrity) likely contribute to the cell death and minimize
acquired drug resistance (vide infra).

Cellular Uptake.

The CLSM image of the SISA-1 cells with 1L p or 1Dp at 4°C exhibit no fluorescence,
indicating that that the SISA-1 cells uptake 1L p and 1Dp upon endocytic process, which
slow down at low temperaturel4 201, To determine the modes of endocytic process being
responsible for the uptake, we first seeded the SISA-1 cells in a 96-well plate, after the
co-incubation of several endocytic inhibitors with 1L p or 1Dp in the culture of the cells,

we dissolved the cells in DMSO and measured the fluorescence by a plate reader. Methyl-
B-cyclodextrin (M-BCD), filipin 111, and cytochalasin D (CytD) significantly decrease the
uptake of 1L p and 1Dp, but 5-(N-ethyl-N-isopropyl)amiloride (EIPA) and chlorpromazine
(CPZ) show almost no effects on the uptake (Figure 4c and d). Besides, M-BCD, filipin IlI,
or CytD decreases the cytotoxicity (vide infra) of 1Lp and 1Dp against SISA-1 cells (Figure
4b). Since M-BCD and filipin I11 inhibits caveolin-dependent endocytosis, these results
suggest that the assemblies enter cells via lipid raft/caveolae-mediated endocytosis(?l. CytD
inhibits the endocytosis by inhibiting polymerization of actin[22], but the disruption of actin
also affect the nucleus-targeting EISA. Thus, the effect of CytD is inconclusive.

We also used the CLSM to observe the cells co-incubated with 1L p or 1Dp and the
endocytosis inhibitors. The CLSM of the SISA-1 cells show that M-BCD and filipin

I11 significantly decrease the fluorescence, while EIPA and CPZ hardly decrease the
fluorescence (Figure S44 and S45). CytD decreases the fluorescence in SISA-1 cells
incubated with 1L p, but hardly decreases the fluorescence in SJISA-1 cells incubated with
1Dp. Besides, 1Dp also causes a shape change of SJISA-1 cells (Figure S45). This difference
indicates that 1L p depends more on actin dynamics than 1Dp for entering the nucleus.

The above results indicate that 1L p and 1Dp enter cells via lipid raft/caveolae-mediated
endocytosis.

Nuclear Accumulation.

We also examined the accumulation of the assemblies quantitatively. After using 1L p or
1Dp to incubate the cells, we lysed the SISA-1 cells and used centrifugation[X3: 23] to
fraction the cells. We mainly obtained two samples: Sample N consisting of nuclei; and
Sample M consisting of mitochondria, lysosomes and peroxisomes (Figure 5). We measured
the NBD fluorescence to quantify the mean amount of 1L p (or 1L) or 1Dp (or 1D) in

each cell. The SJISA-1 incubated with 1L p and 1Dp show similar amounts of assemblies

in mitochondria, lysosomes and peroxisomes of each cell, which are (5.5 + 0.096) x 10716
and (5.6 + 0.091) x 10716 mol, respectively. However, the amounts of the assemblies of the
L- and D-peptides in nuclei differ: (3.8 + 0.041) x 10716 and (6.7 + 0.071) x 10716 mol

of 1Lp (or 1L) and 1Dp (or 1D), respectively accumulate in the nucleus. The volume of
an osteosarcoma cell is about 4000 pm3, and nucleus is about 10% of cell volume. Thus,
the estimated concentrations of 1Lp (or 1L) and 1Dp (or 1D) in each nucleus are 950 +

10 and 1675 £ 18 UM, respectively (ignore the size change of nuclei). which are much
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higher than the incubation concentration (200 uM). This result confirms that the peptide
assemblies accumulate in nuclei. The concentration of L-assemblies is slightly lower than
that of D-assemblies, agreeing with that L-peptides are more proteolytic than D-peptides.

Interactions with Histone Proteins

To study the mechanism for intranuclear self-assembly, we examined the interaction of
assemblies with the proteins in the SISA-1 cells. We used RayBio Biotin beads, magnetic
beads modified with streptavidin, to enrich the proteins co-assembling with the assemblies
from 1L p or 1Dp because streptavidin shows high-affinity for biotin binding[24]. We
synthesized 2L p and 2Dp by attaching biotin to 1L p and 1Dp for targeting nuclei,
co-assembling, and enriching proteins that interact with the peptide assemblies. Before
dephosphorylation, 2L p and 2Dp (400 uM) self-assemble to form short nanofibers (Figure
S46). After ALP-dephosphorylation (0.5 U/mL, 24 h), TEM images of 2L p (or 2Dp) exhibit
long nanofibers (Figure S46), differing from those of 1L p and 1Dp (nanoribbons). The CD
spectra of 2L p and 2Dp after dephosphorylation exhibit weak CD signals (Figure S47). The
CD spectra exhibit both a-helix component and -sheet component, but the CD spectrum of
dephosphorylated-2L p (2L) exhibits higher a-helix component ratio than that of 2D.

The SIJSA-1 cells, being treated by 2L p or 2Dp, exhibit significant NBD-fluorescence in
nuclei in the case of 2L p, but but not in the case of 2Dp (Figure S48). The difference

of the nucleus-targeting ability is consistent with the weak self-assembling ability of the
diastereomer that consists of biotin and D-peptide and agrees with our previous result show
that a diastereomer (NBD-IIll,Y) possesses weak nuclear-targeting abilityl12],

Based on the above results, we chose 2L p as the probe to target the cell nuclei and

enrich proteins. We made two samples, PC (Proteomics Cell) and PL (Proteomics Lysate),
for proteomics analysis (Figure 6a). The LC-MS data were analyzed with the PEAKS
proteomics softwarel2%]. 187 proteins were detected in Sample PC (Table S1), while only
22 proteins were detected in Sample PL (Table S2). Figure 6b lists the proteins found in
Sample PC but not found in Sample PL with a coverage higher than 10%. Those proteins
likely involve the nucleus-targeting by the peptides (2L p). The protein with the highest
coverage (62%) is histone H4 (H4C1), which is a core component of nucleosome. Another
two histone proteins also present: Histone H3.1 (H3C1), a core component of nucleosome,
reaches a coverage of 38%; Histone H1.5 (H1-5), which binds to linker DNA between
nucleosomes and chromatin fibers, exhibits a coverage of 19%. The TEM images also show
that 1L p and 1Dp can co-assemble with Histone H4 (Figure S49d and e). The results
suggest that the EISA of 1L p and 1Dp prefer to co-assemble with histone proteins in nuclei
and imply that some of 1L p or 1Dp remain phosphorylated prior entering nucleus. Since
nucleolus is composed of ribosomal RNA and proteins[26], the results agree with the above
observations that the EISA molecules prefer to accumulate in nucleoli.

We also examine the ability of 1L p and 1Dp to aggregate with DNA. We incubated the
mixture of 1L p or 1Dp, DNA and ALP at 37°C for 24 h. After centrifugation, we measured
the DNA concentration of the supernatant as the concentration of remain DNA. The result
shows that the EISA of 1L p induces the co-precipitation of 33.4% DNA and that of 1Dp
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induces the co-precipitation of 24.7% DNA (Figure S50). TEM images of the mixture of
DNA and 1L or 1D (Figure S51) hardly show any new nanostructure of the co-assembles

or morphological changes that usually associate with strong binding, indicating that 1L or
1D weakly interact with DNA moderately. However, the direct or indirect interactions of the
nanoribbons with DNA inside cells remains to be verified.

Selectively Killing Osteosarcoma Cells

We used 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay!2”] to
examine the viability of SISA-1 cells incubated with the precursors (25 uM to 200 uM)

for 24 h. After incubation of 24 h, 200 uM of 1L p or 1Dp kills more than 96% or 99%

of SISA-1 cells (Figure 7a), respectively. 1L p and 1Dp exhibits ICgq of 101 and 69 pM

(24 h), respectively. Interestingly, the two precursors kill the SISA-1 cells rapidly (Figure
S52b and c). After 3 h incubation, 200 uM of 1L p or 1Dp kills more than 94% or 97% of
SJSA-1 cells, respectively. Since cell death occurs fast, the release of the phosphopeptide
and peptide from the cytosol make it difficult to precisely determine the percentage of
dephosphorylation of the intracellular assemblies. Besides, the mixture of 1L p and 1Dp
hardly effects their cytotoxicity (Figure S52a). We also examined the viability of Saos2 cells
cultured with 1L p and 1Dp (Figure S53) and found the 1Cgq to 122 uM and 99 uM (24 h),
respectively. Against both the osteosarcoma cells, 1Dp exhibit higher cytotoxicity than 1L p.
As a control, we examined the viability of normal cells (e.g., HS5 and HEK293) and other
cancer cells (e.g., HeLa, HepG2, OVSAHO, A2780 and A2780cis). After incubation of 24 h,
all the cells exhibit viability higher than 60% (Figure 7b). The results indicate that the two
precursors selectively inhibit the osteosarcoma cells, agreeing with that the two precursors
selectively target the nuclei of the osteosarcoma cells overexpressing ALP.

To mimic tumor microenvironment that the cancer cells mix with normal cells, we mixed
the same amount of RFP expressing SJISA-1 cells and HS-5 cells. Then, we used 1L p

or 1Dp to treat the mixed cells for 4 h, refreshed culture media and removed dead cells.
Then, we counted the cells and calculated the ratio of RFP expressing SISA-1 cells by
using CLSM, after Hoechst staining (Figure 7d). After above treatment, the ratio of RFP
expressing SJISA-1 cells in the control group is 58%, which is higher than 50% and indicates
slightly faster growth SISA-1 over HS-5 cells. After the treatment of 1L p, the ratio of RFP
expressing SJISA-1 cells in the mixture is 11%, and after the treatment of 1Dp, the ratio of
RFP expressing SISA-1 cells in the mixture is 0.98%. The observation indicates that 1L p or
1Dp significantly decreases the ratio of RFP expressing SISA-1 cells in the co-culture. The
higher efficacy of 1Dp agrees with that 1Dp exhibit higher cytotoxicity than 1L p against
osteosarcoma cells.

After 24 h incubation, both 1L and 1D (200 pM) hardly exhibit cytotoxicity against SISA-1
cells (Figure 7a). We also used DQB to inhibit ALP or used PLC to remove GPIl-anchored
ALP on cell membrane during cell viability experiment (Figure 7¢). Co-incubation of DQB
(5 uM) or pretreatment of PLC (0.2 U/mL, 24 h) significantly rescue SISA-1 cells incubated
with 1L p or 1Dp (200 puM) for 24 h, agreeing with the CLSM imaging results (Figure

S32). Thees results reveal that the ALP-dephosphorylation is essential for inhibition of
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osteosarcoma cells, agreeing with the results that ALP-dephosphorylation is essential for
1L p or 1Dp to target the nuclei of the osteosarcoma cells.

Modes of Cell Death.

To evaluate the modality of cell death induced by 1L p and 1Dp, we co-incubated cell
death inhibitors!28] (necrostatin-1 (Nec-1), necrosulfonamide, Z-VAD-FMK, deferoxamine
mesylate, chloroquine, N-acetyl-L-cysteine (NAC), and SP600125) with the 1L p or 1Dp in
the culture of the SISA-1 cells (Figure 7e). Nec-1 and necrosulfonamide are necroptosis
inhibitors[29], and they both rescue the SISA-1 cells incubated with 1L p or 1Dp. Z-VAD-
FMK is a pan-caspase inbibitor[3%], which is able to reduce the cytotoxicity of 1Lp

and 1Dp. Deferoxamine mesylate, a ferroptosis inhibitor[31], also rescues SISA-1 cells
when being co-incubated with 1L p or 1Dp. On the other hand, chloroquine (an inhibitor
of autophagy-dependent cell death[28), NAC (an inhibitor of alkaliptosis, oxeiptosis and
lysosome-dependent cell death!28]) or SP600125 (an inhibitor of lysosome permeation-
induced cell death[32) hardly reduce the cytotoxicity of 1Lp and 1Dp. Interestingly, the
co-incubation with NAC results in more cell death. The results indicate that the cell death
induced by the nucleus-targeting EISA of 1L p or 1Dp involves multiple cell death modality
(e.g., necroptosis, apoptosis, and ferroptosis).

Minimizing Acquired Drug Resistance.

Based on the above results, the cell death induced by the nucleus-targeting EISA relates to
accumulation of assemblies in nuclei, we reckon that cancer cells unlikely would acquire
drug resistance. To test this assumption, we incubated 1L p or 1Dp with SJISA-1 cells by
gradually increasing the concentrations of the precursors from 20 pM to 1Csq (101 and 69
UM for 1L p 1Dp, respectively) for 5 weeks and selected the cells that survive the treatment.
Then we examined the viability of the stimulated SISA-1 cells incubated with 1L p or

1Dp by MTT assay (Figure 7f and g). Surprisingly, the repeated stimulation significantly
sensitizes the SISA-1 cells to 1L p and 1Dp. The observation confirms that 1L p and 1Dp
selectively inhibit osteosarcoma cells without evolving acquired drug resistancel33].

Conclusion

In summary, we report a pair of L- and D-leucine-rich phosphopeptide (1L p and 1Dp) that
selectively kills osteosarcoma cells by intranuclear peptide assemblies formed by EISA. The
assemblies accumulate in cell nuclei and likely interact with histone proteins in nuclei. The
high selectivity of the phosphopeptides towards to SISA-1 originates from that the highest
expression of ALP (Figure S54) in SJISA-1 results in fast generation of nanoribbons and

the activity of EISA depends on the rate of EISA process[34l. The cell death induced by

the nucleus-targeting EISA involve multiple cell death modality (e.g., necroptosis, apoptosis,
and ferroptosis), and the cells hardly acquire drug resistance after repeated treatment of

the phosphopeptides. Although the concentration of the phosphopeptide is relatively high,
this result indicates that a nucleus-targeting EISA minimizing acquiring drug resistance,
which promises a development of anti-tumor method[3®] via subcellular targeting EISA. The
nucleus-targeting relates to co-assembly with histone proteins in nuclei, which may provide
a novel strategy to disrupt interorganelle communication for inducing cell death. Although
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this work focuses on pentapeptides, the insights obtained from this work may be useful for
design other peptide assemblies[3¢] or for EISA triggered by other enzymes[371.
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Figure 1.
Schematic representation of EISA of 1L p or 1Dp to result in intranuclear assemblies. After

entering the cells, the micelle converts into nanoribbons upon ALP-dephosphorylation and
co-assembles with histone proteins in cell nuclei (this illustration only depicts the key
assemblies of the dynamic structural continuum generated in the process of EISA).
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Figure 2.
TEM images of 1L p and 1Dp (200 uM, PBS) and the corresponding 1L and 1D formed 24 h

after adding ALP (0.5 U/mL).
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Figure 3.
a) CLSM images of SJISA-1 cells treated by 1L p or 1Dp (200 uM) for 4 h. b) The final

fluorescent image of time-dependent CLSM of SISA-1 cells treated by 1L p (200 uM) for 2
h (Movie 1). ¢) The increase of mean fluorescence intensity of the areas in b). d) The final
fluorescent image of time-dependent CLSM of SJSA-1 cells treated by 1Dp (200 uM) for 2
h (Movie 2). e) The increase of mean fluorescence intensity of the areas in d). f) 3D CLSM
images of SJISA-1 cells (RFP-actin) incubated with 1L p or 1Dp for 0, 10, 20, and 30 min
(Movies 11 and 12).
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Figure 4.
a) CLSM images of SISA-1 cells after being treated by 1L p or 1Dp (200 pM) for 4 h at

37°C or 4°C. b) Cell viability of SISA-1 cells incubated with 1L p or 1Dp (100 uM) for

24 h in absence (Control) or presence of inhibitors M-BCD (2 mM), Filipin 111 (2 ug/mL),
CytD (2.5 pg/mL), EIPA (1 pM), or CPZ (30 puM). The mean molar amount of uptake in
each SJSA-1 cells incubated with ¢) 1L p or d) 1Dp (100 uM, 150 pM, and 200 puM) for 2 h
in absence (Ctrl) or presence of inhibitors M-BCD (2 mM), Filipin Il (2 pg/mL), CytD (2.5
pg/mL), EIPA (1 uM), or CPZ (30 uM).
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Figure5.
The fractionation of assemblies in SISA-1 cells incubated with 1L p or 1Dp (200 pM) for 4

h.
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found in Sample PC but not found in Sample PL with a coverage higher than 10%. The red
color shows the histone proteins, which may relate to nuclear targeting.
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Figure 7.
a) Cell viability of SISA-1 cells incubated with 1L p, 1Dp, 1L, or 1D for 24 h. b) The cell

viability of HS-5, HEK293, HelLa, HepG2, OVSAHO, A2780, and A2780cis cells incubated
with 1L p or 1Dp (200 uM) for 24 h. c) Cell viability of SISA-1 cells incubated with 1L p

or 1Dp (200 uM) for 24 h in absence (Ctrl) or presence of PLC (0.2 U/mL, pretreat for

24 h) or DQB (5 puM). d) The remain ratio of RFP expressing SJSA-1 in the mixture of

RFP expressing SJSA-1 and HS-5 incubated with 1L p or 1Dp for 4 h and subculture. The
starting ratio of RFP expressing SJISA-1 in the mixture is 50%. e) Cell viability of SISA-1
cells incubated with 1L p or 1Dp (100 uM) for 24 h in absence (Control) or presence of
death signaling inhibitors Nec-1 (50 puM), Necrosulfonamide (1 uM), Z-VAD-FMK (50 pM),
Deferoxamine mesylate (200 uM), Chloroquine (10 uM), NAC (1 mM), or SP600125 (25
uUM). Cell viability of unstimulated SJISA-1 cells or stimulated SISA-1 cells (after 5 weeks’
treatment of the precursors with gradually increase concentrations) incubated with f) 1L p or
g) 1Dp (100 pM, 150uM and 200 pM) for 24 h (n= 3, ***, p < 0.001).
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