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ABSTRACT:

Small molecule ligands that can specifically recognize the surface of cancer cells have wide utilities in
cancer diagnosis and treatment. Screening large combinatorial libraries against live cells is an effective
approach to discover cell-targeting ligands. In the past decade, DNA-encoded chemical library (DEL or DECL)
has become a powerful technology in drug discovery and been successfully used in ligand discovery against
numerous biological targets. However, nearly all DEL selections had predefined targets, whereas completely
unbiased DEL selections interrogating the entire cell surface remain underexplored. In this report, we
systematically optimized cell-based DEL selection method to perform unbiased selections against cancer cells
without predefined targets. A 104.96-million-member DEL was selected against MDA-MB-231 and MCF7, a
pair of breast cancer cell lines with high and low metastatic properties, respectively, and cell-specific small
molecule ligands and ligand combinations (“clusters”) have been identified. We further show that the ligand
cluster could be optimized to improve the binding affinity and applied in cell-targeting applications including
cancer photodynamic therapy and targeted drug delivery. Finally, we leveraged the DNA tag of the DEL
compounds and identified the cell surface receptor of an individual ligand targeting MDA-MB-231 cells.
Overall, this work provides an efficient method for discovering cell-targeting small molecules and demonstrated
the potential of DELS as a tool for cancer biomarker discovery.
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Introduction.

Cancer remains one of the leading causes of death worldwide, with the mortality rate expected to surpass
cardiovascular diseases by 2030.! Besides surgery, chemotherapy, targeted therapy, and immunotherapy are the
major treatment modalities. Regardless of the modality, the therapeutic agents need to reach the tumor site and
bind to the cancer cells. The binding specificity is extremely important to avoid systemic toxicity and improve
the efficacy of the anti-cancer drugs. Thus, the discovery of cell-specific ligands is an important task in cancer
research.? Cell-targeting ligands are also useful tools for studying fundamental biology. The cell surface
displays many biomolecules that are often present in higher order structural arrangements such as multimer
assembly, complexes, and microdomains that are characterized by their cell types and cell properties. ® Ligands
that can recognize specific cell surface features can be potentially developed as molecular probes for biomarker
discovery and exploring the underlying signaling pathways.? Antibodies have been widely used to target cell
surface antigens;* > however, antibodies are large proteins that can suffer from stability issues, high
manufacturing costs, incompatibility with oral administration, and organ toxicity and hypersensitivity reaction
issues. ’

Many combinatorial libraries, including phage display, mRNA display, yeast display, bacterial display, and
one-bead one compound (OBOC) libraries, have been used to discover cell-targeting ligands through unbiased
selections against live cells, tissue samples, ex vivo and in vivo systems, and even in humans.®2 However, the
identified ligands are mostly peptides or peptidomimetics with less favorable pharmacokinetic properties.® Cell-
SELEX is a powerful technique to identify cell-binding aptamers,*31° but it is limited to nucleic acid structures.
Small molecules have better drug-like properties and are more chemically tractable; however, efficient ways to
identify cell-targeting small molecules are still lacking, especially in a high-throughput format. On another
aspect, although numerous cell-targeting peptides and aptamers have been identified from unbiased selections
against cancer cells and several them have already been approved for clinical uses, it is striking that only a very
small fraction of the ligands have had their cellular receptors identified.* & 1416 Target identification falls far
behind ligand discovery, representing a major issue in the biological and clinical development of these ligands.

Originally proposed by Brenner and Lerner in 1992, DNA-encoded chemical library (DEL or DECL) has
since become a powerful platform widely used in drug discovery.’®3" In a DEL, each compound is encoded
with a DNA tag, which allows the selection of all the library compounds against the target simultaneously. The
selected binders are decoded by PCR amplification and next-generation sequencing (NGS) (Figure 1a). DELs
can contain millions to billions of compounds. With the rapid development of DNA-compatible chemistry, the
chemical space of DELSs has been greatly expanded.?? 323 DELs have been used to interrogate numerous protein
and nucleic acid targets. DEL selections on/inside live cells have also been realized.***” The Bradley group
pioneered PNA-encoded library screening on live cells;* 4 GSK reported the first cell-based DEL selection
with cells overexpressing tachykinin receptor neurokinin-3;* the Krusemark group applied a crosslinking
method®® to both cell-surface and intracellular targets;*** the Neri group extensively optimized the
experimental conditions for cell-surface selections;* Vipergen microinjected both the library and the target’s
mRNA into frog oocytes to enable intracellular selection;* our group developed a method that can selectively
label the target with a DNA tag for selections against endogenous membrane proteins;* and Kodadek, Paegel,
and co-workers selected an OBOC-DEL library against antibodies in human sera from patients with active or
latent tuberculosis (TB) to identify ligands specific for active TB IgG antibodies.>® However, nearly all DEL
selections have predefined targets, whereas completely unbiased selections with live cells remain largely
unexplored.

We reasoned DEL selection may be an efficient approach to identify cell-targeting ligands. First, DELS
contain high chemical diversity that can be sampled by the complex landscape of the cell surface.>! Besides
individual binders, we hypothesize that the selection may also identify ligand combinations that bind to multiple
cell surface receptors. Second, the DNA conjugation site provides an exit vector that can be conveniently used
for payload and label attachment for various biological applications. Third, DEL avoids the avidity effect from
multivalent binding, which is often seen with phage display and OBOC libraries.>? ° Herein, we report a method
to perform unbiased DEL selections without predefined targets on live cells. This method utilized photo-
crosslinking to stabilize the ligand-receptor interactions on the cell (Figure 1b).40-43 465 After systematically
optimizing the selection conditions, we selected a 104.96-million-member DEL against MDA-MB-231 and
MCEF7, a pair of breast cancer cells with different metastatic properties.® 65559 Small molecule ligands and
ligand combinations (“clusters”) specifically targeting the aggressive MDA-MB-231 cells have been identified.
Optimization of the cluster composition led to the second-generation ligand cluster with improved binding
affinity. Furthermore, the ligand cluster was used to guide the selective killing of MDA-MB-231 cells via
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photodynamic therapy and targeted delivery of cytotoxic drug. Finally, leveraging the DNA tag of DEL
compounds, we have identified the receptor of an individual ligand specific for MDA-MB-231 cells.
Collectively, this study provides an efficient method for discovering cell-targeting small molecules by
harnessing the power of DELs and also demonstrated that DELs can potentially be used for biomarker

discovery.
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Figure 1: DEL selection against the immobilized targets and the proposed unbiased cell-based selection. a) Scheme
of DEL selection with immobilized protein. b) (This work) Unbiased DEL selection against live cells without
predefined targets. Photo-crosslinking is used to stabilize the ligand-receptor binding. Selection results from cells
of different properties can be compared to identify cell-specific ligands or ligand clusters. PC-DNA: photo-
crosslinking DNA; red star: photo-crosslinker.

Results.

Design and optimization of the unbiased DEL selection method on live cells.

Because of the low compound concentration in DELS, the binding equilibrium in the selection is driven by
the relatively high target concentration. However, for the selection against the entire cell surface without a
predefined target, the techniques to increase the effective target concentration, such as protein overexpression
and tagging, can no longer be used. If incubating the cells with the library and then washing away the non-
binders, only the strong binders to the targets of high abundance will be identified, whereas moderate binders
and possibly even high-affinity ligands binding to low-abundance targets would be lost. To address this issue,
we hybridized a photo-crosslinking DNA (PC-DNA) at the primer-binding site of the library (Figure 1b). Upon
UV irradiation, the PC-DNA covalently captures the target, thereby stabilizing the ligand-receptor binding.
After washing, the binders can be eluted from the cell under denaturing condition for hit decoding. Such a
“crosslinking DEL” technique has been proven to be able to improve the library recovery and facilitate the
identification of moderate/low-affinity binders both in buffer and on live cells. -3 46.54.60-62 The [ibrary will be
selected in parallel against cancer cells of different cell properties (e.g., aggressive vs. non-aggressive), and the
enrichment profiles will be compared to identify the cell-specific ligands or ligand clusters (Figure 1b).

Although this study aims to achieve “targetless” selection on live cells, we reasoned that using a model
system at first with a known target would facilitate methodology development. As shown in Figure 2a, CA-12
is a membrane carbonic anhydrase implicated in malignant cancers,®® and CBS is a known ligand of CA-12 (K4
=0.97 uM in DNA-conjugated form).*6:47.64 A549 cells expressing high level of CA-12 were used as the target
cells (effective concentration: ~1.04 uM; Figure S1). First, CBS was covalently tethered to a 16-nt DNA as the
binding probe (BP) (BP-1), and a complementary 16-nt DNA carrying the photo-reactive phenylazide group
and a biotin tag was prepared as the capture probe (CP) (bio-CP-1; Figure 2a). Following our previous reported
procedure,*” the BP-1/bio-CP-1 duplex was incubated with the cells (4 °C, 90 min.) before a brief UV
irradiation (365 nm, 1 min.) to trigger the crosslinking. After washing, the binders were eluted by heating,*
isolated with avidin beads, and analyzed by using Western blot. The results showed the specific labeling of CA-
12 with photo-crosslinking (Figure 2b and S2). By replacing the biotin with a fluorescein (FAM) (fam-CP-1),

4

https://doi.org/10.26434/chemrxiv-2024-3mrz3 ORCID: https://orcid.org/0000-0002-8907-6727 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-3mrz3
https://orcid.org/0000-0002-8907-6727
https://creativecommons.org/licenses/by-nc/4.0/

flow cytometry analysis corroborated the specific labeling (Figure 2c). Next, we optimized the selection
conditions, aiming to maximize the enrichment fold (EF) of the binder. CBS was conjugated to a 35-nt DNA
(BP-2), and an amine-modified DNA with an orthogonal primer binding site was used as the background (NP-
2). The DNAs were mixed (ratio 1:10) and hybridized with a 16-nt photo-reactive DNA (CP-2). The model
library was selected against A549 cells (Figure 2d), and quantitative PCR (gPCR; Figure S3-S4) was used to
quantify the enrichment of CBS. First, an incubation time of at least 1.5 h and a 2-step washing procedure
appeared to be beneficial in improving library recovery and the EF values (Figure 2e-2f). The number of cells
had little effect, which is consistent with the previous report (Figure 2g).** Interestingly, blocking agents®®
decreased the enrichment (Figure 2h). Running multiple rounds of selections, i.e., the eluted binders are directly
used as the input in the next round, is often used in DELSs to improve enrichment. We also observed that a two-
round selection gave significantly better results (Figure 2i). Next, we increased the BP-2/NP-2 ratio to 1:7,000
and performed the selection under the optimized conditions, and a ~200 EF was obtained after 2 rounds of
selections (Figure 2j). Unfortunately, additional round of selection resulted in insufficient amount of the
recovered library with g°PCR Cr values beyond the reliable concentration range (Figure S4). Furthermore, a
model library with chemical diversity was prepared by mixing a CBS-DNA conjugate with a 67,600-member
dipeptide DEL at equal ratio (Figure 2k).%® The 67,601-member library was selected against A549 cells. The
selected library samples were PCR-amplified with NGS-compatible primers and submitted for sequencing
(Figure S5). The raw sequencing data were processed by using a Python script to quantitatively tally the codons
of each compound and then calculate the enrichment fold (post-selection% /pre-selection%), which generated
a 2D scatter plot for each selection (enrichment fold vs. post-selection sequencing count).®” The data points with
both high enrichment folds and sequencing counts are considered to be potential hits. CBS gave low EF after
the 1% round of selection but was significantly enriched after the 2™ round (Figure 21). Low enrichment was
observed without photo-crosslinking. Next, we performed a counter-selection against HEK293 cells, a cell line
with low CA-12 expression. The z-scores of the enriched compounds®® % with the two types of cells were
plotted, and it showed the preferential enrichment of CBS on A549 cells (Figure 2m). In addition, we also tested
the selection method with another model system. Folate receptor (FR) is a cell-surface glycoproteins implicated
in many tumors, and folate acid (FA) is a small molecule binding to FR with nanomolar affinity.*¢ A model
library was prepared by mixing a FA-DNA conjugate with excess background DNA and selected against HeLa
cells overexpressing FR,* and gPCR analysis showed significant enrichment of the FA-DNA conjugate (Figure
S6).
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Figure 2: Optimization of the selection conditions. a)-c) BP-1 was hybridized with bio-CP-1/fam-CP-1. The duplexes
were used to label CA-12 on A549 cells. After photo-crosslinking, washing, and elution, the labeled proteins or cells
were analyzed by using b) Western blot and c) flow cytometry, respectively. In b), no CBS: no CBS in BP-1.
Conditions: DNA, 5 pM; cell number, 200 million; buffer, 1x phosphate-buffer saline (PBS); UV, 365 nm, 60 sec. at
0 °C; 1B, immunoblotting. d) A model library was selected against A549 cells under different conditions: e)
incubation time; f) washing times; g) cell number; h) use of blocking agents (0.1% NaNs (g/100 mL) and 1% sheared
salmon sperm DNA); and i) round of selections. The selections were analyzed with gPCR to calculate the library
recovery and the enrichment fold (EF) of BP-2. j) Selection results of a 1:7,000 model library. k) A model library
containing 67,000 dipeptides and CBS-DNA was selected against A549 cells. ) NGS (lllumina) sequencing results
shown in scatter plots.®” y-axis: enrichment fold; x-axis: post-selection sequencing counts; enrichment fold: post-
selection% /post-selection% (naive library). The data points of CBS-DNA are highlighted in red. m) Comparison
of the selections with A549 and HEK293 cells; x-axis: normalized z-score of the enriched compounds in A549
selection; y-axis: normalized z-score of the enriched compounds in HEK293 selection.® n=2 independent
experiments; data are presented as mean values =+ s.d.
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Figure 3: Selections against MDA-MB-231 and MCF7 cells. a) Structure and BB composition of the 104.96-million-
compound DEL. b) Converting the dsDNA tag to ssDNA by using Lambda exonuclease. 4" Gel image shows the band
shift after the conversion. ¢) Disynthon (two BBs) z-score analysis of the MDA-MB-231 (y-axis) and MCF7 (x-axis)
selection results. Top: RYR? disynthon; middle: R%R? disynthon; bottom: R%/R* disynthon; triplicate selections are
shown in the same row; the top 100 enriched disynthons are highlighted in red. d) Highly enriched BBs from the
top 100 enriched disynthons in ¢). ) Tri-synthon (all three BBs) z-score analysis of the selections. Data points are
grouped and highlighted in different colors based on the number of BBs in d). P1 (no or only 1 BB), P2 (2 BBs), and
P3 (3 BBs). f) BBs of Cluster-1; the dashed lines indicate disynthon correlations. g) Disynthon z-score analysis and
comparison of the BBs in Cluster-1 in the selection. See the Supporting Information for details on library synthesis,
DNA sequences, BB structures, and data analysis methods. Selected BB structures in c)-g) are also provided in
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Unbiased selections against MDA-MB-231 and MCF7 cells.

Two human breast cancer cell lines were chosen for the selection: MDA-MB-231 and MCF7. MDA-MB-
231 is a highly aggressive and poorly differentiated cell line established from metastatic pleural effusion of
mammary adenocarcinoma.’”® MCF7 cells were also derived from pleural effusion but are less aggressive.” The
pair of cell lines are often used as the “positive” and “negative” cells in profiling and library screening studies.®
8.16.5559 Eirst, we validated the different invasiveness of the two cell lines (Figure S7). Next, a 104.96-million-
compound DEL consisting of three sets of building blocks (BBs) was prepared.% The library was synthesized
by first coupling 321 amino acids (R?) to the amine-modified “headpiece” DNA,% followed by 326 amino acids
(R?) to form the dipeptides. For the R®’s, 640 carboxylic acids were coupled via amidation, 330 aldehydes were
coupled via reductive amination, and 33 sulfonyl chlorides and heterocyclic chlorines were coupled via
nucleophilic substitution reactions, respectively (Figure 3a and S8). The library was originally encoded with
double-stranded DNA (dsDNA), but it was converted to single-stranded DNA (ssDNA) by Lambda exonuclease
digestion to be compatible with the selection method (Figure 3b).*” After hybridizing a 15-nt PC-DNA at the
primer-binding site, the ssSDNA library was selected against MDA-MB-231 and MCF7 cells, respectively. The
eluted binders were PCR-amplified and decoded with NGS as described in Figure 2, and all selections were
performed in triplicates.

We expect the selection will enrich combinations of multiple ligands binding to multiple targets on the cell.
Therefore, we first used a disynthon-based approach for data analysis. In brief, the sequencing data were
processed with a custom script (Supplement File 1) 6° 7273 tg calculate the z-scores of the three disynthon
combinations (RY/R?, R¥/R?, and RY/R®), respectively, and generated three sets of scatter plots (Figure 3c). The
top 100 disynthons (red dots) enriched by MDA-MB-231 cells were selected for each combination (full lists in
Figure S9); then, the BBs of these top disynthon combinations were tallied based on frequency, which gave a
table of “highly enriched BBs” (cut-off: Rt > 4, R?> 4, R®> 3; Figure 3d and full lists in Figure S10). Moreover,
the selection data were also processed based on trisynthon combinations. We focused on the data points with
post-sequencing counts (C/25%) > 200 in the MDA-MB-231 selections to minimize statistical under-sampling
(Figure 3e). By using the custom script (Supplement File 1), the enriched compounds in the trisynthon analysis
were categorized into three groups based on the number of BBs that are present in the “highly enriched BBs”
table: P1 (no or only 1 BB; blue dots), P2 (2 BBs in the table; red dots), and P3 (3 BBs in the table; orange
dots). Finally, all the BBs in the P2 and P3 groups were tallied based on frequency (cut-off: R > 20, R? > 15,
R® > 7), which eventually generated a cluster containing 420 compounds (Cluster-1; Figure 3f and full BB
structures in Figure S11). The dashed lines connecting the BBs indicate disynthon correlations. Finally, the z-
score comparison of the original disynthon combinations also clearly showed that the BBs in Cluster-1 were
indeed more enriched by MDA-MB-231 cells (Figure 3g).

Cluster-1 was resynthesized on a 16-nt ssDNA following the same procedure as in the library synthesis but
without the DNA tagging step (Figure 3f). A control DNA without the small molecules was also prepared
(DNA-OH). The DNAs were hybridized with a FAM-labeled CP (fam-CP-2), and the duplexes were used to
label MDA-MB-231 and MCF7 cells. Flow cytometry showed Cluster-1 increased the fluorescence for MDA-
MB-231 cells but not for MCF7 cells and DNA-OH did not show noticeable labeling of both cell lines (Figure
4a-4b). The specificity of Cluster-1 was also observed with confocal microscopy (Figure 4c). The binding
affinity of Cluster-1 to MDA-MB-231 cells was estimated to be ~16.5 UM (Kg) by titration (Figure 4d). Next,
a deletion strategy was implemented to improve the cluster’s binding affinity.”* " The heatmap in Figure 5a
shows the z-scores of the Cluster-1 BBs. First, we prepared five “truncated” clusters by deleting 1 to 5 BBs
starting from the ones with the lowest z-score at the R® position (Cluster-t3-1 to Cluster-t3-5; Figure 5b). In
addition, three control clusters, in which the R? is replaced with two unrelated carboxylic acid or completely
omitted, were also prepared (Cluster-N1, N2, and N3; Figure 5b). The clusters were hybridized with fam-CP-
2 and used to label MDA-MB-231 cells. The results showed that deleting the two BBs with the lowest z-scores
improved the labeling (Cluster-t3-1 and Cluster-t3-2; Figure 5¢c-5d), whereas deleting more BBs decreased
the labeling (Cluster-t3-3 to Cluster-t3-5). The three negative control clusters gave no or little labeling,
supporting the importance of the remaining R® BBs (Figure 5¢-5d). Next, the truncated Cluster-t3-2 was
subjected to similar deletions at the R* position. The results showed that the BB with the lowest z-score could
be removed but not the next one (Cluster-t1-1; Figure S12). Finally, Cluster-t1-1 was subjected to deletions
at R Interestingly, removing the three R?> BBs with the lowest z-scores improved the labeling by ~50%
(Cluster-t2-3; Figure S13a-c), but the next BB appeared to be highly important since its deletion significantly
decreased the labeling (Cluster-t2-4). Finally, Cluster-t2-3, the cluster showing the highest labeling efficiency
with 168 compounds, was renamed Cluster-2 as the 2" generation cluster (Figure 5e and S13d-e). Cluster-2
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Figure 4: Cluster-1 specifically binds to MDA-MB-231 cells. a)-b) Flow cytometry analysis of Cluster-1 and the
control DNA-OH’s binding to MDA-MB-231 and MCF7 cells, respectively, with fam-CP-2 and photo-crosslinking.
¢) Confocal imaging analysis; DAPI: 4',6-diamidino-2-phenylindole. d) Cluster-1’s binding affinity to MDA-MB-
231 cells was determined with flow cytometry. The labeling conditions are the same as in Figure 2. n =5 independent
experiments; data are presented as mean values =+ s.d.

exhibited selective binding for MDA-MB-231 cells (Figure 5f) with a higher binding affinity (Kq: 4.1 uM;
Figure 50).

Collectively, these results demonstrated that the selected “ligand cluster” could be optimized by narrowing
down to a smaller number of compounds. However, here, the deletion strategy is simply based on the z-scores
and did not exhaustively examine all BB combinations. For instance, the deletion stopped when an important
BB was identified without further examining its cooperativity with other BBs. Using the deconvolution
strategies in traditional combinational chemical libraries, such as positional scanning and deletion synthesis
deconvolution,” ™ may be able to further optimize the cluster to fewer compounds of higher binding affinity.
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Figure 5: Optimization of the ligand cluster. a) Heatmap showing the z-scores of the Cluster-1 BBs; the BB numbers are shown.
b) A series of truncated clusters were prepared by deleting the R® BBs progressively starting from ones with the lowest z-score,
while keeping the R* and R? BBs unchanged; three negative controls (Cluster-N1, N2, and N3) were prepared and tested. ¢)-d)
Flow cytometry analysis of the clusters’ binding to MDA-MB-231 cells with fam-CP-2. n =2 independent experiments; data are
presented as mean values +s.d. e) Similar deletion experiments were also performed with the R' and R? BBs to obtain the
optimized cluster (Cluster-2). See Figure S12-S13 for details of the R* and R? deletion experiments and flow cytometry assays.
f) Confocal imaging of Cluster-2’s binding to MDA-MB-231 and MCF7 cells. g) Cluster-2’s binding affinity to MDA-MB-231
cells was determined by using flow cytometry. The labeling conditions are the same as in Figure 2. Full BB structures of Cluster-
1 and Cluster-2 are shown in Figure S11 and S13e.

Applying the ligand clusters for targeted delivery to cancer cells.

Cell-specific ligands can be used in various applications targeting cancer cells, such as drug delivery, gene
therapy, detection and isolation of circulating tumor cells, imaging, cancer immunotherapy, targeted protein
degradation.? Here, we demonstrate that the selected ligand clusters can be used for targeted drug delivery.
Doxorubicin (Dox) is a widely used chemotherapy drug that intercalates the DNA double helix to inhibit
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Figure 6: Applying the ligand clusters in targeting cancer cells. a) Delivery of Dox using the probe assembled from DNA-
conjugated ligand cluster, a photo-reactive CP-linker DNA, and a C-G rich vehicle DNA. b) Cell viability after Dox delivery
using the Cluster-1- (left panel) and Cluster-2- (right panel) based probes. c) PDT treatment of cells using the probes assembled
from DNA-conjugated ligand cluster, a photo-reactive CP-linker DNA, and a PS-DNA. d) Cell viability after PDT treatment
with a control probe without the small molecules (DNA-OH), Cluster-1 probe, and Cluster-2 probe. n=3 independent
experiments; data are presented as mean values +s.d.

topoisomerase Il progression, thereby inhibiting DNA replication; Dox has been used in numerous drug
delivery applications.” First, we confirmed that MDA-MB-231 and MCF7 cells are both sensitive to Dox
treatment with similar 1Cso values and that the “unloaded” ligand clusters are not toxic to the cells (Figure S14).
Next, a 16-nt DNA carrying the ligand cluster, a photo-reactive CP-linker DNA (31-nt), and a C/G-rich vehicle
DNA hairpin (21-bp at the duplex region) were hybridized to form a probe (Figure 6a). The probe was incubated
with Dox and a 1:10 (probe : Dox) loading ratio appeared to be optimal based on fluorescence quenching (Figure
S15). The Dox-loaded probe was incubated with the cells (4 °C, 1.5 hrs.), briefly UV-irradiated, washed with
cold PBS buffer, and then cultured in drug free fresh medium at 37 °C for up to 24 h before the viability of the
treated cells was determined with the CCK-8 assay. As shown in Figure 6b, both Cluster-1 and Cluster-2
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showed selectively killing of MDA-MB-231 cells. Photodynamic therapy (PDT) has been used to treat cancer
for many years.”” PDT agents typically comprise a photosensitizer (PS) and a targeting moiety connected
through a linker. The targeting moiety binds to the cell, and then light irradiation (600-800 nm) generates
cytotoxic reactive oxygen species (ROS) to trigger cell death.” The generation of ROS can either be inside the
cell after PS internalization or in proximity to the cell surface.”®8! As shown in Figure 6c, a 16-nt DNA carrying
the ligand cluster, a photo-reactive CP-linker DNA (31-nt), and a DNA with a photo-sensitizer methylene blue
(MB) hybridized to form the probe. MB is a widely used PS that can generate cytotoxic single oxygen species
(*O2; quantum yield: ~0.52).7® We first tested the PDT sensitivity of MDA-MB-231 and MCF7 cells with either
MB only (Figure S16) or in the presence of a control probe without the small molecules (DNA-OH; Figure 6d);
however, MDA-MB-231 cells exhibited strong resistance towards MB-mediated PDT treatment, whereas
MCEF7 cells were sensitive. Nevertheless, under PDT condition, the probe with the Cluster-2 ligands was able
to sensitize MDA-MB-231 cells and induced significant cell death. Collectively, these experiments have
demonstrated the potential of the selected ligand clusters in targeted drug delivery applications against cancer
cells.

Identification of the cell surface receptor of a ligand targeting MDA-MB-231 cells.

Target identification of the ligand clusters may be challenging since the compounds may bind to multiple
receptors on the cell surface. Therefore, we pursued the individual ligands identified in the selection. As shown
in Figure 7a, the normalized z-scores of the MDA-MB-231 and MCF7 selections were plotted and seven
individual hit compounds were chosen following these criteria: 1) with post-sequencing count (C/°5) > 200 in
the MDA-MB-231 selection; and 2) were reproducible in at least two out of three replicates. A total of 109
compounds fit the criteria, and the top 7 compounds with the highest average z-scores were selected for further
validation (Figure 7b and full list in Figure S17). These compounds were resynthesized on-DNA, hybridized
with fam-CP-2, and then used to label the cells. As shown in Figure 7c and S18-S19, they all exhibited selective
labeling of MDA-MB-231 over MCF7 cells with micromolar binding affinities. Hit compounds 5 and 6 gave
relatively low Kq values (Figure 7c-7d), but the iodobenzene motif in 6 might have stability issue; therefore, we
chose compound 5 for target identification. First, we verified that the DNA conjugate of 5 selectively binds to
MDA-MB-231 but not MCF7 cells and the binding depends on the small molecule motif, rather than the DNA
tag (Figure 7e). Next, the DNA-5 conjugate was incubated with MDA-MB-231 cells along with three
complementary CPs having a biotin group, in which the photo-crosslinker in the CP is either protruding by
three nucleobases (n = +3), side-by-side (n = 0), or recessive (n = -3) relatively to the small molecule (Figure
7f and S20). We have previously shown such a multi-probe approach is beneficial in identifying the specific
targets of DNA-conjugated small molecules.®* 82 8 These affinity probes were incubated with the cells and
briefly UV-irradiated, and the cells were lysed by heating. The captured proteins were isolated by using
streptavidin beads and analyzed by Western blot. As shown in Figure 7g, the probes captured a few protein
bands at ~50-65 kDa, which disappeared in the presence of free small molecule competitor. Furthermore, we
performed quantitative proteomic analysis of the capture proteins by using Stable Isotope Labeling with Amino
acids in Cell culture (SILAC). In brief, the cells were cultured with either “heavy” or “light” isotopes,
respectively; then, the heavy/light cells were incubated with the DNA-based affinity probes either with or
without free small molecule competitor for protein capture. The experiments were performed reciprocally in
duplicates, and the samples were submitted for proteomic analysis. As shown Figure 7h, the results showed that
a protein, a-enolase (ENO1), has been specifically captured in both experiments. a-enolase is a key glycolytic
enzyme, but it is also expressed on the tumor cell surface and acts as a plasminogen receptor facilitating
extracellular matrix degradation and cancer invasion.2*® In addition, its molecular weight (~48 kDa; with
DNA: ~54 kDa) matches the band shift in Figure 7g. Indeed, using an anti-ENO1 antibody, it clearly showed
that the isolated band at ~55 kD may a-enolase (Figure i). Currently, we are characterizing the binding
interactions between compound 5 and a-enolase either in vitro or on the cell surface and identifying other
possible cell surface receptors. Also, we will perform target identification studies of other individual cell-
targeting ligands shown in Figure 7b.

12

https://doi.org/10.26434/chemrxiv-2024-3mrz3 ORCID: https://orcid.org/0000-0002-8907-6727 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-3mrz3
https://orcid.org/0000-0002-8907-6727
https://creativecommons.org/licenses/by-nc/4.0/

a) b) cl
- y=x @ !
04(® : . L/A n
D3 2 bU 1 I\‘JH o
Qo3 T 07 NH
X .4 [ ] B
ﬂE! 3.62-213-101
o3l g 1. 294-226-638
o e
= *5 HO.__O 2 o 4
6.51-65-139 AN N
01 Ho_ NN NS
QL UPIR LIS
= ~a g J 9
0.0l N
000 002 004 006 008 010 0.12 ® o, O NH
MCF- T o CT L CFy 7.105-112-118
5.23-324-883 [YT @
Br T
C) e) MDA-MB-231 MCF-7
ram compound Ky (MM) compound Ky (MM) B DNA-OH 150 M DNA-OH
1504 I/ DNA-5 U DNA-5
1 41.92 5 3.61 / A
on-DNA ” /
compound 2 4.53 6 3.04 Eroo, ' \
affinity 5} [\
(MDAMB 231) 3 10.62 7 18.04 o / \
4 5.13 | B
. Uy
o 10r 10 100 100
MDA-MB-231 FITC-A
d) 4000+
@ J * Kk
2 2000
g 3000 ° 5 ]
e 2 15004
S 20004 DNA-OH + MDA-MB-231 4 2 10004
L K,=3.61 uM B DNA-5+ MDA-MB-231 &
§ 1000 DNA-OH + MCF7
= M DNA-5+MCF7
0 —TTrTT 040t 100 100 100
0 5 10 15 FITC-A
on-DNA conjugate 5 (uM)
f) 1)Cell lysis;
@ 2) Affinity ® -
o hv biotin __ pulidown. ‘ . o - Western blot
otin —_— > — .
MDA-MB-231 biotin MS analysis
N cell o .
n=+3,0,-3 _ AN
+ = [ JA
Ny
i)
hv - o+
hv + + - + +
g) h) free5 + +
free5 - + - - - 6 nz 3 -3
o : ° -
= 0 0 0 M +3 -3 3 ° :ENO1 3 %o :
: SN R I R L 518
95 kD ) £ 3 ‘o £ 2 o o ©
72kD»“ . 0‘: £ 804 & : O;no ° s . 55kD g
55 kD b 5 04002 R s ° © 40kD
40kD 2 g 028 Y 2o RRTRe 33kD
33kD i 0@ © ° :a o gX 25kD
25kD £ : £ 24 :
g S 5 1o ° 15kD
15 kD 5 | § '4 T T T
- bioti - 5 3 0 3 5 < a4 2 0 2 4
IB: biotin IB: ENO1

Log;(Heavyllight) for Forward SILAC Log;(heavy/light) for Forward SILAC

Figure 7: Identification and characterization of individual cell-targeting ligands. a) z-score analysis of the selections with MDA-
MB-231 and MCF7 cells; the selected hit compounds targeting MDA-MB-231 cells are highlighted. b) Structures of the selected
hit compounds. c¢) Flow cytometry analysis of the “on-DNA” compounds’ binding affinities to MDA-MB-231 cells; full data are
provided in Figure S19. d) Determining the binding affinity of on-DNA conjugate of 5 to MDA-MB-231 cells. €) Flow cytometry
analysis of the DNA-5 conjugate and a control DNA without the small molecule (DNA-OH)’s labeling of MDA-MB-231 and
MCEF7 cells. n=3 independent experiments; data are presented as mean values £s.d. f) Compound 5 was conjugated to DNA,
hybridized with three different bio-CP DNAs, and used to capture its cell-surface receptor using DNA-templated photo-
crosslinking. f) Western blot analysis of the capture protein; M: marker lane; red triangle indicates the possible target band. g)
SILAC-based proteomic MS analysis of the captured proteins (anti-biotin). i) Western blot analysis of the capture protein using
the anti-ENO1 antibody. See the Supporting Information for experimental details.

Conclusion and discussion

In conclusion, we have shown that DELs can be used to interrogate the cell surface without a predefined
target. The selections gave different enrichment profiles on cancer cells of different invasive properties, and the
comparative analysis can identify either the ligand clusters or individual compounds specific for the target cells.
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We also demonstrated that both the clusters and the individual ligands can be used for targeted cell delivery
without the knowledge of their cellular receptors. Furthermore, we performed target identification of one of the
identified ligands and identified a-enolase as one possible receptor of the ligand. Typically, after a DEL
selection, the identified compounds will be resynthesized off-DNA for hit validation and biological testing.
Here, we show that the DNA tag can be leveraged for not only assembling the targeted delivery vehicle but also
target identification, which is expected to facilitate the biological and clinical developments of the cell-targeting
ligands.

Several points need to be noted. First, unlike typical DEL selections, the abundance of the cell-surface
proteins and other biomolecules may be a confounding factor in that the ligands with moderate binding affinities
to the targets of high abundance may be more enriched than ligands with higher affinities binding to the targets
with low abundance. Thus, the level of compound enrichment is a combination of both binding affinity and the
effective target concentration on the cell. However, this may be less of a concern if the objective is to identify
the ligands or ligand clusters that are enriched by the entire cell surface, rather than individual proteins. Second,
when optimizing the cluster, we did not exhaustively test all BB combinations. Cluster-2 contains 168
compounds, which is a reasonable number that all of them could be synthesized individually to identify the
ones of high binding affinity and/or specificity to MDA-MB-231 cells. It would also be interesting to examine
the cooperativities of the different BB combinations. Third, the ligands may bind to non-protein biomolecules
on the cell-surface.®-° In principle, proteinase K or trypsin could be used to elute protein binders, which can
be compared with the general elution conditions (heating or sonication).”* However, identifying non-protein
target is still challenging because it often requires prior knowledge of the putative targets.®°% %2 Fourth, the
cell-surface selection data pattern is expected to be uniquely different from regular selections because of the
target heterogeneity. Here, we used a “BB-centric” approach and relied on the normalized z-score as the metric
for data analysis. In future, more sophisticated data analysis modalities, such as machine learning,%*° is
expected to facilitate hit identification or even generate enrichment “fingerprints” for specific cell types or
properties.

Currently, we are applying the selection method to a large panel of cancer cells of different types, properties,
and cell states, and we expect broad utilities of this method in targeting cancer cells. We will also explore
whether the selections would identify previously unknown cancer biomarkers.
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Code availability

The custom Python scripts for sequencing data analysis have been made freely available for downloading at

GiHub (https://github.com/uchiuR/OH-FFNNForDEL).
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