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Abstract

The heterogeneity and continuous genetic adaptation of tumours complicate their detection and
treatment via the targeting of genetic mutations. However, hallmarks of cancer such as aberrant
protein phosphorylation and calcium-mediated cell signalling provide broadly conserved
molecular targets. Here, we show that, for a range of solid tumours, a cyclic octapeptide labelled
with a near-infrared dye selectively binds to phosphorylated Annexin A2 (pANXAZ2), with high
affinity at high levels of calcium. Because of cancer-cell-induced pANXA2 expression in tumour-
associated stromal cells, the octapeptide preferentially binds to the invasive edges of tumours, and
then traffics within macrophages to the tumour’s necrotic core. As proof-of-concept applications,
we used the octapeptide to detect tumour xenografts and metastatic lesions, and to perform
fluorescence-guided surgical tumour resection, in mice. Our findings suggest that high levels of
PANXAZ in association with elevated calcium are present in the microenvironment of most solid
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cancers. The octapeptide might be broadly useful for selective tumour imaging and for delivering
drugs to the edges and to the core of solid tumours.

Elevated chronic inflammatory milieu, metabolic aberrations, and genetic mutations drive
the dynamic adaptation of cancer cells toward their survival, proliferation, and metastasis?.
Accompanying these neoplastic transformations are alterations in cellular processes that
produce heterogeneous populations of cancer subtypes and distorted stroma characterized by
diverse cancer biomarkers2. Progress in cancer targeted therapies and imaging largely rely
on the effectiveness of selectively delivering the enabling molecules to overexpressed cell
surface proteins with varying levels of success. Yet, the evolving landscape of tumour
survival mechanisms imposes the impossible task of developing a myriad of molecularly
targeted drugs and imaging agents for each cancer type.

Numerous studies have shown that neoplastic transformations in solid tumours are
accompanied by fundamental changes in cellular signalling processes that are reflected in
posttranslational modifications (PTMs) such as phosphorylation, glycosylation, methylation/
acetylation, and ubiquitination of proteins resulting in aberrant protein function in the
tumour microenvironment (TME)3. These cancer-associated PTMs provide an attractive
potential source of molecular targets for diagnostic and therapeutic applications, as
exemplified by glycosylation-based markers such as CA19-9 and AFP-L3 utilized in modern
clinical oncology*. Unfortunately, the low abundance of known PTM molecular targets
hinders their use as cancer biomarkers>8. Furthermore, most cancer-associated PTMs found
to date are confined to few cancer types, and those that are constitutively expressed in most
cancer microenvironment are difficult to target selectively®. Thus, the full potential of PTM-
based molecular targets for imaging and therapy remains to be realized.

Annexin A2 (ANXAZ2), a member of the annexin family of calcium-dependent
phospholipid-binding proteins, is a widely-studied protein known to exhibit cancer-
associated PTM10. Its upregulation in many cancers including breast, colon, liver,
pancreatic, and brain tumours1:12 suggests a key function in tumour proliferation,
angiogenesis, invasion, and metastasis1-13-17. Phosphorylation of ANXA2 at tyrosine 23
(pPANXA2) modulates ANXAZ2 tetramer formation and is a prerequisite for its translocation
to the plasma membranel®.18.19 This PTM occurs in response to growth factor signalling
and promotes cancer cell migration and invasion by activating cytoskeletal rearrangements
and epithelial-mesenchymal transition19-22, Cell surface-associated pANXAZ2 binds and
stabilizes the plasminogen receptor S1I00A10/p11, which associates with tissue plasminogen
activator (tPA) and plasminogen to generate plasmini?, resulting in enhanced matrix
invasion of tumour cells and migration of tumour-promoting macrophages into tumours23,
Most ANXAZ2-based drug delivery strategies rely on the overexpression of ANXAZ2 in
certain tumours, but non-tumour tissues also express sufficiently elevated levels to impair
selectivity, leading to a requirement for pre-imaging and tissue biopsy to determine the
usefulness of the drugs for treating specific tumours.

Here we report that pANXAZ is an inducible hallmark of diverse solid tumour
microenvironments, with its expression confined to tumour regions in association with
elevated calcium levels in small animal models and primary human cancer tissues. We
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discovered that a cyclic octapeptide that emits near-infrared light, LS301, selectively binds
to pANXAZ2 over the non-activated ANXAZ2, providing a reporter for this PTM.
Histopathology of tissue samples from mice administered with LS301 /n vivo showed that
the compound accumulates in pANXA2-positive cancer cells. We further discovered that
cancer cells induce pANXA2 expression in tumour-associated fibroblasts and macrophages
to stimulate LS301 accumulation in these cells in both the peripheral and core tumour
regions. By detecting pANXA2-associated cells in the TME, LS301 serves as a versatile
molecule for targeting and delivering drugs to multiple types of solid tumours. The
preferential localization of LS301 at the proliferating edge and inner core of solid tumours
provides a strategy to define tumour margins and improve the accuracy of cancer resection
during surgery, and to treat cancer simultaneously from the periphery and interior core of the
tumour.

LS301 internalizes in solid tumour cells via lipid raft facilitated transport

Previously, we reported the serendipitous discovery of a dye-linear hexapeptide conjugate
(Cypate-GRDSPK) that internalized in tumours, with its uptake correlating with the
metabolic state of the cancer cells?4. The hydrophobic near-infrared fluorescent dye cypate
enhanced internalization of the peptide in tumours, but the retention was transient and
depended on the tumour type and metabolic status. Subsequent studies suggested the
association of the peptide with B3 integrin25. Utilizing a nature-inspired stabilization
strategy26, we modified the hexapeptide to include two cysteine residues for intramolecular
disulphide cyclization. Cypate dye, the peptide, and LS301 (Fig. 1a) were prepared by
standard methods24:27. Compound identity, purity, and spectroscopic properties were
determined as described in the Online Methods section. Cellular, animal, and ex vivotissue
distribution of LS301 fluorescence was recorded at 780/830 nm excitation/emission
wavelengths (Fig. 1b).

To assess cellular uptake of LS301, we incubated LS301 with lung (A549), breast (MDA-
MB-231 and 4T1), and myeloid leukaemia (HL60) cancer cells, or with human normal
dermal fibroblast cells as a non-cancer cell control. We observed a time-dependent uptake in
solid cancer cell lines A549, MDA-MB-231, and 4T1, reaching a maximum after 12 h,
which was maintained over 24 h (Fig. 1c). However, neither the myeloid leukaemia (HL60)
nor fibroblast cells retained LS301 over time. Treatment with cypate alone showed only
transient retention in all cells, indicating that cypate may support partial internalization but
not retention of LS301 in cancer cells (Supplementary Fig. 1). LS301 initially bound to the
plasma membrane of cells at early time points, with well-defined clustering in certain
sections of the membrane indicative of an association with lipid rafts (Fig. 1d).

Using 4T1 cells, we explored the global mechanism of internalization at early time points
(<1 h) by co-treating the cells with amiloride (inhibitor of macropinocytosis), filipin
complex (inhibitor of caveolar transport), or chlorpromazine (inhibitor of clathrin-mediated
endocytosis) (Supplementary Fig. 2a—-b), with further confirmation using the selective
clathrin-mediated endocytosis inhibitor Pitstop 2 (Supplementary Fig. 3). The results
suggest that LS301 associates with lipid rafts to undergo endocytosis by a clathrin-
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dependent pathway. Significant trafficking of LS301 inside cells occurred after 1 h
incubation. Following clathrin-mediated endocytosis, LS301 trafficked into early endosomes
(co-localization with Rab5) and later to late endosomes (co-localization with Rab7)
(Supplementary Fig. 2c—d). At 5 h post incubation, LS301 was primarily found in
lysosomes, mitochondria, and peroxisomes, the latter of which represents the probable final
destination prior to degradation (Supplementary Fig. 4), with the ratio in these organelles
dependent on the time of measurement.

LS301 binds selectively to pANXA2 protein and its cellular uptake is dependent on
PANXA2 expression

To identify the molecular target of LS301, we treated luciferase (luc)-expressing 4T1 cells
with LS301 and performed sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) analysis of the cell lysates, resulting in the identification of multiple LS301-
associated protein bands via LS301 near-infrared fluorescence (Supplementary Fig. 5a) or
via immunoblot with anti-cypate antibody (Supplementary Fig. 5b). LS301 fluorescence
detected bands at approximately 28, 37, and 43 kDa, whereas immunoblotting with anti-
cypate antibody yielded the 37 kDa and ~67 kDa bands. In addition to serum albumin (67
kDa), proteomic analysis of the 37 kDa band suggested Annexins Al (ANXAL), A2
(ANXAZ2), and A3 (ANXAZ3) as potential LS301-binding partners (Supplementary Dataset;
for full methods, see Proteomics section in Methods). The analysis suggested annexin A3
(ANXAZ3) as the non-enzymatic protein with the highest percentage sequence coverage at
56%, followed by annexin A1 (ANXA1) at 49%, and subsequently annexin A2 (ANXA2) at
31%.

Previous studies have shown that the cypate dye component of LS301 binds reversibly to the
hydrophobic pockets of alboumin28:29, which is a source of nitrogen and energy for
tumours3%-32, Albumin binding, however, is not the primary cause of LS301 tumour uptake
and retention as cypate alone or cypate formulated with albumin were not retained
significantly in tumours /7 vivo over time (Supplementary Fig. 6).

As such, we next focused on understanding the interaction of LS301 with annexin proteins.
Using in vitro binding assays with a glutathione S-transferase (GST)-tagged recombinant
ANXA21, ANXA2 and ANXA3 proteins, and LS637 (LS301 peptide alone), we identified
ANXAZ2, but not ANXAL or ANXAS3 as the preferred LS301 target (Supplementary Fig. 5c).
Immunoprecipitation studies showing pulldown of LS301-ANXAZ2 protein complexes by
anti-LS301 antibody (Fig. 2a), and by gel electrophoresis demonstrated the specific binding
of ANXAZ2 protein with LS301 (Fig. 2b).

We observed that solid cancer cell lines including 4T1 breast carcinoma, A431 epidermoid
carcinoma, A549 lung carcinoma, and BXPC-3 human pancreatic cancer show high
expression levels of ANXA2 while the HL60 hematologic cancer cell line does not
(Supplementary Fig. 7a). ANXAZ is known to exhibit calcium-dependent association with
cholesterol-rich lipid rafts at the cell surfacel919:33, Consistent with this, our data indicate
that LS301 similarly localizes to lipid rafts in the plasma membrane of cells (Fig. 1d), and
binds calcium with apparent Kd of 5.67 £ 2.40 nM as determined by microscale
thermophoresis (MST); Supplementary Fig. 8). MST determines the binding affinity of
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compounds by measuring the migration of molecules in solution under well-defined
temperature gradient (for full method, see section on MST in Online Methods)34-36.

Cell surface localization of ANXAZ2, which facilitates its targeting by exogenously
administered agents such as LS301, is known to be dependent on Tyr23
phosphorylation10:1819, Therefore, we sought to assess the association of LS301 with
pANXAZ2. Using the MST method with purified ANXA2 and pANXA2 proteins
(Supplementary Fig. 7b) and LS301, we determined the apparent Kd for LS301 binding to
pPANXA2, ANXA2, and ANXAS3 proteins as 0.075 + 0.002 nM; 0.389 £ 0.015 nM; and
6.128 + 0.280 nM, respectively (Fig. 2c), demonstrating the preferential interaction of
LS301 with pANXAZ2. Adapting this method to lysates of 4T1 cells with normalization for
ANXAZ2 concentration showed a Kd for LS301-4T1 cell lysate of 7.45 £ 0.63 nM
(Supplementary Fig. 9a). Treatment of cells with insulin is known to stimulate tyrosine-23
phosphorylation of ANXA2 (pANXA?2) and translocation of pANXAZ2 to cell
membranes921, resulting in an activated state of ANXAZ2 in the tumour microenvironment.
Insulin-treated 4T1 cells showed increased levels of pANXAZ relative to unstimulated cells,
and this effect was suppressed by co-administration of PP2, a Src family kinase inhibitor3’
(Supplementary Fig. 9b). MST analysis of the interaction between LS301 and lysates of
insulin-stimulated 4T1 cells showed that LS301 preferentially bound to lysates of pANXA2-
expressing cells with an apparent Kd of 0.017 £+ 0.004 nM, again demonstrating orders of
magnitude preferential binding to pANXA2 over ANXAZ2 (Supplementary Fig. 9a).
Conversely, inhibition of ANXA2 phosphorylation using PP2 significantly increased the
apparent Kd to 11.47 + 1.80 uM, which is close to the binding affinity between LS301 and
lysates of HL60 cells lacking ANXAZ2 expression (apparent Kd 16.55 UM based on total
protein; Supplementary Fig. 9a). The affinity data with LS301 and HL60 cell lysates
indicate that LS301 could also be binding to another target, albeit with much lower affinity.
However, the observed lack of LS301 uptake in HL60 cells suggests that this low-binding
target is intracellular.

In agreement with our in vitro binding data, LS301 showed a substantial degree of co-
localization with pANXAZ2 in LS301-treated A549 and 4T1 cells by near-infrared
fluorescence microscopy after short-term (1h) incubation (Fig. 2d). To determine whether
cellular uptake of LS301 is dependent on ANXAZ2 expression, we transfected ANXA2-
negative HL60 cells with DNA encoding wild-type ANXAZ2 fused to yellow fluorescent
protein (YFP)38. Expression of the ANXA2-YFP fusion restored the capability of HL60
cells to internalize LS301, while control (non-transfected) HL60 cells remained unable to
uptake LS301 (Fig. 2e). To assess the dependence of cellular LS301 uptake on ANXA2
phosphorylation, we generated cell lines expressing either phosphorylation-permissive or
phosphorylation-defective ANXA2 by transfecting HEK 293T cells with DNA encoding
either wild-type ANXAZ2 fused to green fluorescent protein (GFP), or mutant ANXA2 (Tyr
to Ala mutation at position 23) fused to GFP, respectively. Cells expressing the wild-type
ANXAZ2 showed substantially increased pANXA2 expression and cellular uptake of LS301
upon stimulation with insulin, while cells expressing mutant ANXA2 (Y23A) continued to
show minimal LS301 uptake or pANXAZ2 expression with insulin stimulation (Fig. 2f).
Therefore, phosphorylation of ANXAZ2 at Tyr23 is a prerequisite for LS301 binding and
uptake by these cells.
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To confirm the critical role of ANXAZ2 binding in cellular LS301 uptake, we assessed
whether LS301 uptake in cells could be inhibited by co-administration of a fragment of
ANXAZ2, which serves to block binding. Tissue plasminogen activator (tPA) protein, a
known binding partner of ANXAZ2, binds to a site in the N-terminal domain of ANXA2
comprising the amino acid sequence LCKLSL39. LS301 and tPA both contain a peptide
sequence characterized by an arginine-aspartic acid (RD) motif, as well as the presence of a
redox-sensing cysteine residue, suggesting that they both bind to a similar motif on ANXA2.
Indeed, a synthetic LCKLSL peptide inhibited the binding and internalization of LS301 in
cells (Supplementary Fig. 10). Taken together, these results demonstrate the selective
association of LS301 with pANXAZ2 and provide an approach to selectively interrogate the
biology of pANXA2 /n vitroand in vivo.

Intercellular translocation of pANXA2 from cancer cells to fibroblasts enables fibroblasts
to internalize LS301

Given that transfection and activation of ANXAZ2 in constitutively negative cells can
facilitate LS301 uptake, we postulated that intercellular transfer of pANXAZ2 to non-cancer
stromal cells such as normal fibroblasts would induce LS301 endocytosis. Fibroblasts are
cells that often associate with cancer cells in the TME, and previous studies have shown that
cancer cells can transfer ANXAZ2 to other cells via exosomes33. A co-culture of ANXA2-
YFP transfected HL60 cells with fibroblasts showed transfer of fluorescent ANXAZ2 protein
from HL60 cells to fibroblasts (Fig. 3a and Supplementary Fig. 11a), with concomitant
increase in fibroblast-associated pANXA2 (Supplementary Fig. 11b). Cell microscopy
showed that these fibroblasts do not naturally express pANXAZ2 or retain LS301
(Supplementary Fig. 11c), in contrast to the ANXA2-YFP transfected HL60 cells
(Supplementary Fig. 11d). Co-culture of fibroblasts with wild-type (ANXA2-negative)
HL60 cells did not induce LS301 internalization in either of the cell types (Fig. 3b).
However, addition of LS301 to fibroblasts that were co-cultured with ANXA2-positive GFP-
expressing 4T1 cells resulted in LS301 uptake by both the tumour cells and fibroblasts (Fig.
3b) concomitant with the presence of pANXAZ in both cell types. Efficient intracellular
transfer of pANXAZ2 appeared to require cell-cell contact, as we found no evidence of
extracellular vesicle involvement (Supplementary Fig. 11e,f). This result sheds light into the
mechanism by which cancer cells stimulate stromal cells to possess tumorigenic properties.
Furthermore, by increasing the population of pANXA2-positive cells associated with tumour
tissue, cancer cells provide an amplification mechanism to enhance the accumulation of
LS301 in tumours.

PANXAZ2 is selectively expressed in the solid tumour microenvironment

Previous studies have shown that ANXAZ2 expression is upregulated in many solid tumours
and could serve as a biomarker for cancer detectionl1:12, As a result, some imaging agents
and inhibitors have been developed to target this protein for cancer detection and treatment,
respectively. However, ANXAZ2 is not confined to tumours, but is also expressed in non-
tumour tissue (Fig. 4). The variability of ANXA2 expression levels in tumour and non-
tumour tissues requires significant upregulation of the biomarker to reliably bind the ligands
in the tumour with high selectivity. On the other hand, the inflammatory nature of the TME
and the constant reorganization of tumour stroma results in aberrant protein activation,
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associated with PTM (phosphorylation) of ANXAZ2 to generate pANXAZ in the TME, but
not in surrounding normal tissue (Fig. 4).

Immunohistochemical staining for pANXAZ in diverse solid tumours including breast
(4T1), fibrosarcoma (HT1080), and pancreatic (BxPC-3) cancers showed that ANXA2 is
highly activated (phosphorylated) in TME, irrespective of the solid tumour type (Fig. 4a,b
and Supplementary Fig. 12). This phenomenon extends to human cancer, where significant
pPANXAZ2 expression was observed in cancer tissues from patients with different subtypes of
primary breast cancers including ER+ and triple-negative cancers, but not in healthy breast
tissue from the same cancer patients (Fig. 4c—€). The broad expression of pANXA2 among
different tumour models in mice and in primary human cancers suggests that it could serve
as a unifying target for detecting and selectively delivering drugs to diverse tumours with
high selectivity. The preceding data suggest that LS301 could serve as a clinically
translatable small molecule that preferentially binds pANXA2 over ANXA2.

LS301 selectively accumulates in diverse solid tumour types in vivo

Non-invasive near-infrared fluorescence imaging of tumours and ex vivo evaluation of select
organs showed substantial LS301 accumulation in multiple tumour types relative to
surrounding tissues, with optimal contrast achieved after 24h post-injection (Fig. 5a—g and
Supplementary Fig. 13). £x vivotissue imaging showed consistently high uptake in tumour
tissues and variable retention in the excretion organs such as the liver and the kidneys (Fig.
5h,i). In contrast, sham tumours (mice injected subcutaneously with saline) did not show
significant accumulation of LS301 (Supplementary Fig. 14).

To test the ability of LS301 to detect tumour in models that mimic the pathophysiology of
human cancer, we used the spontaneous MMTV-PyMT mouse model4%41, whereby
mammary gland-specific expression of PyMT under the control of the MMTV promoter/
enhancer in transgenic mice (MMTV-PyMT) results in widespread transformation of the
mammary epithelium and the development of multifocal mammary adenocarcinomas and
metastatic lesions in the lymph nodes and in the lungs. Similar to humans, tumour formation
and progression in these mice is characterized by hyperplasia, adenoma/mammary intra-
epithelial neoplasia, and early and late carcinoma?C. Administration of LS301 to these mice
led to the identification of all the spontaneous tumours in this model, despite the
unpredictability of the location and time of tumour development (Fig. 5g). Furthermore,
even in one apparently failed cancer model that has no observable 4T1luc tumours in the
region of implantation, LS301 identified positive lymph nodes where the tumour
metastasized (Supplementary Fig. 15), which was validated by co-localization of LS301
fluorescence and bioluminescence signal from tumour cells. This finding demonstrates the
potential application of LS301 for lymph node staging in breast cancer patients. With a view
to clinical translation, we also explored the detection of breast cancer patient-derived
xenograft (PDX) models that closely represent the preferred environment of the human
tumours, allowing for the /in vivo growth of the tumour soon after excision from the human
donor#2. Not only did LS301 selectively accumulate in these tumours (Fig. 5¢), it was also
retained in the lesion for over 96 h (Supplementary Fig. 16). Control experiments with
cypate alone (Supplementary Fig. 6) or with a scrambled LS301 peptide analogue, Cypate-

Nat Biomed Eng. Author manuscript; available in PMC 2020 September 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shenetal. Page 8

Cyclo(Cys-Arg-Gly-Asp-Ser-Pro-Cys)-Lys-OH (Supplementary Fig. 17) did not show
substantial retention in the tumours. These results demonstrate that LS301 accumulates in a
wide range of solid tumours, regardless of tumour type or tissue of origin.

The multifocal distribution of LS301 in tumours correlates with calcium and
phosphorylated ANXA2

Given that gross images showed high LS301 fluorescence in tumours, we examined the
distribution of the molecular probe in frozen tumour sections. In the 4T1 and HT-29 tumour
models, the data revealed an excellent correlation of LS301 fluorescence with calcium and
pANXAZ2 expression (Fig. 6a). To characterize the spatial distribution of LS301 in tumours,
we sectioned tumours from mice bearing stably transfected 4T1 luc-GFP breast tumours,
HT1080 fibrosarcoma tumours, or BXPC-3 pancreatic tumours. We found a bimodal
distribution of LS301 with accumulation of LS301 on the proliferating and invasive edges of
the tumour as well as in necrotic-appearing regions of the tumour at 24 h post-administration
(Fig. 6b—f). In the 4T1 luc-GFP model, flow cytometric analysis of the dissociated tumour
tissue showed that at 24h post-LS301 injection, approximately 53.3% of the LS301
fluorescence was associated with GFP-positive tumour cells (Supplementary Fig. 18), with
the remaining LS301 fluorescence arising from tumour-associated stromal cells, likely
fibroblasts at the tumour margins and tumour-associated macrophages. Intracellular
localization of LS301 in 4T1 luc-GFP tumour sections was evidenced by Z-stack imaging
(Supplementary Fig. 19). Immunohistochemistry (IHC) analysis for M1 and M2
macrophage populations in sections from 4T1-luc, A431, and DBT tumours revealed a
strong co-localization between macrophages and LS301 fluorescence (Supplementary Fig.
20). It is likely that the macrophages phagocytosed LS301-positive cells in the tumour
boundaries before migrating to the necrotic region. Some of the macrophages are trapped in
transit at the point of imaging. The exact implication of the association of different
macrophages with LS301-positive cancer cells is unclear at this time. When LS301
fluorescence in the tumour periphery is high, the signal appears dim inside the tumour.
Using fluorescence densitometry, we show an excellent spread of LS301 fluorescence in
4T1, HT1080, and BxCP-3 tumour tissues, irrespective of the tumour type (Supplementary
Figure 21).

Our results indicate that the cancer cell-mediated stimulation of pANXAZ2 expression in
associated stromal cells allows LS301 to identify transformed non-tumour cells such as
fibroblasts and macrophages that promote tumour growth. This process also allows for the
accurate detection of the invading frontiers of tumours, where pANXAZ2 expression is high.
Furthermore, solid tumours typically have positive interstitial pressure that confines drugs
and imaging agents to the periphery. Through macrophage-facilitated transport, LS301 can
overcome this challenge by delivering drugs both to the invading edges of tumours and to
multiple necrotic regions of tumours against a pressure gradient.

We further explored the application of LS301 to fluorescence guided cancer surgery. Real-
time assessment of surgical margin is an exciting application of optical imaging methods, a
process facilitated by the accumulation of LS301 at the invading boundaries of tumours.

Imaging of a subcutaneous model of 4T 1luc breast cancer in mice demonstrates the ease of
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visualizing LS301 fluorescence in tumours with a head-mounted cancer-viewing device,
Cancer Vision Goggles 51:52 (Fig. 7). The method allowed us to visualize and resect the
tumours, as well as survey the surgical bed for the presence of any residual cancer
(Supplementary Fig. 22).
Discussion

Previous reports have shown that some tumours overexpress ANXAZ2, leading to the
development of some inhibitors and molecular probes for treating and imaging ANXA2-
overexpressing tumours. However, this protein is also expressed at high levels in
surrounding non-tumour tissue. As a result, the effectiveness of the intervention relies on the
higher expression level of ANXAZ2 in tumour cells compared to neighbouring tissue. We
have identified pANXAZ as a universal molecular marker for most solid cancers, one that
uniquely arises from cancer-associated phosphorylation events. Such targets exploit the
derangements in cellular signaling pathways characteristic to cancer, and provide a
significant selectivity advantage over cancer markers based solely on overexpressed proteins.
The nature of phosphoprotein targets also enables further enhancement in targeting efficacy
through phosphorylation induction strategies. An important function of pANXAZ2 is to
facilitate cancer metastasis and invasiveness, which predominantly occurs at the boundaries
and proliferating regions of tumours9:20.22 \We discovered that LS301 selectively targets
pANXAZ2 in diverse tumours. In small tumours (<5 mm), LS301 coverage is about 100%.
However, it accumulates preferentially in the periphery of advanced tumours, where its
biodistribution correlates with pANXAZ2 and calcium expression. In capsular tumours such
as breast cancer, the intense LS301 fluorescence arose from both tumour cells and cancer-
associated fibroblasts.

LS301 does not bind to non-tumour-associated fibroblasts, indicating that the tumour-
associated fibroblasts could express pANXA2, which was confirmed by IHC. The ANXA2
levels in the ANXAZ2-transfected HL60 did not exceed that of naturally expressed ANXA2
in 4T1 breast carcinoma cells (Supplementary Fig. 23), suggesting that the observed
ANXAZ2 transfer between ANXA2-transfected HL60 and fibroblasts was less likely caused
by overload of the transfected gene. Our cell studies suggest that there may be a mechanism
by which tumour cells upregulate pANXAZ in surrounding fibroblasts via membrane fusion,
tunnelling nanotubes, and/or secreted soluble factors. This upregulation is probably
mediated through cell-cell interactions because we did not observe evidence of pANXA2
transfer via extracellular vesicles (Supplementary Fig. 11e,f). Co-cultured fibroblasts with
HL60-Y showed translocation of ANXAZ2 to the fibroblasts as early as 4 hours of incubation,
a process that increased with time (Supplementary Fig. 11a). To provide evidence that this
phenomenon is not limited to myeloid-derived HL60 cells (where ANXAZ2 transfer could
occur through cell fusion or phagocytosis), we demonstrated that co-incubation of 4T1-
luc/GFP cells with fibroblasts also induced pANXAZ2 expression in the fibroblasts (Fig. 3b).
Because of the important roles tumour-associated fibroblasts play in harbouring therapy-
resistant cancer stem cells, the stimulated uptake of LS301 provides a mechanism to identify
the location of these cells and report treatment response. Translocation of ANXAZ2 to the
nucleus of non-cancer cells may contribute to chromosomal instability*3. Over time, these
“compromised” fibroblasts may progress toward a cancer-associated fibroblast state with
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associated tumour growth promoting features such as secretion of growth factors and
cytokines 44. Although conventional histopathology focuses on cancer cells, these
compromised cells could facilitate the reactivation of dormant cancer cells and subsequent
cancer relapse.

We also observed that LS301 binds calcium (Supplementary Fig. 8) and that the addition of
calcium in the LS301 formulation increased cellular uptake of the probe /n vitro
(Supplementary Fig. 24) and accelerated its accumulation in tumour tissues /n vivo
(Supplementary Fig. 25). Previous studies have shown that calcium-binding proteins such as
the $100 bind to annexins in a calcium-dependent association with lipid rafts1%45. Upon
binding to calcium, both S100 proteins and annexins undergo structural rearrangement that
exposes the hydrophobic sites to enhance binding to other proteins and cell membranes.
Although a definite mechanism of how calcium-bound LS301 interacts with pANXA2
remains to be solved, we postulate that LS301 uses a similar mechanism to render the
molecule more hydrophobic for facilitated interaction with pANXAZ in calcium-rich
environment. For interactions of LS301 with its targets, observable binding occurred /n vitro
in the presence of up to 4% SDS; higher levels of SDS led to dissociation (Supplementary
Fig. 26), providing additional support for the high binding affinities we observed. This report
focused on the interaction of LS301 with ANXA2 and pANXAZ2 but it is likely that the
agent binds to other biomolecules that were not explored at this time.

The hydrophobic nature of LS301 led us to formulate the compound in PBS containing 1%
albumin. This strategy has been used to formulate other drugs such as paclitaxel to form the
protein-bound chemotherapeutic Abraxane®®47. A mechanism suggested for the improved
uptake of Abraxane in tumours is that cancer cells utilize albumin as an energy source and
express cell surface receptors such as secreted protein acidic and rich in cysteine (SPARC)
that internalize the complex#6:48.49. Formulation of LS301 with albumin (of human, murine,
or canine origin) may create a secondary internalization pathway via the GP60 receptor>?
but this pathway may have limited effect in vivo because formulation of albumin with cypate
alone did not induce selective uptake in tumours /n vivo (Supplementary Fig. 6b).

Postulating that the selective accumulation of LS301 in tumours LS301 could represent a
useful vehicle for targeted delivery of drugs to tumours, we conjugated doxorubicin to the
free carboxylic acid group of cypate (Supplementary Fig. 27a). Administration of the
conjugate into HT1080 tumour-bearing mice led to significant tumour growth suppression
and extended survival of mice compared to equivalent dose of the free drug and untreated
controls (Supplementary Fig. 27b,c). Unlike the free drug, LS301 does not accumulate in the
heart, thus avoiding the dose limiting toxicity of doxorubicin. Further toxicity studies
showed no significant effects of LS301 on cell viability /n vitro at the imaging doses
employed (Supplementary Fig. 28).

Our work provides rationale for the development of clinical agents targeting pANXA2.
Although monoclonal antibodies remains a mainstay of targeted therapies®3>4, their large
size (~150 kDa) limits tumour penetrance and the high production cost confines their use to
few clinical centres. Small peptide-based agents such as LS301, which can be synthesized
inexpensively at a large scale, represent an advantageous next-generation diagnostic and
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therapeutic modality. Efforts are currently underway to assess the efficacy of our low-
molecular-weight probes targeting pANXAZ2 for clinical imaging and drug delivery
applications. We envision that successful advancement of these agents will pave the way for
expansion of the currently limited repertoire of PTM-based targets in cancer management.

All the fluorenylmethyloxycarbonyl (Fmoc) amino acids, Wang resin Fmoc-Tyr(tBu)-Wang
resin and Fmoc-Lys(Boc)-Wang Resin were purchased from AAPPTec (Louisville, KY,
USA). Dichloromethane (DCM), acetic acid, acetic anhydride, phenol,
hydroxybenzotriazole (HOBt), N,N-diisopropylethylamine (DIEA), N-trityl-1,2-
ethanediamine, phenol, thioanisol, dimethylformamide (DMF), N,N’-
diisopropylcarbodiimide (DIC), trifluoroacetic acid (TFA), iodine, methyl tert-butyl ether
(MTBE) and O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium
hexafluorophosphate (HATU) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
For a full list of chemicals used and their details, please refer to Supplementary Table 1.
Water was obtained from a Millipore Q3 system. Lysotracker, BODIPY TR Ceramide,
CellLight Peroxisome-GFP, BacMam 2.0, and Fluo-4 calcium probe were purchased from
Thermo Fisher Scientific (Waltham, MA). Chlorpromazine hydrochloride, filipin complex,
and amiloride hydrochloride were purchased from Sigma-Aldrich (St Louis, MO, USA).
Reagents for organelle staining included VectaCell Rhodamine 123 (Vector Laboratories,
Burlingame, CA, USA).

Recombinant proteins and antibodies

Recombinant annexin A2, annexin A2 with glutathione-S-transferase (GST) tag (Cat. No.:
MBS717197), annexin Al (Cat. No.: MBS954685), and annexin A3 (Cat. No.:
MBS143632) proteins were purchased from MyBioSource, Inc. (San Diego, CA, USA).
Purified ANXAZ2 protein and purified pANXAZ protein were obtained as a gift from Dr.
Gabriel Birrane (Beth Israel Deaconess Medical Center, Boston, MA). Rabbit monoclonal
anti-annexin A2 antibody (Cat. No.: 8235S) was purchased from Cell Signaling Technology,
Inc. (Danvers, MA, USA). Mouse monoclonal anti-p-actin 2A3 (Cat. No.: sc-517582) and
mouse monoclonal anti-pANXA2 antibody (11.Tyr 24) (Cat. No.: sc-135752) were
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Rabbit polyclonal anti-
pANXAZ2 (phosphor-Tyr24, Cat. No.: MBS9429113) antibody was purchased from
MyBioSource, Inc. (San Diego, CA, USA). Rabbit monoclonal anti-Rab5 (C8B1, Cat. No.:
3547) and rabbit monoclonal anti-Rab7 (D95F2, Cat. No.: 9367) primary antibodies were
from Cell Signaling Technology (Danvers, MA, USA). Rabbit polyclonal anti-NOS2 (C-19,
Cat. No.: sc-649) and rabbit polyclonal anti-ARG1 (H-52, Cat. No.: sc-20150) antibodies
were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Rabbit polyclonal anti-
LS301 antibody was generated by Antibody Research Corporation (St Charles, MO, USA)
via immunization of New Zealand rabbits with keyhole limpet haemocyanin (KLH)-
conjugated LS301 followed by antigen affinity purification of rabbit immunoglobulins from
blood; antibody titer was tested by ELISA. Protein A/G agarose (Cat. No.: sc-2003) was
purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Tyr24-phosphorylated
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ANXAZ2 protein (PANXA2) was a generated via /n vitro phosphorylation by overnight
incubation of recombinant ANXAZ2 protein with recombinant ephrin B1 (kinase) and ATP in
buffer as previously described®l. The Vybrant Alexa Fluor 488 lipid raft labelling kit was
purchased from Thermo Fisher Scientific (Waltham, MA, USA). For a complete list of
antibodies used and their details, please refer to Supplementary Table 2.

Human Anxa2 cDNA subcloned into the pCMV6-AC-GFP vector was purchased from
OriGene Technologies (Rockville, MD, USA). cDNA for the mutant pEZ-M98-GFP-Anxa2-
Y23A (tyrosine replaced by alanine) was obtained from GeneCopoeia (Rockville, MD,
USA). The recombinant plasmids were characterized by restriction digest, and the quality of
the expressed recombinant protein was assessed by confocal microscopy for fluorescence
integrity and by western blot.

Cell lines and culture

Animals

The cancer cell lines 4T1, Lewis Lung Carcinoma (LLC), A431, A549, MDA-MB-231,
BxPC-3, and HL-60 were purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). The 4T1-luciferase (4T1-luc) cell line was obtained as a gift from Dr.
Katherine Weilbaecher (Washington University School of Medicine, St Louis, MO, USA).
Human dermal fibroblasts were obtained from Coriell Cell Technologies (Camden, NJ,
USA). Unless otherwise indicated, all cell lines were cultured at 37°C in 5% CO, incubator
in appropriate media supplemented with 10% FBS. For a complete list of cell lines and cell
culture reagents used, please refer to Supplementary Table 3.

Five to seven-week old nude (athymic NCr-nu/nu, Cat #555), Balb/c (Cat #553), C57BL/6
(NCI C57BL/6NCr, Cat # 556), or Fox-Chase SCID Beige (Cat # 250) mice were purchased
from Charles River Laboratories (Wilmington, MA). WHIM (Washington University Human
in Mouse) PDX mice were obtained from the Washington University Institute of Clinical
and Translational Sciences, HAMLET (Human and Mouse Linked Evaluation of Tumours)
core. MMTV-PyMT mice (Cat #002374-FVB/N-Tg) mice were purchased from Jackson
Labs (Bar Harbor, ME). Mice of both genders were used in experiments, with typical age
7-12 weeks (typical weight at these ages 20-30 g) at time of use. All mice were housed in
designated animal facilities, fed ad /ibitum and inspected regularly. All animal studies were
approved by the Washington University School of Medicine Animal Studies Committee
(protocol numbers 20130207 and 20160207) and performed in accordance with humane care
and use of research animals.

Human tissues

De-identified human breast tissue sections including malignant triple-negative (n=4) and
ER-positive (n=4) and control normal tissues (n= 3) from the breast cancer patients were
obtained from the Tissue Procurement Core (TPC) — Siteman Cancer Center and Pathology
and Immunology at Washington University School of Medicine (St Louis, MO, USA) in
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accordance with Washington University’s Institutional Review Board; associated IRB
#201906098.

Synthesis of LS301
L.S301 (cypate-cyclic (PCys-Gly-Arg-Asp-Ser-Pro-Cys)-Lys-OH) was synthesized as
previously reported®2. Briefly, the linear GRD peptide, H-PCys(Acm)-Gly-Arg(Pbf)-
Asp(tBu)-Ser(tBu)-Pro-Cys(Acm)-Lys(Boc)-OH, was prepared via a CEM Liberty Blue
microwave peptide synthesizer (Matthews, NC, USA) on the Fmoc-Lys(Boc)-wang resin.
The resin (0.1 mmol) was swelled in DCM for 1 h before use. Fmoc-amino acids (0.5 mmol,
5 eq), coupling reagent (HBTU, 0.5 mmol, 5 eq) and DIEA (1 mmol, 10 eq) were added to
the resin and the mixture was reacted for 15 min under microwave irradiation (100W, 90°C).
The resin was washed three times with DMF. De-protection of Fmoc group was carried out
by treatment of 20% piperidine/DMF for 5 min under microwave irradiation (100W, 90°C).
The peptidyl resin was washed and the peptide cyclized through the disulfide bridge with
iodine (1.2 eq) in DMF for 90 min. Subsequently, cypate (3 eq) was conjugated to the cyclic
peptide on solid support in the presence of DIC (5 eq) in DMF to afford the LS301 peptidyl
resin. The resin was then treated with a cleavage cocktail of TFA: thioanisol: phenol: water
(85:5:5:5, viviv/v) for 90 min at room temperature. The cleaved peptide product was
concentrated /n vacuo before performing reverse-phase HPLC purification (Gilson,
Middleton, WI, USA). The molecular weight of the final product (1469 Da) was confirmed
by electrospray ionization mass spectrometry with peaks observed at 1470 (M+1) and 735
(M+2/2).

Synthesis of LS301 peptide (LS637)
L.S637 (Ac-Cyclo(PCys-Gly-Arg-Asp-Ser-Pro-Cys)-Lys-OH), a non-fluorescent analogue of
LS301, was synthesized by similar method as LS301, except acetic anhydride was used in
place of cypate. The molecular weight of the final product (904 Da) was confirmed by
electrospray ionization mass spectrometry with peaks observed at 905 (M+1) and 453 (M
+2/2).

Synthesis of ANXA2 blocking (LCKLSL) and scrambled (LGKLSL) peptides

AnXA2 binding and scrambled peptides, LCKLSL and LGKLSL, respectively, were
synthesized on solid support by standard automated Fmoc chemistry at room temperature.
Starting with the rink amide resin (30 umol), subsequent amino acids were coupled to the
resin by using the appropriate Fmoc-protected amino acids (90 pmol) and coupling reagent
HBTU (90 umol), HOBT (90 pmol) and DIEA (180 pumol). Cleavage of the peptide from the
resin and concomitant removal of all protecting groups was achieved with 95% TFA, and 5%
water. The resulting product was purified by preparative HPLC suing a Grace Vydac C-18
column (250 x 21.2 mm) with UV detector at 254 nm. The desired compound was obtained
by linear gradient elution consisting of solvents A (0.1% TFA in water) and B (0.1% TFA in
acetonitrile) from 90 % to 10 % over 30 min at 10 mL/min. The purity of the peptide was
characterized by analytical HPLC and the identity was confirmed by electrospray mass
spectrometry (ES+MS): LCKLSL, calculated m/w 676, observed m/z 677 (M+1); LGKLSL
calculated 629.80, observed m/z 629 (M+1).
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Synthesis of KLH-conjugated LS301 for antibody production

Synthesis of KLH-conjugated LS301 was accomplished via conjugation of linker to LS301
followed by conjugation of LS301-linker to KLH. For linker conjugation, 180 pmol (34.5
mg) EDC-HCI, 90 pmol (41mg) S-Trityl-L-cystine tert-butyl ester hydrochloride (Chem-
Impex, Wood Dale, IL, USA) and 180 pmol (31.2 ul) DIEA in 2 ml DMF was sonicated
until a clear solution was obtained. The mixture was added to 30 umol LS301 and mixed
overnight before the resin was filtered and washed with DMF and DCM. Finally, the product
was cleaved from the resin and purified by reverse phase HPLC. About 3 mg of the product
was obtained (MW: 1572).

Synthesis of LS301-doxorubicin conjugate (LS766)

Doxorubicin (3 eq, LC Laboratories, Woburn, MA) was added to a mixture of The LS301
peptidyl resin, HATU (6 eq) and DIEA (6 eq) in DMF. After 12 h reaction, the resin was
treated with a cleavage cocktail consisting of TFA: thioanisol: phenol: water (85:5:5:5,
viviviv) for 90 min at room temperature. The cleaved peptide product was concentrated in
vacuo, then purified on reverse-phase HPLC (Gilson, Middleton, WI, USA) to obtain LS766
(doxorubicin-cypate-cyclic(DCys-Gly-Arg-Asp-Ser-Pro-Cys)-Lys-OH), M/W 1995, ESI-MS
observed 998 (M+2/2) and 666 (M+3/3).

Immunoprecipitation studies

In general, immunoprecipitation experiments were performed by incubation of LS301 with
either 4T1 cell lysates or live 4T1 cells, followed by pulldown of LS301-associated proteins
with anti-LS301 antibody and protein A/G agarose beads.

For cell lysis, whole 4T1 cells were homogenized in a 15ml tube on homogenizer using 3 ml
of homogenizing RIPA buffer (10 mM Tris-HCI pH 8.0, 140m M NaCl, 1mM EDTA,
0.5mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1 mM PMSF,
protease inhibitor cocktail (10 pL/mL, Sigma, Cat No.: P8340), and phosphatase inhibitor
cocktail 3 (10 uL/mL, Sigma, Cat No.: P0044). Lysates were clarified by centrifugation at
15,000 x g. The concentration of the protein was determined by BAC protein assay (Bio-
Rad) with bovine serum albumin (BSA) as a standard. The supernatants were stored at
-80°C.

For immunoprecipitation studies with cell lysates, 400ug of cellular protein extract was
incubated with LS301 (at a concentration of 40 uM) in 0.5ml 1 X PBS for 2 hrs at room
temperature. For immunoprecipitation studies with live cells, 4T1 cells in a T-75 flask at
approximately 80% confluence were incubated with LS301 (at a concentration of 10 uM) for
24 h at 37°C; the cells were rinsed with PBS, harvested using trypsin-EDTA, and lysed as
above. Next, 10ug of anti-LS301 polyclonal Ab (Antibody Research Corp., St Charles, MO)
was added to the sample and incubated for 18 hours at 4°C. 40ul of protein A/G PLUS-
agarose beads (Cat. No.: sc-2003, Santa Cruz Biotechnology) was then added, followed by
overnight incubation at 4°C under rotation. The pellets were collected by centrifugation
(1200 x g) and washed three times with 1 X PBS for 5 min. The pellets were re-suspended in
60ul of 1 x electrophoresis loading buffer containing SDS. Samples were boiled for 7 min.
Then 30pl of the samples was resolved on TGX gels (Any Size gradient TGX gels, Cat. No.:
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4569034, Bio-Rad) and visualized by near-infrared fluorescence imaging using the Pearl
Imaging System, subjected to Bio-Safe Coomassie stain (Cat. No.: 1610786, Bio-Rad), or
subjected to Western blot analysis as detailed in Western blot section of Online Methods.

Fluorescent gel binding studies

For fluorescent gel binding experiments, 1 ug recombinant annexin A2 protein was
incubated with LS301 or cypate (10 uM) at 37°C for the time periods indicated. Samples
were subjected to 12% TGX gels (Cat. No.: 4561044, Bio-Rad, Hercules, CA) and gels were
imaged for near-infrared fluorescence (800 nm) using a Pearl Small Animal Imager (LI-
COR Biosciences, Lincoln, NE, USA). For competitive binding experiments, Annexin A2-
GST, annexin A1, or annexin A3 (1.0 ug protein per sample) was pre-incubated in the
presence or absence of 2.5 mM of LS637 (non-fluorescent LS301 analog; blocking peptide)
in binding buffer (25 mM Tris-HCI pH 7.4, 150 mM NaCl, 1 mM MgCl,, 1 mM CacCl,) for
1 hat37°C. 10 pM LS301 was then added to each sample. After incubation for 2 h at 37°C,
proteins were subjected to SDS-PAGE and fluorescent imaging as described above. For
some experiments, LS301 was incubated with 4T1 tumour cells prior to SDS-PAGE as
indicated in the figure legends.

Microscale thermophoresis (MST)

Microscale thermophoresis (MST) is a technique for the study of biomolecular interactions
in an aqueous environment in which no immobilization of either reaction partner is
required®3. MST exploits the directed movement of molecules along a microscopic
temperature gradient. The rate and direction of movement is dependent upon the size,
charge, and solvation shell of the species under study. Any changes in this environment have
the potential to change the thermophoretic movement of the species®. This technique has
been shown to be capable of distinguishing very small changes to protein surfaces that
occur, for example, when a small fluorescent molecule binds to the surface of a
protein®:56.57,

MST was performed using the Monolith NT.115 (Nanotemper Technologies, Munchen,
Germany). The appropriate agent(s) and LS301 stock samples were denatured in MST-1
buffer (50 mM Tris-HCI, pH 7.4; 150 mM NaCl; 10 mM MgCl,; 2% DMSO; 0.1%
Tween-20; 4% SDS, 4 mM DTT) at 97°C for 10 min. Fluorescence was assessed in MST-2
buffer (50 mM Tris-HCI, pH 7.4; 150 mM NaCl; 10 mM MgCl,). The protein was prepared
in MST-2 buffer and 20 uL serial dilutions were made with protein concentration ranging
from 3.05 pM to 50 nM (pANXA2) or 3.81 pM to 62.5 nM (ANXAZ2). All samples were
loaded into NT.115 standard capillaries. Analysis was performed at 37°C, 30% LED power,
60% MST power and a constant LS301 concentration of 20 nM. The apparent Kd values
were calculated from fragment concentration-dependent changes in normalized fluorescence
(Fraction Bound) of LS301 after 5 s of thermophoresis based on the law of mass action
using the MO Affinity Analysis v2.3 software.

Western blot

Cells were homogenized using an ultrasonic processor in RIPA buffer (10 mM Tris-HCI,
pH8.0; 140 mM NaCl; 1 mM EDTA,; 0.5mM EGTA; 1% Triton X-100; 0.1% Sodium
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deoxycholate; 0.1% SDS; 1 mM PMSF). Total cell lysates were clarified by centrifugation.
Total cellular protein or pure proteins were denatured in SDS gel-loading buffer (100 mM
Tris-HCI, 200 mM DTT, 4% SDS, 0.2% bromophenol blue, and 20% glycerol) for 7 min at
100°C and then separated on 12% TGX gel (Bio-Rad, Hercules, CA, USA). After
electrophoresis, proteins were transferred to PVDF-FL membrane using an EC140 Mini Blot
Module (Thermo EC, Holbrook, NY, USA) apparatus. The membrane washttps://
www.licor.com/bio/products/reagents/blocking_buffers/odyssey blocker_pbs.html treated
with Odyssey blocking buffer for 1 h at room temperature, followed by incubation with
rabbit monoclonal anti-annexin A2 (D11G2, Cell Signaling Technology, Inc.) and mouse
monoclonal p-annexin 11 (11.Tyr24; Santa Cruz Biotechnology) or rabbit Anxa2 (Phospho-
Tyr24; MyBioSource, Inc.) primary antibodies in Odyssey blocking buffer at 4°C overnight.
After washing three times for 10 min each in PBS with 0.1% Tween-20 (PBS-T), the
membrane was incubated for 1 h with diluted IRDye 680RD goat anti-rabbit 1gG or IRDye
800CW goat anti-mouse 1gG in Odyssey blocking buffer. The membrane was then washed
three times for 10 min each in PBS-T and imaging using the Odyssey CLx imaging system.
The membrane was re-probed with mouse monoclonal anti-p-Actin (Santa Cruz Biotech) or
rabbit polyclonal anti-p-Actin (Cell Signaling Technology) for immunoblotting and
imaging. In some experiments Bio-Safe Coomassie stain was used (Bio-Rad, Hercules, CA,
USA).

For mass spectrometric protein identification, the appropriate bands were excised from
protein gels and submitted for LC-MS/MS protein identification at the Donald Danforth
Plant Science Center, Proteomics & Mass Spectrometry Facility (St Louis, MO, USA).
Samples were trypsin digested and run on the LTQ-Orbitrap Velos using the 1 h LC-MS/MS
method. All MS/MS samples were analyzed using Mascot (Matrix Science, London, UK;
version 2.4.1). Mascot was set up to search the cRAP_20110301 database and NCBInr
database (selected for Mus musculus, 174101 entries) assuming the digestion enzyme
trypsin. Mascot was searched with a fragment ion mass tolerance of 0.80 Da and a parent
ion tolerance of 15 PPM. De-amidated of asparagine and glutamine, oxidation of methionine
and carbamidomethyl of cysteine were specified in Mascot as variable modifications.

Scaffold (version Scaffold_4.3.4, Proteome Software Inc., Portland, OR, USA) was used to
validate MS/MS based peptide and protein identifications. Peptide identifications were
accepted if they could be established at greater than 80.0% probability by the Scaffold Local
FDR algorithm. Protein identifications were accepted if they could be established at greater
than 99.0% probability and contained at least 2 identified peptides. Protein probabilities
were assigned by the Protein Prophet algorithm (Nesvizhskii, Al et al Anal. Chem. 2003;
75(17):4646-58). Proteins that contained similar peptides and could not be differentiated
based on MS/MS analysis alone were grouped to satisfy the principles of parsimony.
Proteins sharing significant peptide evidence were grouped into clusters.

Cellular uptake studies

In general, cultured cancer cells were grown and incubated with the indicated amount of
probe in Lab-Tek 8-chambered slides for the indicated time durations. At selected time
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points cells were washed with PBS and underwent conventional slide preparation, ICC if
indicated, and viewing under epifluorescence or confocal microscopy as described in the
Fluorescent Microscopy methods section.

For live cell imaging of LS301 internalization at 37°C in human dermal fibroblasts (Cat.
No.: GM05399, Coriell Institute for Medical Research, Camden, NJ) and tumour cells
including 4T1luc, MDA-MB-231 (ATCC, HTB-26), 5TGM, A549 (ATCC, CCL-185) and
HL60 (ATCC, CCL-240), cells were cultured in appropriate mediums supplemented with
10% FBS and penicillin/streptomycin and incubated at 37°C in 5% CO2 incubator. The cells
were grown on Lab-Tek 8-chamber slides (Nunc Inc. Rochester, NY) in the culture medium
overnight prior to the experiment. The compounds were dissolved in 20% DMSO in 10 pM
PBS (pH 7.4) (Sigma, St. Louis, MO) for stocking solution and mixed with culture medium
to reach the final concentration. Cells were incubated with 1 uM compounds in chamber
slides at different time points at 37°C. After LS301 treatment the culture media was removed
and followed by addition of culture media containing SYTO 13 nuclear dye from (Cat. No.:
S7575, Thermo Fisher Scientific, Waltham, MA) for 45 min at 37°C.

For assessment of cellular co-localization of LS301 with lipid rafts, the Vybrant AlexaFluor
488 Lipid Raft Labeling Kit (Cat. No.: V34403, Thermo Fisher Scientific, Waltham, MA,
USA) was used according to the manufacturer’s instructions. Briefly, 4T1 cells were grown
overnight in eight-chambered slides (Thermo-Fisher Scientific, Waltham, MA, USA) in
phenol-free DMEM + 10% FBS. LS301 was added to 4T1 cells at 5uM for 1 h followed by
staining with AlexaFluor 488-conjugated cholera toxin B for 10 min. at 4°C, washing with
PBS, and followed by addition of anti-cholera toxin B antibody for 15 min. at 4°C to
crosslink labeled lipid rafts and washing with PBS. Slides were mounted with Fluoromount-
G mounting medium (Thermo-Fisher Scientific) prior to viewing. LS301 and AlexaFluor
488 fluorescence were imaged using the cypate filter set (ExX/Em 750-800 nm/818-873 nm)
and FITC filter set (EX/Em 460-500/510-560nm), respectively.

For live cell imaging of LS301 cell surface binding at 4°C, at first, the tumour cells and
fibroblast cells were incubated with 1uM of LS301 in culture medium for 1 h at 4°C in 35
mm glass bottom culture dishes (MatTek Co., Ashland, MA, USA). In the 1.5 mL tubes,
1:250 monoclonal rabbit anti-ANXAZ2 antibody (Cell signaling Technology. Inc. Danvers,
MA, USA) was incubated with 1:500 Alexa 488 anti-rabbit antibody (Thermo Fisher
Scientific), and 1:250 mouse anti-pANXAZ2 antibody (Santa Cruz biotechnology, Inc. Santa
Cruz, CA) was incubated with 1:500 Alexa 546 donkey anti-mouse antibody (Thermo Fisher
Scientific, Waltham, MA, USA) for 1 h at 37 °C respectively. Then, the cells treated with
LS301 were washed twice and incubated with the first and second antibodies complexes for
another 1 h at 4 °C. Secondary antibody treatment alone served as controls. After washing
twice, the cells were imaged using an FV1000 confocal microscope, and the mean
fluorescence intensities (ExX/Em = 488/510-530 nm; EX/Em = 546/555 — 600 nm, 633/645
—700 nm; Ex/Em = 780/805 — 830 nm) were determined using the F\VV1000 software.

For LS301 cell internalization studies involving insulin treatment, cells were grown on Lab-
Tek slides overnight. HEK 293T cells (or in some cases 4T1 cells) were maintained in
DMEM medium supplemented with 10% fetal bovine serum and 100 units/mL penicillin.
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After DNA transfection, the HEK 293TAWXa2-WT-GFP gnq HEK 293TAMa2-Y23A-GFP cg||g
were maintained in DMEM medium with 500 pg/mL G418, 10% fetal bovine serum, and
100 units/mL penicillin. The medium was changed and cells were grown in serum-starved
conditions overnight. Cells were then cultivated in the presence or absence of 100 nM
insulin for 4 h. Then 1 uM of LS301 was added to each sample to incubated for 4 h or 24 h
at 37°C. Cells were imaged using an FVV1000 confocal microscope, and the mean
fluorescence intensities (Ex/Em = 488/495 nm; ExX/Em = 590/617 nm; Ex/Em = 780/805 —
830 nm) were determined using the F\VV1000 software. For Western blot analysis of insulin/
PP2-induced change in cellular pANXAZ2 levels, 4T1 cells were treated with insulin or PP2
as above, lysed, and subjected to SDS-PAGE analysis as described previously the Western
Blot methods section.

For mechanistic LS301 cell internalization experiments with endocytosis pathway inhibitors,
4T1 murine breast cancer cells were seeded in an 8 well plate at a density of 5000 cells/well
with DMEM media supplemented with 10% FBS and penicillin/streptomycin and incubated
overnight at 37°C. The next day, culture media was removed, followed by pre-treatment of
cells with chlorpromazine hydrochloride at 13 pg/mL for 30 min, filipin complex at 3.2
ug/mL for 1 h, or amiloride hydrochloride at 300 uM for 1 h in 300 pL volume of cell
culture media. Next, the drug-containing media was removed at the end of the incubation
period and replaced with fresh culture media containing 6 pM or 0.9 pg/mL of LS301 in
complete DMEM for 1 h at 37°C. For Pitstop 2 studies, 4T1 cells were incubated with
Pitstop 2 reagent at 25uM for 20 minutes followed by incubation with LS301 at 2uM for 1
or 3 h. After LS301 treatment the culture media was removed followed by addition of
culture media containing SYTO 17 nuclear dye for 40 min at 37°C. Finally the nuclear stain
media was removed, cells washed 2 times with PBS and later re-suspended in culture media
for live cell confocal microscopy imaging using Ex/Em = 780/805 — 830 nm for LS301 and
Ex/Em = 621/634 nm for SYTO 17. ImageJ software was used to obtain the corrected total
cell fluorescence (CTCF) value from multiple cells per condition and data summarized with
a box plot. Background signal was maintained at zero background for the analysis.

For LS301 intracellular trafficking experiments, 4T1 cells were cultured overnight using
similar parameters as above. The next day culture media was removed, followed by
incubation of cells with 200 uL of 4 uM LS301 in complete culture media for 5 h at 37°C.
At the end of this internalization process, LS301-containing media was removed followed by
three PBS washes. Fluorescence organelle staining and imaging were performed according
to manufacturers’ protocols using VectaCell Rhodamine 123 for mitochondria, Lysotracker
for lysosomes, BODIPY TR Ceramide for Golgi apparatus and CellLight Peroxisome-GFP,
BacMam 2.0 for peroxisomes. Immunocytochemistry was performed with 4%
paraformaldehyde fixation, permeabilization with 0.1% Triton X-100 solution and blocking
with 5% normal goat serum and 1% BSA in 1X PBS blocking solution. Primary monoclonal
antibodies against Rab5 (1:333) for early endosomes and Rab7 (1:333) for late endosomes
were added to cells overnight at 4°C. The next day, wells were washed three times in PBS
and then incubated with secondary Ab (goat anti-rabbit Dylight 550 nm (1:500)) for 1 h.
Finally wells were washed three times and then imaged without cover slipping with water
immersion lens at 60x. ImageJ was used to perform co-localization analyses to obtain the
Pearson’s correlation coefficient (PCC) and the scatter plot inset.
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For in vitroblocking studies of LS301, 4T1 luc/GFP cells were treated for 24 h with LS301
alone, blocking peptide LCKLSL plus LS301, scrambled blocking peptide LGKLSL plus
LS301, or unlabeled LS301 analog LS637 plus LS301. Cells were prepared for confocal
microscopy as described in Immunocytochemistry and Fluorescence Microscopy sections.

For co-culture experiments on intercellular pANXA2/ANXAZ transfer, fibroblasts (FB) (5 x
10* cells/well) were seeded on 35 mm glass bottom petri dish (MarTek Cor. Ashland, MA,
USA) overnight prior to seeding of 5x10% of cancer cells and further culture overnight prior
to the experiment. LS301 (1 pM) was incubated with co-cultures of FB and ANXA2-YFP
transfected HL60 cells, co-cultures of FB and wild-type HL60 cells, or co-cultures of FB
and 4T1-GFP cells at 37°C for 3 h and then washed twice with 0.01 M PBS (pH 7.4). Then,
the cells were fixed with 4% paraformaldehyde for 10 min. For immunocytochemistry, slides
were blocked with appropriate serum for 35 min or with 5% non-fat milk PBS (pH7.4)
overnight at 4°C. Then, the slides were incubated with 1: 500 monoclonal rabbit anti-
ANXAZ2 antibody (Cell signaling Technology. Inc. Danvers, MA, USA), 1: 500 monoclonal
mouse anti-pANXA2 antibody (Santa Cruz biotechnology, Inc. Santa Cruz, CA, USA),
and/or 1:250 monoclonal mouse anti-vimentin antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) for 1 h at 37 °C. After washing twice with PBS, the tissue sections were
incubated with 1:1000 Alexa 488 anti-rabbit antibody (Thermo Fisher Scientific, Waltham,
MA) and/or 1: 1000 TRITC labeled donkey anti-mouse IgG in MPBS (Jackson
ImmunoResearch Lab, West Grove, PA, USA), for 1 h at 25°C. Finally, slides were imaged
under confocal microscope as described in Fluorescence Microscopy methods section.

Fluorescence microscopy

Fluorescence microscopy was performed using either an Olympus F\V1000 confocal
microscope (Olympus Corp., Tokyo, Japan) with filters/channels as follows: EX/Em =
488/510 — 530 nm; EX/Em = 546/555 — 600 nm, 633/645-700 nm; Ex/Em =785 nm /805-830
nm; or epifluorescence microscope with filters/channels as follows: DAPI (EX/Em =
330-385/420 nm), FITC (Ex/Em = 460-500/510-560 nm), Texas Red (EX/Em =
542-582/604-644 nm), cypate (Ex/Em = 750-800/818-873 nm), using exposure times 1 to
30s and sensitivity settings 1SO200-1SO1600, with the same parameters used for control and
treatment groups unless otherwise indicated. ImageJ software (National Institutes of Health,
Bethesda, MD, USA) was used for image processing.

Immunocytochemistry

In general, cells were fixed in Lab-Tek 8-chamber slides with 3% paraformaldehyde in PBS
solution for 15 min. Nonspecific binding sites were blocked by PBS containing 10% normal
donkey serum (blocking solution) for 1 h. Cells were incubated overnight at 4°C with the
appropriate primary antibodies, after three 5 min PBS washes. Cells were then incubated at
room temperature for 1 h with diluted secondary donkey anti-rabbit antibody (Alexa Fluor
594) in blocking solution. Slides were counterstained and mounted with cover slips for
imaging on an F\VV1000 confocal microscope. Mean fluorescence intensities (ExX/Em =
590/617 nm) on the slide were determined using the F\V1000 software.
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Cell transfection and transduction

ANXA2-YFP expressing HL60 cells were generated by lentiviral transduction as follows.
Human full-length ANXA2 cDNA in pPCMV6-AC-GFP vector was purchased from OriGene
Technologies (Rockville, MD, USA). BamHI, Xhol, and Agel restriction enzymes and
Quick Ligation kit were purchased from New England Biolabs (Ipswich, MA, USA). An
FCIV lentiviral vector containing IRES-Venus YFP under the ubiquitin promoter was
obtained as a generous gift from Dr. Mingjie Lee at the Hope Center, Washington University
School of Medicine (St Louis, MO, USA). The ANXA2 cDNA was subcloned into the
FCIV lentiviral vector by restriction digest of the ANXA2 cDNA vector with BamHI and
Xhol enzymes, restriction digest of the FCIV vector with BamHI and Agel enzymes, and
ligation using Quick Ligation kit according to the manufacturer’s instructions. Klenow
fragment and dNTP nucleotide mix (New England Biolabs) were used to fill sticky ends.

HEK 293T cells (ATCC) were cultured overnight in Dulbecco’s modified Eagle medium
(DMEM) with 10% fetal bovine serum, 100 units/mL penicillin, and 100 pg/mL
streptomycin prior to transfection. DNA constructs were transfected into HEK 293T cells
using Genejuice (EMD Millipore, Burlington, MA) according to the manufacturer’s
instructions. Culture supernatants were collected 40 h after transfection, mixed 1:1 with
Iscove’s Modified Dulbecco’s (IMDM) medium (Thermo Fisher Scientific) supplemented
with 10% fetal bovine serum (FBS) and 1% Streptomycin, and added to HL60 cells in 6-
well plates. At 72h post transduction, the HL60 cells were checked under confocal
microscope for fluorescence. Populations of HL60 cells strongly expressing ANXA2-YFP
were analyzed and collected by flow cytometry using a BD FACS Avriall Cell Sorter at a
core laboratory at Washington University in St. Louis School of Medicine (St Louis, MO,
USA). Cell viability was checked by luciferase MTS assay as described in the MTS Assay
section of methods.

Transwell culture and extracellular vesicle transfer studies

For transwell studies, human dermal fibroblasts (300,000 cells/well) were cultured alone in 6
well plates or in transwell with 4T1 cells (100,000 cells/insert) suspended within transwell
inserts (3 um pore polycarbonate membrane, MilliporeSigma, St Louis, MO, USA). Cells
were plated and grown in extracellular vesicle-depleted media for 72 h and subsequently
stained for pANXAZ using rabbit anti-pANXA2 primary antibody (15 min. at 4°C) and
donkey anti-rabbit AlexaFluor 594 conjugated secondary antibody (15 min. at 4°C) at 1:500
dilutions, and visualized by fluorescence microscopy using the Texas Red filter set (EX/Em
= 542-582/604-644 nm). Extracellular vesicle-depleted media was generated by collecting
flow-through after centrifugal filtration of complete DMEM media using Amicon
Ultra-100K (100 kDa molecular weight cutoff membrane) devices (MilliporeSigma, St
Louis, MO). For extracellular vesicle transfer studies, supernatants from 4T1 cells cultured
in extracellular vesicle-depleted media for 16 h were harvested and the 4T1-derived
extracellular vesicle fraction was concentrated by serial centrifugal filtration on Amicon
Ultra-100K devices as described above. The 4T1-derived extracellular vesicle fraction was
then added to fibroblasts (60 pg/well) for 24 h, with untreated fibroblasts as control. LS301
was then added at 5 uM for 1 h and LS301 uptake was visualized by fluorescent microscopy
using the cypate filter set (EX/Em 750-800 nm/818-873 nm). A separate group of fibroblasts
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with or without added 4T1-derived extracellular vesicles was stained for pANXAZ2 using
rabbit anti-pANXA2 primary antibody and donkey anti-rabbit AlexaFluor 594 conjugated
secondary antibody at 1:500 dilutions, and visualized by fluorescence microscopy as above.

6,000 4T1 or fibroblast cells (n=3) were seeded in 96-well plates and cultured in DMEM
with 10% FBS at 37°C overnight before treatment with different concentrations of LS301
for 48 hours or 72 hours. Cell viability was evaluated using CellTiterGlo Luminescent cell
viability assay (Promega, USA) according to the manufacturer’s instructions by standard
plate reader for luminescence. The luminescence intensity from cells was normalized to
reagent alone.

Apoptosis Analysis using FITC-conjugated Annexin V Apoptosis Detection kit

Overnight cultured 4T1 tumour cells in 96 well plates were treated with 0.5 ug/ml of DOX
for 3 h as positive control. After treatment with different concentrations of LS301 for 48 h or
72 h, the cells were trypsinized, centrifuged and washed twice with PBS (pH 7.4) before cell
cytometry. Apoptotic cell death was determined using FITC Annexin V Apoptosis Detection
kit (Biolegend, USA) according to manufacturer’s instructions. Data were acquired and
analyzed using BD FACS Ariall Cell Sorter (Beckman Coulter, USA) at the core laboratory
at Washington University in St. Louis School of Medicine.

Immunohistochemistry

In general, tissues of interest were harvested and frozen at —80°C in Optimal Cutting
Temperature (OCT) media (storage at <—20°C). Frozen sections were cut at 10 um
thickness, and slides were stored at —40°C. LS301 fluorescence signal was then assessed by
fluorescence microscopy using Cy7 filters or confocal microscope. Sections were
subsequently fixed with 4% paraformaldehyde for 10 min. For immunohistochemistry, slides
were blocked with appropriate serum for 35 min or with 5% non-fat milk PBS (pH7.4)
overnight at 4 °C, and incubated with primary antibody overnight at 4°C or 1h at 37°C. For
ANXA2/pANXA2 studies, tissue sections were incubated with 1: 250 monoclonal rabbit
anti-ANXAZ2 antibody (Cell signaling Technology. Inc. Danvers, MA) or 1: 250 monoclonal
mouse anti-pANXA2 antibody (Santa Cruz biotechnology, Inc. Santa Cruz, CA). After
washing twice with PBS, the tissue sections were incubated with 1:1000 AlexaFluor 488
anti-rabbit antibody (Thermo Fisher Scientific, Waltham, MA) and 1: 800 TRITC labeled
donkey anti-mouse 1gG in MPBS (Jackson ImmunoResearch Lab, West Grove, PA, USA),
for 1 h at 25 °C respectively. Slides were washed again and stained with Hoechst or DAPI
nuclear stains for 5 min or stained with 1:4000 nucleus dye ToPro3 (Thermo Fisher
Scientific, Waltham, MA) for 45 min at 37°C. After final washes, a coverslip with aqueous
fluorescence-saving mounting media was applied prior to imaging. Images were co-
registered with others from the same sections to allow co-localization analysis.

For H&E staining, the same section or an adjacent frozen section was fixed for 10 min in 4%
paraformaldehyde solution (Sigma, St. Louis, MO, USA) and stained with Harris
hematoxylin for 90 seconds and with eosin (Sigma, St .Louis, MO) for 15 seconds, and then
washed with tap water for 5 min. The tissue sections were mounted with Richard-Allan
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Scientific mounting medium (Thermo Fisher Scientific) and cover slips for microscopic
examination.

For Z-stack imaging, the frozen 4T1 tumour tissue sections (10 um thickness) were warmed
in PBS (pH 7.4) for 5 min, and then stained with SYTO-13 green fluorescent nuclear stain
(Thermo Fisher Scientific, Waltham, MA) for 45 min at 37 °C. Slides were imaged under
confocal microscope at EX/Em = 488/510-530 nm for SYTO-13 and ExX/Em = 780/805 — 830
nm for detection of LS301. Each step of the Z-stack imaging ranged from 0.8 pm to 1.6 pm.

Quantitative analysis of fluorescence in tissue sections

For quantitative correlation of pANXA2 expression to LS301 fluorescence in 4T1 luc-GFP,
HT1080, and BxPC-3 tumours, the ImageJ plugin Co-localization Finder was applied to
three representative tumour areas for each tumour type and used to determine Pearson’s
correlation coefficients for pANXA2/LS301 signal overlap. For quantitative analysis of
pANXA2 or ANXAZ signal within human tissues, F\V1000 software was applied to
calculate the fluorescence intensity at different areas in tumour tissues (n=3 mice /group,
n=15 view spots). Ten lines were drawn in each view site, three view sites were chosen in
tissue sections using 10x and 60x objective lens to do quantitative analysis. All values are
the mean + S.D. and Student’s two —tailed unpaired t-test was used to compare the
difference. P< 0.05 was accepted as statistically different. For quantitative analysis of
intratumoral LS301 levels in 4T1 luc/GFP, HT1080, and BxPC-3 tumours, mean
fluorescence was measured for six independent views including both peripheral and core
tumour tissues for each tumour type using ImageJ software (Analysis>Measure function).
For quantitation of intratumoral distribution (periphery vs. core) of LS301 in 4T1 luc/GFP
tumours, mean fluorescence was measured for three independent views of peripheral tumour
tissues versus three independent views of core tumour tissues using the ImageJ software as
above.

In vivo probe distribution studies

To establish the various tumour models, nude, Balb/c, or C57BL/6 mice were injected with
105-107 tumour cells subcutaneously on unilateral or bilateral flanks. In select cases,
spontaneous tumour models were used. Animals injected subcutaneously with saline served
as sham tumour controls. For near-infrared imaging, 100 pL volumes of 60 uM LS301 or
cypate in PBS were injected intravenously by lateral tail vein, and animals were imaged
using a Pearl Small Animal Imager (LI-COR Biotechnology, Lincoln, NE, USA) at the
indicated time points. Images were acquired using standard Pearl Small Animal Imager
software acquisition settings (<30s scan time for 700, 800, and white channels; 85um
resolution; ex/em wavelengths for 700, 800, and white channels were 685nm/720nm,
785nm/820nm, and white/720nm, respectively). In some experiments, probes were
formulated in 1% albumin in PBS. Animals were shaved using commercially available hair
removal equipment and products prior to imaging. For experiments involving anaesthesia,
animals were anesthetized with isoflurane (inhalation of 2% isoflurane vaporized in
oxygen). For experiments requiring tissue analysis, mice were euthanized by cervical
dislocation under isoflurane anesthesia. Organs were harvested by surgical dissection. For
quantitative organ biodistribution studies, individual regions of interest were free-drawn
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around each organ of interest and fluorescence was quantified using the Pearl Small Animal
Imager software.

Flow cytometry and cell sorting

For flow cytometric analysis of cells from LS301-labeled 4T1 tumour xenografts, after
injection of LS301 in 4T1 luc/GFP tumour-bearing mice at the time points indicated, the
mice were imaged, euthanized, and tumours were excised and kept at —80°C prior to
analysis. Tumours were thawed, cut into small pieces, and incubated in trypsin for 1 to 2 h at
37°C, and the tissue was dissociated and filtered with a 40-um cell strainer tube (Falcon
352235) to collect the sample and washed with PBS (pH 7.4) three times and further
centrifuged for collection. The cells were sorted using a BD FACS Ariall Cell Sorter at a
core laboratory at Washington University in St. Louis School of Medicine (St Louis, MO,
USA). Untreated cells, cells treated with LS301 (4 uM for 24h), wild-type 4T1 cells
(without GFP), and 4T1 luc/GFP cells were used for compensation and gating. The sorted
cells were classified and collected in fresh Iscove’s Modified Dulbecco’s medium (IMDM)
supplemented with 10% fetal bovine serum (FBS) and 1% Streptomycin.

Fluorescence imaging guided surgical margin assessment

Three 6-week old Balb/c mice were implanted with 100,000 4T1-Luc/GFP murine breast
cancer cells, orthotopically in the mammary fat pad below the right front leg. Seven to ten
days post implantation, all three mice were injected with 100 uL of calcium-formulated
LS301 (5mM Ca/60uM LS301) via tail vein injection. Twenty-four hours post-injection,
these mice were subjected to image-guided surgery using the Cancer Vision Goggle (CVG)
system that has been previously validated in human breast cancer patients for surgical
guidance °12, Mice were maintained under anaesthesia using continuous 2% isofluorane
gas inhalation. A midline incision was made from the sternum to the base of the right front
leg to create a skin flap along the tumour guided by LS301 fluorescence visualized using the
CVG. The skin flap was deflected to expose and resect the tumour under fluorescence
guidance. The surgical bed was surveyed for residual fluorescence and any additional
fluorescent tissue identified using the CVG was resected. In vivo confirmatory closed-field
fluorescence images were obtained using the Pearl small animal imaging system (Li-Cor
Biosciences, Lincoln, NE, USA) to ensure no residual fluorescence was left behind.
Additional in vivo validation of complete tumour resection was obtained using quantitative
bioluminescence imaging using the IVIS imaging system (PerkinElmer, Waltham, MA,
USA), after injecting the mice with luciferin intraperitoneally before start of surgical
resection.

All resected tissues were embedded in Tissue-Tek OCT (Sakura Finetek, Torrance, CA,
USA) and frozen for preservation. All preserved tissues were sectioned into 10 uM thick
slices using a cryo-microtome and immediately mounted onto microscope slides.
Consecutive tissue section slides were observed for LS301 fluorescence using the
epifluorescence microscope (Olympus B61). These sections were then stained using
hematoxylin and eosin to identify cancerous tissue and imaged under brightfield conditions
using the epifluorescence microscope to find correspondence of the fluorescence and
cancerous regions.
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Fluorescence quantification of images obtained using the CVG were done using ImageJ
software (NIH). Tumour-to-background ratio (TBR) calculations and statistical analyses
were done using Origin Pro 8.0 software (OriginLabs). Means and standard errors were used
to denote TBR average values and errors respectively. Paired student’s t-tests were used to
compare the TBRs before and after tumour resection as a measure of complete tumour
resection and lack of residual fluorescence in the surgical bed. A p value < 0.05 was
considered statistically significant.

In vivo LS301-doxorubicin drug conjugate therapy

Statistics

Athymic nude mice (n=3 per group) were subcutaneously implanted with HT1080 human
fibrosarcoma cells. Tumour growth was measured by caliper twice weekly. On days 8, 11,
and 15 post tumour implantation, mice were intravenously injected with either control (no
treatment), doxorubicin alone, or LS301-doxorubicin drug conjugate at a dose of 0.5
pumol/kg. Mice were euthanized when tumours reached 2 cm diameter in any direction.
Survival was plotted using Kaplan-Meier curves and statistical significance was assessed by
Logrank test of untreated control vs. LS301-doxorubicin treatment.

Unless otherwise noted, differences between sample means were analysed by two-tailed
unpaired t-test with p<0.05 denoting statistical significance and error bars denote standard
error (standard deviation / square root of n). For replicate experiments, sample size was at
least (n) = 3 for each experimental group, which is the minimum required for exploratory
imaging studies because each animal can be used for repeat experiments and imaged
longitudinally but only counted as one sample. Pearson’s correlation coefficient, image
quantification and analysis were calculated using the ImageJ software plugin Co-localization
Finder. Statistical analyses were performed using Microsoft Excel (Microsoft Corp.) or
Origin Pro 8.0 software (OriginLabs).

Data availability

All data generated and analysed during the study are available within the paper and its
Supplementary Information, with the exception of the codes of company-proprietary
imaging software.
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Refer to Web version on PubMed Central for supplementary material.
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Figure1|. LS301 structure and cellular uptake.
(a) Chemical structure of LS301 and its components. (b) Spectral properties of LS301 used

for cellular, whole-body, and tissue imaging. The black line indicates the absorption
spectrum; the red line indicates the emission spectrum. (c) Representative images of LS301
internalization in different solid cancer cell lines or control (hematologic cancer or normal
fibroblast) cell lines at 24 h post-incubation (n=3; see Supplementary Fig. 30a for additional
images). Red indicates LS301 fluorescence; blue indicates SYTO-13 nuclear stain. (d)
Representative 400x (left) and enlarged (right) fluorescence microscopy images of LS301
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(red), cholera toxin B-AlexaFluor 488 conjugate (green, lipid raft labelling reagent), and
overlay in 4T1 breast carcinoma cells (n=3; see Supplementary Fig. 30b for additional
images). Cells were incubated with LS301 (5uM) for 1 h, followed by incubation with
cholera toxin B-AlexaFluor 488 conjugate and anti-cholera toxin B antibody crosslinking
prior to imaging. Scale bars for zoomed images are approximate.
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Figure 2|. Identification of pANXA2 asa molecular target of L S301.
(a) Gel electrophoresis results showing (from left to right): LS301-associated proteins

isolated by LS301 treatment of 4T1 cell lysates followed by immunoprecipitation (IP) with
anti-LS301 antibody; LS301-associated proteins isolated by LS301 treatment of live 4T1
cells followed by cell lysis and immunoprecipitation with anti-LS301 antibody; anti-
ANXA2 Western blot analysis of protein from LS301-cell lysate mixtures
immunoprecipitated with anti-LS301 antibody; and Coomassie stain of purified ANXA2
protein. (b) Gel electrophoresis result on the in vitro binding of ANXA2 to LS301 (left) or
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cypate (right; control fluorescent molecule), assessed by fluorescence. LS301 (10 uM) or
cypate (10 uM) were incubated with 1 ug ANXAZ2 protein for the indicated times and
subjected to 12% SDS-PAGE analysis. The Pearl imaging system was used for fluorescence
imaging of gels. Red denotes LS301 or cypate fluorescence. For full length gel, see
Supplementary Fig. 29. (¢) MST analysis of binding affinities of LS301 to pANXA2,
ANXAZ2, or ANXAS3 (control). (d) Assessment of spatial co-localization between pANXA2
and LS301 in cancer cells by fluorescence microscopy and ICC after 1h incubation with
LS301 at 4°C. (e) Assessment of LS301 uptake in wild-type ANXA2-negative HL60 cells vs
ANXA2-YFP-transfected HL60 cells. (f) Correlation of cellular LS301 uptake with
pPANXAZ2 expression in HEK293T cells transfected with either phosphorylation-permissive
wild-type-ANXA2-GFP (left) or phosphorylation-defective mutant-Y23A-ANXA2-GFP
(right), as assessed by fluorescence microscopy and ICC after 24h incubation with LS301.
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Figure 3|. Intercellular spread of pANXA2 from cancer cellsto fibroblasts.
(a) Representative fluorescence microscopy image depicting transfer of fluorescence from

ANXA2-YFP-transfected HL60 cells to fibroblasts in co-culture (n=3; see Supplementary
Fig. 30c for additional images). Green indicates GFP fluorescence. Yellow arrows in ()
denote examples of intercellularly transferred ANXAZ2. (b) Images depicting cellular
pPANXAZ2 expression and LS301 uptake in fibroblasts alone (top row), fibroblasts co-
cultured with ANXA2-negative HL60 cells (middle row), or fibroblasts co-cultured with
ANXAZ2-positive 4T1-GFP cells (bottom row), assessed by fluorescence microscopy and
immunocytochemistry. Yellow arrows in (b) denote fibroblasts which were recipients of
intercellular pANXA2 transfer (n=3).
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Figure 4 |. Expression of pANXAZ2in solid cancer tissues.
(a) Immunohistochemistry (IHC) analysis of pANXA2 and ANXA2 expression in various

cancer tissues derived from 4T1 luc-GFP, HT1080, and BxPC-3 murine tumours. (b)
Quantitation of LS301-pANXAZ2 overlap. Three representative independent views from each
tumour type were analyzed by the co-localization algorithm for LS301-pANXAZ signal
correlation using ImageJ software. Error bars represent SE with n=3. (c) IHC analysis of
ANXA2 and pANXAZ2 expression in breast cancer tissues from ER+ breast cancer patients
(left) or triple-negative breast cancer patients (right). (d) IHC analysis of ANXA2 and
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pANXAZ2 expression in normal breast tissues from ER+ breast cancer patients (left) or
triple-negative breast cancer patients (right). (€) Quantitative assessment of ANXA2 and
PANXAZ expression levels by fluorescence in ER-positive (left) or triple-negative (right)
breast tumours relative to control noncancerous breast tissue. Control noncancerous breast
tissues (n= 3) and breast tissue sections from malignant triple-negative (n=5) and ER-
positive (n=5) breast cancer patients were used for quantitation. Ten ROIs were drawn in
each view site, with three view sites chosen per tissue section for analysis. Means were
compared using two-tailed t-test and error bars represent SE. ME = tumour
microenvironment (connective tissue); TM = tumour matrix; FI = fluorescence intensity.
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Figure5|. Selective accumulation of L S301 in diver setumour models.
Uptake of LS301 in diverse primary (a-f) and metastatic (g) tumours as assessed by /n vivo

near infrared imaging 24h or more after LS301 administration. Arrows denote tumour
locations. Results in (a-g) are representative of at least three independent experiments (n=3).
(a) 4T1 mammary tumour (orthotopic) and EMT6 mammary carcinoma. (b) 4T1 mammary
tumour (subcutaneous). (c) Patient-derived breast cancer xenograft. (d) HT1080
fibrosarcoma. (€) BXPC-3 pancreatic adenocarcinoma. (f) DBT brain gliobastoma. (g)
MMTV-PyMT spontaneous breast cancer. (h) Typical ex vivo biodistribution of
representative organs post LS301 injection (n=3; additional data in Supplementary Fig. 13c).
(i) Ex vivo quantitation of (h) based on relative average fluorescence intensity per organ.
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Figure6|. Intratumoral distribution of L S301 and co-localization of L S301 with pANXA2 and

calcium.

(a) Representative IHC analysis of ANXA2 (cyan)/pANXAZ2 (yellow) vs. LS301 (red)
distribution in 4T1 tumour sections (left); representative IHC analysis of calcium (green)
and LS301 (red) distribution in HT-29 tumour sections (n=3; additional images in
Supplementary Fig. 30d). Blue represents DAPI staining. (b) Representative IHC analysis of
LS301 distribution in various regions of a subcutaneous 4T1 luc-GFP breast carcinoma
tumour 24h after in vivo LS301 administration. Green denotes GFP fluorescence from 4T1-
GFP cells; red denotes near-infrared fluorescence from LS301; yellow denotes overlap (n=3;
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additional images in Supplementary Fig 20d and Supplementary Fig. 30e,f). (c) IHC
analysis of LS301 distribution in various regions of a subcutaneous HT1080 fibrosarcoma
tumour 24h after in vivo LS301 administration. Red denotes near-infrared fluorescence from
LS301. (d) IHC analysis of LS301 distribution in various regions of a subcutaneous BxPC-3
pancreatic tumour 24h after in vivo LS301 administration. Red denotes near-infrared
fluorescence from LS301. () Quantitative comparison of intratumoral LS301 levels among
different tumours. Mean fluorescence was measured for six independent views including
both peripheral and core tumour tissues for each tumour type using ImageJ software. Means
were compared using two-tailed t-test and error bars represent SE with n=6. (f) Quantitative
comparison of peripheral vs. core intratumoral distribution of LS301 within 4T1 tumours.
Mean fluorescence was measured for three independent views of peripheral tumour tissues
and three independent views of core tumour tissues using ImageJ software. Error bars
represent S.E. with n=3.
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Figure 7. Intraoperative surgical guidance using the cancer vision goggle (CVG) system.
(a) Visualization of LS301 fluorescence showing exposed tumour before, during and after

resection (left panel), showing bright LS301 fluorescence in the tumour (red circle), residual
tumour detected (white circle) and resected tumour and tumour cavity with no residual

fluorescence. (b) The tumour-to-background ratios (TBRs) for

all three mice show a

% %k

b 1
10 .

i

8

M

Post-r

statistically significant decrease after fluorescence-guided resection indicating complete
tumour removal. Tumour-to-background ratios were calculated using pre-resection and post-
resection images, with 6 (n=6) or 3 (n=3) measurements per mouse for a total of 12
measurements. Means were compared using paired sample t test and error bars represent SE.
(c) Confirmatory in vivo imaging using closed-field fluorescence imaging using Pearl small
animal imaging system (left panel), showing tumour before resection and tumour cavity post
resection with no significant residual fluorescence after CVG-LS301 guided tumour
resection. Quantitative bioluminescence imaging (right panel) confirms all cancerous tissue

was removed after resection compared to pre-resection image.
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