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SUMMARY
Leukemia cells re-program their microenvironment to augment blast proliferation and enhance treatment
resistance. Means of clinically targeting such niche-driven treatment resistance remain ambiguous. We
develop human induced pluripotent stem cell (hiPSC)-engineered niches to reveal druggable cancer-niche
dependencies. We reveal that mesenchymal (iMSC) and vascular niche-like (iANG) hiPSC-derived cells
support ex vivo proliferation of patient-derived leukemia cells, affect dormancy, andmediate treatment resis-
tance. iMSCs protect dormant and cycling blasts against dexamethasone, while iANGs protect only dormant
blasts. Leukemia proliferation and protection from dexamethasone-induced apoptosis is dependent on can-
cer-niche interactions mediated by CDH2. Consequently, we test CDH2 antagonist ADH-1 (previously in
Phase I/II trials for solid tumors) in a very aggressive patient-derived xenograft leukemia mouse model.
ADH-1 shows high in vivo efficacy; ADH-1/dexamethasone combination is superior to dexamethasone alone,
with no ADH-1-conferred additional toxicity. These findings provide a proof-of-concept starting point to
develop improved, potentially safer therapeutics targeting niche-mediated cancer dependencies in blood
cancers.
INTRODUCTION

Treatment resistance remains a major obstacle in cancer man-

agement. Emerging evidence suggests that in addition to cell-

intrinsic mechanisms, factors such as the microenvironment

are key in mediating cancer progression, stem cell self-renewal,

and differentiation and escape from therapy.1–7 Microenviron-

ment conferred treatment resistance is a key impediment in

treating blood cancers given that leukemic cells have a broad

repertoire of tools to communicate with neighboring cells. These

include direct cell-cell contact, tunneling nanotubes, exosomes

and microvesicles, hormones, and other soluble messenger

molecules.8–10 In addition, leukemia cells evolve their surround-

ing microhabitat, and this dynamism not only enhances malig-
Cell Rep
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nant propagation but also provides a safe haven against chemo-

therapy.11,12 Leukemic cells hijack communication with bone

marrow (BM) stroma and re-program their microenvironment to

survive therapy.2,12 This communication is driven by molecular

programs such as IZKF1 deletions, which induce expression of

adhesion molecules and mediate strong adhesion to niche cells

including mesenchymal stem cells (MSC), integrin signaling, and

subsequently therapy resistance.13,14

Means of directly drugging cell-cell contact-dependent treat-

ment resistance with safe therapeutic agents are lacking. Key

milestones in developing tractable ex vivo models for leukemia

niche interaction show that direct contact of acute lymphoblastic

leukemia (ALL) blasts with MSC in cell culture facilitates survival

and modest proliferation ex vivo.15–17 However, improved and
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Figure 1. BM-iPSC-derived bone marrow (BM) milieu supports human hematopoietic cells ex vivo

(A) Schema for synthetic RNA-based reprogramming using pluripotent transcripts POU5F1-SOX2-KLF4, GLIS1. Scale bar, 100 mM. Two BM-MSC samples

(2 biological replicates) reprogrammed to form 13 BM-iPSC lines.

(B) H&E staining of BM-iPSC-derived teratomas (5 NSG mice per i-niche sample) representing the 3 embryonic lineages. Scale bar, 100 mM.

(legend continued on next page)
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experimentally accessible models are needed for in-depth scru-

tiny of this intricate, multicomponent, and continually evolving

interaction. Using the complex BM as a paradigm, we micro-en-

gineer human niche constituent cell types to define clinically

exploitable cancer-niche interactions.

N-cadherin (CDH2) is a calcium-dependent transmembrane

cell adhesion molecule known to regulate stem cell fate and pro-

liferation.18 The cytoplasmic domains of N-cadherin bind to

b-catenin as a linker to the actin cytoskeleton, and association

of N-cadherin with the cytoskeleton is necessary for the stabili-

zation of cell-cell adhesion.19 Cadherins play a crucial role and

are a potential target in cell-cell contact of many tumor cells

with their microenvironment. For chronic myeloid leukemia

(CML), the N-cadherin/b-catenin complex is involved in medi-

ating MSC-mediated resistance to tyrosine kinase inhibitors.20

Indeed, cordycepin, an agent with limited stability in vivo pro-

longs survival in a CML cell line-derived mouse model, most

likely via the suppression of CDH2.21 Data on childhood ALL

are limited, but expression of the oncogenic fusion protein

E2A-PBX1 in ALL/t(1; 19) leads to the overexpression of

Wnt16, which mediates the overexpression of N-cadherin and

the induction of cell-cell adhesion via b-catenin.22 The role of

N-cadherin as a clinically actionable therapeutic target to disrupt

malignant propagation and niche-mediated treatment response

remains unexplored.

Here, we detect CDH2 as a druggable target in acute lympho-

blastic and myeloid leukemia. Our study highlights the opportu-

nity to clinically repurpose ADH-1 (Exherin), a well-tolerated drug

that disrupts N-cadherin interaction. ADH-1 received orphan

drug status in 2008 from the US Food and Drug Administration

(FDA) and has previously been tested as an antiangiogenic agent

in solid tumors in phase I/II trials.23–25

RESULTS

BM human induced pluripotent stem cell (BM-hiPSC)-
derived BM milieu support human hematopoietic cells
ex vivo

To model the human leukemia niche ex vivo, we re-program pri-

mary BM-MSC to pluripotency. This provides a replenishable

and well-defined source of BM constituent cells that represent

both the mesenchymal and vasculature niche-like cells. Sendai

virus is a highly efficient approach most commonly used for

pluripotent reprograming; however, there are limitations to this

technique.26 Most RNA-based approaches require repeat trans-
(C) Scatterplot showing comparable gene expression between primary BM mese

profiled include MSC-specific genes IGF1, HGF, VIM, KITLG, PTPRC, PIGS, M

ITGB1, ANXA5, CSF2, CTNNB1, NUDT6, FUT1, BDNF, BGLAP, FGF22, LIF, Z

NT5E, ITGAV, COL2A1, ERBB2, THY1, VCAM1, and ANPEP.

(D) GDF6, BMP6, and RUNX2 expression in i-MSC-derived cartilage/chondrocy

chemical staining (2 technical replicates) demonstrating safranin O, alizarin red a

(E) mRNA expression relative to HKG (housekeeping genes: ACTB, B2M, GAPDH

CD31+ endothelial cells and CD31� perivascular cells in known proportions (Figu

(E) Gene expression has been normalized with respect to HKG (housekeeping gen

between CD31+ endothelial cells/CD31� perivascular cells has been plotted. CD3

and VCAM1, whereas CD31� cells express perivascular markers such as ANXA5

(F) Cell counts of CD45+ hematopoietic cells (3 biological replicates) extracted fro

free suspension cultures over 7 days.
fections due to reprogramming factor mRNA degradation.27 In

light of this, we adopt an RNA replicon reprogramming technol-

ogy26 that uses POU5F1, KLF4, and SOX2 in combination

with GLIS1, thereby replacing MYC and consequently endorsing

a reprogramming technology that is both virus-free and

oncogene-free. Through standardized xeno-free protocols, we

engineer 13 BM-iPSC lines (Figures 1A and S1). Microsatellite

DNA fingerprinting against parental mesenchymal cells confirms

authenticity (Table S1) while gene expression profiling shows up-

regulation of the embryonic stem cell genes SOX2, NANOG,

GDF3, TERT, DNMT3B, CDH1, POU5F1, and ZFP42 (Fig-

ure S1A). BM-iPSCs exhibit a pluripotent stem cell morphology

and express embryonic stem cell and pluripotency markers

alkaline phosphatase, POU5F1, SOX2, SSEA4, and TRA-1-60

(Figures S1B and S1C). In vitro embryoid bodies (Figure S1D)

and in vivo teratomas showing ectodermal, mesodermal, and

endodermal germ layer differentiation (Figure 1B) confirm the

pluripotent nature of BM-iPSC at a functional level.

Next, we derive mesenchymal (iMSC) and vascular niche-like

(iANG) cells (together i-niche) from BM-iPSC through a meso-

derm intermediate. We differentiate BM-iPSC into mesodermal

cells through the use of Mesoderm Induction Medium. Within

72 h of initiating mesoderm induction, tightly packed pluripotent

cells with a high nuclear to cytoplasmic ratio begin to alter their

morphology to form cobblestone clusters comprising polygonal

cells (Figure S1E). Gene expression profiling confirms the down-

regulation of pluripotent (Figure S1F) and the upregulation of

mesodermal genes (Figure S1G), thus corroborating directed dif-

ferentiation of BM-iPSC into mesodermal lineage. Furthermore,

we observed the upregulation of WNT5A during this process

(Figure S1H). WNT5A is observed in human embryonic stem

cell-derived mesoderm,28 and the upregulation of this gene con-

firms lineage-specific directed differentiation of BM-iPSC. We

further differentiate these early mesoderm cells into iMSC and

iANG, which show distinct transcriptomic patterns, with iMSC

upregulating mesenchymal genes (Figures S2A and S2B.). We

achieve iMSC differentiation by treating early mesodermal cells

with mesenchymal specification media. We perform iANG differ-

entiation experiments by treating the early mesodermal cells

with vascular specification reagents such as VEGF-165 and

SB431542. In addition, we show comparable gene expression

profiles between iMSC and BM-MSC (Figures 1C and S2C).

The ability to generate osteogenic, chondrogenic, and

adipogenic cells is a gold standard test to functionally

define MSCs.29 Via differentiation of iMSC into osteogenic,
nchymal stem cells (BM-MSC) and BM-iPSC derived MSC (iMSC). The genes

MP2, ICAM1, COL1A1, VEGFA, TGFB3, SLC17A5, GTF3A, IL1B, NES, EGF,

FP42, SOX2, POU5F1, PROM1, CD44, MCAM, ITGA6, COL9A1, PDGFRB,

tes, bone/osteoblasts, and fat/adipocytes cells (iC, iO, and iA). Immunohisto-

nd oil red O staining in iC, iO, and iA, respectively. Scale bar, 100 mM.

, HPRT1, and RPLP0) in iANG containing representative vascular cells such as

re S2).

es: ACTB, B2M, GAPDH, HPRT1, and RPLP0) and the fold change expression

1+ cells express endothelial-relevant markers such as APOE, OCLN, ADAM17,

, ITGB1, HIF1A, and COL18A1.

m non-malignant human BM and co-cultured on iMSC, iANG versus in niche-
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Figure 2. Niche-primed leukemia cells upregulate CDH2

(A) Cell counts of leukemia blasts from 13 patient-derived samples (13 biological replicates) on iMSC and iANG at diagnosis and relapse over a 7-day period.

(B) Heatmap demonstrating gene expression profiling of niche primed patient-leukemia samples (2 biological replicates: L707, L4967) shows consistent up-

regulation of CDH2 following a 7-day co-culture with iMSC and iANG.

(legend continued on next page)
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chondrogenic, and adipogenic cells (Figures 1D and S2D), we

further validate their MSC potential.

iANG cells contain a population of CD31+ endothelial-like cells

and CD31� perivascular-like cells (Figure S2E). We show that

CD31� cells express genes more closely associated with peri-

vascular cells (Figure 1E) such as ANXA5,30 ITGB1,31 and

HIF1A.32 CD31+ endothelial-like cells, however, upregulate the

expression of genes (Figure 1E) such as APOE, which has

been documented to be localized to endothelial cells in vivo,33

VCAM1, an endothelial cell surface glycoprotein,34,35 CX3CL1,

known to be produced by endothelial cell membranes,36,37 and

OCLN, a functional marker of endothelial cells linked to their abil-

ity of tube formation.38 We further show that iPSC-derived

CD31+ endothelial cells express key angiogenic markers and

cell adhesion molecules, including HMOX1,39 MMP2 and

MMP9,40 EDN1 and EDN2,41,42 ANGPT1,43 ENG,44 VWF,45

PDGFRA,46 ADAM17,47 THBS1,48 PGF,49 and ICAM1,50 with ex

pression levels consistent with primary human endothelia cells

(Figure S2F). To specify the role of iMSC and iANG in sustaining

hematopoiesis, we isolate CD45+ cells from non-malignant

human BM for co-culture on iMSC and iANG. Unlike microenvi-

ronment-free suspension cultures, both types of niche cells sup-

port the viability of human BM-derived hematopoietic cells (n = 3

different donors) (Figure 1F). Together, these data show that pri-

mary mesenchymal stroma stem cells reprogrammed into BM-

iPSC via a virus and c-MYC-free RNA-based route are able to

differentiate into MSCs and vascular BM niche-like cells. In addi-

tion, both i-niche cell types successfully support the ex vivo sur-

vival of human blood cells.

Niche-primed leukemia cells upregulate CDH2
To further define the clinical relevance of i-niche cells in blood

cancer, we evaluate and characterize their potential to re-create

a microenvironment that would support survival, self-renewal,

and the proliferation of malignant cells. We show that blasts

from several patient-derived leukemia samples (n = 13 samples)

proliferate on i-niche cells (Figure 2A; Key resources table). We

confirm parity between iMSC and primary MSC in supporting

ALL cells (Figure S3A). We show that direct niche contact is su-

perior in supporting leukemia proliferation compared to feeder-

conditioned media (Figures S3B and S3C). Using fluorescence

in situ hybridization (FISH) analysis, we confirm that following

iMSC and iANG co-culture, the leukemia cells retain their initial

cytogenetic translocation (Figures S3D and S3E). We further

perform whole-exome sequencing experiments to show that

>99% exomes/genomic complexity remain unchanged in leuke-

mia cells following co-culture on both iMSC and iANG

(Figures S3F–S3H).

To study the effects of the different i-niche cells in supporting

lymphoid and myeloid cell types we co-culture leukemia cells

from a patient with infant ALL/t(4; 11) who initially presented

with a CD34+CD19+CD33+CD15� immunophenotype, but

relapsed at 5 months with a myeloid CD34+CD19�CD33+

CD15+ leukemia. Both iMSC and iANG support the maintenance
(C) CDH2 upregulation confirmed by qRT-PCR on 7 leukemia samples (7 biolog

7-day co-culture with iMSC and iANG.

(D) Gene expression profiles from BloodSpot database, MILE study showing CD
of CD34+CD19+ lymphoid leukemic cells (lympho-permissive). In

contrast, we find that some cells in suspension culture lose the

expression of both CD34 and CD19. On iMSC, the leukemia

blasts lose the expression of the myeloid marker CD33+

(myelo-suppressive) while on iANG the blasts retain the expres-

sion of CD33 with the emergence of a population of CD15+ cells

(myelo-permissive) (Figures S3I and S3J; Key resources table).

These data suggest that myeloid cells may be more selectively

enriched on iANG compared to iMSC. However, analysis of leu-

kemia cell proliferation and biology following co-culture with

different niche types is further needed with additional bipheno-

typic leukemia samples.

In a previous study, we confirmed that cell-cell contact be-

tween primary BM-MSCs and leukemia cells plays a significant

role in supporting the proliferation of leukemic blasts.15 Based

on the known role of adherens junctions in cell-cell contact

and cancer cell-niche communication, we conduct gene expres-

sion profiling with a focus on adherens junction molecules using

a combined approach of RNA sequencing, qPCR arrays, and

real-time qPCR experiments on iMSC and iANG primed pa-

tient-derived blasts. Analysis of blasts following a 7-day priming

(co-culture) on the i-niche cells shows the upregulation of several

genes relating to adherens junction, WNT, and b-catenin

pathway genes (Figure S3K). In line with our observation that

niche-mediated leukemia survival and proliferation is regulated

by direct cell contact, we also find the upregulation of several

cell-cell junction and cell adhesion molecules on leukemia blasts

co-cultured with i-niche cells over 7 days. We harvest i-niche

primed blasts from co-cultures, and following cell separation

through filtration, we subject the primed blasts to gene expres-

sion profiling experiments. We find consistent upregulation of

cell adhesion molecule CDH2 in i-niche primed blasts across

two patient leukemia samples (Figure 2B). We validate the upre-

gulation of CDH2 on a total of six diagnostic samples and one

relapse patient sample (Figure 2C). We further analyze CDH2

expression in BM from healthy individuals versus patients with

leukemia using data from the MILE study51 via the database

BloodSpot (www.bloodspot.eu).52 We find significant overex-

pression of CDH2 across 8 different leukemia types—ALL

t(12; 21), ALL t(1; 19), AML normal karyotype, CLL, CML,

T-ALL, c-/Pre-B-ALL no t(9; 22), and AML MLL (Figure 2D). In

summary, these data show that BM-iPSC derived niche cell

types support leukemia cells, and leukemia blasts primed by

the i-niche cells upregulate CDH2 expression.

Under dexamethasone treatment, CDH2 is upregulated
by iMSC-primed cycling cells
We study the role of CDH2 in niche-mediated cancer cell quies-

cence and proliferation. DNA labeling dyes allow the isolation

and tracking of dormant cells identified as the non-/slow-dividing

and label-retaining population.53 We perform cell generational

tracing experiments to compare patterns of leukemia dormancy

between the mesenchymal and vascular niche-like microenvi-

ronments. A patient with ALL/t(17; 19) (Key resources table)
ical replicates, each biological replicate has 3 technical replicates) following a

H2 expression levels between healthy and leukemic BM.
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who initially presented with dexamethasone-sensitive leukemia

but later relapsed with steroid-resistant disease (due to a homo-

zygous deletion of the glucocorticoid receptor NR3C1) was used

as a model to study the effects of dexamethasone in our i-niche

system.

We detect distinct patterns of leukemia quiescence and prolif-

eration on the two niche cell types (Figure 3A.). iMSC exclusively

support fast-dividing blasts (labellow). In contrast, nearly 50% of

the total patient-derived blasts on iANG cells are non-dividing

cells (labelhigh). Both iMSC- and iANG-primed blasts engrafted

immunocompromised mice, although iANG-primed blasts

appear to preferentially home to the murine BM and to a lesser

degree to the spleen (Figure 3B; Table S2). To further define

the role of the different i-niche cells on leukemic quiescence

and proliferation, we extend our analysis to include cells from

the matched relapse sample (Figures 3C and 3D). We find that

cells from the diagnostic sample proliferates faster on iMSC,

while the relapse cells proliferate faster on iANG cells (Figure 3C).

Hoechst/Pyronin Y cell-cycle staining experiments show a four-

fold higher percentage of cells from the diagnostic sample in G0

on iANG niche cells (Figure 3D). We find no difference in the

percentage of cells from the relapse sample in Gene Ontology

(GO) or in the cell-cycling pattern when cultured on either

iMSC or i-ANG (Figures 3D and S4B).

To study niche-mediated resistance, we repeat the cell gener-

ational tracing experiments under dexamethasone treatment

pressure. Dose-response curves demonstrate reduced sensi-

tivity against dexamethasone on both types of i-niche cells as

compared with the niche-free suspension cultures (Figure 3E).

On iANG cells, dexamethasone treatment actively kills the

dividing blasts, mainly leaving a non-dividing labelhigh population

intact and in a non-proliferating state (Figures 3F and S4B). On

iMSC, treatment causes the cell division curve to shift to the

right, identifying cell populations that are dividing more slowly

and with the emergence of only a small (5%) non-dividing popu-

lation (labelhigh); the remaining 95% of cells are proliferating,

although at a rate much lower than the untreated cells

(Figures 3G and S4B). Unlike iANG cells, iMSC cells facilitate

the survival of slower dividing ALL blasts under dexamethasone

treatment, suggesting that treatment resistance is unlikely to be
Figure 3. Under dexamethasone treatment pressure, CDH2 is upregul

(A) Dot plots show fast cycling and slow cycling iMSC primed blasts (b-iMSC, red)

sample at diagnosis. Histogram overlay and graph shows the percentage of slow

(B) Total fluorescence intensity of luciferase-tagged niche-primed patient leukemi

spleen weights (harvest at 4.5 weeks following injection) in mice transplanted with

iMSC (b-iMSC) and iANG (b-iANG). Intrafemoral transplants, n = 3 mice, 1 repre

(C) Cell counts of a diagnostic and matched relapse sample following co-culture

(D) Hoechst-pyronin Y analysis (dot plot) of patient leukemic blasts on iMSC (left

and relapse (bottompanel). Graph shows percentage cells in G0 on iMSC (b-iMSC

replicates.

(E) (i) Growth curve showing proliferation of patient leukemia cells (L707, 3 technic

response (nM) curve of patient leukemia cells (L707, 3 technical replicates) treat

(F) Histogram shows cell generational curve of untreated (blue) and treated leukem

licates, 1 representative example shown.

(G) Cell generation curves of patient leukemic cells untreated (red) and treated (gr

centage of slow cycling blasts on iMSC under dexamethasone treatment. Two t

(H) CDH2 expression under dexamethasone pressure in slow cycling and cycling

tometry following 7-day treatment with 5 nM dexamethasone. Three technical rep

Data for 3 additional patient samples/biological replicates, with each containing
attributed to dormancy alone. To put these data into context, we

validate clinically proven drug responses in our ex vivo model

and confirm that in compliance with molecular and clinical

data, cells from the diagnostic sample are sensitive to dexa-

methasone, while relapse blasts show no response (Figure S4C).

Consequently, we re-visited the role of CDH2 in proliferation and

treatment resistance. We detect that fast dividing, labellow

iMSC-primed blasts in four patient samples that survive under

dexamethasone pressure express higher levels of CDH2

(Figures 3H and S4D). These data suggest that CDH2 plays a

direct role in mediating niche-dependent leukemia proliferation

in blasts that are resistant to treatment with dexamethasone.

CDH2 drives leukemia proliferation and reduces
sensitivity against dexamethasone
To validate the function of CDH2, we performed RNAi knock-

down experiments on both cancer cells and i-niche cells. Small

hairpin RNA (shRNA) CDH2 knockdown in four different leukemia

cell lines (Figures 4A and S5A) result in reduced proliferation in

niche-free suspension cultures (Figures 4B and 4C). Moreover,

CDH2 knockdown results in the downregulation of a range of

cancer-associated gene signatures (Figures S5B and S5C),

including key oncogenic pathways, such as Janus kinase-signal

transducer and activator of transcription (JAK-STAT), prolactin,

chemokine, and ErbB signaling, as well as the modulation of

several genes associated with leukemogenesis and transcription

and chromatin remodeling factors (Figures S5C–S5E).We further

validate these knockdown experiments by showing that leuke-

mia cell proliferation is restored when CDH2 expression is

rescued by overexpressing an exogenous optimized CDH2

sequence54 in the knockdown cells (Figures S5F–S5H).

We find that CDH2 knockdown leukemia cells, co-cultured un-

der modified culture conditions to facilitate niche dependence,

fail to survive on iMSC cells and show reduced proliferation on

iANG (Figure 4D). We conduct additional validation experiments

to knockdown CDH2 in iMSC using a second shRNA indepen-

dent of the one used above. CDH2 knockdown in iMSC

(Figure 4E) reduce their ability to support the proliferation of

patient-derived leukemia samples, three diagnostic and one

relapse samples (Figure 4F). In addition, the leukemia cells
ated by iMSC-primed cycling cells

and iANG primed blasts (b-iANG, blue) at day 7 from a patient-leukemia (L707)

cycling blasts on iMSC and iANG. Data shown from 2 technical replicates.

c blasts transplanted in immunocompromisedmice. The column graph depicts

patient blasts (L707) at diagnosis (control) and following a 7-day co-culture on

sentative example shown.

on iMSC and iANG. Three technical replicates.

panel) and iANG (right panel) in patient leukemic blasts at diagnosis (top panel)

) and on iANG (b-iANG) at diagnosis (L707) and relapse (L707-R). Two technical

al replicates) over a 7-day period on iMSC and iANG. (ii) Dexamethasone dose

ed for 7 days in niche-free suspension culture and on iMSC and iANG.

ia cells (orange) co-cultured on iANG over a 7-day period. Two technical rep-

een) when co-cultured on iMSC over a 7-day period. Column graph shows per-

echnical replicates.

/fast cycling blasts relative to HKG (GAPDH). Blasts were sorted using flow cy-

licates for 1 patient sample, L707 shown here. *Unpaired t test shows p < 0.05.

3 technical replicates, are included in Figure S4E.
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show three-fold higher sensitivity to Dexamethasone on iM-

SCCDH2� cells (Figure 4G). These data suggest that BM MSCs

mediate their leukemia supportive effect via heterologous

cancer-niche interactions through CDH2-CDH2 binding and

signaling.

CDH2 antagonist ADH-1 shows high in vitro efficacy in
patient-derived leukemia cells
ADH-1 is a small, cyclic pentapeptide with the formula N-Ac-

CHAVC-NH2 that competitively blocks the action ofCDH2. In pre-

clinical models it has antiangiogenic properties in disrupting tu-

mor vasculature and inhibiting tumor growth. ADH-1 has been

in Phase I/II trials for advanced solid malignancies23–25 and

received orphan drug status from the FDA in 2008, although its ef-

ficacy in blood cancers remains unknown. First, we show that

ADH-1 fails to show a drug dose response in ALL and AML cells

that have been transducedwith shRNA to knockdownCDH2 (Fig-

ure 5A.). Second, we apply our i-niche co-culture platform and

demonstrate sensitivity to ADH-1 in 15 different patient-derived

leukemia samples (Figures 5B and S6; Key resources table).

ADH-1 doses used throughout this study are consistent with

plasma level concentrations that have been achieved in solid tu-

mor trials.55 We find that ADH-1 treatment shows maximum effi-

cacy when the leukemia cells are in direct contact with the niche

as opposed to transwell cultures (Figures 5C and 5D). Interest-

ingly, it has been documented that CDH2 antagonist ADH-1

causes apoptosis in pancreatic cancer cells, even though cell

adhesion in this case is mediated by E-cadherin (CDH1) and

this CDH1-mediated cell adhesion is not disrupted by ADH-1.56

We also observe ADH-1 induced leukemia cell toxicity both in

suspension and on co-cultures, which further substantiates the

role of the niche cells as well as homotypic leukemia cell-cell con-

tact affecting leukemia cell survival and proliferation. In combina-

tion with our findings, this further suggests that CDH2-mediated

cell survival may not be regulated exclusively by cell adhesion

and additional mechanisms may be involved. In addition, we

showADH-1 treatment in cancer-niche co-cultures increases leu-

kemia cell death as evidenced by increased annexin V and propi-

dium iodide (PI) staining (Figure 5E).

To further investigate the effect of this compound on cells that

survive under treatment pressure, we performed live cell-cycle

and G0 analysis on patient-derived leukemia cells at relapse.

We find that ADH-1 treatment slows down the proliferation of

the leukemia cells as evidenced by the reduced number of blasts
Figure 4. CDH2 drives leukemia proliferation and reduces sensitivity a

(A) CDH2 levels in leukemia cell lines following lentiviral knockdown. Control =

containing 3 technical replicates.

(B) Cell generational tracing curves using the dye cell trace violet (CTV) in 4 differen

Red = CDH2 knockdown. Four biological replicates, with each containing 3 tech

(C) Leukemia cell proliferation in 3 different acute lymphoblastic leukemia cell line

replicates, with each containing 2 technical replicates.

(D) Cell counts of CDH2 knockdown and empty vector control cell lines on iANG o

dependence was achieved by conducting co-cultures in the absence of fetal bovin

these altered culture conditions, the leukemia cells failed to survive on iMSC. Fo

(E) CDH2 mRNA levels in control iMSC and CDH2 knockdown iMSC (iMSCCDH2�

(F) Cell counts of 3 different patient leukemia samples. Three biological replicates a

(G) Percentage of cell counts (with respect to untreated control) of patient leuke

biological replicate, 3 technical replicates.
in S phase. Furthermore, there is no accumulation of cells in G0

(Figure 5F). Taken together, these data suggest that ADH-1 is

potentially a promising candidate for the treatment of high-risk,

treatment-resistant cases in which it would be unlikely to induce

the emergence of resistant quiescent cells.

Despite the recent improvements in targeted therapies, single-

agent treatment is associated with the emergence of treatment-

resistant cancer clones.57,58 Combinatorial drug treatment is a

central principle in anticancer therapy not only to enhance effi-

cacy through drug synergies but, most important, to prevent

the emergence of treatment resistance. Drug combination

assays with dexamethasone and ADH-1 using four different

patient-derived leukemia samples (Figures 6A–6F) show syner-

gistic interaction as analyzed by the Bliss independence model.

Comprehensive drug matrix analyses (Figures 6G and 6H)

demonstrate synergy for ADH-1 in combination with clinically

relevant concentrations of dexamethasone achieving ZIP syn-

ergy scores of >10 on both iMSC and iANG. Taken together,

these data reveal a means of clinically targeting niche-mediated

leukemia treatment resistance using the CDH2 antagonist

ADH-1.

ADH-1 shows high in vivo efficacy in a very aggressive
leukemia patient derived xenograft (PDX) model
To validate the function of CDH2 in vivo, we explored its role in

leukemia initiation and propagation in our PDX model.59–61 We

transplanted luciferase-tagged leukemia blasts from a clinical

sample of very-high-risk ALL (L707; Key resources table) directly

into the BM of immunodeficient mice. We monitored leukemia

engraftment into the mouse BM via bioluminescence and

confirmed successful engraftment through immunohistochem-

istry staining of mouse BM with human CD19, a lymphoid cell

marker (Figures S7A–S7C). In an initial pilot study, we treated

mice with a combination of ADH-1 and dexamethasone to

determine a non-toxic dose and schedule for further study

(Figure S7D). We found that this small-scale dose-escalation

pilot study indicated that ADH-1 and dexamethasone in combina-

tion significantly reduced leukemic engraftment (Figure S7E),

justifying further in vivo investigation of the combination treat-

ment. We also found that ADH-1/dexamethasone (ADH-1

200mg/kg; dexamethasone 3mg/kg) delivered via intraperitoneal

injection is well tolerated when administered 5 times weekly

for 3 weeks with minimal weight loss. We based ADH-1 dosing

on previously published studies in mice56,62 and we chose
gainst dexamethasone

nonsense shRNA/non-targeting control. Four biological replicates, with each

t leukemia cell lines following CDH2 knockdown. Black = empty vector control.

nical replicates. One representative example is shown here.

s following CDH2 knockdown (against empty vector control). Three biological

ver 5 days. Dashed line indicates a starting cell count of 1 million cells. Feeder

e serum (FBS) and at a reduced leukemia cell density of 10,000 cells/mL. Under

ur biological replicates, with each containing 2 technical replicates.

). Two technical replicates.

nd 1matched relapse sample on iMSC (solid line) and iMSCCDH2� (dotted line).

mia cells (L707) on iMSCCDH2� with and without 5 nM dexamethasone. One
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Figure 5. CDH2antagonist ADH-1, a repurposedcompound, is identified toshowhighefficacyonawide rangeofpatient-derived leukemia cells
(A) ADH-1 treatment on CDH2 knockdown and control (i) ALL and (ii) AML leukemia cells. Two biological replicates, with each containing 3 technical replicates.

(B) ADH-1 dose-response curves in patient leukemia samples from a patient at (i) diagnosis and (ii) relapse. Doses used are in the range 12–450 mM, which is

consistent with Cmax levels achieved in solid tumor clinical trials. The x axis of the graphs shows log of concentration of ADH-1 used. One biological replicate

shown here. A total of 14 additional biological replicates shown in Figure S6. Each biological replicate contains 2 technical replicates.

(legend continued on next page)
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dexamethasone dose to replicate plasma concentrations

achieved in ALL patients.55,63,64 We repeated the in vivo trans-

plantation experiments using bioluminescent-tagged patient-

derived ALL blasts and started drug dosing on day 6 following

transplantation (Figure 7A). By bioluminescence monitoring,

ADH-1 alone shows a similar reduction in leukemia progression

as observed in mice treated with dexamethasone. More impor-

tant, the ADH-1/dexamethasone combination treatment pro-

foundly reduces leukemia engraftment compared to controls

and single-agent therapy. Through additional bioluminescent im-

aging (BLI), we demonstrate significantly lower overall signals

compared to untreated controls at both weeks 2 and 3 of

ADH-1/dexamethasone therapy (Figures 7B and 7C). Confirming

the imaging data, spleen sizes are significantly smaller in the

ADH-1/dexamethasone-treated mice at the end of the study.

We further show that the proportion of leukemia blasts in BM

and spleen is significantly less in ADH-1/dexamethasone-treated

mice compared with mice from the dexamethasone and control

groups (Figures 7D, 7E, and S7F). In keeping with our in vitro ob-

servations, the ADH-1/dexamethasone combination is most

effective in the BM (Figures 7D and 7E), suggesting that a key

mechanism of action for ADH-1 is to disrupt CDH2-mediated

blast-BM niche interactions, consequently increasing sensitivity

to dexamethasone.

In summary, we find that treatment with only 15 doses of

dexamethasone in the presence of ADH-1 is more effective

than dexamethasone alone at blocking leukemia growth in vivo.

This in vivo efficacy validates the use of our engineered preclin-

ical model for future identification of further clinically exploitable

niche targets.

DISCUSSION

Treatment resistance and treatment toxicity are major clinical

challenges that urgently need resolving. Dynamism of the

leukemic niche and its role in dormancy and treatment resis-

tance is well known.2,53,65–67 Standard chemotherapy primes

cancer and its ambiance alike, endowing cell intrinsic and non-

cell-autonomous adaptations toward treatment resistance.2,68

Recent concepts such as non-oncogene addiction,57 a phenom-

enon underpinning cancer cell survival through exaggerated

functioning of non-mutated genes have emerged as a promising

solution to prevent treatment resistance. Despite the significant

impacts of the niche on cancer cell function, no druggable niche

targets exist that can directly affect microenvironment-mediated

leukemia biology. Present-day treatment largely disregards the

influence of the oncogenic microenvironment on malignant pro-

liferation, self-renewal, and treatment resistance.

To identify safer actionable targets against the leukemic niche,

we require improved preclinical models. This is a major chal-

lenge in hematological malignancies since most primary leuke-
(C) Adherent patient blasts (L707) on iMSC and iANG following treatment with 50

(D) Percentage of inhibition (cell counts) of blasts (L707) following 50 mMADH-1 tre

nical replicates.

(E) Annexin V PI flow cytometry analysis in patient blasts (L707) following treatm

(F) (i–iii) RNA andDNA content analysis using flow cytometry in primary blasts (L70

Percentage of G0 cells in co-cultures following treatment with ADH-1. Two techn
mia cells do not proliferate once removed from the patient and

his or her microenvironment. Consequently, there is a lack of

models that allow scrutiny of the niche in a human cell-based

setting.15,69 Here, we show that hiPSC-engineered BMcells sup-

port ex vivo proliferation of patient-derived leukemia cells.

Furthermore, different niche cell types can be derived that

specify both proliferative and quiescent niches for leukemia.

Cadherins are cell adhesion molecules that enable cells to

communicate with their environment, and cell-cell contact pro-

motes cell survival.70 The role of CDH2 in directing stem-cell

fate, tumor-microenvironment interactions, and chemoresistance

has been implicated in a wide variety of solid tumors and certain

hematologicalmalignancies such asCML.71,72However, clinically

relevant data on the role of CDH2 in microenvironment-mediated

cancer proliferation and therapy resistance in acute leukemia

have until now been scarce, as has the means of clinically target-

ing this via low toxic agents. CDH2binding and signaling is essen-

tial in mediating contact of the leukemia blasts with niche cells.

CDH2 is upregulated upon heterologous cell contact of the

leukemic cells with iMSC; in contrast, CDH2 knockdown in either

leukemia blasts or iMSC disrupts this interaction, impairs blast

survival and proliferation, and leads to the downregulation of

key oncogenic pathways (e.g., JAK/STAT signaling).

We detect that CDH2 mediates niche-mediated therapy resis-

tance. Heterologous contact of the leukemia cells in these co-cul-

ture conditions induces upregulated expression of CDH2, and

knockdown of CDH2 in iMSC increases the sensitivity of pa-

tient-derived blasts. iMSC and vasculature niche-type iANG cells

support leukemia survival under treatment in different ways.

Dexamethasone treatment of patient-derived ALL cells on iANG

primarily leads to the selection and survival of blasts in G0. On

iMSC, while there is still the emergence of a small resting cancer

cell population under treatment pressure with dexamethasone,

the majority of surviving blasts continue to cycle. These cycling

blasts express even higher levels of CDH2. Therefore, although

a key feature of treatment resistance remains dormant, not all

treatment-resistant cells are dormant, and other mechanisms

warrant further attention. Specifically, emerging evidence has

attributed a senescent-like albeit reversible state to emerge

following chemotherapy and to be associated with treatment

resistance and relapse.73 Such senescent-like phenotypes have

been further attributed to acquisition of ‘‘stemness’’ consequently

leading to oncogenic transformation.74

Cadherin binding ismediated via a unique amino acidmotif that

flanks hepatitis A virus (HAV) sequences in the extracellular

domain and is blocked by the small cyclic peptide, ADH-1,

composed of the unique CDH2 amino acid-binding motif.75

ADH-1 disrupts both CDH2 cell adhesion in a dose-dependent

manner and neurite outgrowth with a half-maximal inhibitory con-

centration (IC50) of 320 mM.76 In preclinical mouse xenograft

studies, a 50-mg/kg dose of ADH-1 significantly reduces
mM ADH-1. Scale bar, 100 mM. Three technical replicates.

atment on direct contact cultures (iMSC) and in transwell cultures. Three tech-

ent with 50 mM ADH-1. Two technical replicates.

7) following treatment with 50 mMADH-1 in (i) iMSC and (ii) iANG co-cultures. (iii)

ical replicates.
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pancreatic cell survival and invasion.56 In addition, 100mg/kg/day

ADH-1 in vivo enhances chemotherapeutic efficacy in CDH2-ex-

pressing melanoma xenografts but not in CDH2�melanoma xe-

nografts, demonstrating the specificity of ADH-1 to inhibit

CDH2.77 Specificity of ADH-1 to CDH2 has also been observed

in clinical trials with increased efficacy in patients with CDH2-ex-

pressing tumors compared to CDH2� tumors.55 Pharmacokinetic

studies in humans indicate a relatively short half-life of ADH-1 in

plasma and a low toxicity profile at all ADH-1 doses adminis-

tered.23–25 Here, we reveal that clinically relevant concentrations

of ADH-124 show high efficacy against a panel of 15 patient-

derived leukemia samples.

Using a xenograft mouse model of a highly aggressive

incurable leukemia we find that ADH-1 efficacy is similar to

that of dexamethasone alone. We show that combination

treatment with ADH-1 and dexamethasone is more efficient

than dexamethasone alone and that the addition of ADH-1

does not confer any additional toxicity. ADH-1 has been

explored as an antiangiogenic drug in early phase clinical tri-

als in solid tumors and published data indicate a tolerable

clinical toxicity profile.23–25,55 ADH-1 may, therefore, be a

candidate for clinical repurposing or a good starting point

for a drug-discovery program to meaningfully target the niche

in blood cancers.

Using the complex hematopoietic BM niche as a paradigm,

our proof-of-concept preclinical platform provides a prototype

that can be adapted to investigate malignant niches in a wide va-

riety of hematological cancers. As an example of proof of confi-

dence in application, our findings highlight the role of N-cadherin

signaling in microenvironment-mediated drug resistance in leu-

kemia. This provides a starting point for the development of safer

and more efficacious therapies to clinically target the tumor

microenvironment.

Limitations of the study
Here, we develop a simplified prototype model to detect cancer-

niche cellular interactions mediating treatment resistance. We

use the BM as a paradigm to study leukemia. Further develop-

ment of the BM model is warranted to first decode the cellular

complexity of the BM in health, aging, and disease and conse-

quently replicate the diverse cellular components with spatial

mimicry in an organoid format. Furthermore, such multicellular

culture systems require advanced technologies to aid in charac-

terization and validation; these include but are not limited to in

situ transcriptomic profiling.

We observe that ADH-1 treatment is not effective in transwell

cultures highlighting the requirement for direct cell-niche contact

for ADH-1 to be effective. However, we also note effective

ADH-1 actionwhen cells are in suspension by themselves. These

findings may be due to an intricate interplay between cell adhe-

sion molecules and secreted factors. Such crosstalk between
Figure 6. ADH-1 demonstrates in vitro synergy in combination with de

(A–C) Percentage of survival following treatment with dexamethasone, ADH-1, an

and (C) L49120 on iMSC, and (D–F) on iANG. Horizontal line depicts the expe

replicates.

(G) Synergy landscapes (3-dimensional [3D] and 2D synergy maps) and ZIP syne

(H) iANG co-cultures over a 7-day period. Two technical replicates.
cell adhesion molecules, growth factors, and cell surface recep-

tors is expected in multicellular environments due to autocrine

and paracrine cell-cell signaling.78,79 Given the immunogenic

role of MSCs,80 such intercellular communications could also

be immune regulated. Mechanisms underpinning interaction

between cell contact molecules and cell-secreted factors,

including immune regulation of cancer-niche interactions, war-

rant further investigation in future studies.
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Figure 7. ADH-1 potentiates dexamethasone sensitivity in vivo

(A) The PDX in vivo efficacy study design. Mice were dosed interperitoneally with either saline vehicle (control), 3 mg/kg dexamethasone (Dex), 200mg/kg ADH-1,

or ADH-1-Dex combined, 13 daily, 53 weekly for 3 weeks (15 doses), 5 mice per treatment group.

(B) Mean whole-body total flux measurements from bioluminescent imaging of each treatment group.

(C) Representative luminescence images ofmice before and after treatment. Mice at each time point are shownwith identical luminescence scale for comparison.

Leukemic blasts are present in the femurs of all of themice at the start of treatment. Signal spreads to BM sites, liver, and spleen in control mice, whereas signal is

barely visible in ADH-1-Dex controls.

(legend continued on next page)

14 Cell Reports Medicine 3, 100717, August 16, 2022

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
AUTHOR CONTRIBUTIONS

Conceptualization, D.P. Methodology, D.P. and H.B. Investigation, D.P.,

H.B., J.P., S.H., M.B., M.S., R.T., R.N., H.M., S.H.A., A.W., S.L.N., S.N.,

P.Z., C.S., P.S., L.J.R., and J.C. Visualization, D.P. and H.B. Validation,

D.P. and H.B. Resources, D.P., H.B., J.V., and O.H. Funding acquisition,

D.P., J.V., and O.H. Project administration, D.P. and H.B. Supervision,

D.P., H.B., J.V., and O.H. Writing – original draft, D.P. and H.B. Writing – re-

view & editing, D.P., J.V., O.H., A.V.M., C.J.H., J.M.A., and C.H.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: November 23, 2021

Revised: May 18, 2022

Accepted: July 19, 2022

Published: August 16, 2022

REFERENCES

1. Agarwal, P., Isringhausen, S., Li, H., Paterson, A.J., He, J., Gomariz, Á.,
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29. Galipeau, J., and Sensébé, L. (2018). Mesenchymal stromal cells: clinical

challenges and therapeutic opportunities. Cell Stem Cell 22, 824–833.

https://doi.org/10.1016/j.stem.2018.05.004.

30. Brachvogel, B., Moch, H., Pausch, F., Schlötzer-Schrehardt, U., Hofmann,

C., Hallmann, R., von der Mark, K., Winkler, T., and Pöschl, E. (2005). Peri-
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Surface Marker Kit

CellSignaling Technology 9656S

Anti-mouse IgG Alexaflour

488 secondary antibody

CellSignalling Technology 4408S

Anti-mouse IgG Alexafluor

594 goat secondary antibody

Life Technologies, Paisley, UK A-11032

Normal goat serum Dako, Cambridgeshire UK X090710-8

Anti-OCT4 Alexafluor

488 antibody
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Anti-SOX2 Alexafluor

647 antibody
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ProLong gold antifade

reagent with DAPI

Molecular Probes, Life

Technologies, Paisley, UK
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ADH-1, ExherinTM AdooQ� Bioscience

LLC, CA, US

Catalog No.: A13689
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Biological samples

E2A/HLF ; Sample at diagnosis In house L707D

E2A/HLF; Sample at relapse In house L707R

BCR/ABL In house L49120

BCR/ABL In house L4951

BCR/ABL In house L4967

E2A/PBX1 In house UCL E2A/PBX1

MLL/AF9 In house UCL MLL/AF9

HYPODIPLOID In house UCL Hypodiploid

MLL/AF4 In house L826
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HIGH HYPERDIPLOID In house L914
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BCR/ABL In house L590R

Hypodiploid adult In house OBL-15

Karyotype unknown, T-ALL In house T-ALL 26
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rearrangement
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Human bone marrow
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Human bone marrow

mesenchymal stroma

In house 6257
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Critical commercial assays

RNeasy mini kit Qiagen, Manchester, UK 74134

RNase-free DNase kit Qiagen, Manchester,

UK

79254

RevertAid first strand

cDNA synthesis kit

ThermoFisher

Scientific, Hetfordshire, UK

K1631

Alkaline Phosphatase

Detection Kit

Merck Millipore,

Hertfordshire, UK

SCR004

RT2 ProfilerTM PCR Array Human

Mesenchymal Stem Cells

RT2 Profiler PCR Array

Qiagen, Manchester,

UK

GeneGlobe ID - PAHS-082Z

RT2 ProfilerTM PCR Array Human

Endothelial Cell Biology

RT2 Profiler PCR Array

Qiagen, Manchester,

UK

GeneGlobe ID - PAHS-015Z

RT2 ProfilerTM PCR Array Human

Extracellular Matrix & Adhesion

Molecules RT2 Profiler PCR Array

Qiagen, Manchester, UK GeneGlobe ID - PAHS-013Z

RT2 ProfilerTM PCR Array Human

Leukemia RT2 Profiler PCR Array

Qiagen, Manchester,

UK

GeneGlobe ID - PAHS-137Z

RT2 ProfilerTM PCR Array Human

Transcription Factors RT2

Profiler PCR Array

Qiagen, Manchester, UK GeneGlobe ID - PAHS-075Z

Deposited data

Raw RNA sequencing data This paper GEO: GSE208060

Whole exome sequencing

raw data

This paper Pal, Deepali (2022), ‘‘hiPSC -derived

bone marrow milieu identifies a clinically

actionable driver of niche-mediated

treatment resistance in leukaemia 1’’,

Mendeley Data, V1,

https://doi.org/10.17632/dn3pvps68y.1

AND Pal, Deepali

(2022), ‘‘hiPSC-derived bone marrow

milieu identifies a clinically actionable

driver of niche-mediated treatment

resistance in leukaemia 2’’, Mendeley

Data, V1, https://doi.org/10.17632/zmgy6sgxbh.

Experimental models: Cell lines

SEM DSMZ RRID:CVCL_0095, Cat# ACC 546

HAL-01 DSMZ RRID:CVCL_1242, Cat# ACC 610

PreB 697 DSMZ RRID:CVCL_0079, Cat # ACC 42

Nalm6 DSMZ RRID:CVCL_0092, Cat # ACC 128

SKNO DSMZ RRID: CVCL_2196, Cat # ACC 690

Kasumi-1 DSMZ RRID: CVCL_0589, Cat # ACC 220

REH DSMZ RRID:CVCL_1650, Cat # ACC 22

HEK293T DSMZ RRID: CVCL_0063, Cat# ACC 305

Oligonucleotides

CDH2 forward primer Sigma-Aldrich, Dorset, UK GGTGGAGGAGAAGAAGACCAG

CDH2 reverse primer Sigma-Aldrich, Dorset, UK GGCATCAGGCTCCACAGT

POU5F1 forward primer Sigma-Aldrich, Dorset, UK GCGATCAAGC AGCGACTA

POU5F1 reverse primer Sigma-Aldrich, Dorset, UK TTCACCTTCCC TCCAACC

NANOG forward primer Sigma-Aldrich, Dorset, UK CCAAATTCTC CTGCCAGTGA C

NANOG reverse primer Sigma-Aldrich, Dorset, UK CACGTGGTTT CCAAACAAGA AA
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GDF3 forward primer Sigma-Aldrich, Dorset, UK CTTATGCTAC GTAAAGGAGC TGGG

GDF3 reverse primer Sigma-Aldrich, Dorset, UK GTGCCAACCC AGGTCCCGGA AGTT

ZFP42 forward primer Sigma-Aldrich, Dorset, UK CGTACGCAAA TTAAAGTCCA GA

ZFP42 reverse primer Sigma-Aldrich, Dorset, UK CAGCATCCTA AACAGCTCGC AGAAT

DNMT3B forward primer Sigma-Aldrich, Dorset, UK TGCTGCTCAC AGGGCCCGAT ACTTC

DNMT3B reverse primer Sigma-Aldrich, Dorset, UK TCCTTTCGAG CTCAGTGCAC CACAAAAC

SNAI1 forward primer Sigma-Aldrich, Dorset, UK ACCACTATGC CGCGCTCTT

SNAI1 reverse primer Sigma-Aldrich, Dorset, UK GGTCGTAGGG CTGCTGGAA

SNAI2 forward primer Sigma-Aldrich, Dorset, UK TGTTGCAGTG AGGGCAAGAA

SNAI2 reverse primer Sigma-Aldrich, Dorset, UK GACCCTGGTT GCTTCAAGGA

CD90 forward primer Sigma-Aldrich, Dorset, UK CACACATACC GCTCCCGAAC C

CD90 reverse primer Sigma-Aldrich, Dorset, UK GCTGATGCCC TCACACTT

GAPDH forward primer Sigma-Aldrich, Dorset, UK GAAGGTGAAGGTCGGAGTC

GAPDH reverse primer Sigma-Aldrich, Dorset, UK GAAGATGGTGATGGGATTTC

Other

Low glucose DMEM Sigma-Aldrich,

Dorset, UK

D5546

FGF-basic recombinant human

protein (10mg)

Life Technologies,

Paisley, UK

PHG0024

Gentle Cell Dissociation Reagent Stem Cell Technologies,

Stem Cell, UK

N/A

Mesoderm Induction Media Stem Cell Technologies,

Stem Cell, UK

N/A

Vitronectin XFTM Stem Cell Technologies,

Stem Cell, UK

Catalog # 100-0763

Cell Adhere Dilution Buffer Stem Cell Technologies,

Stem Cell, UK

N/A

MesenCult ACF Basal Medium Stem Cell Technologies,

Stem Cell, UK

N/A

MesenCult ACF 5X Supplement Stem Cell Technologies,

Stem Cell, UK

N/A

StemProTM Adipogenesis

Differentiation Kit

Thermo Fisher Scientific,

Hertfordshire, UK

A1007001

Matrigel hESC-Qualified Matrix Thermo Fisher Scientific,

Hertfordshire, UK

N/A

Low-glucose Dulbecco’s

Modified Eagle’s Medium

Sigma-Aldrich, Dorset, UK N/A

Oil Red O Dye Sigma-Aldrich, Dorset, UK N/A

StemProTM Osteogenesis

Differentiation Kit

Thermo Fisher Scientific,

Hertfordshire, UK

A1007201

Matrigel hESC-

Qualified Matrix

Thermo Fisher Scientific,

Hertfordshire, UK

N/A

Low-glucose Dulbecco’s

Modified Eagle’s Medium

Sigma-Aldrich, Dorset, UK D5546-500ML

Alizarin Red Dye Sigma-Aldrich, Dorset, UK N/A

StemProTM Chondrogenesis

Differentiation Kit

Thermo Fisher Scientific,

Hertfordshire, UK

A1007101

Safranin O Dye Sigma-Aldrich, Dorset, UK N/A

Mesoderm Induction Media Stem Cell Technologies,

Stem Cell, UK

N/A

Human Recombinant VEGF-165 Stem Cell Technologies,

Stem Cell, UK

N/A
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SB431542 Stem Cell Technologies,

Stem Cell, UK

N/A

Microvascular Endothelial

Cell Growth Medium

Sigma-Aldrich, Dorset, UK N/A

LymphoprepTM Stem Cell Technologies,

Stem Cell, UK

N/A

Serum-Free Medium for Culture

and Expansion of Hematopoietic

Cells (SFEM II)

Stem Cell Technologies,

Stem Cell, UK

Catalog # 09655

CellTraceTM Violet Cell

Proliferation Kit

Thermo Fisher Scientific,

Hertfordshire, UK

N/A

Propidium Iodide (PI) Stem Cell Technologies,

Cambridge, UK

N/A

Hoechst33342 Sigma-Aldrich, Dorset, UK N/A

Pyronin Y Sigma-Aldrich, Dorset, UK N/A

APC Annexin V Apoptosis

Detection Kit with PI

Biolegend 640932
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Lead contact
Further information and requests for reagents and resources should be directed to andwill be fulfilled by the lead contact, Deepali Pal

(deepali.pal@northumbria.ac.uk).

Materials availability
Requests for newmaterials generated in this paper are to be directed to andwill be fulfilled (pendingMTA and associated restrictions)

by the lead contact.

Data and code availability
d De-identified dataset generated here have been deposited at Mendeley Data and are publicly available as of the date of pub-

lication. Mendeley Data, https://doi.org/10.17632/dn3pvps68y.1 andMendeley Data, https://doi.org/10.17632/zmgy6sgxbh.1

DOI is listed in the key resources table. RNA-seq raw dataset generated here has been deposited in theGEO repository and can

be accessed using the Series Record accession: GSE208060.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Ethical approval
Patient-derived leukemia blasts were obtained from the Newcastle Biobank (REC reference number 07/H0906/109 + 5). Samples

obtained from UCL were made under Research Ethics Committee reference 14/EM/0134. All samples were obtained following writ-

ten informed consent. All animal studies were carried out in accordance with UK Animals (Scientific Procedures) Act, 1986 under

project licence P74687DB5 following approval of Newcastle University animal ethical review body (AWERB).

Cell lines

Leukaemia cell lines used include: SEM (RRID:CVCL_0095, female), HAL-01 (RRID:CVCL_1242, female), PreB 697 (RRID:CVCL_0079,

male), Nalm6 (RRID:CVCL_0092, male), SKNO-1 (RRID: CVCL_2196; male), Kasumi-1 (RRID: CVCL_0589; male) and REH

(RRID:CVCL_1650, female). Cells were cultured in RPMI1640 media supplemented with 20% FBS, 4mM L-glutamine at 37�C in a hu-

midified 5%CO2 incubator. Cell lines were confirmed free frommycoplasma infection at regular intervals using aMycoAlert kit (Lonza,

Slough, UK).

HEK293T cell line (RRID: CVCL_0063; female) was also used for purposes of lentivirus production. These were cultured in HEPES-

modified DMEMmedium supplemented with 10% FBS, 4mM L-glutamine and 1mM sodium pyruvate, incubated at 37�C in a humid-

ified 5% CO2 incubator.
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Mesenchymal stroma cells isolated from non cancerous bone marrow of patients undergoing total hip replacements were isolated

and cultured as described in a previous study.15 These cells were cultured in Low Glucose DMEM media supplemented with 20%

FBS, 1%Penicillin/Streptomycin and 4mML-glutamine (GIBCO) at 37�C in a humidified 5%CO2 incubator. Cell were subcultured in a

1:4 ratio once they reached 70% confluence.

BM-iPSC reprogramming and culture

iPSC reprogramming was performed on mesenchymal stroma cells isolated from bone marrow of hip replacement surgeries. Low

passage stroma cells seeded at a density of 18,500 cells/cm2 were transfected using SimpliconTM RNA Reprogramming Kit,

OKSG (Merck Millipore) following pre-treatment with B18R protein. Following puromycin selection over an 8 day period, cells

were subjected to 10 mg/mL of bFGF (GIBCO), 1 mL/mL of Human iPS Reprogramming Boost Supplement II, 10003 (MerckMillipore)

and mouse embryonic fibroblast conditioned media (R&D Systems). iPSC colonies appeared between Day 28–30 post transfection

and were picked under a stem cell microdissection cabinet for subsequent cultures. iPSC cultures were maintained on Vitronectin

XFTM(Stemcell Technologies) coated plates in TeSRTM2 media (Stemcell Technologies). BM-iPSC were subsequently differentiated

to generate iMSC and iANG cells.

BM-iPSC differentiation

BM-iPSC lines were differentiated into mesenchymal stem cells, endothelial and perivascular cells through an intermediate early

mesoderm route using protocols adapted from existing studies.81 Briefly, mesoderm induction was carried in Mesoderm Induction

Media (Stemcell Technologies) for 72 hours following which the cells were subjected to either mesenchymal or vascular specification

steps. Mesenchymal differentiation was achieved by treating the early mesoderm cells with Low-glucose Dulbecco’s Modified Ea-

gle’s Medium (SIGMA), 20% Heat Inactivated Foetal Bovine Serum (GIBCO) and 10 mg/mL of bFGF (GIBCO). Vascular specification

was achieved by treating cells with Mesoderm InductionMedia, 1mMHuman Recombination VEGF-165 (Stemcell Technologies) and

1mMSB431542 (Stemcell Technologies) for 12 days followingwhichCD31+ cells were sorted using flow cytometry for the purposes of

characterisation. All cells following vascular specification weremaintained inMicrovascular Endothelial Cell GrowthMedium (Sigma-

Aldrich) for subsequent co-cultures.

In vivo animal studies

All mouse studies were carried out in accordance with UK Animals (Scientific Procedures) Act, 1986 under project license

P74687DB5 following approval of Newcastle University animal ethical review body (AWERB). Mice were housed in specific pathogen

free conditions in individually ventilated cages with sterile bedding, water and diet (Irradiated No. 3 breeding diet, SDS). Mice were

checked daily to ensure good health. All procedures were performed in a laminar flow hood except bioluminescent imaging (BLI).

NSGmice (NOD.Cg-Prkdcscid Il2rg tm1Wjl/SzJ) aged between 12 and 16weeks, bothmale and female, from in-house colonies were

used for transplantions. Mice were checked daily, weighed and examined at least once weekly during studies to ensure good health.

METHOD DETAILS

Study design
The aim of this study was to use leukaemia as a paradigm and detect a way to clinically target microenvironment mediated treatment

resistance. In order to do this the study design had two goals: 1. To develop a tractable human cell based ex vivoBMmilieu that would

facilitate niche-mediated survival and proliferation of patient-derived cancer cells 2. To reveal microenvironment-dependent

leukaemia biology including proliferation, dormancy and treatment resistance. We developed synthetic human BM niche cell types

fromBMmesenchymal stroma reprogrammed iPSC. In vitro, BM-iPSCwere differentiated intomesenchymal stem cells, perivascular

and endothelial – like cells. We conducted in vitro co-culture experiments that BM-iPSC-derived niche cells could support human

BM-derived haematopoietic cells (3 donors) and patient-derived leukaemia samples (14 samples, 13 diagnostic and 1 relapse).

We conducted gene expression profiling in niche primed blasts to assay niche mediated changes in adherens junction molecules

(2 samples) and confirmed upregulation of CDH2 via qRT-PCR in 7 samples (6 diagnostic and 1 relapse). Consequent functional vali-

dation experiments included CDH2 knockdown in leukaemia cells (4 cell lines) and patient-derived leukaemia cell co-culture on

iMSCCDH2- (3 diagnostic, 1 relapse sample). To validate if CDH2 could be therapeutically targeted in the clinics we performed

in vitro drug dose response assays with CDH2-antagonist ADH-1 (single drug assay: 15 diagnostic, 1 relapse samples, combination:

3 samples). Unless stated all experiments were conducted with a minimum of two independent experimental repeats. All graphical

plots show standard deviation as error bars. All other imaging or flow cytometry data show a representative example of the total num-

ber of experiments.

Immunofluorescent staining

Immunofluorescent staining was conducted on VitronectinTM coated EZ chamber slides. BM-iPSC colonies were fixed using 4%

formaldehyde solution for 20 minutes at room temperature. The cells were then washed twice with 13 PBS for 10 minutes. For nu-

clear staining, cells were permeabilised using 0.1% triton X- 100/1xPBS for 10minutes at room temperature, then washed twice with

13 PBS for 10 minutes. Blocking solution (4% normal goat serum) was added for 30 minutes at room temperature. The cells were

then incubated with the primary antibody (Table S4) using a 1:250 dilution overnight and then washed three times with 13 PBS for

10 minutes. Subsequently cells were incubated with the secondary antibody in 1:500 dilution for 60 minutes at room temperature

before being washed three times with 1xPBS for 10 minutes. Nuclear counterstain DAPI was added to each well in 1:500 dilution
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and incubated at room temperature for 10 minutes. Finally, the coverslip was mounted onto a slide using gold antifade reagent and

slides were visualized using the Nikon A1 confocal fluorescent microscope.

Alkaline phosphatase detection

BM-iPSC were cultured for a minimum of 5 days, when alkaline phosphatase (AP) signal is optimal. On day 6, the cells were washed

three times in PBS for 10 minutes and fixed using 4% paraformaldehyde for 2 minutes. The cells were washed with 1X rinse buffer

(TBST- 20mM Tris-HCL, pH 7.4, 0.15 NaCl, 0.05% Tween-20). Alkaline phosphatase staining solution was prepared fresh by mixing

Fast Red Violet (FRV) with Naphthol AS-BI phosphate solution and sterilised distilled water in a 2:1:1 ratio and added to cover the

base of the well for a 15minute incubation in the dark. Subsequently cells were washed with 13 PBS and stored in PBS until analysis.

Positively stained iPSC colonies could be seen by eye, a microscope was used to visualise the colonies in greater detail.

Ex vivo co-cultures of patient derived leukaemia cells

Patient derived leukaemia samples and nonmalignant CD45+ hematopoietic cells derived from human bonemarrowwere seeded on

iMSC or iANG cultures at a seeding density of 0.5-1 million cells/mL in SFEMII media (Stemcell Technologies) using protocols adapt-

ed from existing studies.15,69 I-niche cells were seeded onto Vitronectin XFTM(Stemcell Technologies) coated plates. 24 hours later,

the i-niche cells were seeded onto the coated plastic in their respective media at a seeding density of 10,000 cells/cm2. Following

another 24 hours leukaemia cells were seeded onto the i-niche cells with drug treatment starting on the following day and lasting

for 7 days. Leukaemia cells were harvested from the co-cultures at end of experiment by trypsinization. Following this leukaemia cells

were separated from the feeder cells using a 10mM cell strainer. Consequently tagged leukaemia cells (eg: with CTV) were further

purified using fluorescence-activated cell sorting (FACSAria, BD Biosciences).

Drug dose response

Single agent and combinatorial drug dose response assays were set up as previously described.15,69 Briefly, patient-derived

leukaemia cells were seeded at 0.5-1 million/mL density onto iMSC or iANG cells. Clinically relevant concentration of different treat-

ment compounds were added 24 hours later and cells were harvested for manual counting after a 5 day period.

Cell generational tracing

10mM CellTraceTM Violet (Life Technologies), Excitation/Emission: 405nm/450nm was used to stain patient derived leukaemia cells

at a cell density of 1 million/mL in 1X phosphate buffered saline for a total of 20 minutes at 37C, 5%CO2 following which excess stain

was removed and cells were immediately put into co-culture in SFEMII media for subsequent cell fate tracking and/or sorting using

flow cytometry.

Cell cycle and G0 analysis

Following co-culture cells were harvested as per existing protocols15 and subsequently stained with 10 mg/mL of Hoechst 33342

(Sigma-Aldrich), Excitation/Emission: 350nm/450nm for 45minutes at 37C, 5%CO2 at a cell density of 1million/mL in SFEMII media.

Following this, 5mL of 100 mg/mL Pyronin Y (Sigma-aldrich), Excitation/Emission: 480nm/575nm was added to each 1 million/mL

sample and stained for a further 15 minutes in the same conditions. Samples were then transferred onto ice and analysed by flow

cytometry.

FISH

5 million cells were pelleted through centrifugation for 3 minutes at 1,200 rpm, supernatant was subsequently discarded and 10mL

0.075M potassium chloride (pre-heated to 37 degrees) was added dropwise whilst mixing on a vortex. Samples were Incubated for

10min at 37�Cand further centrifuged at 1,200 rpm for 5minutes. Supernatant was discarded and pellet vortexed. Following this 1mL

of fresh fixative (3:1 methanol: acetic acid) was added dropwise with continuous vortexing which was then topped up to 5mL.

Following another centrifugation step 1mL of fresh fixative was added for subsequent hybridisation procedure.

Briefly, 0.2ul of FISH probes (Dakocytomation TCF3 FISH DNA probe split signal, Agilent for E2A/HLF samples OR RP11-773I18

fluorescently labelled BAC probes82 to detect RUNX1 amplification in iAMP21 samples) were mixed with 2.8ul hybridisation buffer

(Cytocell, New York, USA) and denatured at 75�C for five minutes followed by hybridisation at 37�C overnight. Coverslips were

removed in 23 SSC and slides washed in 0.02% SSC with 0.003% NP-40 at 72 �C for two minutes followed incubation in 0.1%

SSC at room temperature for two minutes. Slides were mounted with 10 ul DAPI (Vector laboratories, California, USA). Scoring

was performed on an automated Olympus BX-61 florescence microscope with a 3100 oil objective using CytoVision 7.2 software

(Leica Microsystems, Newcastle-upon-Tyne, UK). Where possible, more than 100 nuclei were scored for each FISH test by two in-

dependent analysts. A cut-off threshold of >5% was established by counting the number of abnormal (false positive) signals gener-

ated when probes were hybridised to normal cells.

mRNA-sequencing and analysis

Sequencing libraries were prepared using the TruSeq Stranded mRNA Sample Preparation Kit [Illumina] following manufacturer’s

instructions. Pooled libraries were sequenced at 40 Million (2 x 75 bp) reads per sample using a NextSeq 500 and High Output Kit

(150 cycles) [Illumina]. The quality of sequenced reads was assessed using FastQC,83 which suggests high quality data with all reads

have Phread score >30 across all bases. For each sample, transcript abundance was quantified from raw reads with Salmon (version

0.8.2)84 using the reference human transcriptome (hg38) defined by GENCODE release 27. An R package Tximport (version 1.6.0)85

was used to estimate gene-level abundance from Salmon’s transcript-level counts. DESeq2 (version 1.18.1)86 was used to generate

gene-level normalized counts and to perform differential expression analysis.
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Whole-exome sequencing data analysis

Sequencing libraries were prepared using the Nextera Rapid Capture Exome Kit [Illumina] following manufacturer’s instructions.

Pooled libraries were sequenced at >90X coverage (2 x 75 bp) per sample using a NextSeq 500 and High Output Kit (150 cycles)

[Illumina].Raw reads were aligned to human reference genome (hg19) using Burrows-Wheeler Aligner (BWA) 0.7.1287 and were pro-

cessed using the Genome Analysis Toolkit (GATK, v3.8) best practices recommended workflow for variant discovery analysis.88–90

MuTect (v1.1.7) and MuTect291 were used to identify somatic variants (SNPs and INDELs) in the iMSC and iANG primed patient

derived blasts that were not present in the blasts prior to co-culture. Variants were annotated using Ensembl Variant Effect Predictor

(VEP, version 90).92 Circos plots of exonic mutations with allele frequency >25% were generated using Circos.93

Quantitative RT-PCR

RNA was extracted using Qiagen RNEasy Micro Procedure as per manufacturer’s protocol following an on column DNAse removal

step. RevertAidTMHMinus First Strand cDNA Synthesis Kit (ThermoFisher Scientific) was used to synthesise cDNA. 500ng RNAwas

collected and added to RNase/DEPC free water to a final volume of 11mL. 1mL (dN)6 (200mg/L) random hexamers was added, mixed

gently by inverting the vial and briefly centrifuged. Using a GeneAmp PCR system 2700 the sample was incubated at 65 �C for 5 mi-

nutes, after which the sample was immediately placed on ice, 8mL of the master mix (5X Reaction Buffer, 20U/ml RNase Inhibitor,

10mMdNTP and 100 U/ml RevertAid HMinusMMLVRT) was added, the samples were vortexed and briefly centrifuged. The samples

were placed back in the PCR machine to incubate at 25�C for 10 minutes, 42�C for 60 minutes and 75�C for 10 minutes to terminate

the reaction.

Primers were reconstituted in RNase/DNase free water to a working solution of 10mM. The PCR master mix (reverse and forward

primer, Applied Biosystems SYBR-Green PCR master mix and RNase free water) was mixed well by gently pipetting the solution,

8mL/well was added to a 384-well PCR plate, 2mL cDNA was then added to each well to a total of 10mL/well. The plate was sealed

and centrifuged for 1 minute at 1000RPM and placed in an Applied Biosystems 7900HT Sequence Detection System for 40 cycles.

This included a denaturation step at 95�C, an annealing step at 60�C and an elongation step at 90�C.
For RT-PCR arrays (see Key Resources Table) cDNA was synthesised using RT2 First Strand Kit (Qiagen) and subsequent PCR

stepwere performed as above but using RT2 SYBRGreen ROXqPCRMastermix (Qiagen) and PAHS-086ZE-4 - RT2 ProfilerTM arrays

(Qiagen) as per manufacturers protocol. Data was normalized with respect to an average of 5 House Keeping Genes (HKG): ACTB,

B2M, GAPDH, HPRT1, RPLP0.

Functional in vitro knockdown, leukaemia cell lines

In order to engineer a doxycycline conditional RNAi approach oligos (shRNA guide strand) designed against CDH2were cloned into a

pL40C.T3.dTomato.miRN.PGK.Venus.IRES.rtTA-V10.WPRE backbone as per published protocols.59,94 In this approach a human

miR-30 backbone retaining native flanking sequences is combined with a lentiviral vector system that allows for conditional RNAi

downregulation of genes. This is characterised by improved doxycycline sensitivity and mitigated leakiness. Oligonucleotide design

was performed using an online tool that included Sensor criteria along with additional ranking criteria as per published protocols.94

Following bacterial transformation and plasmid amplification DNA sequence was confirmed through sanger sequencing. Plasmid

DNA was obtained using Endofree� Plasmid Kit (Qiagen) and introduced into HEK293T cells for lentivirus production. The

HEK293T cells were grown in 150 mm tissue culture dishes at a concentration of 3 x 106 cells in 30 mL DMEM media the day prior

to the co-transfection. On the following day, 45 mg packaging plasmid pCMVDR8.91, 15 mg envelope plasmid pMD2.G, and 60 mg

shRNA expression vector were co-transfected using calcium phosphate precipitation method. The cells were incubated for 72 hours

and the recombinant pseudotyped lentivirus-containing supernatant was collected for subsequent concentration of the thus engi-

neered lentivirus. Lentiviral transduction was performed on leukaemia cell lines as described previously and transduced

(Venus + ve), doxycycline induced cells (dTomato + ve) were selected by flow cytometry.

Through additional experiments we show that rescuing the knockdown via exogenous CDH2 cDNA transfection reverse the effects

of the knockdown and restores proliferation. For these experiments we rescue the shRNA effect by expression of an shRNA-resistant

form of CDH2. This exogene was optimised using GeneArt gene synthesis online portal. GeneArt gene synthesis portal is a multipa-

rameter RNA and codon optimisation tool that generates optimised synthetic genes that have been reported to be sufficiently

different from the wild type sequence without any alterations on gene functionality.54

Functional in vitro knockdown, iMSC
iMSC were transduced with sc-29403-V N-cadherin shRNA lentiviral particles (Santacruz Biotechnology) as per manufacturer’s pro-

tocols and stable cell lines expressing the shRNA were isolated using puromycin selection at 2 mg/mL.

Mouse transplantation studies
Leukemia PDX cell production

NSG mice were injected with 1x10E4 -1x106 cells in 20–30mL/mouse in RPMI1640 (SIGMA), 10% FBS (Sigma) intrafemorally (i.f.)

directly into the femur bone marrow. During the procedure mice were anesthetised by isoflurane inhalation and provided with

analgesia (Carprofen, 5 mg/kg subcutaneously with 29G needle). Mice were humanely killed at a time point prior to adverse health

effects as determined by previous studies and the presence of an enlarged spleen visible through the skin of the abdomen. Any mice
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that displayed symptoms of leukaemia such as weight loss, anaemia, and hypotonia were immediately humanely killed. PDX cells

were harvested from the spleen via cell disruption though a cell strainer (40mm, SLS Ltd.), washed twice in sterile PBS and stored

frozen in 10%DMSO;90%FBS (Sigma).

Teratoma studies

5 NSGmice (group size determined from previous studies) per i-niche sample were injected with 5x105 cells 1:1 in Matrigel (Standard

formulation, Corning Inc.) subcutaneously in a volume of 100mL per mouse on the flank with a 29G needle. Tetratoma formation was

assessed and measured using calipers at least once weekly. Mice were humanely killed when tumours reached 1.5cm diameter in

any direction. Masses were dissected and fixed in formalin for H&E staining by standard methods.

Engraftment of i-niche cultured PDX cells

3x105 L707D PDX Luc+ GFP+ cells following culture with either iMSC or iANG were injected i.f. into 3 mice/niche. Engraftment was

assessed via BLI (see below) and spleen size.

ADH-1/Dex in vivo efficacy study

A dose escalation toxicity test was performed in 2 female and 2male NSGmice to determine a tolerated dose and schedule. 20 NSG

mice were injected i.f with 1x104 L707D PDX Luc+ GFP+ 1x105 Luc+ GFP+ cells in 20mL media/mouse as described above. Mice in-

jectedwith this PDX have an event free survival of 4–5weeks. The studywas designed to end 28 days after transplant tomaximise the

number of PDX cells harvested, to minimise any mouse ill health and to compare treatment effect by comparison of tissue engraft-

ment. Six days after injection, mice were randomised into 4 treatment groups. Mice were housed in a least two cages per treatment

group to minimise cage effects. Five mice per group was calculated to be the minimum number to identify a significant difference in

BLI total flux between the groups after 3 rounds of dosing. Treatments were administered via intraperitoneal injection using a 29G

needle and saline (0.9% w/v) vehicle in a volume of 5 mL/g mouse weight. ADH-1 (Adooq Bioscience) was dissolved in saline just

before injection. Dexamethasone sulphate solution was diluted in saline and combined with ADH-1 for a single injection. Groups

were given either saline (CV), 3 mg/kg dexamethasone (Dex), 200 mg/kg ADH-1 or Dex/ADH-1 combined (3mg and 200 mg/kg

respectively), 13 daily, 53 weekly for 3 weeks. Engraftment was assessed via bioluminescent imaging (IVIS Spectrum, Caliper

with Living Image Software). For imaging, mice were injected with 150 mg/kg d-luciferin interperitoneally (In vivo Glo, Promega)

and anaesthetised with isoflurane. Mice were humanely killed, and spleen cells harvested as described above. A portion of spleen

was fixed in formalin for immunohistochemistry. Muscle was removed from all leg and hip bones and bone marrow (BM) cells were

isolated by crushing the bones in PBS in a pestle and mortar and washing the bone fragments with PBS.

Engraftment assessment of mouse spleen and BM

Isolated cells were counted and suspended in 0.05%BSA (Roche) in PSB. Cells were stained with mouse CD45 PeCy7 and human

CD45 FITC (BD Biosciences) following suppliers’ instructions and analysed by flow cytomentry (Attune, Thermo)

Fixed tissues from the efficacy studymice were processed for immunochistochemistry by Cellullar Pathology, RVI Newcastle Hos-

pitals NHS trust using standard methods as follows. Briefly, bones were decalcified using EDTA. Tissues were infiltrated with and

embedded in parrafin wax. Sections on slides were staining with either, hematoxylin and eosin (H&E) or, human CD19 antibody using

a Ventana BenchMark Ultra (Ventana, Roche), and Universal DAB Detection kit (Ultraview) to produce a brown chromogen at the site

of human CD19. Slides were scanned using an Aperio ScanScope (Leica) and images analysised using Leica eSlide manager

software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics
A two-way analysis of variance, multi comparisonwith Tukey test was used to compare in vivo efficacy group total fluxmeasurements

from bioluminescent imaging. One way analysis of variance was used to compare engraftment of BM and spleen and, spleen weight

for in vivo efficacy treatments. All statistical tests were performed using GraphPad Prism 6.
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S1. Related to Fig.1. Development and characterization of MYC and virus free BM-iPSC. A. Relative mRNA 

expression of pluripotent transcripts in BM-iPSC wrt HKG (GAPDH) B. Cell surface marker SSEA4, TRA-1-60 

staining and nuclear POU5F1 and SOX2, in feeder-free and xeno-free cultures of BM-iPSC. Scale bar = 100µM C. 

Image showing BM-iPSC stained for Alkaline phosphatase. Scale bar = 100µM D. mRNA expression wrt HKG 

(GAPDH) of in vitro differentiation of BM-iPSC derived embryoid bodies E. Photomicrograph of BM-iPSC 

differentiation into early mesoderm cells over 72 hours. Scale bar = 100µM F. mRNA expression of pluripotent 

transcripts (HKG = GAPDH) during mesodermal differentiation of BM-iPSC: pre mesoderm induction and at 24, 48 

and 72 hours after mesoderm induction. G. mRNA expression (HKG = GAPDH) of mesodermal genes during 

mesodermal differentiation H. Relative mRNA expression of mesoderm genes RUNX1, PAX3 and NOTCH1 and 

WNT5A during mesodermal differentiation of BM-iPSC 
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S2. Related to Fig.1. BM-iPSC generate mesenchymal (iMSC) and angiogenic (iANG) niche cells. A. Relative 

mRNA expression of messenchymal genes RUNX1, SNAI1 and ANGPT1 and WNT5A during in early mesoderm 

(mesoderm induction, MI at 48 hrs), iMSC and iANG B. BM-iPSC derived early mesoderm, mesenchymal [iMSC] 

and vascular [iANG] cells demonstrate distinct transcriptomic profiles as evaluated by high throughput qPCR gene 

expression arrays. C. mRNA expression in iMSC normalised to BM-MSC. D. iMSC differentiate into chondrocytes 

[iC], osteocytes [iO] and adipocytes [iA] with distinct gene expression profiles E. CD31 expression in iANG cells 

stained with CD31 antibody (bottom dot plot) versus when stained with isotype control (top dot plot). 54% cells are 

CD31+ve and 46% are CD31-ve in the stained sample versus 1% within the CD31+ve gate for the relevant isotype 

control. F. mRNA expression in iPSC-derived endothelia normalised to HUVEC cells.    
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S3. Related to Fig.2. Characterisation of niche primed leukemia cells. A. Counts of patient ALL cells on primary 

MSC, iMSC and in feeder-free suspension(None) over 7 days. Dotted line = starting cell count. B-C. Cell counts of 

ALL cells on direct contact and transwell co-cultures with B. iMSC and C. iANG over 7 days with cell counts in 

direct contact cultures standardized to 100%. D. FISH images of E2A-HLF break-apart probe showing 1 breakpoint 

and 1 intact loci in baseline and retention of this staining in b-iMSC, b-iANG scale bar = 10 µm. E. Scoring data 

confirms retention of initial cytogenetic translocation in niche primed ALL.  L707 = E2A breakpoint; iAMP21 = 

additional copies of RUNX1 which is a feature of iAMP21 (abnormal amplification of chromosome 21) samples. F-

G. Circos plots showing whole exome changes in patient blasts following co-culture on F. iMSC and G. iANG over 

4 weeks. Green=silent:synonymous_variant/non_coding_transcript_exon_variant, black= UTR_variant, red = 

missense variant, blue = inframe deletion H. % exomes that are unchanged in patient blasts following i-niche co-

culture. I. Cell counts from a patient with biphenotypic MLLre leukaemia [MS40] on iMSC, iANG and in niche-free 

suspension cultures over 7 days. J. Immunophenotyping of MS40 blasts in niche-free suspension culture [top panel] 

and MS40 blasts primed by iMSC and iANG [middle, bottom panel] after 7 days.K. RNA Sequencing data showing 

adhesion molecules expression in patient ALL sample L707D blasts before co-culture are compared to blasts 

following a 7-day co-culture on iMSC (b-iMSC) and iANG (b-iANG). 
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S4. Related to Fig.3. Under Dexamethasone treatment pressure CDH2 is upregulated by iMSC-primed cycling cells. 

A. Fast and slow dividing niche primed blasts from relapse sample (L707R) on iMSC [red] and iANG [blue] at Day 

7. CTV = Cell trace violet dye B. Cell generational tracing dot plots showing slow cycling leukaemia cells when co-

cultured on i. iANG and ii. iMSC without and with dexamethasone treatment over a seven day period. C. Cell counts 

following 10nM dexamethasone treatment on patient leukaemia cells at diagnosis [L707D] and relapse[L707R]. 

Counts taken at day 7. D. CDH2 mRNA levels in fast cycling iMSC-primed patient leukaemia cells (samples MS40, 

L4967, L49120) standardised against slow-cycling cells under dexamethasone pressure. 
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S5. Related to Fig.4. CDH2 drives leukemia proliferation and reduces sensitivity against Dexamethasone. A. CDH2 

mRNA levels in cell lines B. Scatter plot showing gene expression in control and CDH2 knockdown in SEM 

leukaemia cells. C-E. Fold change in qPCR gene expression following CDH2 shRNA knockdown in leukaemic cell 

line SEM. Genes profiled include C. those that play a role in human leukaemogenesis.  D. Transcription factor and 

E. Chromatin remodelling factors F. Flow cytometry data showing CDH2 expression in ALL (HAL-01) and AML 

(Kasumi-1) cells following CDH2 knockdown experiments. Bold line represents non targeting control, NTC and 

dashed line represents CDH2 knockdown cells. G. Rescue of CDH2 protein expression in knockdown cells 

following transfection with an exogenous optimised CDH2 sequence H. Cell counts in CDH2 shRNA knockdown 

cells versus CDH2 knockdown cells that have been transfected with the exogenous optimised CDH2 sequence. All 

experiments performed 48 hours following transfection 
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S6. Related to Fig.5. CDH2 antagonist ADH-1 a repurposed compound is identified to show high efficacy on a wide 

range of patient derived leukemia cells Drug dose response curves with ADH-1 on patient leukaemia samples. Data 

is from 2 technical repeats       
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S7. Related to Fig.7. ADH-1 potentiates dexamethasone sensitivity in vivo.   CD19 immunohistochemistry staining 

of sections from A. Human tonsil, positive control; B. Naïve, non-leukaemic mouse bone marrow, negative control, 

and C. Mouse bone marrow from a L707 PDX transplanted mouse at pre-treatment stage, with BLI total flux 

equivalent to efficacy study day6 pre-transplant. Scale bar = 50µm. D. Weights of mice (2mice/sex) administered 

with 3mg/kg Dexamethasone, 200mg/kg ADH-1 (Dex/ADH-1) via intraperitoneal injection, 1x daily, 5x weekly for 

3 weeks. Mice appeared healthy with no clinical signs of ill health. Slight weight loss was observed consistent with 

single drug dexamethasone dosing. E. Dex/ADH-1 feasibility efficacy study. Mean bioluminescent imaging total 

flux (left) and spleens at 21 days (right) from L707D Luc+ ALL PDX mice, 3 mice/group treated with control 

vehicle (CV) or Dex/ADH-1 for 9 doses as for D. At 21 days the mean total flux is significantly different between 

CV and Dex/ADH-1 groups t-test, p=0.002.and spleen at 21 days are smaller. F. Spleen weights of mice treated as 

indicated. Lines indicate mean and SE, symbols are individual mice. 1 way ANOVA, * p<0.05, ****p<0.00005 

 

B. C. A. 

E. 
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Table S1. Related to Fig.1.  Microsatellite profiling confirms the BM-iPSC are an identical match to the parental 

primary bone marrow mesenchymal stroma cells for the 16 microsatellites tested including amelogenin, a sex 

marker  

 

 

 

 

 

DNA Marker 6255, BM-MSC 6255, BM-iPSC 6257, BM-

MSC 

6257, BM-

iPSC 

Amelogenin X-X X-X X-X X-X 

D3S1358 16-16 16-16 14-15 14-15 

THO1 9.3-9.3 9.3-9.3 07-08 07-08 

D21S11 30-30 30-30 28-29 28-29 

D18S51 16-16 16-16 16-18 16-18 

PentaE 10-15 10-15 08-13 08-13 

D5S818 12-12 12-12 11-13 11-13 

D13S317 11-13 11-13 12-12 12-12 

D7S820 09-11 09-11 10-10 10-10 

D16S539 11-11 11-11 10-11 10-11 

CSF1PO 10-10 10-10 10-12 10-12 

PentaD 09-13 09-13 10-12 10-12 

vWA 16-18 16-18 16-17 16-17 

D8S1179 11-12 11-12 11-15 11-15 

TPOX 08-11 08-11 08-11 08-11 

FGA 19-20 19-20 19-25 19-25 
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Mouse number 
from culture 

with IVIS total flux (p/s) Killed  
spleen wt 

(g) 
Liver wt 

(g) 

  2 weeks 3 weeks    

1 iMSC 1.14E+06 2.26E+06 4.5 weeks 0.57 1.97 

2 iMSC 1.17E+06 1.03E+06 4.5 weeks 0.52 2.18 

3 iMSC 1.24E+06 1.82E+06 4.5 weeks 0.51 2.12 

  Av 1.71E+06  0.53 2.09 

4 iANG 1.33E+06 1.71E+06 4.5 weeks 0.35 1.81 

5 iANG 6.95E+05 2.10E+06 4.5 weeks 0.32 1.86 

6 iANG 1.01E+06 1.78E+06 4.5 weeks 0.37 2.09 

  Av 1.86E+06  0.35 1.92 
 

 

Table S2. Related to Fig. 3. B. Bioluminescent imaging total flux and organ weights of NSG mice transplanted 

intrafemorally with 300,000 L707D PDX cells following their culture with i-niche. Total body engraftment 

(measured by total flux) did not differ significantly between the two niche grown PDX however the spleens of mice 

transplanted with iANG grown cells were significantly smaller (measured by weight) suggesting a reduction in 

system engraftment of cells to the BM. The liver in this PDX model contains very few engrafted cells so is a control 

for mouse size. 
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