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One Sentence Summary:
Chemoresistant human CD347°/CD38* MLL leukemic stem cells originate from HSCs and

can be re-sensitized by targeting ABCC3 with fidaxomicin.



Abstract

Chemoresistance remains the major challenge for successful treatment of acute myeloid
leukemia (AML). Although recent mouse studies suggest that treatment response of
genetically and immunophenotypically indistinguishable AML can be influenced by their
different cells of origin, corresponding evidence in human disease is still largely lacking. By
combining prospective disease modeling using highly purified human hematopoietic stem or
progenitor cells with retrospective deconvolution study of leukemia stem cells (LSCs) from
primary patient samples, we identified human hematopoietic stem cells (HSCs) and common
myeloid progenitors (CMPs) as two distinctive origins for human AML driven by Mixed
Lineage Leukemia (MLL) gene fusions (MLL-AML). Despite LSCs from either MLL-
rearranged HSCs or MLL-rearranged CMPs having a mature CD347°/CD38*
immunophenotype in both the humanized model and primary patient samples, the resulting
AML cells exhibited contrasting responses to chemotherapy. HSC-derived MLL-AML was
highly resistant to chemotherapy and expressed elevated amounts of the multispecific anion
transporter ABCC3. Inhibition of ABCC3 by shRNA-mediated knockdown or with a small
molecule inhibitor, fidaxomicin currently used for diarrhea associated with Clostridium
difficile infection, effectively re-sensitized HSC-derived MLL-AML towards standard
chemotherapeutic drugs. This study not only functionally established two distinctive origins of
human LSCs for MLL-AML and their role in mediating chemoresistance, but also identified a
potential therapeutic avenue for stem cell-associated treatment resistance by repurposing a

well-tolerated anti-diarrhea drug already used in the clinic.



Introduction

Chemoresistance is a major clinical challenge for acute myeloid leukemia (AML)
treatment and is often mediated by leukemia stem cells (LSCs) (1). Although specific genetic
mutations have been instrumental in guiding treatment regimens, heterogeneous responses are
still observed even within genetically homogeneous subgroups, including those driven by gene
fusions involving mixed lineage leukemia (MLL) (collectively referred to as MLL-AML),
suggesting that non-genetic drivers cause the observed functional heterogeneity (2, 3). AML
can arise from different progenitor populations, which could contribute to the heterogenous
responses of the cells. Therefore, identification of the origins of cancer stem cells (CSCs) is
considered an essential and major missing piece for better understanding the developmental
biology of the disease and designing effective treatments (4, 5). Retrospective studies using
primary samples from patients with AML led to identification of distinct types of LSCs with
immunophenotypes (the specific combinations of surface marker proteins) resembling those of
various types of normal hematopoietic stem and progenitor cells (HSPCs) ranging from
hematopoietic stem cells (HSCs) (Lin"CD34*CD38) (6, 7), to early progenitors (CD34*CD38"
™) such as lymphoid-primed multipotent progenitors (LMPPs), granulocyte-macrophage
progenitors (GMPs) (8), and more mature (CD34°) GM-precursors (9, 10). In contrast, studies
aiming to identify pre-LSCs based on detection of candidate driver mutations in “normal”
mutated HSPC populations in patients with AML could only infer HSC-like cells as their
potential origins (11, 12). Although these retrospective approaches using patient samples have
provided insights to the origins of human AML stem cells, they have several caveats.
Interpretation of these retrospective studies can be complicated by the use of different
immunophenotypic definitions for HSPCs in different studies. For example, some studies
include the presence of myeloid markers, which are absent in the normal HSPC counterparts,

when defining leukemic HSPCs (8, 9, 11-14). In addition to immunophenotypes, the function



of the identified pre-leukemic cells or “normal” mutated HSPCs carrying the mutations also
differ from their normal counterparts. For example, the pre-leukemic HSC-like cells lack the
ability to differentiate into T cells (11, 12); which however is a defining and essential property
for normal HSCs. An alternative, but not mutually exclusive, approach to retrospective studies
is disease modeling using mouse cells. This disease modeling approach has been applied to
prospectively identify the potential cellular origins of various cancers including AML (3-5, 15).

Given the clinical importance and well-defined genetic features of MLL-rearranged
leukemias, prospective functional studies were performed to investigate the potential cells of
origin in MLL-AML (15). Ectopic expression of MLL-ENL or MLL-GAS7 chimeric fusion in
well-defined mouse HSPCs revealed that both HSCs and short-lived myeloid progenitors,
including GMPs, serve as the origins of mouse AML stem cells (16, 17). Subsequently, ectopic
expression of the chimeric transcription factors MLL-AF9 or MOZ-TIF2, both of which are
associated with specific genetic variants of human AML, also transforms mouse GMPs (18-
20), suggesting that HSCs and GMPs are common cellular targets for AML driven by
oncogenic chimeric transcription factors. The gene expression profiles of AML originating
from mouse GMPs or HSCs also correlate with different prognostic outcomes (21-24),
suggesting a key function of cells of origin in governing disease biology. However, strong
functional evidence for the existence of different origins of immunophenotypically and
genetically indistinguishable human AML is lacking. To address the different results obtained
from retrospective analyses of human patient samples and prospective disease modeling studies
based on mouse cells, reconstruction of the human disease using corresponding human primary
cells is key (25, 26). Taking advantage of the success in modeling human MLL-AML (27, 28)
together with the advances in isolating functionally defined human hematopoietic cell
populations (29-31), the current study identified the potential cells of origin and molecular

vulnerability of chemoresistant human MLL-AML stem cells.



Results
Human HSCs and CMPs are cellular targets for MLL-fusion—mediated transformation.

To prospectively and functionally identify the origin of MLL-AML stem cells, we
reconstructed human AML cells using highly purified and functionally validated human
hematopoietic cells isolated from umbilical cord blood (fig. SLA). The isolated cells including
HSCs, CMPs (common myeloid progenitors), LMPPs, and GMPs (fig. S1B-E) were used as as
the testing populations in a modified retroviral transduction and transformation assay (RTTA)
(32), which had been successfully deployed to model human MLL-rearranged leukemia driven
by MLL-ENL and MLL-AF9 (27, 28).

Since ENL and AF9 are part of the same protein complex (EAP complex, also called
AEP complex or SEC, comprised of ENL, AF4, AF9, AF10, ELL, and pTEFb) and their MLL
fusions behave similarly in transforming hematopoietic cells in both mouse and human studies
(3), we used MLL-ENL as a representative MLL-AML involving EAP complexes. We also
included the poorly characterized and most common MLL fusion that is not part of EAP
complexes, MLL-AF6 (33). MLL-AF6 is believed to function by forcing dimerization of
truncated MLL (34, 35).

Expression of MLL-ENL or MLL-AF6 (collectively referred to as MLLX) in human
LMPPs and GMPs had little effect on their growth. Like their normal untransduced
counterparts, these cells ceased to proliferate in 3 — 6 weeks (Fig. 1A, fig. S1F). HSCs and
CMPs transduced with MLLx continuously proliferated and morphologically resembled
immature blasts with myeloid characteristics (Fig. 1A, B). As a quantitative indicator of
differentiation status, we used a nitroblue tetrazolium (NBT) assay. Consistent with their
immature morphology, few of the HSCs and CMPs transduced with MLLx were NBT-positive
(Fig. 1C, figure S2A). Compared to MLLx-transduced LMPPs and GMPs, transduced HSCs

and CMPs had lower percentages of apoptotic or necrotic cells (Fig. 1D, fig. S2B) and higher



long-term culture-initiating cell (LTC-IC) frequencies, indicating enhanced self-renewal (Fig.
1E, fig. S2C). Western blot analyses of the HSCs and CMPs transformed by MLLXx confirmed
their comparable MLL fusion expression as those found in various patient-derived AML cell
lines (fig. S2D), demonstrating pathologically relevant amounts of MLL fusion protein in our
models despite retroviral expression. Because both MLL-ENL and MLL-AF6 transformed
only HSCs and CMPs and not LMPPs and GMPs, this lineage-restricted transformation ability
was not unique to MLL fusions that belong to part of the EAP complex.

Despite their different origins, HSCs and CMPs transformed by MLL-ENL or MLL-
AF6 exhibited very similar immunophenotypes, CD347°/CD38*/CD123*/CD45RAY"
/CD11b*/CD13*/CD33*/CD45*/CD64*/CD14*"/CD4*/CD32*/CD15*/HLA-DR* (Fig. 1F),
consistent with the biphenotypic immunophenotype of MLL-AML found in patients (36) (table
S1in data file S1). This property suggested that human HSCs and CMPs are cells of origin for
MLL-AML.

To gain insight into the potential molecular mechanisms underlying differential
susceptibility to transformation by MLL fusions, global expression analysis by RNA
sequencing (RNA-Seq) was performed at ~14 days after MLL-ENL or MLL-AF6 transduction
(table S2 in data file S1). At this time point, all cultures had similar proportions of immature
early myeloblasts along with differentiated macrophages (fig. S3A). We combined the results
from the cell populations that exhibited transformation (HSC-MLL-ENL, HSC-MLL-AF6,
CMP-MLL-ENL, and CMP-MLL-AF6, collectively referred to as HSC/CMP-MLLX) and
those that did not (LMPP-MLL-AF6, LMPP-MLL-ENL, GMP-MLL-ENL, and GMP-MLL-
AF6, collectively referred to as LMPP/GMP-MLLXx). No significant (p > 0.05) differences
between HSC/CMP-MLLx and LMPP/GMP-MLLx cultures were observed at the level of

morphology (fig. S3A) or differentiation (fig. S3B-C).



Principle component analysis of normal and MLLx-transduced cell populations from 2
independent cord blood donors indicated greater variation by cell type than by donor (fig. S3D).
Comparable expression of MLL fusion was observed between HSC/CMP-MLLXx and
LMPP/GMP-MLLx and gene set enrichment analysis (GSEA) revealed activation of MLL-
fusion gene expression programs (37) in all populations compared to their untransduced
counterparts (fig. S3E), indicating functionally and transcriptionally active MLL fusion
proteins in all transduced populations. Differential expression analysis (DESeq2) revealed
1295 genes that were significantly (adj. p-value < 0.05) upregulated in MLLx-transduced HSCs
or CMPs compared to MLLx-transduced LMPPs or GMPs, and 1780 genes that were
downregulated (Fig. 1G, table S3 in data file S1). To focus on genes that show the least
variation within each group, a one-way ANOVA was performed [false discovery rate (FDR) <
0.05] on RNAseq read counts that were transformed with two complementary methods (vst —
variance stabilizing transformation; and rlog — regularized log transformation from the DESeq2
package) to minimize noise. Their overlap with the differentially expressed genes identified by
DESeq? yielded 45 genes that were highly expressed in HSC/CMP-MLLXx (Fig. 1G-H, table
S3, 4 indata file S1). Most of the differentially expressed genes, including MEIS1 and HMGAZ2,
were also found in by comparing HSC/CMP-MLLXx from late immortalized cultures (6 — 10
weeks) to MLLx-transduced LMPPs and GMPs in short-term culture (fig. S3F, table S3 in data
file S1), indicating that these differentially activated genes are critical for transformation of the
targeted hematopoietic populations. As a proof-of-principle, two independent shRNAs were
employed to knock down MEIS1 in HSCs or CMPs transduced with MLL-ME to assess its
requirement for oncogenic transformation. Compared with scramble controls, MEIS1
knockdown significantly (p < 0.05) compromised the LTC-IC activity of HSC or CMP-MLLX,
indicating that the 45-gene signature included genes important for transformation of HSCs and

CMPs (fig. S3G). Functional annotation using ‘webgestalt’ revealed the ‘acute myeloid



leukemia’ transcriptional program as the top associated disease, and ‘ToppGene’ highlighted
‘transcriptional misregulation in cancer’ as one of only four pathways associated with the 45-
gene signature (Fig. 1H, table S5 in data file S1). Both stem cell and LSC transcriptional
programs were highly expressed in HSC/CMP-MLLXx (Fig. 11).

In contrast, we identified 130 differentially upregulated genes in LMPP/GMP-MLLXx
compared to HSC/CMP-MLLXx (Fig. 1G). This 130-gene signature did not have any leukemia
association but showed enrichment of the CD family of molecules, many of which are present
on differentiating monocytes or macrophages (Fig. 1G, fig. S3H, table S5 in data file S1).
Together, these results indicated that despite all transduced populations expressing functional
MLL fusion proteins, leukemia and stem cell transcriptional programs essential for
transformation were only activated HSCs and CMPs not the branched LMPPs and GMPs,
revealing a transformation demarcation between CMPs and LMPPs in MLL-AML.
HSC-MLLx and CMP-MLLXx transformed cells induce AML with CSCs in the CD34
leCD38* population

To assess their oncogenic potential in vivo, we transplanted HSC-MLLx or CMP-
MLLXx cells into immunocompromised NSG mice. HSCs or CMPs transformed with MLL-
ENL or with MLL-AF6 induced AML with protracted and slightly varying latencies (Fig. 2A).
All four populations also produced long-term engraftment and leukemic infiltration into
multiple organs (Fig. 2B, fig. S4A-B). Analysis of blood cells in recipients of MLL-AF6
transformed HSCs or CMPs showed white blood cell count, anaemia, and thrombocytopenia
(fig. S4C). Given the protracted disease latencies, we evaluated if additional mutations
occurred in the cells during disease progression. Whole genome exome sequencing comparing
the leukemia cells with early transformed cells was performed on 4 independent pairs of cells
(HSC-MLL-ENL, CMP-MLL-ENL, HSC-MLL-AF6, and CMP-MLL-AF6). Relatively few

additional genetic changes were identified (fig. S4D, table S2, S6 in data file S1), which is



consistent with low mutational rates identified in MLL-rearranged leukemia patients (38).
Interestingly. SFI1, which encodes a protein involved in spindle assembly, was mutated in
both HSC-derived and CMP-derived leukemia samples, suggesting deregulation of the spindle
checkpoint as a potential contributing event for disease progression. Immunophenotypically,
the HSC-derived and CMP-derived leukemias shared similar and more mature CD347°CD38*
phenotypes (fig. S4B, table S1 in data file S1) compared with the originally transduced HSC
or CMP populations (fig. S1C).

To demonstrate that functional CSCs were generated in our humanized MLL-
rearranged leukemia models, we transplanted primary leukemia cells into secondary recipients.
Primary HSC-MLL-AF6 as well as CMP-MLL-AF6 leukemia cells induced leukemia in
secondary recipients with similar immunophenotypes (fig. SSA-D), indicating the presence of
CSCs in our models. To assess the CSC activity of the transformed cells from the
subpopulations of MLLx-transformed HSCs and CMPs, we performed in vitro LTC-IC and in
vivo limiting dilution transplantation assays on cells sorted by CD34 and CD38 abundance. A
markedly higher LTC-IC frequency was found in CD347°CD38* compartment than in any of
the other subpopulations of MLLx-transformed cells derived from either cell of origin (Fig.
2C). Consistent with our in vitro results, in vivo limiting dilution analyses showed that only
CD347°CD38" cells propagate in vivo and produce overt leukemia (Fig. 2D, table S7 in data
file S1), indicating that AML stem cell activity was highly enriched in the CD34"°CD38*
compartment. Together, these results support that both HSCs and CMPs are cellular origins of
human MLL-AML with CSC activity mostly residing in a phenotypically more mature CD34
/lojcD38* compartment.

AML stem cell activity is enriched in the CD34/°CD38* compartment in patients with

MLL-AML
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To validate the findings from our humanized models in the clinical settings, we
systematically assessed CSC activity in a panel of 16 MLL-AML patient samples, which
exhibited variable CD34/CD38 patterns (see details of clinical laboratory findings in table S8
in data file S1). Based on the guidelines by European Group for the Immunological
Characterization of Leukemias (EGIL), the patient samples were broadly classified according
to their CD34 abundance into a CD34" group (10 patients) with more than 20% CD34" cells,
and a CD347° group (6 patients) with less than 20% of cells positive for CD34 (39) (fig. S6A,
table S1 in data file S1). They were then fractionated based on abundance of CD34 or CD38
and used for in vitro and in vivo functional assays (fig. S6B).

As expected, LTC-IC activity almost exclusively resided in the CD347°/CD38* fraction
in the CD347"° group (Fig. 3A, fig. S6C). Consistent with the findings in our humanized models,
we also observed a significant (p < 0.05) enrichment of LTC-IC activity in CD347°/CD38*
subpopulation even in the CD34" group (Fig. 3B, fig. S6C). In contrast the CD347°/CD38*
cells from cord blood failed to grow in LTC-IC (fig. S6D). Furthermore, cells growing out
from the LTC-IC assay contained MLL fusions as demonstrated by FISH (fig. S6E), confirming
their leukemic origins.

When the subpopulations of cells were assessed in vivo, only the CD347°CD38" cells
were capable of inducing AML in vivo (Fig. 3C-D, fig. STA-C), with an exception of one
mouse injected with CD34*CD38 cells from the CD34" group (HMW), which developed
leukemia with a remarkably longer latency and lower leukemic burden and tissue infiltration
(Fig. 3D, fig. S7TA). To quantify the frequency of AML stem cells in each CD34/CD38 fraction,
we identified 6 other patient samples (3 for each of the CD347° and CD34* groups) that could
engraft into NSG mice and had sufficient material for in vivo limiting dilution assay. AML
stem cells in both CD347° and CD34* groups almost exclusively resided in the CD347°CD38*

population (ranging from 1 cell in 3,000 to 1 in 277,000) (Fig. 3E-F, table S9 in data file S1).
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The only exception was weak CSC activity (1 in 2,300,000) found in the CD34"CD38" fraction
of patient UPNOO1; CSC activity of this subpopulation was ~10x lower than that of the CD34"
locD38* subpopulation from the same patient. These data indicated that the CD34”°CD38*
fraction of cells as the major source of human MLL-AML stem cells.

We evaluated the CD34/CD38 profiles of the leukemic grafts from mice receiving bulk
cells from either patients with samples classified as CD347° or CD34* and compared the cells
to the profiles of the original patient samples. Mice transplanted with bulk cells from CD34°
MLL-AML group developed leukemia with similar CD34/38 subpopulations as the original
clinical samples (Fig. 3G, fig. S8A). The exception was X25356, which showed an enrichment
of CD347°CD38* cells (Fig. 3G, lower). In contrast, a significant (p < 0.05) increase of CD34"
locD38* cells at the expense of the CD34* population was a common feature in animals of the
MLL-AML CD34* group when compared with their corresponding patient samples (Fig. 3G-
H, fig. SBA-S8B). We also evaluated 3 patient cells with non-MLL AML as a control group.
The CD34/CD38 profiles of those cells were unchanged from those of the original patient cells
when analyzed from leukemic mice (fig. S8A,B). Similar to the data from the bulk unsorted
cells, recipients transplanted with purified CD347°CD38" cells also repopulated CD34* cells
in the hosts (Fig. 3H) and became significantly (p < 0.05) enriched in CD34”°CD38" cells
compared to their original samples (Fig. 3H, fig. S8C).

To test if the CD347°CD38* cell population from patients with MLL-AML contain
long-term leukemia repopulation capacity, we performed a secondary transplantation of cells
from the mice that received primary grafts of CD347°CD38" cells. Whereas cells from primary
engrafted mice that received CD347°CD38* from either the CD34* group (HMW and UPN001)
or the CD34 7' group (M519 and X9521) engrafted in secondary recipients (fig. S8D), those
from the two rarely engrafted mice transplanted with CD34" cells (CD34"CD38" of HMW in

Fig. 3D and CD34"CD38" of UPNO0O01 in Fig. 3F) failed to engraft secondary recipients (fig.
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S8D). These results indicated that the fully functional CSCs reside in the CD347°CD38*
subpopulation. Thus, the CD347°CD38* compartment is the major reservoir for human MLL-
AML stem cells.
Human HSC-derived MLL-AML is more resistant to chemotherapy treatment than is
CMP-derived MLL-AML

Given the similar immunophenotypes of HSC-derived and CMP-derived human AML,
we sought to identify a molecular signature that will predict a potential HSC or CMP origin in
AML patients. We performed RNA-seq analyses on human HSC-MLLx and CMP-MLLx
leukemia models and their corresponding normal counterparts. Although there were 1,992
differentially expressed genes between normal HSCs and CMPs and 297 between MLLXx-
transformed HSCs and CMPs, we identified a 23-gene signature that distinguished human
HSCs and their derived MLLXx-induced leukemia from the CMP counterparts (table S10 in data
file S1). To assess the functional relevance of this gene signature in AML patients, we applied
a neural network—based machine learning approach (table S11 in data file S1) to stratify 1411
primary human AML samples according to their predicted cell of origin. The 1411 samples
were those for which gene expression profiles were publicly available, covering 18 of the 23
genes in the signature and included samples from patients with MLL-AML and other genetic
forms of AML. Patients stratified as having AML with an “HSC-like origin” had a significantly
shorter median survival (p < 0.0001) (Fig. 4A, table S12 in data file S1) compared to patients
with AML with a “CMP-like origin”. This difference in survival was also present at 1 year and
5 years (fig. S9A). Similar results were obtained when using only the patient subset with MLL-
AML (fig. S9B). Moreover, multivariate regression analysis revealed the HSC gene signature
as an independent poor prognostic marker (table S13 in data file S1), suggesting that human
HSC-like AML has an inferior prognosis and may be more resistant to the current standard

chemotherapy treatment than AML of CMP origin.
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To establish and experimentally validate the clinical implications of cell of origin in
mediating resistance to treatment, we investigated the conventional chemotherapy responses
of the humanized models derived from HSCs and CMPs. Compared with MLLXx-transformed
CMPs, MLLx-transformed HSCs were significantly (p < 0.01) less sensitive to cytarabine
(Ara-C) and doxorubicin (DOXO) when tested for LTC-IC frequency (Fig. 4B) or chemo-
induced differentiation (fig. SI0A-B). To confirm the results in vivo, human AML cells derived
from either HSCs or CMPs were transplanted into NSG mice, and the mice were administered
DOXO chemotherapy treatments. Although DOXO treatment reduced the tumor burden
immediately in both HSC-MLL-ENL and CMP-MLL-ENL mice, only HSC-MLL-ENL cells
recovered to tumor burden amounts comparable to the untreated control 3 weeks after the
treatment (Fig. 4C). This contrasts with the continuous decline of tumor burden in CMP-MLL-
ENL mice (Fig. 4C).

To demonstrate the clinical relevance of our findings for patients with AML, we tested
primary MLL-AML samples that were stratified into HSC-like or CMP-like AML based on
their gene expression signatures (table S14 in data file S1). In line with the results from the
humanized leukemia models, HSC-like primary MLL-AML cells were more resistant to
conventional chemotherapy treatment than were CMP-like primary MLL-AML cells, which
exhibited significantly (p < 0.05) lower LTC-IC frequencies (Fig. 4D) and enhanced
differentiation (fig. S10C-D) upon exposure to DOXO or Ara-C. Chemotherapy treatment of
mice xenografted with primary patient MLL-AML cells consistently revealed that HSC-like
AML was refractory to treatment, whereas treatment significantly (p < 0.05) extended the
survival of recipients of CMP-like leukemia (Fig. 4E, fig. S10E).

We tested the chemoresistance of different CD34/CD38-sorted subpopulations in HSC-
like and CMP-like AML patient samples by exposing the sorted cells to DOXO and monitoring

LTC-IC frequency. For CMP-like or HSC-like MLL-AML cells, the LSC-enriched CD34
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/locD38* population was most refractory to DOXO treatment compared to the other populations
(fig. S10F, G). However, like the bulk unsorted cells, the CD347°CD38* from the CMP-like
AML cells were more sensitive to DOXO than CD347°CD38* cells from HSC-like AML
patient samples (fig. S10H). These data are consistent with the results of the xenograft
experiments (Fig. 4D-E). Collectively, these results provide evidence that, although human
MLL-AML originating from CMPs responds to chemotherapeutic drugs, HSCs-like MLL-
AML is resistant to chemotherapy and needs different treatment.

ABCC3 is a candidate target for chemoresistant HSC-derived MLL-AML

To identify the potential molecular targets responsible for treatment resistance in HSC-
derived human MLL-AML, we investigated the 297 differentially expressed genes from the
HSC-MLLx versus CMP-MLLx comparison (table S10 in data file S1), and identified 99 genes
meeting these criteria: adj.p < 0.05 and log fold change > 1.5 (table S15 in data file S1). By
comparison with the Genomic Element Associated with drug Resistance (GEAR) database (40),
we identified 2 genes associated with DOXO resistance in our set of 99 and in GEAR; one
encodes IL6, which was added to the culture medium, and the other encodes ABCC3, a
multidrug and organic anion transporter of the ABC family of transporters (Fig. 5A). We
confirmed that expression of ABCC3 was higher in HSC-MLLX cells than in CMP-MLLXx cells
(fig. S11A). In contrast to other ABC family members, relatively little is known about ABCC3
in cancer although its overexpression is implicated in resistance to chemotherapeutic drugs and
associates with poor prognosis in both pediatric and adult AML (41, 42).

Being an anion organic transporter, ABCC3 may use DOXO as a substrate, we
investigated whether high expression of ABCC3 mediates DOXO resistance in HSC-derived
MLL-AML. Knockdown of ABCC3 by two independent shRNAs had only moderate effects
on survival of HSC-derived MLL-AML cell lines (Fig. 5B, fig. S11B). However, knocking

down ABCC3 significantly (p < 0.01) enhanced DOXO sensitivity of HSC-derived MLL-AML
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cells, resulting in a dramatic reduction in both cell viability and LTC-IC frequency (Fig. 5B,
fig. S11C). To explore the translational potential of this finding, we tested the small molecule
inhibitor fidaxomicin, targeting ABCC3, which is currently used for the treatment of diarrhea
associated with Clostridium difficile infection (43). We labelled HSC-MLLXx cells with the dye
Fluo8-AM, treated the cells with or without fidaxomicin, and monitored dye retention by flow
cytometry. Cells treated with fidaxomicin retained significantly (p < 0.01) higher amounts of
the dye over time, compared to control cells (Fig. 5C). We also observed greater dye retention
when ABCC3 was knocked down by either of 2 independent shRNAs (Fig. 5D). Similar to the
effect of ABCC3 knockdown (Fig. 5B), combination treatment with fidaxomicin and DOXO
significantly (p = 0.0041) suppressed LTC-IC frequency and leukemic cell growth of HSC-
MLLx cells (Fig. 5E, fig. S11D). Striking results were obtained in vivo using the NSG
xenograft model transplanted with HSC-derived MLL-AF6 expressing a luciferase reporter.
Whereas treatment with DOXO or fidaxomicin alone had very little effect on cancer burden,
their combination significantly (p<0.001) reduced tumour burden (Fig. 5F). Together these
results revealed an important function and a potential avenue for targeting ABCC3 in
chemoresistant HSC-derived MLL-AML.
Fidaxomicin overcomes chemoresistance associated with stem cell origins in primary
MLL-AML patient samples

Similar to our humanized cell-of-origin models, samples from patients with HSC-like
AML had higher expression of ABCC3 than samples from patients with CMP-like AML (fig.
S12A). To determine the translational potential of targeting ABCC3 in patients with AML, we
assessed the ability of fidaxomicin to sensitize primary MLL-AML cells of HSC-like origin to
chemotherapy. Whereas primary MLL-AML samples of HSC-like origin consistently showed

poor responses to DOXO or fidaxomicin alone, their combination exerted a significant (p <
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0.05) effect in suppressing leukemic cell growth (Fig. 6A) and LTC-IC frequency (Fig. 6B).
The combination also induced differentiation (Fig. 6C, fig. S12B) and apoptosis (Fig. 6D).

To assess the in vivo efficacy of the treatments, HSC-like primary MLL-AML cells
from a patient with t(11;17) translocation were transduced with a luciferase reporter prior to
their transplantation into NSG mice for monitoring disease kinetics in response to treatment.
Compared with the untreated control cohort, fidaxomicin treatment alone did not have any
significant (p = 0.26) in vivo effect on leukemia cell growth (Fig. 6E, fig. S12C), and recipients
developed leukemia with an almost identical latency as the controls (Fig. 6F). Although DOXO
alone initially reduced leukemic burden (Fig. 6E, fig. S12C), this monotherapy failed to
translate into any significant (p = 0.2) survival advantage (Fig. 6F, fig. S12D), suggesting that
some of the leukemia cells were sensitive to DOXO but not the treatment-resistant LSCs.
Consistent with the in vitro results, fidaxomicin re-sensitized cells to DOXO treatment: The
combination suppressed in vivo leukemic cell growth (Fig. 6E, fig. S12C). Importantly, the
combination treatment also extended disease-free survival to an extent that none of the recipient
hosts succumbed to leukemia during the observation period (Fig. 6F). We confirmed this
survival benefit of the combination therapy and reduction in leukemia burden using cells from
another patient with HSC-like MLL-AML with t(9;11) translocation (Fig. 6G-H, fig. S12E).
Together these results provide the proof-of-principle and pre-clinical data for the use of

ABCC3 inhibitor for treatment-resistant MLL-AML stem cells.

Discussion

By combining disease reconstruction using highly purified human HSPCs together with
functional deconvolution of AML stem cells from primary patient samples, the current study
identified human HSCs and CMPs as two distinctive origins for immunophenotypically

indistinguishable CD34”° MLL-AML that exhibit contrasting responsiveness to
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chemotherapy. While MLL-AML is generally associated with a poor prognosis, there are a
large number of high risk patients with AML, including those with MLL-AML, who achieve
long-term remission (2), suggesting a high degree of heterogeneous treatment responses among
patients even those carrying the same driver mutations such that a subset can be cured by
current treatments (44). Thus, although identification of a chemosensitive subgroup within
patients with MLL-AML appears counterintuitive, our findings are consistent with this
diversity in patient responsiveness to treatment. Our results are also in line with the findings
that chemotherapy can be effective in eradicating certain human LSCs (45).

Treatment resistance is thought to be mediated by a subset of cancer cells with specific
genetic mutations that confer drug resistance. This resistant population can emerge from pre-
existing subclones, or arises during the treatment (1). Therapy-resistant cells already present at
diagnosis in patients with two major patterns of relapse can originate from rare AML stem cells
that have an early HSPC phenotype or from larger subclones of immunophenotypically
committed leukemia cells (14). Both types of therapy-resistant cells retained transcriptional
signatures associated with stemness, which were acquired during transformation (14). The
current reconstruction and characterization of immunophenotypically indistinguishable human
MLL-AML from HSCs and CMPs revealed a critical and additional layer of complexity
beyond transforming DNA mutation. Predefined properties of the leukemia cells came from
their cell of origin and contributed to the heterogeneity and resistant properties of human AML
stem cells. Our study also unveiled the potential of targeting key molecular mediators, such as

ABCCS3, that are associated with their cell of origin to overcome treatment resistance (fig. S13).

These results in human are different from the previous findings in mouse where GMPs
were identified as a major origin of MLL-AML under a similar experimental setting (15-17,

19), suggesting a potential divergence in molecular regulatory networks between human and
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mouse GMPs (29). Consistently, our findings of distinctive transformation phenotypes
exhibited by MLL-AML from HSC (chemoresistant), CMP (chemosensitive), and GMP (non-
transformed) origins are in accord with the single cell omics data showing the existence of
intrinsic molecular differences among these developmental hierarchical states (46-49). These
developmental states may play a key role in defining the properties of their transformed
counterparts. We discovered that chemoresistant human MLL-AML originating from HSCs
has higher ABCC3 expression, which we found was critical for the resistant property of these
cells but was largely dispensable for normal HSC development (50). Previous gene expression
studies on primary patient samples showed that certain classes of ABC transporters are poor
prognostic markers for AML (41, 42, 51, 52). Here, we further demonstrated that fidaxomicin,
which is currently used for treatment of Clostridium difficile infection-associated diarrhea (43),
is effective in inhibiting ABC transporters and sensitizing LSCs to chemotherapy. This may
allow swift translation into the clinical practice for AML treatment.

Historically AML stem cells are thought to mostly be enriched in CD34" fractions, but
emerging evidence indicates their presence in CD34" fractions (53), including those carrying
an NPM1c mutation (9, 10, 54). Up to now, little was known about the biology and origin of
these CD34"° AML stem cells. Despite different initiating mutations, both MLL-AML and
NPM1c-mutated AML are characterized by aberrant HOX gene expression (2). Our recent
study reveals that the long noncoding RNA, HOTTIP, which plays a key role in establishment
of a chromatin domain for posterior HOXA gene expression is required for development of
both MLL-AML and NPM1c-mutated AML (55), suggesting pathological functions of HOX
transcriptional programs in these leukemias. Given aberrant activation of HOX genes as a
common feature for a number of AML (56) and the requirement of HOX-cofactor, MEIS1 for
transformation of HSCs and CMPs, it is tempting to speculate that activation of HOX signaling

pathway may be a key determinant for the HSC and CMP origin of CD34"° AML stem cells.
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Although studies using primary human cells can provide unique insights into human
disease biology, they have limitations. Transplantation of human cells in xenografted hosts
with different immune barriers and bone marrow niches places a major constraint on the
number of cells required for in vivo experiments of human diseases. For example, ~200K cells
are required for retroviral transduction and CRISPR models (27, 57), and ~1M cells in TALEN
models (58, 59). The requirement for such large numbers of cells prohibits direct
transplantation without ex-vivo expansion. Given the existence of different immunophenotypic
definitions of HSPC populations (29-31, 60) and our rather limited knowledge about the
biochemical differences among different MLL fusions (3, 15), the current findings do not
exclude the possibility for the existence of other cellular targets, such as CD34" HSCs (61) or
differently defined granulocyte myeloid progentiors (62), that can be transformed by same
MLL fusions studied here or other MLL fusions, such as MLL-AF9 (63). Although the use of
HSPC populations from cord blood is highly relevant to infant or childhood leukemia where
MLL-rearranged leukemia is particularly prevalent, it remains to be determined if the same
principles apply to bone marrow HSPCs, which are an alternative source for modeling MLL-
AML. Finally, the current study has pinpointed MLL-AML stem cells to CD34"°CD38*
fraction, this population however remains highly heterogenous in both our humanized models
and patients with MLL-AML. Future in-depth investigations using single cell multi-omics
approaches will be important to further refine the identity and molecular functions of human
MLL-AML stem cells. While future technological advances and experiments will be
instrumental to address some of these outstanding questions, the present study exemplifies the
power of combining forward disease modelling with retrospective functional characterization
of LSCs using primary human cells to gain unique insights into natural history and biology of

human diseases.
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Materials and Methods

Study design

The research objective was to functionally reconstruct MLL-AML from different human
hematopoitic progenitors to determine potential cells of origin and identity of LSCs and to
investigate mechanism of chemoresistance. For disease modelling, cord blood from healthy
subjects was transduced with retrovirus carrying MLL fusion gene. Peripheral blood or bone
marrow aspirates from AML patients with informed patient consent were obtained from
multiple centers. For in vivo experiments, patient MLL-AML cells or MLL fusion-transformed
cells were transplanted into NSG mice. Several experimental procedures were carried out,
including liquid culture assay, immunophenotyping, apoptosis assay, differentiation assay,
LTC-IC assay, methylcellulose culture assay, shRNA knock down, RT-gPCR, Western
blotting, RNA-seq, WES, and in vivo transplantation studies. The investigators were not
blinded to the sample conditions. Experiments were conducted with multiple samples, trials,
or animals (n = 2 — 14). The exact number of n is given in each figure legend. The sample sizes
were calculated to demonstrate reproducibility and to achieve statistical significance with a

minimum power of 95% (64).

Generation of humanized MLL-AML cell lines

A modified retrovirus transduction transformation assay (RTTA)(32) was employed for
establishment of a model of human cell-of-origin MLL leukemia. Briefly, human cord blood
was obtained from Anthony Nolan Cell Therapy Centre and low-density mononuclear cells
were isolated using Ficoll according to manufacturer’s instructions (GE Healthcare). CD34"
cells were enriched by magnetic activated cell sorting (MACS) separation according to the
manufacturer’s instructions (Miltenyi Biotech Technology). CD34" cells were stained with PE-

Cy5 labelled lineage antibodies (lin) for 20 mins on ice, washed, and sorted into HSC (lin-
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CD34+CD38-CD90+CD45RA-), LMPP (lin-CD34+CD38-CD90-CD45RA+), CMP (lin-
CD34+CD38+CD123+CD45RA-), or GMP (lin-CD34+CD38+CD123+CD45RA+) using an
ARIA sorter (BD). Post-sort purity of greater than 97% was routinely achieved. Sorted cells
were transferred into a 96-well plate and incubated overnight in IMDM (Lonza) +15% fetal
bovine serum (FBS) (Sigma) +100ng/ml of each human cytokines SCF, TPO, and FLT3L
(Peprotech / Miltenyi). Cells were equally split and infected with retrovirus in the presence of
5 ug/ml polybrene (Sigma) and incubated overnight. The same procedure was repeated on the
next day. The following day, cells were transferred to a 48-well plate and cultured in
IMDM+15%FBS+20 ng/ml of each human cytokines SCF, TPO, FLT3L, IL3 and IL6

(culturing medium). Fourteen days after the first transduction, cells were counted.

Liquid culture assay

Every week, 400k cells were plated into a new 12-well plate with 2 ml culture medium
(IMDM+15%FBS+20 ng/ml human cytokines SCF, TPO, FLT3L, IL3, and IL6). After 3 days
incubation, 2 ml cell culture medium was added to the cells bringing the total volume to 4 ml.
One week after seeding cells were counted and 400k cells were plated again into a 12-well
plate. In vitro culture was continued for up to 15 weeks. In cases where MLL fusion-
transformed cell lines were transduced with lentivirus carrying sShRNA or luciferase, cells were
cultured in the presence of 1 pug/ml puromycin (Invitrogen) for at least 48h or in the presence

of 1 mg/ml Hygromycin B (Roche) for at least 96h, respectively.

Patient samples
Primary patient samples were prospectively collected according to the protocols approved and
with the informed consent of the patients in multiple centres (King’s College Hospital, London,

UK; Queen Mary’s Hospital, Hong Kong, China; University Hospital, Dresden, Germany;
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University Hospital Motol, Prague, Czech). Protocols were approved by IRAS (King’s College
Hospital), Institutional Review Board of the University of Hong Kong/Hospital Authority
Hong Kong West Cluster, IRB (University Hospital, Dresden) and Ethical Committee
(University Hospital Motol, Prague). Briefly, the bone marrow or the peripheral blood were
collected and subjected to Ficoll isolation according to manufacturer’s instructions (GE
Healthcare). Low-density mononuclear cells were isolated and frozen at -80°C in PBS
containing 10% DMSO + 10% FBS using Nalgene Mr.Frosty. Cells were then transferred to
liquid nitrogen the next day for long-term storage. Patient information and their clinical

characteristics are summarized in table S8.

Constructs

The following MLL fusions were used in this study: MLL-AF6 (MSCVneo or MIGR),
consisting of aa35-347 of the AF6 portion (65) and MLL-ENL (MSCVblast (24) or MIGR).
Lentiviral plasmids (pLKO.1-puro) encoding shRNA targeting ABCC3 [TRCN0000059403,
TRCNO0000059406] and MEIS1 [TRCN0000015971, TRCNO0000015972] were obtained from
Dharmacon. Luciferase expressing lentivirus pPCDH-CMV-luc-EF1-Hygro has been described

(66, 67). Virus packaging was performed as described (32).

In vivo xenotransplantation

All experimental procedures were approved by King’s College London ethics committees and
conform to the UK Home Office regulations. For all in vivo experiments, mice were distributed
into their respective groups randomly. Investigators were not blinded to the sample identity.
For human MLL-fusion cord blood model, 1 million MLL-fusion in vitro transformed HSC or
CMP populations were transplanted through the intra-femoral route into 6 — 12 week old sub-

lethally irradiated (250 cGy) NOD.Cg-Prkdcscid H2rgtm1Wijl/SzJ (NSG mice; The Jackson
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Laboratory Stock N0:005557). Some cells were labelled with luciferase reporter and the tumor
burden was monitored and quantified using an I\VIS Lumina Il (Perkin Elmer) as previously
reported (67). Briefly, cells were tagged with a lentiviral luciferase reporter. Transplanted mice
were injected with 150 mg/kg of D-luciferin intraperitoneally 10 mins before bioluminescence
image was acquired using IVIS Lumina Il (Caliper; Perkin Elmer) and the radiance was
measured with software Living Image Version 4.3.1 according to the manufacturer’s
instructions. For primary patient samples, cells were transplanted into sublethally irradiated
(250 cGy) NSG mice via intra-femoral route. For experiments that assessed leukemia burden
pre- and post-drug treatment by bone marrow aspiration, cells were transplanted intra-venously
(i.v.). In vivo limiting dilution assays were performed with varying cell doses. At least 2
animals received cells at any given dose in most cases. The LTC-IC frequency was determined
using online resources - WEHI Extreme Limiting Dilution  Analysis

(http://bioinf.wehi.edu.au/software/elda/). For transplantation of sorted CD34/CD38 fractions

from the human MLL-fusion cord blood model as well as primary patient samples, sorted cells
were transplanted in different cell doses for in vivo limiting dilution analysis and 200K cells

for each fraction for analysis of disease-free survival.

Analysis of mouse models

When animals showed signs of sickness, such as shortness of breath, hunched posture, lethargy,
or weight loss, the mice were euthanized in a CO2 chamber and confirmed dead by cervical
dislocation. Cells mechanically dissociated from tissues, such as flushing out bone marrow
cells or grinding spleen and liver tissues on a 45-um cell strainer (Greiner), were subjected to
FACS or flow cytometry analysis. Part of the spleen and liver were fixed in formalin solution
and subjected to section and H&E staining. The composition of peripheral blood was analysed

by Mythic 18 haematology analyser (Orphee). Blood smears were stained with May-Grunwald-
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Giemsa (Sigma). Human AML engraftment is defined by cells positive for both CD45 and
CD33. The leukemic mouse is defined by >20% human AML engraftment in the bone marrow
with or without tumour infiltration into spleen or liver. The threshold of human AML
engraftment for in vivo limiting dilution analysis is set to 1% in the bone marrow of the

recipient animals.

In vivo drug treatment

Two weeks after transplantation 0.75 mg/kg DOXO was administered intravenously (i.v.) for
3 days. In some experiments, mice also received 75 mg/kg fidaxomicin i.v. for 3 days.
Bioimaging was performed using IVIS Lumina Il (Perkin Elmer) as described under “in vivo

xenotransplantation”.

LTC-1C assay

Human MLL-fusion transduced cord blood cells or primary MLL-AML primary samples (Bulk
or CD34/CD38 sorted) were seeded into 96-well plates with MS5 stroma cells in 200 pl
medium (IMDM + 15% FBS + 20 ng/mL of each human cytokines IL-3, IL-6, TPO, SCF, and
FLT3 ligand). Different cell doses were seeded for 10 or 20 wells per cell dose.

For the LTC-IC assay with drug treatment, cells were either vehicle treated or treated with 100
nM Ara-C, 10 nM doxorubicin, with or without 5 uM fidaxomicin for one week. After one
week, all media were replenished with fresh media without drugs and further cultured for other
two weeks with media replenished every week. Cell clusters (cobblestone) were scored from
each well and the initiating frequency was calculated using online resources - WEHI Extreme

Limiting Dilution Analysis (http://bioinf.wehi.edu.au/software/elda/).

RNA-sequencing
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50-100 ng (RNAeasy micro, Qiagen) or 300-1000 ng (mirVANA, Ambion) of isolated total
RNA was used for RNA-Seq library preparation using TruSeq Stranded Total RNA kit
(Ilumina) and sequenced on HIseq2000 platform (Illumina) as per manufacturer’s

recommendations. All samples are listed in table S2 in data file S1.

Human whole exome sequencing assay

Initial human WES was carried out to identify candidate somatic mutations in the exomes
of genes. Genomic DNA was isolated from MLLXx in vitro transformed cell populations (at
4-8 weeks in culture) and their corresponding leukemic counterparts (i.e. transplanted MLLX
in vitro transformed cell populations which induced disease in NSG mice and were harvested
from these leukemic mice). Genomic exome library was captured and constructed according
to SureSelect Human All Exon V6 kit (Agilent), and these libraries were sequenced using
an Illumina 150 bp paired-end sequencing platform. Detail on bioinformatics analysis is in

the supplementary materials and methods.

Quantification and statistical analysis

All statistical tests are mentioned in the respective figure legend or main text. Groups that were
statistically compared shared a similar variance and all error bars represent SD. The disease-
free survival comparisons were performed by Log-rank test in Prism (GraphPad). P-value <
0.05 is considered statistically significant. The number of samples, trials, or animals (n) are

indicated in each respective figure legend.

Supplementary Materials

Materials and methods
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Figure S1. Isolation and characterization of human primary hematopoietic cells from umbilical
cord blood.

Figure S2. Proportion of differentiated cells, dying or dead cells, and self-renewing cells in
populations of cord blood cells transduced with MLL-ENL or MLL-AF6.

Figure S3. Bioinformatic analysis of differentially expressed genes in MLLx-transduced
populations of cord blood cells.

Figure S4. Characteristics of primary leukemias induced by transplantation of HSC-derived or
CMP-derived MLLx-transformed cells.

Figure S5. HSC-derived and CMP-derived MLL-AML cells contain CSCs that induce
leukemia in secondary recipient mice.

Figure S6. LTC-IC activity is highest in the CD347°/CD38* subpopulation of AML cells
from patients.

Figure S7. CD34°CD38* subpopulation of human AML cells engrafts after transplantation
into NSG mice.

Figure S8. Fully functional CSCs reside in the CD347°CD38* subpopulation.

Figure S9. HSC-like genetic signature is associated with poor prognosis of patients with
AML

Figure S10. HSC-derived or HSC-like MLLx AML cells are resistant to chemotherapy.
Figure S11. Knocking down or inhibition of ABCC3 sensitizes HSC-MLLXx cells to
doxorubicin.

Figure S12. Fidaxomicin and doxorubicin combination therapy is effective against HSC-like
human MLL-AML in a xenograft model.

Figure S13. Schematic diagram of the human origins and underlying mechanisms of

treatment resistance in MLL-AML stem cells.
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Data file S1. Tables S1-S15

Table S1  Immunotype of primary MLL-fusion cell lines, cells from the recipient animals
and primary patient samples

Table S2  List of samples used for bioinformatic analysis

Table S3  Differential gene analysis by DeSeqg2 and one-way ANOVA test after Rlog and
Vst transformation

Table S4 List of genes differentially upregulated in HSC/CMP (45 genes) and LMPP/GMP
(130 genes)

Table S5 Functional annotation by Toppgene and Webgestalt (2013 version)
Table S6  Acquired SNVs in leukemic samples

Table S7  In vivo limiting dilution analysis of cord blood-derived MLL-AF6; cell dose and
response

Table S8 Patient clinical particular

Table S9 In vivo limiting dilution analysis of primary patient samples; cell dose and
response

Table S10 Signal genes used in neural network

Table S11 Neural network training and test sets Table S12 Neural network classification
for patients in microarray sets

Table S13 Multi-variate analysis of variables affecting overall survival

Table S14 Neural network classification for MLL-fusion patients

Table S15 99 genes differentially expressed in transformed HSC-MLLx vs CMP-MLLXx
Data file S2. Raw data for main text Figures 1 — 6

Data file S3. Raw data for supplementary figures S1 — S12
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Figure legends

Fig. 1. Human HSCs and CMPs but not LMPPs or GMPs are cellular targets for MLL
fusion-mediated transformation. (A) Proliferation of cells in culture was measured as fold
expansion each week for the normal and MLL-transformed populations of cells. ME, MLL-
ENL; MA6, MLL-AF6. (B) Typical cell morphology at 4 — 6 weeks of in vitro culture of the
indicated cell types. Scale bar = 10 um. (C) NBT staining defining the percentage of myeloid-
differentiated cells of indicated groups (n = 4/cell of origin). MLLx: MLL-ENL and MLL-AF®6.
P=1.25E-19, HSC-/CMP-MLLx vs LMPP-/GMP-MLLx. (D) Bar chart represents the
percentage of cells in each category after AnnexinV and propidium staining of the indicated
cells. Data are presented as mean + SD, and statistical significance of p = 0.00319 was
determined by ANOVA from N = 3, n = 6, F-value = 14.86, df = 1, for HSC-/CMP-MLLXx vs
LMPP-/GMP-MLLx. (E) Long-term culture initiating cell (LTC-IC) frequencies of the
indicated groups at 4 weeks of in vitro culture (n = 6). (F) Typical surface marker abundance
of the indicated transformed cell populations at 8 — 10 weeks in culture. (G) Venn diagram
showing the overlap of significantly differentially expressed genes between HSC/CMP-MLLXx
and LMPP/GMP-MLLXx cells using DEseg2, ANOVA (on rlog transformed read counts) and
ANOVA (on vst transformed read counts) as indicated. (H) Heatmap showing the 130 genes
with consistently higher expression in LMPP/GMP-MLLX, and the 45 genes with consistently
higher expression in HSC/CMP-MLLx and their functional annotations according to
webgestalt and Toppgene. (1) Selected stem cell-related gene sets from GSEA are shown
comparing HSC-/CMP-MLLx (HC-MLLx) and LMPP-/GMP-MLLx (LG/MLLX) cells. In
panels A, C, and E, data are represented as mean £ SD. In panels C and E, statistical

significance was determined by student t-test.

Fig. 2. HSC-MLLx and CMP-MLLx cells induce AML with CSCs residing in the CD34-

leCD38* population. (A) Kaplan-Meier survival curves for NSG mice injected with the
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indicated MLLx-transformed populations. Log-rank test showed p < 0.0001 HSC-ME versus
CMP-ME and p = 0.47 HSC-MAG versus CMP-MA6. ME, MLL-ENL; MAG6, MLL-AF6. (B)
Comparison of blood, spleen, and liver from primary leukemic mice injected with the indicated
cell type. Top: May-Gruenwald/Giemsa stained peripheral blood smear, scale bar = 10 pm.
Middle: H&E stained spleen section, scale bar = 100 um. Bottom: H&E stained liver section,
scale bar = 100 um. Dark purple stained cells indicate leukemic blasts. (C) Long-term culture-
initiating cell (LTC-IC) frequencies of the indicated CD34/CD38 populations sorted from
transformed MLL-ENL and MLL-AF6 (MLLX) cell lines are shown. Pooled results for both
HSC-transformed cells and for both CMP-transformed cells are shown mean + SD. LTC-IC
frequency of each fraction was normalized to that of the unsorted cells (bulk). Statistical
significance was determined by student t-test (n = 5 per CD34/CD38 population). (D) In vivo
limiting dilution assay of indicated sorted CD34/CD38 populations isolated from primary
leukemic mice injected with CD34-CD38+ or CD34+CD38+ cells. Solid lines are their
calculated frequency; dotted lines are the upper and lower range of frequencies within

confidence intervals.

Fig. 3. CSCs are highly enriched in the CD347°CD38* compartment in patients with
MLL-AML. (A), (B) LTC-IC frequencies of sorted CD34/CD38 populations in MLL-AML
patient samples from the (A) CD34"° group (n=3) or (B) CD34* group (n=6). Data are
presented normalized to the unsorted cell populations (bulk). Data mean = SD and statistical
significance was determined by student t-test. (C), (D) Kaplan-Meyer survival curves for NSG
mice transplanted with the indicated sorted CD34/CD38 populations from (C) patient M519 in
the CD34”"° group: CD34°CD38*, 5 mice; CD34*CD38*, 3 mice; CD34°CD38", 4 mice or (D)
patient HMW in the CD34" group: CD34°CD38", 4 mice; CD347CD38", 5 mice; CD34"CD38",
4 mice; CD34'CD38", 3 mice. Log-rank test showed p < 0.05 for CD34°CD38" versus any other

fraction in both C and D. (E), (F) In vivo limiting dilution assay of indicated CD34/CD38
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population sorted from samples from patients with MLL-AML in the (E) CD34""° group or (F)
CD34" group. Patient identifier is above the graphs. Upper graphs: the log fraction non
responding is shown; lower graphs: the LSC enrichment over bulk is shown. (G), (H)
Percentage of CD34" cells (upper graphs) and CD34°CD38" cells (lower graphs) in patient
samples and the corresponding matched populations after engraftment in mice. (G) Unsorted
(bulk) cells were used from patients with MLL-AML in the CD34° group (n = 4 patients; left)
and CD34" group (n = 6 patients; right). (H) Sorted CD34 CD38" cells were used from patients
with MLL-AML in the CD34™° group (n = 4 patients; left) and CD34* group (n = 4 patients;
right). Each line represents one mouse and the black bars represent the mean. Statistical

significance was determined by student t-test.

Fig. 4. Human HSCs-derived MLL-AML is more resistant to chemotherapy than is CMP-
derived MLL-AML. (A) Kaplan-Meier survival curves are shown for patients with AML
classified as HSC-like (red) and CMP-like (blue) using a machine learning approach. Median
survival and log-rank-test p-value are indicated. (B) LTC-IC frequency of HSC-MLLx (n = 4)
or CMP-MLLx (n=4) cell lines. Cells were exposed to cytarabine (Ara-C) or DOXO for 1 week
and data are presented relative to untreated control cells. (C) Bar chart represents the response
of mice treated with DOXO as measured by bio-imaging. Mice were transplanted with HSC-
MLL-ENL (HSC-ME) or CMP-MLL-ENL (CMP-ME) cells and either treated with or without
DOXO. Data are presented relative to the control mice (n=5 mice/group). (D) LTC-IC
frequency of HSC-like (n=7; 6 individual samples) or CMP-like (n=3; 2 individual samples)
cells from patients with MLL-AML. Cells were exposed to cytarabine or DOXO for 1 week
and data are presented relative to untreated control cells. (E) Kaplan-Meier survival curves are
shown for mice transplanted with cells from patients with HSC-like or CMP-like MLL-AML
and then treated with DOXO (chemo) or without (control). Log-rank test showed p < 0.05

CMP-like chemo versus CMP-like control (n = 4 mice in control groups and 5 mice in DOXO-
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treated groups). In panels B, C, and D, data are represented as mean + SD and statistical

significance was determined by student t-test.

Fig. 5. ABCC3 is a candidate target for chemoresistant HSC-derived MLL-AML. (A)
Heatmap of the 99 genes differentially expressed between HSC-MLLx and CMP-MLLXx with
genes ABCC3 and IL6 highlighted as the genes also found with GEAR database. (B) LTC-IC
frequency of HSC-MLLx cell lines upon the DOXO treatment with or without ABCC3
knockdown (sh ABCC3) is shown (n = 6). LKO, vector control. (C) Pulse-chase experiment
with HSC-derived MLL cell line and Fluo-8AM. (Left) Flow cytometry plot with red curve
indicating cells incubated for 30 min with Fluo8-AM (pulse) and black as the control cells
without Fluo-8AM. (Middle) Flow cytometry plots for cells chased for the indicated times in
the presence of DMSO (control, top row) or in fidaxomicin (FIDA, 5 uM). Red curves indicate
the maximum intensity of fluorescence at the end of the 30 min pulse; blue curves indicate the
fluorescence intensity at the indicated timepoint. (Right) Bar chart represents the mean
fluorescence intensity at the indicated time points with or without fidaxomicin treatment (n =
4). (D) Bar chart represents the mean fluorescence intensity at the indicated time points for
HSC-MLLx cell lines with or without ABCC3 knockdown (n = 9). ABCC knockdown, sh403
and sh406; LKO, vector control. (E) LTC-IC frequency of HSC-MLLXx cell lines upon the
indicated treatments relative to the mock-control is shown (n = 5). (F) In vivo luciferase
imaging of NSG mice transplanted with HSC-MLL-MAG. Mice were treated with fidaxomicin,
DOXO or a combination of both. Imaging was performed pre-treatment (day 14 after
transplant) and post-treatment (day 1 after last treatment). All 5 mice in each group are shown.
Bar chart indicates the ratio of the measured radiance post-/pre-treatment. The red dashed line
represents a post/pre ratio of 1. In panels B, C, D, E, and F, data are represented as mean + SD

and statistical significance was determined by student t-test.
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Fig. 6. Fidaxomicin overcomes chemoresistance associated with stem cell origins in
primary AML patient samples. (A-D) Primary MLL-AML patient samples of predicted HSC
origin were treated with the indicated drugs and subjected to various in vitro assays. The bar
charts present (A) the number of viable cells by cell counting (n = 4; 4 individual patient
samples); (B) LTC-IC assay showing LTC-IC frequencies (n = 4; 4 individual patient samples);
(C) NBT reduction assay showing the relative numbers of NBT* cells (n = 4; 4 individual
patient samples); and (D) apoptosis assay showing the percentage of Annexin V* (AnV+) cells
(n = 3; 3 individual patient samples). Data are represented as mean + SD. Statistical
significance was determined by student t-test. (E) In vivo luciferase imaging of NSG mice
transplanted with primary MLL-AML cells of predicted HSC origin from patient sample #1.
Mice were treated with DOXO, fidaxomicin, or a combination of both. Imaging was performed
pre-treatment (day 20 after transplant) and post-treatment (day 1 after last treatment). All 5
mice in each group are shown. (F) Kaplan-Meier survival curves are shown for indicated mice
treated with DOXO, fidaxomicin, combination or control. Mice were transplanted with HSC-
like cells from MLL-AML patient #1. Log-rank test showed p=0.2 comparing DOXO treatment
against control and p < 0.01 comparing the DOXO and fidaxomicin combination treatment
against any other treatment (n = 5 mice/group). (G) Bone marrow aspiration of NSG mice
transplanted with HSC-like MLL-AML cells from patient #2. Mice were treated with
fidaxomicin, DOXO, or the combination (n = 5 mice/group). Significance was determined by
student t-test. (H) Kaplan-Meier survival curves are shown for mice receiving the indicated
DOXO, fidaxomicin, combination or control treatment. Mice were transplanted with HSC-like
MLL-AML cells from patient #2. Log-rank test showed p < 0.01 comparing DOXO and

fidaxomicin combination treatment against any other treatment (n = 5 mice/group).
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