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SUMMARY
Relapse of acute myeloid leukemia (AML) remains a significant clinical challenge due to limited therapeutic options and poor

prognosis. Leukemic stem cells (LSCs) are the cellular units responsible for relapse in AML, and strategies that target LSCs

are thus critical. One proposed potential strategy to this end is to break the quiescent state of LSCs, thereby sensitizing LSCs to

conventional cytostatics. The hypoxia-inducible factor (HIF) pathway is a main driver of cellular quiescence and a potential thera-

peutic target, with precedence from both solid cancers and leukemias. Here, we used a conditional knockout Hif-1a mouse model

together with a standard chemotherapy regimen to evaluate LSC targeting in AML. Contrary to expectation, our studies revealed

that Hif-1a-deleted-leukemias displayed a faster disease progression after chemotherapy. Our studies thereby challenge the general

notion of cancer stem cell sensitization by inhibition of the HIF pathway, and warrant caution when applying HIF inhibition in

combination with chemotherapy in AML.
INTRODUCTION

Acute myeloid leukemia (AML) is a clonal disorder charac-

terized by a rapid accumulation of differentiation-arrested

myeloid blasts. Remission can be achieved inmost patients

by a combination of cytarabine (AraC) and anthracycline

therapy. However, few treatment improvements have

arisen over the past decades (Rowe and Tallman, 2010)

and 40%–60% of patients still relapse (Burnett et al.,

2011; Yanada et al., 2008), which is associated in general

with limited treatment options (Dohner et al., 2010).

Relapse is attributed to a minor subpopulation of cells

referred to as leukemic stem cells (LSCs). LSCs are resilient

to cytotoxic effects of chemotherapy, via mechanisms that

include resistance to apoptosis, increased capacities to

efflux drugs, and relative quiescence (Thomas and Majeti,

2017). This quiescence in turn underlies resistance to

compounds that target energy metabolism (Essers and

Trumpp, 2010).

Cellular quiescence is typically related to activation of

hypoxia-signaling pathway, driven by hypoxia-inducible

factor (HIF) complex, which constitutes a family of 3 heter-

odimeric transcription factors HIF-1, HIF-2, and HIF-3

(Flamme et al., 1997; Makino et al., 2002; Semenza and

Wang, 1992). The oxygen-dependent regulation ofHIFs de-

pends on stabilization of an associated a subunit. Hence, at

oxygen levels above 5%, the a subunit is proteasomally

degraded. In contrast, under hypoxic conditions the a sub-

unit is stabilized, dimerizes with constitutively expressed b
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subunit, and promotes transcription of target genes regu-

lating key cellular processes such as angiogenesis, prolifer-

ation, metabolism, and apoptosis (Semenza, 2003).

The most primitive hematopoietic stem cells (HSCs)

reside in hypoxic niches in the bone marrow (BM) (Morri-

son and Scadden, 2014). Thereby, HSCs are kept dormant

and free of genetic changes that mostly occur during

DNA replication. However, while HIF-1a signaling was re-

ported to critically regulate HSC maintenance (Takubo

et al., 2010), other studies showed that depletion of HIF-

1a/HIF-2a had no such effect (Guitart et al., 2013). The

HIF pathway has also been proposed to play important

roles in AML, a notion supported by the preferential local-

ization of chemotherapy-resistant AML cells to the hypoxic

endosteal niche in the BM (Ishikawa et al., 2007). Accord-

ingly, several studies have shown that loss of HIF-1/2 leads

to abrogation of LSCs (Rouault-Pierre et al., 2013; Wang

et al., 2011; Zhang et al., 2012). Contrasting these results

are studies demonstrating that loss of HIF-1/2 does not

impact on mouse models of AML, or alternatively can

give rise to an even more severe leukemic phenotype

(Velasco-Hernandez et al., 2014; Vukovic et al., 2015).

Nonetheless, targeting hypoxia and HIFs has been consid-

ered a key anticancer approach (Frolova et al., 2012;

Rouault-Pierre et al., 2013; Wang et al., 2011).

Here, we investigated the possibility to sensitize LSCs

from amousemodel of AML to a clinically relevant chemo-

therapy regimen by targeting the hypoxia pathway viaHif-

1a. Contrary to expectation, our work suggests a more
thor(s).
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aggressive disease outcome upon Hif-1a deletion, which

challenges the general use of hypoxia targeting for thera-

peutic benefit in AML.
RESULTS

Deletion of Hif-1a Accelerates the Progression

of Chemotherapy-Treated Leukemia

To study effects of Hif-1a on the sensitivity of LSCs to

chemotherapy, we bred Hif-1afl mice (Ryan et al., 2000)

with Rosa26Cre-ERT2 mice (Ventura et al., 2007), gener-

ating a model that allows for Hif-1a deletion upon

tamoxifen treatment (Figure S1A). c-Kit+ cells from Hif-

1afl/fl;Rosa26Cre-ERT2/+ mice were transduced with MLL-

AF9-GFP retrovirus and transplanted into mice, which

led to development of MLL-AF9-driven AML. Primary

leukemias were next used to study AML progression in

secondary hosts.

After comparing two different chemotherapy protocols

(Figure S1B), we used the one described by Zuber et al.

(2009), which resulted in severely decreased white blood

cells, erythrocytes, and platelets, akin to what is observed

in human patients. We then titrated the latency of the

disease using different leukemic cell doses (Figure S1C)

and chose a dose of 104 cells, which ensured a sufficiently

long latency for posterior procedures. Cells from individ-

ual MLL-AF9-leukemic mice were transplanted into new

recipients and subjected to Hif-1a deletion 10 days after

transplantation, and to a standard chemotherapeutic pro-

tocol at day 20. As a control, we included mice injected

with both vehicles but receiving no leukemic cells

(Figure 1A).

Three days after the last injection, we started to observe

mortality in the PBS group (Figure S2A). We collected pe-

ripheral blood (PB), BM, spleen, and liver samples from

half of the cohort and analyzedmultiple disease parameters

(Figures 1B–1F and S2). As expected, disease progressed

more slowly in the chemotherapy-treated (CTX) mice (Fig-

ures 1B–1F). More intriguingly, we observed a faster disease

evolution uponHif-1a deletion. This was seen in both CTX

and PBS groups (Figures 1C–1F). When we assessed pheno-

typically more primitive GFP+ c-Kit+ or GFP+ Lin– c-Kit+

cells, we observed a higher abundance in theHif-1a-deleted

(Hif-1a–/–) than in the Hif-1a-intact (Hif-1a+/+) group after

chemotherapy (Figures 1G, 1H, and S2). While these popu-

lations were very infrequent in BM of PBS groups, with no

clear differences between Hif-1a–/– and Hif-1a+/+ cells, a

higher number of such cells upon Hif-1a deletion were

observed in the spleens of the same animals. Taken

together, these results demonstrate an increment of poten-

tial LSCs (c-Kit+) upon Hif-1a–/– deletion, which was partic-

ularly significant after chemotherapy.
Deletion of Hif-1a Does Not Decrease the Frequency

of LSCs after Chemotherapy Treatment

To evaluate the impact of chemotherapy and Hif-1a dele-

tion on LSCs more directly, we performed limiting dilution

analysis (LDA) (Figure 2A).

For an in vitro approach, we sorted 4, 8, or 12 GFP+

leukemic BM cells from each group into individual wells.

Proliferation was next evaluated in both normoxic (20%

oxygen) and hypoxic (1% oxygen) conditions (Figures 2B

and 2E). We obtained the highest LSC frequency from

PBS-Hif-1a–/– cells (1/12.3 and 1/21.7 in hypoxia or nor-

moxia, respectively, means from 3 independent experi-

ments). Within CTX-treated cells, Hif-1a–/– samples con-

tained a higher LSC frequency compared with Hif-1a+/+

cells (1/26.8 versus 1/47.1 in hypoxia, and 1/40.4 versus

1/94.4 in normoxia, respectively, means from 3 indepen-

dent experiments), although this failed to reach statistical

significance.

We next assessed LSC frequencies in vivo, injecting 10,

102, 103, or 104 GFP+ BM cells from each group into new re-

cipients (Figure 2C). While transplantation of 103 and 104

cells resulted in 100% mortality, lower doses of 10 and 102

cells indicated an LSC frequency highest in the PBS-Hif-

1a–/– group (1/18.8). Among CTX-treated samples, we

observed a higher LSC frequency in the Hif-1a–/– group

(1/34.5) than in the Hif-1a+/+ group (1/56.1) (Figures 2D

and 2E).

Estimation of total number of LSCs in the BM (Figure 2F)

demonstrated that deletion ofHif-1a fails to reduce LSC fre-

quencies/numbers after chemotherapy.

Hif-1a Deletion Affects Transcriptional Expression of

Replication, Transcription, and Translation-Related

Genes

Our data indicated that Hif-1a deletion contributed to a

more rapid disease progression (Figure 1). To tease out a po-

tential mechanism, we therefore conducted single-cell

RNA sequencing on leukemic cells from the 4 evaluated set-

tings (Hif-1a–/–/Hif-1a+/+ ± chemotherapy) (Figure 3A).

Aggregated data were subjected to dimensionality reduc-

tion using the t-distributed stochastic neighbor embedding

(t-SNE) method (Figure 3B), revealing dramatically

different transcriptional profiles of cells following chemo-

therapy, but less different according to Hif-1a status. This

indicates either a modification of transcription upon

chemotherapy or, more likely, a selective survival regard-

less of Hif-1a status.

By K-means clustering, we divided the entire dataset

into 10 different clusters. We observed that clusters

with functions related to more differentiated cells (e.g.,

immune system process, response to interleukin-1/tumor

necrosis factor, innate immunity or response to virus/

interferon) were predominant in PBS samples, while
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Figure 1. Deletion of Hif-1a Leads to a Faster Progression of AML after Chemotherapy Treatment
(A–H) Experimental design for the generation of leukemic clones, deletion of Hif-1a, and applied chemotherapy protocol (A). At day 28
after transplantation, mice were sacrificed and disease evolution was examined according to different parameters: total white blood cell
count in PB (B), myeloid cells (Gr1+-CD11b+) (C), GFP+ cells in PB, BM, and spleen (D and E), splenomegaly (F), GFP+ c-Kit+ cells in BM and
spleen (G), and GFP+ Lin– c-Kit+ in BM and spleen (H). Results are from 1 of 2 experiments and depict results from 4 mice per group (3 for
wild-type control mice). Plots represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.01. AraC, cytarabine; Dox, doxorubicin; CTX,
chemotherapy; BM, bone marrow; Ctrl, control.
See also Figures S1 and S2.
others (e.g., mitotic cell cycle, cellular response to DNA

damage, and transcriptional regulation) were associated

with CTX samples. Multiple genes related to myeloid dif-

ferentiation were predominantly expressed in PBS sam-

ples (data not shown), strongly suggesting effective

chemotherapy targeting of more mature leukemia-associ-

ated cells.
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Pairwise sample comparisons produced a collection of

331 differentially expressed genes (Figures S3 and 3C).

When comparing significantly overexpressed genes among

groups (adjusted p value <0.05), we found a very different

distribution of cells between CTX and PBS samples,

but only a small subset of genes uniquely expressed in

either Hif-1a–/– or Hif-1a+/+ cells (Figures 3D and S4). In
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Figure 2. Deletion of Hif-1a Does Not Decrease LSC Frequency after Chemotherapy
(A) Experimental design for the analysis of LSC frequency.
(B) Limiting dilution analysis (LDA) from in vitro data. Variable numbers of GFP+ cells (4, 8, or 12 cells) from the 3 experimental groups were
cultured in vitro under normoxic or hypoxic conditions and proliferative capacity was evaluated after 10 days. LSC frequencies were
calculated using ELDA software. Plots show 1 representative of 3 independent experiments (cells from 3 different donors) with 96 rep-
licates per group and condition.
(C) Survival curves of mice transplanted with 10 or 100 GFP+ cells from mice treated with the combination of tamoxifen + chemotherapy
(KO-CTX), tamoxifen + PBS (KO-PBS), or oil + chemotherapy (wt-CTX) (n = 4–6 mice per group from 1 experiment).

(legend continued on next page)
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single-cell analysis, this indicates that there are differences

in transcriptional regulation or that analyzed cells from

each sample are different.

To identify functional protein association networks

among differentially expressed genes, we used the STRING

database (Figures 3E and 4). For the 4 sets of differentially

expressed genes (log fold change >0.4, adjusted p value

<0.05), we obtained a significant protein-protein interac-

tion (PPI) enrichment score, indicating that there are

more interactions among these proteins than a random

set of proteins from the genome (PPI enrichment p values:

Hif-1a–/–-CTX = 0; Hif-1a+/+-CTX = 1.03 3 10�6; Hif-1a–/–-

PBS = 0; Hif-1a+/+-PBS = 0.0251). This indicates that genes

in each set are at least partially biologically connected. To

correlate these genes with a biological function, we

performed gene ontology and KEGG pathway enrichment

analyses (Figure 3E). This revealed that mRNA processing,

DNA replication, and protein folding were significantly

overrepresented in the Hif-1a–/–-CTX group, while the

Hif-1a+/+-CTX group was associated with the HIF-1a

pathway, glycolysis, and other carbon metabolism pro-

cesses. In PBS groups, translation was the most represented

pathway associated with Hif-1a–/– cells, while no signifi-

cant pathways could be assigned to Hif-1a+/+ cells.
DISCUSSION

Relapse of AML remains a major therapeutic challenge, not

least because of the few therapeutic options for many of

these patients, which inmost cases is restricted to palliative

care.

One potential strategy for eradicating LSCs, responsible

for relapse in AML, is to sensitize them to chemotherapy.

We here exploredwhether targeting theHIF pathway could

be used for this using an MLL-AF9 murine AML model,

which was subjected to a standard and clinically relevant

chemotherapy protocol. In our work, Hif-1a–/– cells dis-

played a faster evolution of the disease compared with

Hif-1a+/+ cells following chemotherapy. While the results

are consistent with our previous work (Velasco-Hernandez

et al., 2014) and recently published data (Vukovic et al.,

2015), they appear in sharp contrast to previous studies

(Wang et al., 2011; Zhang et al., 2012) in which Hif-1a

was critical for LSCs maintenance.
(D) LDA from in vivo data. Recipient mice were injected intravenously
(KO-CTX, KO-PBS, and wt-CTX). Mice survival was evaluated 2 months
ELDA software.
(E) Stem cell frequency of LSCs from the different experiments: hypo
(green, n = 1) experiments. *p < 0.05, two-way ANOVA.
(F) LSC total numbers from the different experiments: hypoxia in vitro (
experiments. Plot shows mean ± SEM. *p < 0.05, **p < 0.01, two-wa
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In our work, we used the Rosa26Cre-ERT2 rather than the

more commonly used Mx1-Cre model, which is associated

with significant leakiness (Velasco-Hernandez et al., 2016).

This allowed us to study the effect of Hif-1a inhibition

specifically in AML cells of the same founder clone, which

circumvents the risk that different leukemic clones have

intrinsically different behavior. Inducing the deletion in

Rosa26Cre-ERT2 mice requires injection of tamoxifen that

might itself affect the initiation of MLL-AF9 leukemia

(Sanchez-Aguilera et al., 2014). However, as the described

effect of tamoxifen is a regression of the disease, the iso-

lated effect of knocking outHif-1a could be evenmore pro-

nounced than the one we report.

The standard chemotherapy regimen for AML is a combi-

nation of AraC and an anthracycline (such as doxorubicin).

Doxorubicin has itself been attributed Hif-inhibiting prop-

erties (Lee et al., 2009). Different disease progression in

CTX-Hif-1a–/– and Hif-1a+/+ samples indicates that even if

doxorubicin is inhibiting HIF function, this effect is not

complete and can be further increased by alternative

means.

There is evidence that c-Kit deregulation and overexpres-

sion could be factors contributing to the chemotherapy

resistance in AML (Advani et al., 2008). The higher numbers

of c-Kit+ cells in the Hif-1a–/– chemotherapy group might

therefore be an indicator of higher drug resistance of these

cells, with c-Kit being a well-described stem cell marker of

murine MLL-AF9-driven LSCs (Krivtsov et al., 2006). How-

ever, our c-Kit expression data correlated poorly with LSC

frequencies measured by LDA. Previously it was thought

that chemotherapy promoted LSC enrichment (Ishikawa

et al., 2007; Saito et al., 2010). However, although cytara-

bine decreases the frequency of LSCs inhumanAMLmodels

(Griessinger et al., 2014), it fails to promote enrichment

either of quiescent cells or more primitive CD34+CD38–

cells, emphasizing that functional assessments are critical.

We did not observe an increment in LSC frequencies

measured by LDA but observed a substantial reduction

(around 3-fold) of the total bulk of leukemic cells, indicating

an overall enrichment of LSCs following chemotherapy. In

addition, we observed an increased frequency of c-Kit+ cells

by Hif-1a deletion, which further supports the increased

aggressive phenotype of Hif-1a–/– cells.

Hif-1a is rapidly degraded in normoxia andHif-1a+/+ cells

should thus theoretically behave as Hif-1a–/– cells, which
with variable numbers of GFP+ cells from the 3 experimental groups
after transplantation, and frequency of LSCs was calculated using

xia in vitro (red, n = 3), normoxia in vitro (blue, n = 3), and in vivo

red, n = 3), normoxia in vitro (blue, n = 3), and in vivo (green, n = 1)
y ANOVA. CTX, chemotherapy; KO, Hif-1a–/–; wt, Hif-1a+/+.
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(B) t-SNE plots representing gene expression profiles of all individual cells analyzed: KO-CTX (n = 1,217 cells), KO-PBS (n = 1,696 cells), wt-
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represented by different colors. Differentially expressed genes in each cluster were correlated with the main biological function indicated
at the right side of the plots.
(C) Heatmap depicting significantly differentially expressed genes in single cells. Heatmap with the full set of genes can be found in
Figure S3. Hif-1a target genes are indicated by black dots.
(D) Venn diagrams showing the distribution among groups of differentially expressed genes (adjusted p value <0.05). Of note, there are no
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(legend continued on next page)
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Figure 4. Protein Association Networks Affected by Chemotherapy
Protein association network analysis of differentially expressed set of genes (average log fold change >0.4, adjusted p value <0.05).
Uniquely expressed genes from each group are indicated by its assigned color. Common genes among KO and wt samples, within each
specific set (CTX- or PBS-treated), are shown in dark gray. Associated biological function to each gene is indicated, with the color of the
border showing the main processes regulated by these genes. Interaction enrichment score >0.5. CTX, chemotherapy.
would suggest similar LSC frequencies between Hif-1a–/–

and Hif-1a+/+ cells in normoxia. Somewhat surprisingly,

we observed a higher LSC frequency of Hif-1a–/– cells,

although not significant (p = 0.1079). One possibility is

that this indicates the involvement of one or more Hif-

1a-oxygen-independent mechanisms. For instance, it is

well established that Hif-1a can be induced by the PTEN/

PI3K/AKTaxis (Zundel et al., 2000), a pathway that appears
(E) Gene ontology (GO) and KEGG pathway enrichment analysis from u
associated biological process.
CTX, chemotherapy; IL1/TNF, interleukin-1/tumor necrosis factor; IN
See also Figures S3 and S4.

118 Stem Cell Reports j Vol. 12 j 112–121 j January 8, 2019
to extend also to MLL-AF9 leukemia (Hoshii et al., 2012).

Regardless, even if hypoxia in general promotes a quiescent

state of cells, such conditions seem to promote AML cell

proliferation, which is also in line with previous results

on human AML (Griessinger et al., 2014).

After chemotherapy, we observed a more aggressive

phenotype as a consequence of Hif-1a deletion. We hy-

pothesized that this faster development of disease could
niquely differentially expressed genes in each group indicating the

F, interferon; dim, dimension; FDR, false discovery rate.



be explained by two scenarios: (1) leukemic Hif-1a–/– cells

are less sensitive to the chemotherapy, which would be in

contrast to our original expectation; and/or (2) leukemic

Hif-1a–/– cells expand faster than Hif-1a+/+ cells after

chemotherapy. To discriminate between these two options

and unveil possible mechanisms leading to this effect, we

conducted a single-cell transcriptome analysis.

We found that chemotherapy-treated cells displayed a

distinct transcriptomic profile when compared with PBS-

treated cells, but with fewer differences when comparing

Hif-1a–/– and Hif-1a+/+ cells. Still, of the significantly over-

expressed genes specific for each group, we identified an

increment in genes involved in translation (PBS-Hif-1a–/–

cells) and in mRNA processing, DNA replication, and pro-

tein folding (CTX-Hif-1a–/– cells). Overall, this is in line

with a more active proliferative status of Hif-1a–/– cells

and suggests that deletion of Hif-1a is transcriptionally

deregulating these aforementioned specific pathways.

Chemotherapy-depleted cells with an immune-related

phenotype represent the cells expanded in leukemia. As

expected, Hif-1a–/– cells were depleted in expression of

Hif-1a targets, and Hif-1a deletion leads to an enhanced

transcription of genes involved mainly in replication,

mRNA processing, and translation.

These results are in accordance with the described effect

of Hif-1a, inhibiting cell cycle and promoting quiescence,

actions attributed to blockage of c-MYC and enhancement

of cyclin-dependent kinase inhibitors such as p21/

CDKN1A (Koshiji et al., 2004). Since we are deleting only

one member of a multigene family, it remains a possibility

that other members, i.e., Hif-2a, could have a compensa-

tory effect. Future work could benefit from an increased

understanding of both gene redundancy and potential

hypoxia-independent effects of Hif-1a.

Overall, our data suggest that Hif-1a inhibition failed to

improve the outcome of chemotherapy inMLL-AF9-driven

AML and, in contrast, led to a faster progression of disease

upon withdrawal of the treatment. Further investigations

are needed to extend these conclusions to other genetic

subtypes of AML.

Deletion of Hif-1a in our setting was permanent, which

would be a different scenario than in a clinical setting

where administration of Hif-1a inhibitors would be tran-

sient. Our results nevertheless emphasize that the effects

of HIF inhibition have to be further investigated before

this strategy can be applied in a clinical setting.
EXPERIMENTAL PROCEDURES

Mice
Hif-1alox mice (Ryan et al., 2000) (JAX 007561) were crossed with

the tamoxifen-inducible Rosa26Cre-ERT2 mice (Ventura et al.,

2007) (JAX 008463) to generate a combined conditional knockout
(KO) model. Mice were maintained at the animal facility of the

Biomedical Center at Lund University (Sweden) and all experi-

mentswere performedwith consent from a local ethics committee.

Statistical Analysis
All data are expressed as the mean ± SEM. Differences between

groups were assessed using unpaired Student’s t tests. All analyses

were performed with Prism software, version 7.0 (GraphPad

Software).

Detailed descriptions of experiments can be found in Supple-

mental Experimental Procedures.
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Supplemental Figure S1. Velasco-Hernandez et al
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Supplemental	
  Figure	
  1,	
  related	
  to	
  Figure	
  1.	
  

A.	
  PCR	
  analysis	
  to	
  check	
  deletion	
  of	
  Hif-­‐1α	
  gene	
  after	
  treatment	
  with	
  tamoxifen.	
  

Genomic	
  DNA	
  was	
  extracted	
   from	
  BM	
  cells	
  at	
  day	
  28	
  after	
   transplantation	
  and	
  

PCR	
   was	
   performed	
   to	
   check	
   deletion	
   of	
   Hif-­‐1α.	
   Only	
   in	
   samples	
   from	
   mice	
  

treated	
  with	
  tamoxifen	
  we	
  can	
  observe	
  the	
  deletion	
  of	
  the	
  gene	
  and	
  not	
  in	
  the	
  oil-­‐

treated	
   mice	
   or	
   control	
   mice	
   samples.	
   Ctrl,	
   control;	
   CTX,	
   chemotherapy;	
   Tam,	
  

tamoxifen.	
  B.	
   Chemotherapy	
   protocol	
   comparison.	
  We	
   compared	
   the	
   protocols	
  

using	
   cytarabine	
  and	
  doxorubicin	
  described	
  by	
  Zuber	
  et	
  al	
   (Zuber	
  et	
   al.,	
   2009)	
  

and	
  Wunderlich	
   et	
  al	
  (Wunderlich	
   et	
   al.,	
   2013).	
   The	
  Wunderlich	
   et	
  al	
   protocol	
  

was	
  developed	
  for	
  human	
  AML	
  xenografts	
  in	
  chemotherapy-­‐sensitive	
  NSG	
  mice.	
  

It	
  showed	
   little	
  effect	
  on	
  our	
  murine	
  AML	
  model,	
  so	
  we	
  decided	
  to	
  use	
  the	
  one	
  

described	
   by	
   Zuber	
   et	
   al,	
   with	
   a	
   significant	
   effect	
   on	
   blood	
   parameters.	
   Data	
  

shown	
   from	
   1	
   experiment	
   (n=4	
  mice/group).	
  C.	
   Cell-­‐dose	
   titration.	
   Latency	
   of	
  

the	
   disease	
   was	
   analysed	
   with	
   two	
   different	
   clones	
   (SM62	
   and	
   SM63)	
   and	
   3	
  

different	
  cell-­‐doses	
  (103,	
  104	
  and	
  105	
  cells)	
  to	
  adjust	
  the	
  timing	
  of	
  the	
  protocol	
  to	
  

the	
   latency	
  of	
   the	
  disease.	
  Data	
  shown	
  from	
  1	
  experiment	
  (n=3-­‐4	
  mice/group).	
  

We	
  finally	
  chose	
  to	
  inject	
  104	
  cells/mouse	
  due	
  to	
  the	
  more	
  homogeneous	
  results:	
  

all	
  mice	
  developed	
   the	
  disease	
   and	
   the	
   latency	
  was	
   long	
   enough	
   to	
   administer	
  

the	
   two	
   drug	
   regimens.	
   ip,	
   intraperitoneal	
   injection,	
   iv:	
   intravenous	
   injection;	
  

WBC,	
  white	
  blood	
  cells;	
  RBC,	
  red	
  blood	
  cells.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



Supplemental Figure S2. Velasco-Hernandez et al
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Supplemental	
  Figure	
  2,	
  related	
  to	
  Figure	
  1.	
  

A.	
   Survival	
  curve	
  of	
   the	
  analysed	
  mice	
  along	
   the	
   timeline	
  of	
   the	
  experiment.	
  B.	
  

Weight	
   of	
   the	
   mice	
   after	
   chemotherapy	
   treatment	
   (first	
   injection	
   at	
   day	
   1)	
  

showing	
   the	
   expected	
   effect	
   of	
   loss	
   of	
   weight	
   in	
   the	
   chemotherapy-­‐treated	
  

animals.	
  C.	
  Spleen	
  weight	
  of	
  the	
  analysed	
  animals	
  at	
  day	
  28	
  after	
  transplantation	
  

showing	
   a	
   significant	
   increment	
   in	
   liver	
   size	
   in	
   the	
   PBS-­‐treated	
   animals.	
  D-­‐E.	
  

Percentage	
  of	
  the	
  GFP+	
  c-­‐Kit+	
  (D)	
  and	
  GFP+	
  Lin–	
  c-­‐Kit+	
  (E)	
  populations	
  in	
  BM	
  and	
  

spleen	
  of	
  the	
  analysed	
  mice	
  at	
  day	
  28	
  after	
  transplantation.	
  F.	
  Liver	
  weight	
  of	
  the	
  

analysed	
  animals	
  at	
  day	
  28	
  after	
  transplantation	
  showing	
  a	
  significant	
  increment	
  

in	
  liver	
  size	
  in	
  the	
  PBS-­‐treated	
  animals.	
  G.	
  GFP+	
  myeloid	
  cells	
  in	
  different	
  organs	
  

in	
   the	
   analysed	
   mice	
   at	
   day	
   28	
   after	
   transplantation	
   indicating	
   a	
   overtaking	
  

expansion	
   of	
   the	
   injected	
   cells	
   in	
   the	
   myeloid	
   compartment.	
   Plots	
   represent	
  

mean	
   ±	
   SEM.	
   *	
   P	
   <	
   0.05,	
   **	
   P	
   <	
   0.01,	
   ***	
   P	
   <	
   0.01.	
   CTX,	
   chemotherapy;	
   Ctrl,	
  

control;	
  sac,	
  sacrifice;	
  BM,	
  bone	
  marrow.	
  H.	
  Gating	
  strategy	
  used	
  to	
  analyse	
  the	
  

different	
   studied	
   populations	
   by	
   flow	
   cytometry.	
   For	
   the	
   identification	
   of	
   the	
  

desired	
   populations,	
   dead	
   cells	
   were	
   discarded	
   by	
   DAPI	
   staining,	
   intact	
   cells	
  

were	
   identified	
   by	
   FSC/SSC,	
   duplets	
   removed	
   by	
   FSC-­‐A/FSC-­‐H,	
   myeloid	
   cells	
  

were	
  identified	
  by	
  Gr1	
  and	
  CD11b	
  staining,	
  donor	
  cells	
  were	
  identified	
  by	
  being	
  

negative	
   for	
   CD45.1	
   and	
   positive	
   for	
   GFP	
   and	
   lineage	
   negative	
   cells	
   were	
  

considered	
   as	
   those	
   negative	
   for	
   CD3,	
   B220,	
   Gr1	
   and	
   CD11b.	
   FSC,	
   forward	
  

scatter;	
   SSC,	
   side	
   scatter;	
   FSC-­‐A,	
   forward	
   scatter-­‐area;	
   FSC-­‐H,	
   forward	
   scatter-­‐

height.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



Supplemental Figure S3. Velasco-Hernandez et al
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Supplemental	
  Figure	
  3,	
  related	
  to	
  Figure	
  3.	
  

Heatmap	
   depicting	
   the	
   331	
   genes	
   identified	
   as	
   differentially	
   expressed	
   among	
  

groups.	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



Supplemental Figure S4. Velasco-Hernandez et al
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Supplemental	
  Figure	
  4,	
  related	
  to	
  Figure	
  3.	
  

t-­‐SNE	
   plots	
   showing	
   the	
   expression	
   of	
   uniquely	
   differentialy	
   expressed	
   genes	
  

from	
   each	
   group	
   in	
   each	
   individual	
   cell.	
   The	
   scale	
   at	
   the	
   right	
   of	
   each	
   plot	
  

indicates	
  the	
  fold	
  change	
  expression	
  (log2).	
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Supplemental	
  Experimental	
  Procedures:	
  

	
  

Mice	
  

Hif-­‐1αlox	
  mice	
  (Ryan	
  et	
  al.,	
  2000)	
  (JAX	
  007561)	
  were	
  crossed	
  with	
  the	
  tamoxifen-­‐

inducible	
  Rosa26Cre-­‐ERT2	
  mice	
  (Ventura	
  et	
  al.,	
  2007)	
  (JAX	
  008463)	
  to	
  generate	
  a	
  

combined	
  conditional	
  knock	
  out	
  (KO)	
  model.	
  Mice	
  were	
  maintained	
  at	
  the	
  animal	
  

facility	
   of	
   the	
   Biomedical	
   Center	
   at	
   Lund	
   University	
   (Sweden)	
   and	
   all	
  

experiments	
  were	
  performed	
  with	
  consent	
  from	
  a	
  local	
  ethics	
  committee.	
  

	
  

Retroviral	
  transduction	
  

A	
   MLL-­‐AF9	
   (MigR1-­‐MLL-­‐AF9-­‐GFP)	
   retroviral	
   vector	
   was	
   used	
   for	
   retrovirus	
  

production.	
  Retroviral	
   supernatants	
  were	
  obtained	
  by	
   transient	
   transfection	
  of	
  

amphotropic	
  Phoenix	
  cells	
  and	
  supernatants	
  were	
  harvested	
  after	
  48	
  h	
  (Velasco-­‐

Hernandez	
  et	
  al.,	
  2014).	
  

BM	
  from	
  8-­‐12-­‐week-­‐old	
  mice	
  was	
  harvested	
  from	
  pooled	
  femora,	
  tibiae	
  and	
  ilia	
  

by	
  crushing	
  in	
  phosphate	
  buffer	
  saline	
  (PBS)	
  (Gibco)	
  +	
  2%	
  fetal	
  calf	
  serum	
  (FCS)	
  

(Gibco)	
   using	
   a	
  mortar	
   and	
   pestle.	
   c-­‐Kit+	
   cells	
  were	
   isolated	
   using	
   a	
  magnetic	
  

separation	
  system	
  (MACS)	
  and	
  anti-­‐c-­‐kit	
  magnetic	
  beads	
  (Miltenyi	
  Biotec).	
  Cells	
  

were	
   cultured	
   in	
   StemSpanTM	
   serum-­‐free	
   expansion	
   media	
   (Stem	
   Cell	
  

Technologies)	
  supplemented	
  with	
  100	
  U/mL	
  Penicillin/Streptomycin	
  (Gibco),	
  20	
  

ng/mL	
   mIL3,	
   50	
   ng/ml	
   hIL6,	
   50	
   ng/ml	
   hTPO	
   and	
   50	
   ng/mL	
   mSCF	
   (all	
   from	
  

Peprotech)	
   for	
   24	
   h.	
   Transductions	
   were	
   performed	
   by	
   centrifugation	
   of	
   the	
  

retrovirus	
   (2	
   h,	
   1000	
   g,	
   32°C)	
   over	
   retronectin-­‐	
   (Takara)	
   coated	
   plates	
  

(according	
  to	
  manufacturer’s	
  instructions)	
  and	
  co-­‐culture	
  of	
  the	
  c-­‐Kit+	
  cells	
  over	
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the	
   virus-­‐coated	
  wells	
   for	
   24	
   h	
   at	
   37°C.	
  We	
   used	
   an	
  MOI	
   of	
   0.2,	
   resulting	
   in	
   a	
  

transduction	
   efficiency	
   of	
   2%	
   after	
   48	
   h.	
   Cells	
   were	
   transplanted	
   24	
   h	
   after	
  

transduction.	
  

	
  

Transplantations,	
  drug	
  administration	
  and	
  monitoring	
  of	
  mice	
  

Eight-­‐	
   to	
   12-­‐week-­‐old	
  B6SJL	
   x	
   C57BL/6J	
   (CD45.1-­‐CD45.2)	
   recipient	
  mice	
  were	
  

lethally	
  irradiated	
  with	
  900	
  cGy	
  4	
  to	
  15	
  h	
  prior	
  to	
  transplantation.	
  5	
  x	
  105	
  cells	
  

were	
   intravenously	
   (i.v.)	
   injected	
   into	
   the	
   tail	
   vein	
   of	
   recipient	
   mice	
   together	
  

with	
  1	
  x	
  105	
  freshly	
  isolated	
  total	
  BM	
  support	
  cells	
  from	
  B6SJL	
  (CD45.1)	
  mice.	
  	
  

For	
   secondary	
   transplants,	
   104	
   GFP+	
   cells	
   were	
   i.v.	
   injected	
   into	
   sublethally	
  

irradiated	
   (500	
   cGy)	
   recipient	
   mice	
   without	
   support	
   cells.	
   Mice	
   were	
   kept	
   on	
  

antibiotics	
  (Ciproxin,	
  Accord)	
  in	
  drinking	
  water	
  for	
  14	
  days	
  after	
  transplantation.	
  

Clonal	
  leukemic	
  cells	
  were	
  harvested	
  16	
  weeks	
  after	
  transplantation	
  when	
  mice	
  

started	
  displaying	
  signs	
  of	
  disease.	
  

In	
   secondary	
   recipients,	
   Hif-­‐1α	
   deletion	
   was	
   induced	
   at	
   day	
   10	
   after	
  

transplantation	
   by	
   intraperitoneal	
   injection	
   (i.p.)	
   of	
   100	
   µL	
   tamoxifen	
   (10	
  

mg/mL)	
   (Sigma)	
   on	
   4	
   consecutive	
   days.	
   As	
   control,	
   the	
   same	
   volume	
   of	
   the	
  

vehicle	
  (peanut	
  oil,	
  Sigma)	
  was	
  injected	
  into	
  separate	
  mice.	
  Hif-­‐1α	
  deletion	
  was	
  

verified	
   by	
   polymerase	
   chain	
   reaction	
   (PCR)	
   analysis	
   of	
   BM	
   cells	
   using	
   the	
  

following	
   primers:	
   HIF-­‐24:	
   5’	
   –GCAGTTAAGAGCACTAGTTG-­‐3’,	
   HIF-­‐26:	
   5’	
   –

TTGGGGATGAAAACATCTGC-­‐3’.	
  

Chemotherapy	
   treatment	
  was	
  performed	
  as	
  described	
  by	
  Zuber	
  et	
  al	
   (Zuber	
  et	
  

al.,	
  2009):	
  i.p.	
  injection	
  of	
  100	
  mg/kg	
  cytarabine	
  (Hospira)	
  on	
  5	
  consecutive	
  days	
  

and	
  3	
  mg/kg	
  doxorubicin	
  (Actavis)	
   for	
  3	
  days.	
  We	
  started	
  the	
  treatment	
  at	
  day	
  

20	
  after	
  transplantation.	
  



Velasco-­‐Hernandez	
  et	
  al	
  

Three	
  and	
  5	
  days	
  after	
  completion	
  of	
  the	
  chemotherapy	
  treatment,	
  samples	
  were	
  

collected	
   from	
   PB,	
   BM,	
   spleen	
   and	
   liver.	
   Total	
   white	
   blood	
   cell	
   (WBC)	
   counts	
  

were	
  determined	
  by	
  an	
  automated	
  cell	
  counter	
  (KX-­‐21N,	
  Sysmex).	
  

	
  

Fluorescence-­‐activated	
  cell	
  sorting	
  analysis	
  

Expansion	
  of	
  leukemic	
  cells	
  was	
  analysed	
  by	
  flow	
  cytometry	
  analysis	
  of	
  PB,	
  BM	
  

and	
  spleen	
  cells.	
  PB	
  was	
  lysed	
  with	
  ammonium	
  chloride	
  (Stem	
  Cell	
  Technologies)	
  

before	
  staining.	
  4,6	
  diamino-­‐2-­‐phenylindole	
  (DAPI)	
  (Sigma)	
  was	
  used	
  to	
  exclude	
  

dead	
   cells.	
   The	
   following	
   antibodies	
  were	
   used	
   to	
   determine	
   expansion	
   of	
   the	
  

leukemic	
   cells:	
   Gr-­‐1-­‐PE	
   (RB6-­‐8C5),	
   CD11b-­‐PE	
   (M1/70),	
   B220-­‐PE/APC	
   (RA3-­‐

6B2),	
   CD3-­‐APC	
   (145-­‐2C11),	
   CD45.1-­‐PECy7	
   (A20)	
   (BioLegend)	
   and	
   c-­‐Kit-­‐APC-­‐

eFluor780	
   (2B8)	
   (eBioscience).	
   Samples	
   were	
   analysed	
   using	
   a	
   LSRII	
   cell	
  

analyser	
  (BD	
  Bioscience)	
  and	
  data	
  analysed	
  with	
  FlowJo	
  software	
  (TreeStar).	
  

	
  

Limiting-­‐Dilution	
  Analysis	
  

In	
  vitro	
  

4,	
   8	
   or	
   12	
   GFP+	
   BM	
   cells	
   were	
   sorted	
   into	
   96	
   wells	
   of	
   two	
   U-­‐bottom	
   96-­‐well	
  

plates	
  per	
  sample	
  with	
  100	
  µL	
  of	
  OptiMEM	
  (Sigma)	
  with	
  10%	
  FCS	
  (Gibco),	
  100	
  

µM	
  β-­‐mercaptoetanol	
  (Gibco),	
  50	
  µg/mL	
  Gentamicin	
  (Gibco),	
  10	
  ng/mL	
  mSCF,	
  5	
  

ng/mL	
  mIL3	
   and	
   5	
   ng/mL	
  G-­‐CSF	
   (all	
   from	
  PeproTech).	
   Live	
   (DAPI–)	
   and	
  GFP+	
  

cells	
  were	
  sorted	
  using	
  a	
  FACSAriaII	
  cell	
  sorter	
  (BD	
  Bioscience).	
  One	
  plate	
  from	
  

each	
  sample	
  was	
  incubated	
  under	
  normoxic	
  conditions	
  (20%	
  O2,	
  5%	
  CO2,	
  37°C)	
  

and	
  other	
  under	
  hypoxic	
  conditions	
  (1%	
  O2,	
  5%	
  CO2,	
  37°C)	
  for	
  10	
  days.	
  Positive	
  

wells	
  were	
  scored	
  when	
  a	
  visible	
  colony	
  was	
  present.	
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In	
  vivo	
  

Eight-­‐	
  to	
  12-­‐week-­‐old	
  CD45.1	
  or	
  CD45.1-­‐CD45.2	
  recipient	
  mice	
  were	
  sublethally	
  

irradiated	
  with	
  500	
   cGy	
  4	
   to	
  15	
  h	
  prior	
   to	
   transplantation.	
   10,	
   102,	
   103	
   or	
  104	
  

GFP+	
  BM	
  cells	
  were	
  injected	
  into	
  the	
  tail	
  vein	
  of	
  recipient	
  mice	
  (n=4-­‐6/group).	
  	
  

	
  

Single-­‐cell	
  RNA-­‐sequencing	
  

GFP+	
  BM	
  cells	
  were	
  sorted,	
  washed	
  and	
  resuspended	
  into	
  PBS	
  (Gibco)	
  containing	
  

0.04%	
   ultrapure	
   bovine	
   serum	
   albumin	
   (BSA)	
   (Ambion).	
   Four	
   biological	
  

replicates	
   per	
   sample	
   were	
   pooled	
   after	
   sorting.	
   Cellular	
   suspensions	
   (target	
  

recovery	
   of	
   1500	
   cells),	
   Gel	
   Beads	
   and	
   Partitioning	
   Oil	
   were	
   loaded	
   onto	
   the	
  

Chromium	
   A	
   Chip	
   (Chromium™	
   Single	
   Cell	
   A	
   Chip	
   Kit,	
   10x	
   Genomics),	
   and	
  

further	
  into	
  the	
  Chromium	
  Single	
  Cell	
  Controller	
  (10x	
  Genomics)	
  for	
  generation	
  

of	
   single-­‐cell	
   Gel	
   Bead-­‐in-­‐EMulsions	
   (GEMs).	
   Reverse	
   transcription	
   (RT)	
   of	
   the	
  

mRNA	
  contained	
  in	
  the	
  GEMs	
  and	
  subsequently	
  single	
  cell	
   libraries	
  for	
  3’	
  RNA-­‐

seq,	
  were	
   prepared	
   using	
   Chromium™	
   Single	
   Cell	
   3’	
   Library	
  &	
  Gel	
   Bead	
   kit	
   v2	
  

(10x	
  Genomics)	
  according	
  to	
  manufacturer’s	
  instructions.	
  In	
  short	
  GEM-­‐RT	
  was	
  

performed	
   in	
   a	
   C1000	
   Touch™	
   Thermal	
   cycler	
   with	
   96-­‐Deep	
   Well	
   Reaction	
  

Module	
  (Bio-­‐Rad):	
  53°C	
  for	
  45	
  min,	
  85°C	
  for	
  5	
  min;	
  hold	
  at	
  4°C.	
  After	
  RT,	
  GEMs	
  

were	
  broken,	
  and	
  cDNA	
  was	
  cleaned	
  up	
  using	
  DynaBeads®	
  MyOne™	
  Silane	
  Beads	
  

(Thermo	
  Fisher	
  Scientific)	
  and	
  SPRIselect	
  Reagent	
  Kit	
  (Beckman	
  Coulter).	
  cDNA	
  

was	
   amplified	
   using	
   the	
   C1000	
   Touch™	
   Thermal	
   cycler	
   with	
   96-­‐Deep	
   Well	
  

Reaction	
  Module:	
  98°C	
  for	
  3	
  min;	
  cycled	
  13x:	
  98°C	
  for	
  15sec,	
  67°C	
  for	
  20sec,	
  and	
  

72°C	
   for	
   1	
  min;	
   72°C	
   for	
   1	
  min;	
   hold	
   at	
   4°C.	
   After	
   SPRIselect	
   purification,	
   the	
  

cDNA	
   was	
   fragmented	
   enzymatically	
   and	
   indexed	
   sequencing	
   libraries	
   were	
  

constructed	
  using	
  the	
  reagents	
  in	
  the	
  Single	
  Cell	
  Library	
  Kit	
  and	
  Chromium™	
  i7	
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Multiplex	
  Kit	
  (10x	
  Genomics)	
  following	
  these	
  steps:	
  1)	
  Fragmentation,	
  end	
  repair	
  

and	
   A-­‐tailing;	
   2)	
   Post-­‐fragmentation	
   double	
   sided	
   SPRI	
   selection;	
   3)	
   Adaptor	
  

ligation;	
   4)	
   Post-­‐ligation	
   cleanup	
   with	
   SPRIselect;	
   5)	
   Sample	
   index	
   PCR	
   and	
  

double	
  sided	
  SPRIselect	
  cleanup.	
  Sample	
  index	
  PCR	
  were	
  performed	
  in	
  a	
  C1000	
  

Touch™	
   Thermal	
   cycler	
   with	
   96-­‐Deep	
  Well	
   Reaction	
  Module:	
   98°C	
   for	
   45	
   sec;	
  

cycled	
  14x:	
  98°C	
  for	
  20	
  sec,	
  54°C	
  for	
  30	
  sec,	
  and	
  72°C	
  for	
  20	
  sec;	
  72°C	
  for	
  1	
  min;	
  

hold	
   at	
   4°C.	
   Quality	
   and	
   size	
   of	
   cDNA	
   before	
   fragmentation	
   and	
   post	
   sample	
  

index	
   PCR	
   was	
   determined	
   using	
   a	
   High	
   Sensitivity	
   (HS)	
   DNA	
   kit	
   (Agilent	
  

Technologies)	
   loaded	
   on	
   a	
   2100	
   Bioanalyzer	
   (Agilent	
   Technologies).	
   A	
   final	
  

quantification	
   of	
   the	
   barcoded	
   libraries	
   was	
   achieved	
   using	
   quantitative	
   PCR	
  

(qPCR)	
   (KAPA	
   Library	
   Quantification	
   Kit	
   for	
   Illumina	
   platforms,	
   KAPA	
  

Biosystems),	
   before	
   sequencing	
  using	
   a	
  Nextseq500	
   (Illumina)	
  was	
  performed.	
  

Sequencing	
  ready	
  libraries	
  were	
  denaturated	
  and	
  diluted	
  to	
  1.8pM	
  according	
  to	
  

Illumina	
   instructions	
  before	
   loaded	
  on	
   Illumina	
  NextSeq500	
  using	
  a	
  150	
  cycles	
  

High	
  output	
   v2	
  kit	
   (Illumina).	
   	
   Paired-­‐end	
   sequencing	
  was	
  performed	
  with	
   the	
  

following	
   read	
   lengths:	
   Read1;	
   26	
   cycles,	
   Read2;	
   98	
   cycles	
   and	
   8	
   cycles	
   of	
   I7	
  

Index.	
   Two	
   consecutive	
   sequencing	
   runs	
   were	
   performed	
   to	
   achieve	
   enough	
  

sequencing	
  depth	
  and	
  the	
  data	
  was	
  combined.	
  Reads	
  were	
  processed	
  and	
  UMIs	
  

counted	
   using	
   Cell	
   Ranger	
   v1.3.0	
   against	
   the	
   mm10	
   annotation.	
   Downstream	
  

analyses	
  were	
  performed	
  using	
  Seurat	
  v2.1.0	
  for	
  R	
  where	
  the	
  cells	
  were	
  filtered	
  

to	
   remove	
   potential	
   doublets	
   and	
   scaled	
   regressing	
   out	
   the	
   effects	
   of	
  

mitochondrial	
   content	
   and	
   the	
   number	
   of	
   UMIs	
   attained	
   from	
   each	
   cell.	
  

Differentially	
   expressed	
  genes	
  were	
   identified,	
   and	
   the	
   cells	
  were	
  projected	
  on	
  

two	
  dimensions	
  using	
  TSNE.	
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Differential	
  expression	
  analysis	
  and	
  pathway	
  enrichment	
  

t-­‐SNE	
   plots	
   and	
   K-­‐clustering	
   were	
   generated	
   with	
   Loupe	
   software	
   (10X	
  

Genomics).	
  	
  

Venn	
  diagrams	
  were	
   generated	
  with	
  BioVenn	
   (www.biovenn.nl)	
   (Hulsen	
   et	
   al.,	
  

2008).	
   Gene	
   Functional	
   Classification	
   was	
   performed	
   using	
   DAVID	
  

(david.ncifcrf.gov/home.jsp)	
   (Huang	
   da	
   et	
   al.,	
   2009).	
   Functional	
   protein	
  

associations,	
  GO	
  and	
  KEGG	
  enrichment	
  analysis	
  were	
  investigated	
  using	
  STRING	
  

(string-­‐db.org)	
  (Szklarczyk	
  et	
  al.,	
  2015)	
  and	
  for	
  the	
  visualization	
  of	
  the	
  networks	
  

we	
  used	
  Cytoscape	
   (Shannon	
  et	
   al.,	
   2003).	
  A	
  minimum	
   interaction	
   score	
  of	
  0.5	
  

was	
  used	
  to	
  detect	
  interactions.	
  

	
  

Statistical	
  analysis	
  

All	
   data	
   are	
   expressed	
   as	
   the	
   mean	
   ±	
   SEM.	
   Differences	
   between	
   groups	
   were	
  

assessed	
   using	
   unpaired	
   Student’s	
   t	
   tests.	
   All	
   analyses	
   were	
   performed	
   with	
  

Prism	
   software,	
   version	
   7.0	
   (GraphPad	
   software).	
   Frequency	
   estimations	
  were	
  

generated	
   using	
   Extreme	
   Limiting	
   Dilution	
   Analysis	
   (ELDA)	
   software,	
   which	
  

takes	
   into	
   account	
   whether	
   the	
   assumptions	
   for	
   LDA	
   are	
   met	
  

(http://bioinf.wehi.edu.au/software/elda/)	
  (Hu	
  and	
  Smyth,	
  2009).	
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