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The hematopoietic niche is a complex mixture of heteroge-
neous cell types that supports normal hematopoiesis and is 
hypothesized to have a chemoprotective role in the treatment 

of acute myeloid leukemia (AML), possibly contributing to the fail-
ure of standard-of-care chemotherapy to cure at least half of adult 
patients with this disease1–3. Within AML is a population of cells 
with the capacity for self-renewal, disease initiation and disease 
propagation termed LSCs4. These cells are less sensitive to mainstay 
AML chemotherapies such as daunorubicin and cytarabine5,6 and 
are particularly responsive to a number of supportive stromal fac-
tors, including interleukin-6 (IL-6), stromal cell–derived factor-1, 
IL-8 and angiopoietin-1 (refs. 3,7), further blunting the cytotoxic 
effects of chemotherapy.

Strategies to target LSC dependencies within the context of the 
bone marrow microenvironment are therefore attractive; however, 
two major obstacles have made such therapeutic targeting chal-
lenging in practice. First, many of the liabilities identified to date in 
leukemia cells also exist in normal HSPCs owing to the biological 
similarity of these populations1,8. Illustrating this, the dose-limiting 

toxicity for standard-of-care AML treatments, including cytara-
bine and daunorubicin, is toxicity to normal HSPCs9,10. As such, 
discovering therapeutics that target LSCs but spare HSPCs is dif-
ficult. Second, to date there has not been a way to model complex 
phenotypes of primary leukemia cells within the bone marrow  
niche in a manner compatible with high-throughput small- 
molecule screening. Such screening requires that cells be grown 
in microtiter plates with a reproducible, automated readout. This 
is particularly problematic in the case of LSCs and HSPCs, whose 
stem-associated properties are recognized ex vivo via the formation 
of ‘cobblestone areas’ (the burrowing of primitive cells beneath a 
layer of stromal fibroblasts, forming phase dark areas of cobblestone 
area–forming cells (CAFCs) organized in tight association), which 
generally require a highly trained eye to detect microscopically by 
phase contrast11–13.

We reasoned that a high-throughput screening system capable 
of supporting primary cells in the context of a simulated bone mar-
row niche might enable the discovery of leukemia-selective com-
pounds not otherwise identified using standard cell line–based 
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Efforts to develop more effective therapies for acute leukemia may benefit from high-throughput screening systems that reflect 
the complex physiology of the disease, including leukemia stem cells (LSCs) and supportive interactions with the bone marrow 
microenvironment. The therapeutic targeting of LSCs is challenging because LSCs are highly similar to normal hematopoietic 
stem and progenitor cells (HSPCs) and are protected by stromal cells in vivo. We screened 14,718 compounds in a leukemia-
stroma co-culture system for inhibition of cobblestone formation, a cellular behavior associated with stem-cell function. Among 
those compounds that inhibited malignant cells but spared HSPCs was the cholesterol-lowering drug lovastatin. Lovastatin 
showed anti-LSC activity in vitro and in an in vivo bone marrow transplantation model. Mechanistic studies demonstrated that 
the effect was on target, via inhibition of HMG-CoA reductase. These results illustrate the power of merging physiologically 
relevant models with high-throughput screening. 
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viability screens. We report here the development of such a system 
involving the co-culture of primary LSC-enriched cells with bone 
marrow stromal cells coupled to an automated machine-learning 
algorithm capable of recognizing the CAFC phenotype. A small-
molecule screen identified new compounds that inhibited leuke-
mic CAFCs while sparing normal HSPCs as well as compounds 
previously established as LSC selective. A subset of the compounds 
identified were not readily apparent by traditional cell-line screen-
ing, illustrating the limitations of conventional methods. These 
experiments demonstrate the feasibility of physiologically relevant  
small-molecule screening within a niche-like microenvironment. 
Moreover, the panel of compounds identified may represent start-
ing points for new types of AML therapies.

RESULTS
Sustaining primary leukemia in a niche-like environment
To generate primary leukemia cells for high-throughput study, we 
used a well-characterized mouse model of human AML driven by 
the oncogene MLL-AF9 (refs. 3,8,14). The LSC-enriched fraction 
of cells (hereafter referred to as ‘LSCe cells’) was isolated from the 
bone marrow of leukemic animals by fluorescence-activated cell 
sorting (FACS) (Supplementary Results, Supplementary Fig. 1a,b 
and Online Methods). Notably, as LSCe cells are difficult to main-
tain over extended periods in vitro when cultured in isolation8, we 
developed a co-culture system to support these cells ex vivo and 
to enable cobblestone area formation. Historically, ex vivo main-
tenance of normal HSCs has required co-culture with supportive 
stroma, and stem-cell activity has been most faithfully quantified 
ex vivo by cobblestone area formation in the CAFC assay or by 
colonies arising from cobblestone areas in the long-term culture-
initiating cell assay12,13. Primary leukemia cells have similarly been 
examined11; however, these assays have not been attempted on a 
high-throughput scale. Toward that goal, we plated dsRed+ LSCe 
cells in 384-well format onto two types of supportive GFP+ bone  

marrow–derived stromal cells to identify reproducible effects: pri-
mary bone marrow mesenchymal stromal cells derived from actin-
GFP mice or GFP-expressing bone marrow stroma-derived OP9 
cells (Online Methods).

LSCe cells co-cultured with either stroma grew robustly in the 
absence of cytokine supplementation, forming distinct cellular 
aggregates beneath the stroma, indicative of cobblestone area for-
mation (Fig. 1a). Moreover, cell culture medium that had been pre-
conditioned by OP9 stromal cells for 3 d augmented cobblestone 
area formation beneath this type of stromal monolayer, suggesting 
that secreted factors contribute to the CAFC phenotype. We also 
found that the enrichment for stem cell activity using c-Kithi cells 
produced higher frequencies of CAFCs, as predicted, relative to 
c-Kitlo cells seeded at the same density (Supplementary Fig. 1c and 
Online Methods). To affirm the in vivo leukemia-initiating potential 
of the LSCe cells in our model, we co-cultured 25, 100 or 500 LSCe 
cells with bone marrow stromal cells and transplanted the contents 
into lethally irradiated mice 6 d later. All of the recipient animals 
developed leukemia within 30 d, indicating the intrinsic leukemo-
genicity of the LSCe cells and its persistence in the high-throughput 
co-culture system (Supplementary Fig. 1d).

To enable high-throughput studies, we also developed an 
image analysis pipeline by incorporating CellProfiler software15 
to enumerate the CAFC phenotype in the dsRed channel based 
on the most discriminating morphological features of the CAFCs. 
The machine-learning algorithm16 used several hundred manually 
selected examples of CAFC and non-CAFC cell images to gener-
ate a set of 50 morphological ‘rules’ (for example, shape, inten-
sity, texture and cell-neighbor relationships) that defined CAFCs 
(Fig. 1b, Supplementary Table 1, Supplementary Fig. 1e and 
Online Methods). Tests on an independent set of images indi-
cated an accuracy sufficient for screening, with a sensitivity of 86% 
and a specificity of 87% compared to manual review by experts  
(Online Methods).
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Figure 1 | A high-throughput system for probing 
LSCe cells within a stromal niche. (a) LSCe 
cells generate CAFC (arrows) and non-CAFC 
morphologies when plated with bone marrow 
stroma (left, primary BMSCs; right, OP9 cells) at 
the 6-d assay endpoint. Qualitative images are  
shown as a visual introduction to the devised 
assay. The red channel has been pseudocolored to 
accommodate colorblindness. Scale bars, 50 μM.  
(b) A representative example of the ‘number 
of neighbors’ rule, 1 of 50 computational rules 
that together identify CAFCs. A raw image of 
LSCe cells in co-culture (left, dsRed channel) is 
converted to a heat map (middle) reflecting the 
number of adjacent cells (red, many; blue, few), 
identifying cell ‘objects’ (right; Online Methods) 
that are part of a cobblestone area (orange, CAFC; 
blue, non-CAFC). Qualitative images are shown 
as a conceptual introduction to the computational 
method. Scale bars, 50 μM. (c) Schematic of  
the small-molecule co-culture screen protocol.  
(d) The co-culture screen data for 14,718 
compounds (blue) added at ~5 μM, in duplicate. 
Values were normalized to the means of both 
neutral (DMSO carrier, yellow, set at 0% effect) 
and positive (10 μM XK469, a topoisomerase IIβ 
inhibitor, red, set at −100% effect) controls.  
(e) Schematic summarizing the filtering steps used 
to define high-priority compounds. The number of 
compounds prioritized at each step is shown.
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Table 1 | Prioritized screening hits display selective toxicity to LSCe cells relative to HSPCs in co-culture
Name Structure LSCe assay EC50 (nM) HSPC assay EC50 (nM)

Celastrol (1)

HO

O

OHO 100 1,300

Piperlongumine (2)
MeO

MeO

OMe

N

O

O 380 4,900

2-Methoxy estradiol (3)

MeO

OH

HO

HH

H

62 >20,000

BRD7116 (4)

O

N
H

S

O

O

H
N

O

200 >20,000

Lovastatin (5)
O

O
O

H

O

OH

170 >20,000

Parbendazole (6)
N

NH

OMe

O

H
N 76 >20,000

Methiazole (7)
OMe

NH

H
N

NS

O 470 >20,000

BRD1686 (8)
O

N
H

O

O

MeO

1,400 >20,000

BRD9608 (9)

N

O

O

N
N
H

H2N

O

NH

O

OH

700 >20,000

BRD6708 (10)

N

O

O

N
HN

O

NHN
H

O

OH

H2N

2,100 >20,000

BRD1319 (11) S

N+

≤10 >20,000

BRD0638 (12)
N+

O ≤10 >20,000

BRD1856 (13) O

N+

N

810 16,000

(continued)
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Small-molecule screening for leukemia selectivity
We screened 14,718 small-molecule compounds in duplicate, 
including ~1,920 bioactive molecules, 1,600 natural products and 
2,880 compounds generated via diversity-oriented synthesis17  
(Fig. 1c, Supplementary Table 2 and Online Methods) and deter-
mined that compounds inhibiting CAFCs by at least 85% were 
detected with 98% confidence (Supplementary Fig. 1f). Using this 
approach, we identified 415 compounds that inhibited leukemic 
CAFCs in co-culture (Fig. 1d and Online Methods).

We next excluded 145 of the 415 hits that caused gross stromal cell 
toxicity, killed normal HSPCs or both on the basis of data from a screen 
of the same compounds at ~20 μM on HSPCs (Linlo Sca-1+ c-Kit+ 
CD48lo, from β-actin–dsRed mice) co-cultured with primary bone  
marrow stromal cells (Stewart, A.L., unpublished data; Online Methods).

We retested 240 of the remaining compounds in an eight-point 
dose response (from ~150 nM to 20 μM) on LSCe cells in co-culture 
with OP9 stromal cells and in co-culture with bone marrow stromal 
cells. In the presence of one of the stromal types, 196 compounds 
exhibited a dose response with a half-maximum effective concen-
tration (EC50) ≤ 5 μM, and 139 compounds displayed activity in the 
presence of both types (Online Methods). To exclude the possibil-
ity that CAFC inhibition was a result of direct stromal toxicity, we 
also tested the compounds in an eight-point dose on OP9 or bone 
marrow stromal cell monolayers in the absence of LSCe cells using 
a CellTiter-Glo viability readout. At concentrations below 20 μM, 
36 compounds exhibited stromal toxicity (Supplementary Fig. 1g) 
and were excluded from further study. Together, these filters identi-
fied155 prioritized compounds that inhibited LSCe cells relative to 
normal HSPCs and lacked toxicity to two bone marrow stromal cell 
types (Fig. 1e and Supplementary Table 3).

We more rigorously assessed the selectivity of the prioritized 
hits by examining the compounds at eight concentrations against 
both normal HSPCs and LSCe cells, each co-cultured on primary 
bone marrow stromal cells. A subset, prioritized on the basis of 
potency and selectivity, was subsequently re-examined (Online 
Methods). Several of these compounds displayed greater than 
100-fold selectivity against leukemia cells compared to normal 
HSPCs (Table 1). Notably, compounds known to have preferen-
tial activity against LSCs, including celastrol (1), a triterpenoid  
antioxidant compound18, and parthenolide, a sesquiterpene 
lactone19, were among the 155 validated hits from the screen 
(Table 1 and Supplementary Table 3). Moreover, parthenolide is 
known to have activity against LSCs in vivo20. We also identified  
2-methoxy-estradiol (3), a microtubule inhibitor known to lack 
myelosuppressive side effects owing to its inability to bind the 
tubulin protein expressed in HSPCs21 (Table 1). These results indi-
cate that the LSCe co-culture assay yields physiologically relevant 
insights and starting points for therapeutic discovery. Among the 
new compounds we identified were two benzimidazole carbamates,  

parbendazole (6) and methiazole (7), used as antihelminthic 
agents in cattle feed (Table 1 and Supplementary Fig. 2a).

To determine whether the co-culture assay could reveal com-
pounds not readily identified in standard screens of AML cell line 
viability, we tested the 155 compounds on six human AML cell 
lines (U937, THP-1, NOMO-1, SKM-1, NB4 and OCI-AML3), two 
of which (NOMO-1 and THP-1) harbor the MLL-AF9 oncogene 
present in the primary leukemia cells used in our initial screen. 
We tested the compounds at eight concentrations in the absence 
of co-culturing using standard conditions and a viability readout 
(CellTiter-Glo). Whereas a subset of compounds, such as parbenda-
zole and methiazole, also displayed potent activity in the AML cell 
lines (EC50 < 0.625 μM for each of six cell lines; Supplementary 
Fig. 2b and Supplementary Table 3), other compounds showed 
greater than tenfold higher potency on primary LSCe cells in co-
culture compared to their mean potency across the AML cell lines 
(Supplementary Table 3). We also identified compounds with 
greater activity against the cell lines than the co-cultured LSCe cells, 
indicating that primary LSCe cells are not merely nonspecifically 
more sensitive than established cell lines (Supplementary Table 3).  
As described below, we next selected two compounds for more 
extensive follow up because they illustrated the biology newly 
exposed by the screen: BRD7116 (4), a compound with cell- 
non-autonomous antileukemia activity, and lovastatin, a compound 
that would have been overlooked with conventional cell line– 
based screening.

BRD7116 displays cell-non-autonomous anti-leukemia activity
To identify compounds that inhibit LSCe cells via activity on the 
stromal cells (a property that would not be discoverable using stan-
dard cell line screening), we pretreated OP9 stroma at eight con-
centrations for 3 d, washed the stroma before the addition of LSCe 
cells and then imaged the co-cultures 6 d later (Supplementary  
Fig. 3a). We hypothesized that inhibition of cobblestone area for-
mation under these conditions would be a result of compound 
activity on the stromal cells, as the LSCe cells were not directly 
exposed. All 155 of the hits were tested in this way. Troglitazone, a 
peroxisome proliferator-activated receptor-γ (PPAR-γ) agonist used 
for the treatment of diabetes22, inhibited leukemic CAFCs in the 
stromal pretreatment screen, yielding a dose-response curve similar 
to that observed in co-culture (Supplementary Fig. 3b). This inhi-
bition was accompanied by a dose-dependent adipocytic change in 
the stroma (Supplementary Fig. 3c), consistent with the established 
ability of PPAR-γ agonists to regulate adipogenesis23. OP9 stromal 
cells can readily differentiate into adipocytes24, and adipocytes are 
known to antagonize hematopoietic cell self-renewal25. Consistent 
with a cell-non-autonomous mechanism, none of the AML cell lines 
tested were sensitive to troglitazone at concentrations as high as  
35 μM (Supplementary Fig. 3d).

Table 1 | Prioritized screening hits display selective toxicity to LSCe cells relative to HSPCs in co-culture (continued)
Name Structure LSCe assay EC50 (nM) HSPC assay EC50 (nM)

BRD6491 (14)

OMe

O
H
N

O2N

O

O 240 >20,000

BRD8404 (15)
OMe

OMe

N

NC

S
O

150 >20,000

The names and structures of 15 prioritized small-molecule screening hits are shown, with EC50 values (from dose-response curves across eight concentrations) for both LSCe cells (as percent cobblestone 
area effect; two replicates per concentration) and HSPCs (as total cells per well; six replicates per concentration) co-cultured under identical conditions on primary BMSC stromal cells. Celastrol, 
piperlongumine and 2-methoxy estradiol were previously identified, validating the screening approach.
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A new compound, BRD7116, a bis-aryl sulfone, also showed evi-
dence of stroma-mediated anti-LSCe activity. BRD7116 exhibited 
an EC50 of 200 nM for LSCe cells in co-culture (Fig. 2a), whereas 
it displayed limited activity against normal HSPCs (Fig. 2a) and 
AML cell lines (~50% inhibition at 20 μM) (Supplementary  
Fig. 3e). BRD7116 also showed activity against patient-derived,  
primary human leukemia cells (Supplementary Fig. 3f). 
Furthermore, pretreatment of the stroma partially recapitulated the 
leukemic CAFC inhibition observed in co-culture (Fig. 2b) without 
evidence of altered stromal cell viability (CellTiter-Glo). In contrast 
to troglitazone, this niche effect was not accompanied by an obvious 
change in stromal morphology.

We next directly compared the relative inhibition of LSCe cells 
and HSPCs under internally controlled conditions using a three-
component co-culture system. We added dsRed+ LSCe cells and 
GFP+ HSPCs (from ubiquitin C-GFP mice) simultaneously to uncol-
ored bone marrow stromal cells pretreated for 3 d with BRD7116. 
In contrast to DMSO pretreatment controls, BRD7116 pretreatment 

of the stroma preferentially inhibited the LSCe cells compared to 
HSPCs (Fig. 2c and Supplementary Fig. 3g).

Having observed a cell-non-autonomous effect, we next explored 
whether BRD7116 had any cell-autonomous effects on LSCe cells. 
We exposed LSCe cells for 6 h to 5 μM BRD7116 in suspension and 
then performed gene-expression profiling. Using gene set enrich-
ment analysis (GSEA)26,27, we found that treatment of LSCe cells 
with BRD7116 induced transcriptional changes consistent with 
myeloid differentiation, as defined by all-trans retinoic acid (ATRA) 
treatment of ATRA-sensitive human AML cells28 (Fig. 2d). The 
mechanism by which BRD7116 has this differentiation-inducing 
effect remains to be determined.

Lovastatin kills LSCs by HMG-CoA reductase inhibition
Lovastatin (5), a US Food and Drug Administration–approved drug in 
widespread clinical use for hypercholesterolemia, also emerged from 
the co-culture screen, inhibiting LSCe cobblestone area formation 
with an EC50 < 200 nM while showing limited activity against human 
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Figure 2 | New small molecule BRD7116 selectively targets LSCe cells by cell-autonomous and cell-non-autonomous mechanisms. (a) Dose-response 
effects of bis-aryl sulfone hit BRD7116 on LSCe cells (red, in duplicate) and normal HSPCs (blue, six replicates per dose) co-cultured on primary BMSC 
stroma, shown overlaid. BRD7116 was applied to the co-cultures in both cases. (b) The effects of treating only the stromal monolayer before co-culture 
are compared to the effects of treating both the stroma and LSCe cells together in co-culture. The data shown is from the stromal pretreatment secondary 
screen in which OP9 stromal cells were treated with BRD7116 for 3 d before LSCe cell plating (green). The LSCe co-culture retest data with OP9s (black) 
is also shown. Both screens were performed in duplicate. (c) The effects of treating only the stromal monolayer with BRD7116 for 3 d before the plating 
of admixed LSCe cells and HSPCs on primary BMSC stroma (as mean ± s.e.m. of quadruplicate replicates). These two hematopoietic populations are 
quantified as the percentage of total hematopoietic cells under each stromal pretreatment condition. *P < 0.05; NS, not significant for effects relative  
to DMSO (0 μM BRD7116) controls. (d) Compared to DMSO control, gene expression changes present in LSCe cells after 6 h of direct treatment  
with 5 μM BRD7116 are significantly enriched for an AML differentiation gene signature, as defined by ATRA treatment of human AML cells by GSEA.  
NES, normalized enrichment score; FDR, false discovery rate.
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Figure 3 | Lovastatin selectively inhibits mouse and human leukemia cells in co-culture. (a) Lovastatin displays leukemia-selective activity (red dose-
response curve, in duplicate) compared to HSPCs (blue, six replicates per dose) in co-culture with BMSCs. (b) The effects of lovastatin on CAFC activity 
of primary human CD34+ cells isolated from either normal or leukemic patient samples. Co-cultures were treated for 6 d and then rinsed. The fraction 
of replicate co-cultures containing cobblestone areas at the 5-week assay endpoint (2 weeks for the FLT3-ITD sample) is shown (n ≥ 6). The clinical 
characteristics of the AML samples are as follows, including whether each AML case is primary (P) or directly related to previous cytotoxic therapy, as 
therapy-related (TR) leukemia is associated with a worse prognosis than de novo disease. AML 1: FLT3-ITD+ (P); AML 2: NPM1 mutation (P); AML 3: 
CBFB-MYH11 fusion (P); AML 4: trisomy 11, del(17p) (TR); AML5: CEPBα double mutation (P); AML 6: MLL-AF9 fusion (TR). (c) Representative images 
of admixed LSCe cells and HSPCs co-cultured with uncolored primary BMSCs at 5 d of exposure to DMSO (top) or 200 nM lovastatin (bottom). The red 
channel has been pseudocolored to accommodate colorblindness. Scale bars, 50 μM. (d) Quantification of the effect (mean ± s.e.m. of quadruplicate 
replicates) is also shown and is representative of two independent experiments. *P < 0.001 for LSCe cells relative to DMSO (0 μM lovastatin) controls.
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and mouse AML cell lines (EC50 > 2,000 nM) and no apparent toxic-
ity to normal HSPCs at concentrations as high as 20 μM (Fig. 3a and 
Supplementary Fig. 4a–c). Of note, the inhibitory effects of lovasta-
tin were cell autonomous, as lovastatin did not score in the stromal 
pretreatment assay described above. In addition, LSCe cells gener-
ated using an alternative oncogene, MOZ-TIF2 (ref. 29), were also 
sensitive to lovastatin in co-culture (EC50 < 250 nM) (Supplementary 
Fig. 4d), indicating that the effect was not MLL-AF9 specific.

We next extended the lovastatin studies to primary human 
leukemia cells, using longer-duration CAFC assays. CD34+ cells 
purified from umbilical cord blood or leukemic CD34+ cells puri-
fied from the bone marrow of leukemic patients11,12 were cultured 
together with stromal cells and treated for 6 d with lovastatin or 
DMSO and rinsed. Cobblestone area formation was assessed at  
5 weeks (2 weeks for a leukemia harboring the FLT3-ITD onco-
gene30). Lovastatin inhibited cobblestone area formation for all six 
patient-derived AML samples with potencies comparable to that 
seen in the mouse co-culture system, whereas no inhibition of  
normal HSPC cobblestone area formation was observed under these 
same conditions (Fig. 3b and Supplementary Table 4).

To directly compare the relative inhibition of LSCe cells and 
HSPCs under internally controlled conditions, we plated heterotypic 

cultures consisting of dsRed+ LSCe cells, GFP+ HSPCs and uncolored  
primary BMSCs. We treated the co-cultures 24 h later with 200 nM  
lovastatin or DMSO and assessed them 5 d later. In contrast to 
control treatment with DMSO, lovastatin selectively inhibited the 
dsRed+ leukemia cells while sparing the GFP+ HSPCs, which con-
tinued to display normal, CAFC morphologies (Fig. 3c,d).

Statins act to lower cholesterol by inhibiting HMG-CoA 
reductase (HMGCR), the enzyme that catalyzes the rate-limiting 
step of cholesterol biosynthesis31. To evaluate the possibility that 
lovastatin was acting by an alternative mechanism, we tested the 
ability of mevalonate, the metabolite immediately downstream of 
HMGCR, to rescue the observed lovastatin effects. Consistent with 
an HMGCR on-target mechanism, mevalonate fully rescued the 
antileukemia effects of lovastatin in co-culture (Fig. 4a), and five 
additional statins (simvastatin, fluvastatin, cerivastatin, rosuvastatin  
and atorvastatin) selectively inhibited LSCe cells relative to  
normal HSPCs (Supplementary Table 5).

To further establish that the lovastatin effect was mediated by 
HMGCR inhibition, we next performed an in vivo pooled RNAi 
screen32,33 targeting Hmgcr and downstream components of the 
mevalonate pathway (Supplementary Fig. 5a). LSCe cells were 
transduced with a lentiviral shRNA pool consisting of shRNAs 
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targeting eight genes (with a minimum of four different shRNAs 
per gene) and seven control shRNAs (Supplementary Fig. 5b and 
Online Methods). After 24 h, we harvested half of the cells and 
transplanted the other half into sublethally irradiated mice. We har-
vested the bone marrow of the recipient mice 2 weeks later at leuke-
mia onset and performed massively parallel sequencing of genomic 
DNA to determine the representation of each shRNA in the leuke-
mia cells after 2 weeks in vivo compared to the representation in the 
cells before transplantation. Consistent with our in vitro findings 
with statins, we observed that multiple shRNAs targeting Hmgcr 
were strongly depleted (≥20-fold relative to control hairpins) at  
2 weeks, consistent with a role for HMGCR in propagating leukemia 
in vivo (Fig. 4b, Supplementary Fig. 5c, Supplementary Table 6 
and Online Methods).

In addition, shRNAs targeting Fnta, the gene encoding the com-
mon α-subunit of both geranylgeranyl transferase I and farnesyl 
transferase (FT), and shRNAs targeting isoprenylcysteine carboxyl 
methyltransferase (Icmt) were strongly depleted in vivo (Fig. 4b). 
Geranylgeranyl transferase I and FT transfer prenylation moieties 
generated in the mevalonate biosynthetic pathway to CAAX pro-
teins, and Icmt processes these moieties, stabilizing the moieties 
on target proteins34. Accordingly, small-molecule FT inhibitors 
and geranylgeranyl transferase inhibitors likewise inhibited LSCe 
cells in the co-culture system to various degrees (Fig. 4b and 
Supplementary Fig. 5d,e).

Because lovastatin was developed to inhibit the synthesis of cho-
lesterol, its pharmacologic properties have been optimized to achieve 
high concentrations in the liver but not elsewhere31. In particular, 
bone marrow exposure following oral lovastatin administration to 
humans and mice is predicted to be low35. To address the effects of 
lovastatin on LSCe cell leukemogenicity in vivo, we performed syn-
geneic bone marrow transplantation studies following 24-h ex vivo 
exposure of LSCe cell co-cultures to lovastatin or DMSO control. 
Limiting dilution analysis revealed that all of the mice receiving 500 
to 10,000 co-cultured LSCe cells in the DMSO group developed leu-
kemia by 5 weeks, whereas only one animal in the lovastatin group 
developed leukemia by 11.5 weeks (Fig. 4c).

We next extended the transplantation experiments to HSPCs 
and LSCe cells co-cultured together using a three-component sys-
tem. We exposed heterotypic co-cultures containing dsRed+ LSCe 
cells, uncolored CD45.1+ HSPCs and GFP+ BMSCs to lovastatin 
or DMSO for 48 h, and then transplanted them en masse with 
untreated wild-type helper splenocytes (CD45.1+ CD45.2+) into 
lethally irradiated CD45.2+ recipient animals. We observed that 
mice transplanted with lovastatin-treated mixed cultures survived 
substantially longer than the DMSO control mice (Fig. 4d), all of 
which developed leukemia by 3 weeks. Furthermore, CD45 chi-
merism analysis revealed that long-term hematopoietic engraft-
ment at 16 weeks of the admixed normal HSPCs was comparable 
to that of DMSO-treated HSPCs co-cultured without LSCe cells 
(Supplementary Fig. 5f,g), indicating that lovastatin did not impair 
normal HSPC function. Taken together, these experiments support 
the possibility that HMGCR inhibition can selectively target LSCs 
in the bone marrow niche while preserving normal hematopoiesis.

DISCUSSION
The earliest attempts to screen for anticancer small molecules 
were conducted in living laboratory animals. Although such 
approaches are highly physiologic, they are not amenable to high- 
throughput screening and can only interrogate compounds with 
favorable pharmacologic properties. More recently, there has been 
a marked shift toward ultra-high-throughput biochemical screens 
that lack biological complexity but allow for the low-cost screen-
ing of massive numbers of compounds. Though this advanced 
type of screening has identified new AML therapies such as FLT3 
inhibitors36, serendipitous discoveries over 50 years ago remain the 

standard of care for treatment of AML (for example, daunorubicin  
and cytarabine)37.

Experimental models that more faithfully reflect the biological 
complexity of primary disease may facilitate the discovery of next-
generation AML therapeutics. Prior efforts have begun to work 
toward that goal2,38–40 but to date have not brought primary stem-
enriched mammalian cancer cells, stromal cell support and stem-
associated readouts to bear on high-throughput small-molecule 
screening. The approach herein reflects an initial effort to inte-
grate these principles and may provide physiologic mimicry while 
enabling large-scale testing of therapeutic candidates. We note the 
importance of the follow-up studies in naturally arising, primary 
human leukemia cells as means to ensure that the findings were 
generalizable, as the screening system could in principle identify 
compounds specific to MLL-AF9 or to the ectopic overexpression 
system. Accordingly, the screening system can be extended to other 
primary mouse and human leukemia models and can also be scaled 
to larger collections of compounds. To facilitate similar efforts in 
other laboratories, we have made the cobblestone area quantifi-
cation algorithms and image analysis software freely available at 
http://www.cellprofiler.org/published_pipelines.shtml.

The most interesting class of compounds to emerge from 
the screen was that which selectively killed malignant cells in a  
manner not readily observable by conventional cell line screening. 
The existence of such compounds raises the possibility that the  
biology modeled here is fundamentally distinct from that modeled 
by cell lines adapted to long-term in vitro culture. Among such  
compounds are those that killed LSCe cells via an effect on the 
stroma cells, such as BRD7116. The mechanism by which BRD7116 
impairs the stroma’s ability to support leukemia cells remains an 
important question for future study.

Lovastatin, an US Food and Drug Administration–approved 
drug, was found to preferentially inhibit LSCs compared to normal 
HSPCs, irrespective of leukemia genotype. Genetic, biochemical  
and pharmacologic evidence reported here support the notion 
that lovastatin kills leukemia cells via inhibition of its known tar-
get, HMGCR. Notably, the in vivo selection against Hmgcr shRNAs 
in leukemia within the native bone marrow niche supports the  
physiologic relevance of the in vitro co-culture system, linking the 
mechanistic target identified for lovastatin sensitivity in vitro to  
leukemia propagation in vivo.

Together, the preclinical observations described herein form a 
compelling case for statins as potential anti-AML therapeutics. 
Although the potential for statins to yield anticancer effects has been 
proposed41–43, studies of their effects on primary LSCs within the 
context of a supportive microenvironment have not been reported. 
Importantly, statins as a drug class have been optimized for activity 
within the liver, consistent with their primary use as cholesterol-
lowering agents. The clinical testing of the hypothesis that HMGCR 
inhibition will result in antileukemia activity in patients will require 
a drug that achieves concentrations in the bone marrow at or above 
concentrations observed herein to inhibit mouse and human primary 
AML cells in co-culture (for example, above the EC50 of ~200 nM  
for lovastatin). Although bone marrow drug concentrations have 
not been reported, the highest plasma concentration achieved (Cmax) 
for lovastatin at standard dosing (40 mg daily) is only ~50 nM,  
with a half-life of 2.9 h35, and would thus not be expected to be 
efficacious. A phase 1 clinical trial of pravastatin in AML found 
preliminary evidence of an antileukemia effect, prompting an 
ongoing phase 2 trial44. Notably, pravastatin did not score in our 
LSCe co-culture assay or in a recently reported model of FLT3-
mutated AML45, consistent with its well-documented low uptake by  
nonliver cells31.

Thus, the antileukemia potential of mevalonate pathway inhi-
bition has yet to be fully explored, warranting additional clinical 
studies. Careful measures of bone marrow pharmacokinetics and, 
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ideally, pharmacodynamic measures of HMGCR inhibition should 
therefore be considered. We do note that a recent epidemiological 
study found that statin use begun before a cancer diagnosis is associ-
ated with reduced cancer-related mortality46, but whether this result 
indicates an effect on tumor cells (versus other beneficial effects on 
the host) is unknown.

A key future research goal should be to identify the effector mol-
ecules whose modification via the HMGCR pathway explains the 
antileukemia effects of statins. One candidate would be farnesyla-
tion or geranylation of RAS proteins. Despite promising initial stud-
ies with farnesyltransferase inhibitors, it was later found that KRAS 
and NRAS could remain active via geranylgeranyl transferase- 
mediated prenylation in the presence of farnesyltransferase 
inhibitors47,48, most likely explaining their lack of clinical efficacy49. 
Subsequent efforts to simultaneously inhibit both proteins, while 
highly active against pancreatic cancer cells, proved unacceptably 
toxic in animals50. Importantly, it is possible that the antileukemia 
effect of statins is explained by a mechanism independent of, or 
complementary to, RAS prenylation. A systematic assessment of 
mevalonate-dependent effects will most likely provide key insight 
into leukemia cell sensitivities.

The statin result reported here is just one example of multiple 
compounds found to preferentially kill leukemia cells over normal  
HSPCs. These discoveries reflect the power of bringing more 
physiologically relevant, complex biology to small-molecule screen-
ing for AML. We therefore suggest that the approach of reconstruct-
ing tissue-like interactions of primary, heterologous cells should be 
extended more broadly in the search for new cancer therapeutics. 
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Methods
Methods and any associated references are available in the online 
version of the paper.

Accession codes. The Gene Expression Omnibus accession number 
for the gene expression data reported in this paper is GSE51033.
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ONLINE METHODS
Mouse maintenance and transplantation. All of the mouse experiments 
were in accordance with an Institutional Animal Care and Use Committee–
approved animal protocol. Recipient mice were either sublethally (1 × 5.5 Gy  
(550 rads)) or lethally irradiated (2 × 5.5 Gy (550 rads)) before tail vein trans-
plantation. Transplanted cells were rinsed and resuspended in 500 μl Hank’s 
balanced salt solution (HBSS) and loaded into 27.5-gauge syringes. Leukemia 
onset was assessed daily.

LSCe leukemia cells and normal HSPCs. To generate LSCe cells, the MLL-
AF9 fusion (kindly provided by S.A. Armstrong at Harvard Medical School 
and currently at Memorial Sloan-Kettering Cancer Center) was retrovirally 
transduced as described51 into primary granulocyte-monocyte progenitors 
(GMPs; Linlo, Sca-1, c-Kit+, FcYRIIhi and CD34hi) isolated from β-actin-dsRed 
transgenic mice (6051, Jackson Laboratory) containing a Red Fluorescent 
Protein gene (DsRed.MST) under the control of the chicken β-actin pro-
moter coupled with the cytomegalovirus (CMV) immediate early enhancer, 
accompanied by polyadenylation sites. The cells were then transplanted into 
wild-type C57BL/6 mice, and the resulting primary leukemias were serially 
transplanted through secondary, tertiary and quaternary recipient mice, 
yielding large numbers of LSCe cells with a predictable disease latency. Cell 
staining was performed using mouse antibodies for CD3 (14-0032-86, eBio-
science, 1:15), CD4 (MCD0400, Caltag, 1:30), CD8 (16-0081-85, eBioscience, 
1:30), Gr-1 (RM3000, Caltag, 1:15), B220 (RM2600, Caltag, 1:15), CD19 
(RM7700, Caltag, 1:30), IL-7R (555288, BD Pharmingen, 1:30) and Ter119 
(14-5921-85, eBioscience, 1:15) (all biotin-tagged), as well as Streptavidin-
APCcy7 (554063, BD Pharmingen, 1:30), c-Kit (17-1172-83, eBioscience, 
1:200), Sca-1 (11-5981-82, eBioscience, 1:30), CD34 (11-0341-85, eBio-
science, 1:30) and FcγRII (25-01610-82, eBioscience, 1:30) and Hoechst 
33258 viability reagent (Invitrogen). For assay development, LSCe cells were 
isolated using a Hoechst− dsRed+ Linlo Sca-1− c-Kittop 5% FcγRIIhi CD34hi gat-
ing strategy with the c-Kit gate expanded to c-Kittop 10–20% during primary 
screening as described1. As all of the dsRed+ leukemia cells in the quaternary 
transplants were Linlo and Sca-1− and nearly all of the dsRed+ c-Kithi cells fell 
into the FcγRIIhi CD34hi gate, a simplified Hoechst− dsRed+ c-Kittop 5% gating 
strategy was used for further experiments, with the c-Kit gate expanded to 
c-Kittop 10–20% during primary screening. This same gating strategy was used 
for the comparison of c-Kithi and c-Kitlo cells in co-culture, with the c-Kit gate 
set as c-Kittop 25% and c-Kitbottom 25%, respectively.

Normal HSPCs (DsRed+ Lin−Sca1+ c-Kit+ CD48−) were isolated from 
β-actin-dsRed mouse bone marrow (fully backcrossed to the C57BL/6J 
background) using biotin-conjugated anti-mouse lineage antibodies CD4 
(553728, BD Bioscience, 1:100), CD8 (553029, BD Bioscience, 1:100), CD3 
(553060, BD Bioscience, 1:100), B220 (55086, BD Bioscience, 1:100), Gr-1 
(553125, BD Bioscience, 1:100), Mac-1 (553309, BD Bioscience, 1:100),  
Ter-119 (553672, BD Bioscience, 1:100) and CD48 (HM48-1, eBioscience, 
1:300) and Dynabead magnetic separation (Invitrogen) per the manufacturer’s 
protocol. The resulting Lin/CD48-depleted cells were stained with streptavidin 
APC-Cy7 (405208, BioLegend, 1:100), c-Kit-APC (2b8, eBioscience, 1:100), 
Sca-1-FITC (11-5981-82, eBioscience, 1:100) and CD48-Pacific Blue (103417, 
BioLegend, 1:100) antibodies. A Lin−Sca1+c-Kit+ (LSK) gating was used for 
secondary studies using HSPCs from CD45.1 or GFP+ mice. FACS plots were 
created using FlowJo software (Tree Star, Inc).

High-throughput co-culture assay methods. These methods are described 
in Supplementary Note 1.

Human CAFC assays. Cells were obtained from bone marrow and/or 
peripheral blood of AML patients with informed consent obtained under 
the procedures of the Memorial Sloan-Kettering Institutional Review Board 
during initial presentation of disease (‘primary’) or at relapse (‘therapy- 
related’). Normal cord blood was obtained from the New York Blood Center. 
Mutations and cytogenetic abnormalities were determined via fluorescence 
in situ hybridization (FISH), karyotyping and DNA sequencing (FLT3, 
NPM1, CEPBα, KIT). Samples were centrifuged over Ficoll-Paque PLUS (GE 
Healthcare) step gradients (2,000g for 30 min), yielding mononuclear cells, 
and then CD34+ cells were isolated using immunomagnetic beads (MACS 
Cell Separation, Miltenyi Biotec), except for the NPM1 mutation sample, 
which was found to be CD34− by flow cytometry. MS-5 mouse bone marrow– 
derived stromal cells (kindly provided by K. Itoh, Niigata University) were 

plated in 96-well format (20,000 per well in α-MEM containing 10% FCS) 
and kept at 37 °C/5% CO2. One day later, CD34-enriched cells (normal or 
leukemic) were added in 100 μL of fresh co-culturing medium at a density 
determined to generate one cobblestone per well after 5 weeks in neutral 
control wells. The following day, 50 μL medium containing drug in DMSO 
was added to each well for a final DMSO concentration of 0.2%. Six days 
later, the wells were rinsed, and fresh medium was added. The co-cultures 
were then maintained with one subsequent half-medium change at 3 weeks 
and assessed for cobblestones at 5 weeks (2 weeks for FLT3-ITD sample52).  
A cobblestone was defined as an instance of at least six tightly packed cells 
beneath the MS-5 stromal monolayer53. The co-culture medium formula-
tion consisted of α-Eagle’s minimum essential medium, 12.5% FCS (S11550, 
Atlanta Biologicals), 12.5% horse serum (Gemini Bio Products), 200 mM 
glutamine, 1 mM monothioglycerol (Sigma Cell Culture), 1 μM hydrocorti-
sone (Sigma) and 20 ng/ml human recombinant IL-3 (Amgen).

OP9 and primary mouse BMSCs. OP9 stromal cells (ATCC) were transduced 
with (GFP)-labeled by retrovirus and cultured in α-MEM without nucle-
osides (500 mL, 36453, Stem Cell Technologies) with sodium bicarbonate  
(14.6 mL, 25080-094, Gibco), L-glutamine (5 mL, 071000, StemCell 
Technologies), β-mercaptoethanol (2.5 mL, ES-007-E, Chemicon 
International), FBS (100 mL) and penicillin/streptomycin (Pen-Strep). OP9 
cells were maintained at low-to-medium density at 37 °C/5% CO2 and peri-
odically replaced with new stocks to ensure optimal LSCe support. ‘OP9 con-
ditioned medium’ was isolated from OP9 cells grown for 3 d.

Primary CD105+ bone marrow stromal cells were isolated from actin-GFP 
or ubiquitin C-GFP (000329 or 4353, Jackson Labs) or wild-type C57BL/6 
mice. Crushed bones were washed in 0.5% FBS (HyClone) in PBS without mag-
nesium and calcium (Gibco), passed through a 70-μm filter, subjected to red 
blood cell lysis with ACK buffer (Lonza) for 3–4 min, and then resuspended 
in ‘BMSC medium’ (400 mL α-MEM (StemCell Technologies), 100 mL FBS 
(HyClone) and 5 mL Pen-Strep). Cells were seeded into 150-cm2 tissue culture 
flasks (25 ml medium volume each, three flasks per mouse) and placed in a  
33 °C/5% CO2 incubator for 2–3 d, and then a medium change was performed. 
8–14 d later, the cultures were rinsed, split by brief trypsinization (0.25%), 
pooled, filtered through a 70-μm filter, replated at 3–4 million cells per  
150-cm2 tissue culture flask and grown another 3–4 d until nearly confluent. 
The cells were then trypsinized, filtered and resuspended in 0.5% FBS in PBS 
with biotin-conjugated anti-mouse CD105 antibody (13-1051-85, eBioscience, 
1:100) for 15–30 min and isolated using Dynabead M-280 streptavidin-linked 
magnetic beads (Invitrogen)for 15–30 min at 4 °C with agitation and rinsed 
once. The CD105+ cell fraction was replated at 1–2 million cells per 150-cm2 
tissue-culture flask and incubated at 33 °C/5% CO2 for 2–3 d before being used 
for short-term experimentation.

96-well assay setup for secondary studies. For 96-well format secondary 
studies, GFP+ OP9 cells (13,500 per well) were plated onto gelatin-coated 
96-well plates (3904, Corning). 24 h later, the medium was removed, 2,000 
sorted LSCe cells were added in 100 μL of OP9 co-culture cocktail medium, 
50 μL of medium containing compound (or compounds) was added approxi-
mately 24 h later to a 0.2% final DMSO working concentration, and then a 
full medium change and compound re-addition were performed 3 d later. 
For 96-well BMSC co-cultures, 16,000 BMSCs were plated onto fibronectin- 
coated 96-well plates in 100 μL BMSC medium. Three days later, 2,000 
leukemia cells were plated in 50 μL BMSC medium and added to the exist-
ing medium in each well. The following day, compounds were added in  
20 μL medium and incubated for 5 d. For both types of stroma, the plates 
were imaged at 4× or 10× magnification at the completion of 5 d of total com-
pound exposure (6 d of LSCe co-culture). Total viable leukemia cells were 
counted using the Cell Scoring Application Module in MetaXpress software 
(Molecular Devices).

Stromal toxicity screen. OP9 or BMSC stromal cells were plated in white-
bottom, 384-well plates (6,750 or 2,000 cells respectively; 3570, Corning). 
After 24 h, compounds were added (eight concentrations), the plates were 
incubated for 72 h at 37 °C/5% CO2, and viability was quantified using a 
luminescence measure of cellular ATP (CellTiter-Glo, Promega). 36 com-
pounds were removed from the 196 tested owing to stromal toxicity at con-
centrations below 20 μM (mean signal ≤ 3 s.d. below DMSO control with 
BMSCs, 5 s.d. with OP9s).
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Selectivity retesting of LSCe co-culture and HSPC co-culture effects. The 
remaining 155 prioritized compounds were tested (8–12 concentrations) 
in duplicate on LSCe cells in 384-well format (300 per well) and on HSPCs  
(400 cells per well) with BMSCs at 33 °C/5% CO2. One subset was retested 
on LSCe cells with BMSCs using freshly sourced compound, and another 
subset (Table 1) was retested on HSPCs with BMSCs at eight concentra-
tions. Compounds prioritized during these steps were selected on the basis 
of the degree of selectivity relative to HSPCs, potency of LSCe cell effects and 
novelty. BRD2761 (5-chloro-7-((4-ethylphenyl)(pyridin-2-ylamino)methyl)
quinolin-8-ol) at 22 μM was used as a positive control for HSPC toxicity.

Human AML cell line viability screens. Human AML cell lines (ATCC) were 
cultured under standard conditions in medium specified by ATCC. 3,000 
cells in 30 μL were plated into 384-well plates. 16 h later, 100 nl of com-
pounds in DMSO were added, and the plates were incubated at 37 °C/5% 
CO2 for 72 h and then analyzed using CellTiter-Glo. A two-point normaliza-
tion was performed per screening plate using the mean of DMSO wells (set 
at 0% effect) and the mean of the cytotoxic positive control wells (0.4 μM  
staurosporine, set at −100% effect). The independent cell line viability screen 
was performed as described54. Cells were plated at an optimal density deter-
mined during assay development in 384-well format and incubated overnight 
at 37 °C/5% CO2. Compounds were pin-transferred into duplicate assay plates 
and incubated for 72 h. Cellular viability was assessed using CellTiter-Glo.

Stromal pretreatment screen. OP9 cells were plated into monolayers in  
384-well plate format, as in the original co-culture screen. 24 h later, 100 nl  
of compounds in pure DMSO at various concentrations were added, the 
plates were incubated at 37 °C/5% CO2 for 3 d, the wells were washed twice 
with PBS to a 600-fold dilution, and then LSCe cells were plated. Medium 
was changed 3 d later, and the plates were imaged and analyzed 2 d after that. 
Notably, the pretreatment assay may underestimate the cell-non-autonomous 
effect of the compound on LSCe cells. Medium conditioned by untreated OP9 
cells was added to support the leukemia cells at the time of LSCe cell plat-
ing, as required for efficient cobblestone area formation, potentially restoring  
stromally secreted factors affected by pretreatment.

For the pretreatment studies using primary BMSC stroma, GFP+ HSPCs 
(from UbiquitinC-GFP mice) and LSCe cells (dsRed+) were plated together 
(1,200 HSPCs, 1,200 LSCe cells, each in 25 μl medium) in 384-well format onto 
BMSC stromal monolayers (isolated from wild-type C57BL/6 mice) that were 
previously treated with BRD7116 for the 3 d prior at 33 °C/5% CO2. The treated 
monolayers were rinsed twice with PBS before the plating of the hematopoietic 
cells. 5 d later, the wells were imaged in the dsRed and GFP channels at 10× 
magnification, and total cell areas (per well) in each channel were quantified 
using MetaXpress software.

Compounds. Compounds screened are listed in Supplementary Table 2. 
Compounds were diluted to a final working concentration of 0.2% DMSO. 
Sources of compounds are described in Supplementary Table 3. Lovastatin 
was purchased from Analyticon Discovery (lovastatic acid, NP-001236; 
primary, retest and secondary screens) and Sequoia Research Products 
(lovastatin, SRP015851; secondary experiments). The top 155 compounds 
(Supplementary Table 3) were picked for high-throughput screening from 
Broad small-molecule libraries and were ≥75% pure. For secondary studies, 
we determined the purity of BRD7116 and lovastatin to be greater than 99% 
pure, with lovastatin existing as an 80/20 mixture of the closed prodrug and 
free acid forms. Tandem LC/MS was performed on a Waters 2795 separa-
tions module and 3100 mass detector. Compound purity was determined by 
monitoring UV absorbance at 210 nm, followed by detection of the expected 
molecular ion.

Gene expression analysis. RNA was extracted (RNeasy kit 74104, Qiagen) 
from 250,000 LSCe cells treated with either 5 μM BRD7116 or DMSO control 
(n = 5 and 2, respectively) for 6 h in suspension in 150 μL of IMDM, 10% FBS 
and 1% Pen-Strep and prepared (Illumina TotalPrep 96 RNA Amplification 
Kit, Applied Biosystems, PN no. 4393543) for hybridization to Illumina’s 
MouseRef-8 v2.0 Expression BeadChip per the manufacturer’s protocol. 
Illumina’s BeadArray Reader was used to measure the fluorescence intensity 
at each addressed bead location, according to the manufacturer’s instruc-
tions. Raw data were normalized using the cubic spline method implemented 
in the Illumina Normalizer module of the GenePattern analysis tool kit  

(http://www.broadinstitute.org/cancer/software/genepattern/) and converted 
into human gene symbols on the basis of the orthologous gene mapping table 
provided by Jackson Laboratory (http://www.jax.org/). For each compound,  
a ranked list of genes was created by comparing the treated samples to DMSO 
control samples. The genes were ordered using the signal-to-noise statistic 
(the difference of means in each group scaled by the sum of s.d., computed 
over three treatment replicates). The ranked lists were analyzed using GSEA36 
at http://www.broadinstitute.org/gsea/index.jsp.

Other statistics. Statistical significance was assessed using the two-
tailed Student’s t-test (two-sample, assuming unequal variances) in Excel 
(Microsoft). P values were as stated in figure legends, where ‘not significant’ 
indicates a P value greater than 0.09. Kaplan-Meier survival analysis was 
performed using the log-rank (Mantel-Cox) test in Prism 5 (GraphPad). All 
other statistical analysis was performed with R (http://www.r-project.org/) 
or Excel, except where noted. All of the averages were calculated as means 
unless otherwise noted, with error bars denoting s.e.m.

Murine myeloid cell line studies. The mouse myeloid cell lines (all from 
ATCC) were maintained as specified by ATCC at 37 °C/5% CO2. Each line 
was plated under standard conditions in 96-well format (15,000 cells per well 
in 150 μL medium). 18 h later, 20 μL of medium containing lovastatin or 
DMSO to a final DMSO concentration of 0.2% was added. 72 h later, cellular 
viability was assessed using CellTiter-Glo reagent. The assay was also read at 
5 d with no apparent shift in EC50 observed.

MOZ-TIF2 LSCe cell co-culture studies. Primary MOZ-TIF2 LSCe cells 
were generated and isolated as described39 as for MLL-AF9 LSCe cells but 
with one additional round of transplantation. Viable MOZ-TIF2 cells within 
BMSC (GFP+) co-cultures were quantified after trypsinization using flow 
cytometry and counting beads (5,000 per well; C36950, Life Technologies). 
All of the other assay parameters were as described above for MLL-AF9 LSCe 
cells with BMSCs in 96-well format.

In vitro studies of admixed HSPCs and LSCe cells in co-culture. BMSC 
monolayers (from C57BL/6 mice) were plated into 384-well plates in 30 μl as 
described, and then 800 LSCe cells (dsRed+) and 1,600 normal HSPCs (GFP+; 
C57BL/6 UbiquitinC-GFP mice) were added 3 d later (in 10 μL medium 
each). 24 h later, lovastatin (5 μM) or DMSO was added, and the plates were 
incubated for 5 d, after which the wells were imaged in the dsRed and GFP 
channels at 10× magnification, and total cell areas (per well) in each channel 
were quantified using MetaXpress software.

Mevalonate rescue of lovastatin treatment. 96-well co-culture assays of LSCe 
cells with OP9 stroma were performed as described, with treatment with  
2 mM mevalanolactone (M4667, Sigma-Aldrich) and/or 1 μM lovastatin. 
Both reagents were added simultaneously, and the DMSO carrier concentra-
tion was kept constant across all of the wells.

In vivo pooled RNAi screen. Detailed viral packaging protocols for generat-
ing arrayed virus for use in pooled shRNA studies can be found at http://
www.broadinstitute.org/rnai/public/resources/protocols/. In replicates of 
five, LSCe cells suspended in 400 μl (5 million/ml) in IMDM, 10% FBS,  
10 ng/ml mIL-3 (Peprotech), 10 ng/ml mIL-6 (Peprotech), 20 ng/ml BMSCF 
(Peprotech) and 5 μg/ml polybrene (Sigma-Aldrich) were infected with  
400 μl of pooled virus in 12-well plates (spinfection at 2,500 r.p.m., 37 °C for 
90 min). Two hours later, 800 μl of fresh IMDM, 10% FBS, 10 ng/ml mIL-3, 
10 ng/ml mIL-6 and 20 ng/ml BMSCF was added to each well. After 24 h, 
each well was split; half of the cells were frozen for processing, and the other 
half were transplanted into sublethally irradiated mice. Two weeks later, 
the recipient mice were killed, and bone marrow was harvested for DNA 
sequencing (QIAamp Blood Mini Kit, Qiagen).

The shRNA region was PCR amplified from the purified genomic DNA by 
combining 5 μL primary PCR primer mix, 4 μL dNTP mix, 1× Ex Taq buffer, 
0.75 μL of Ex TaqDNA polymerase (TaKaRa) and 6 μg genomic DNA in a 
total reaction volume of 50 μL. Thermal cycler PCR conditions consisted of 
heating samples to 95 °C for 5 min; 15 cycles of 94 °C for 30 s, 65 °C for 30 s 
and 72 °C for 20 s and then 72 °C for 5 min. PCR reactions were then pooled 
by sample. A secondary PCR step was performed containing 5 μM of common 
barcoded 3′ primer, 8 μL dNTP mix, 1× Ex Taq buffer, 1.5 μL Ex TaqDNA 
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6 d later, each well was rinsed with PBS, trypsinized and transplanted  
en masse into a sublethally irradiated recipient mouse. For the limiting dilu-
tion experiments with and without lovastatin treatment, co-cultures of LSCe 
cells with BMSC (GFP+) stroma were plated with 500 to 10,000 LSCe cells per 
well and treated with 5 μM lovastatin or DMSO 24 h later. After 5 d, each well 
was rinsed with PBS, trypsinized and transplanted into a sublethally irradi-
ated recipient mouse.

For the triple co-cultures, BMSC monolayers (GFP+) were plated into 
96-well plates, and then 10,000 freshly isolated LSCe cells (dsRed+) and 10,000 
normal HSPCs were added. Lovastatin (5 μM) or DMSO was added 1 d later. 
48 h later, the wells were trypsinized and transplanted along with 2 million 
helper splenocytes from 6-month-old CD45.1+ CD45.2+ mice into lethally 
irradiated, CD45.2+ recipient mice . Mice were monitored daily for the pres-
ence of leukemia, and those that succumbed to leukemia before 16 weeks  
were killed. The multi-lineage long-term engraftment of the co-cultured 
HSPCs (CD45.1−) was quantified by FACS analysis of the peripheral blood 
of mice alive after 16 weeks and compared to results from mice that received 
HSPCs co-cultured with DMSO in the absence of LSCe cells. CD45.1+ B,  
T and myeloid cells were also quantified using FACS. Antibodies include B220  
(Ra3-6b2, BD Bioscience, 1:200), CD3 (17A2, eBioscience, 1:100) and 
Gr-1/CD11b (RB6-8C5, BD Bioscience, 1:200; M1/70, BioLegend, 1:200), CD45.1  
(A20, BD Bioscience, 1:100) and CD45.2 (552950, BD Bioscience, 1:100).

polymerase and 30 μL of the primary PCR mix for a total volume of 90 μL.  
10 μL of independent 5′ barcoded primers were then added into each reaction, 
after which the 100 μL total volume was divided into two 50-μL final reac-
tions. Conditions for secondary PCR were: 95 °C for 5 min; 15 cycles of 94 °C 
for 30 s, 58 °C for 30 s and 72 °C for 20 s and then 72 °C for 5 min. Individual 
50-μL reactions were then repooled. Reactions were then run on a 2% agarose 
gel and intensity normalized. Equal amounts of samples were then combined 
and gel-purified using a 2% agarose gel. Massively parallel sequencing was 
then performed using a custom sequencing primer under standard Illumina 
conditions. The raw read counts for each shRNA were normalized to the total 
reads, and the calculated fold change of normalized reads between the two time 
points was divided by the mean fold change of all of the control shRNAs over 
the same time points. A gene scored as a hit if ≥2 unique shRNAs specific to 
that gene had a greater than 20-fold change relative to control shRNAs. The 
seven control shRNAs used in the pooled in vivo RNAi screen, and the gene 
hits identified in the pooled in vivo RNAi screen are shown in Supplementary 
Tables 7 and 8, respectively.

shRNA knockdown efficacy. Ba/F3 cells maintained in RPMI (11875135, 
Invitrogen) with 10% FBS, 10 ng/mL mouse IL3 (Peprotech), 1× Pen-Strep 
(15140-122, Gibco) and 5 μg/mL polybrene (Sigma) were spinfected. Three 
control shRNAs (LUC-58, RFP-03, LacZ-29) were used in addition to the 
Hmgcr shRNAs. 24 h later, puromycin (2 μg/mL, Sigma) was added. The 
cells were harvested 3 d later. RNA was isolated with aTurbocapture assay 
(Qiagen) and processed to cDNA using a Sensiscript kit (Qiagen). All quan-
titative PCRs were performed using the Taqman assay (Applied Biosystems) 
on a 384-well qPCR machine (ABIPrism) with knockdown determined using 
ΔΔCT analysis and the Gapdh reference gene.

Chemical inhibition of geranylgeranyl and FTs. Co-culture assays of LSCe 
cells with OP9 stroma were performed in 96-well format with FTI-277  
(10 μM, F9803, Sigma-Aldrich), FTI L744,832 (5 μM, BML-G242, Enzo Life 
Sciences), GGTI-286 (10 μM, 345878, Calbiochem) and GGTI-298 (10 μM, 
345883, Calbiochem), all at 0.2% DMSO.

Syngeneic transplantation experiments. Co-cultures of LSCe cells with 
BMSCs were plated in 96-well format with 500, 100 or 25 LSCe cells per well.  
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