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Genetic dissection of leukemia-associated IDH1 and IDH2 mutants and
D-2-hydroxyglutarate in Drosophila
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Gain-of-function mutations in nicotinamide adenine dinucleotide phosphate—dependent
isocitrate dehydrogenase (IDH)1 and IDH2 frequently arise in human leukemias and other

* Homologs to cancer-derived
IDH1 and IDH2 mutants
produce D-2HG and drive
expansion of Drosophila
blood cells.

¢ |n flies, mutant Idh interacts
with genes that regulate
reduced nicotinamide adenine
dinucleotide phosphate,
reactive oxygen species, and
apoptosis.

cancers and produce high levels of D-2-hydroxyglutarate (D-2HG). We expressed the
R195H mutant of Drosophila Idh (CG7176), which is equivalent to the human cancer-
associated IDH1-R132H mutant, in fly tissues using the UAS-Gal4 binary expression
system. Idh-R195H caused a >25-fold elevation of D-2HG when expressed ubiquitously
in flies. Expression of mutant Idh in larval blood cells (hemocytes) resulted in higher
numbers of circulating blood cells. Mutant Idh expression in fly neurons resulted in
neurologic and wing-expansion defects, and these phenotypes were rescued by genetic
modulation of superoxide dismutase 2, p53, and apoptotic caspase cascade mediators.
Idh-R163Q, which is homologous to the common leukemia-associated IDH2-R140Q
mutant, resulted in moderately elevated D-2HG and milder phenotypes. We identified the
fly homolog of D-2-hydroxyglutaric acid dehydrogenase (CG3835), which metabolizes
D-2HG, and showed that coexpression of this enzyme with mutant Idh abolishes mutant
Idh-associated phenotypes. These results provide a flexible model system to interrogate
a cancer-related genetic and metabolic pathway and offer insights into the impact of IDH mutation and D-2HG on metazoan tissues.

(Blood. 2015;125(2):336-345)

Introduction

Somatic, gain-of-function mutations in nicotinamide adenine di-
nucleotide phosphate (NADP™)-dependent isocitrate dehydroge-
nase (IDH)1 and IDH2 occur frequently in acute myeloid leukemias,
myelodysplastic syndromes, angioimmunoblastic T-cell lympho-
mas, brain tumors, and other cancers.'™ The mutations occur at
the conserved active-site residues of Argl32 in IDHI, or Argl40
and Argl72 in IDH2. When mutated, IDH1 and IDH2 lose their
normal function to convert isocitrate to a-ketoglutarate and acquire a
gain of function to convert a-ketoglutarate to D-2-hydroxyglutarate
(D-2HG).'° D-2HG accumulates to ~100-fold higher levels in IDH-
mutated cancer tissues.!®!! D-2HG inhibits Fe(II)-a-ketoglutarate-
dependent dioxygenases, including histone demethylases, DNA
hydroxymethyltransferases, and collagen proline hydroxylases.'>'?
Inhibition of these dioxygenase enzymes leads to histone lysine
hypermethylation, DNA hypermethylation, and collagen dysfunc-
tion in mammalian tissues expressing mutated IDH1 or IDH2.>'4-1¢
IDH mutations can also sensitize cells to reactive oxygen species
(ROS) induction, possibly because mutant IDH consumes reduced
NADP (NADPH), a cofactor important for scavenging intracellular
ROS."” Targeting mutated IDH1 or IDH2 to mouse hematopoietic
progenitors results in an increased number of these progenitors and

: . . i 5,14,18-2
can cooperate with other aberrations to drive acute leukemias.>!' #1582

Targeting mutant IDH1 or IDH2 to the mouse central nervous system
(CNS) results in neurodegeneration or perturbed basement membrane
function, without evidence yet that it can drive tumorigenesis in the
CNS. 1421

IDH mutations are being pursued as therapeutic targets.
However, the mechanisms by which IDH mutants contribute to
cancer pathogenesis remain only partially understood. One hurdle
to elucidating the role of IDH mutations in cancer is that D-2HG
produced by IDH mutations inhibits a large family of enzymes
with broad downstream effects, making the relative contribution
of any single downstream genetic pathway to tumor pathogenesis
unclear. Other hurdles include the lack of model systems amena-
ble to large genetic screens to identify additional therapeutic
susceptibilities for IDH-mutated cancers, as well as a poor general
understanding of the fundamental role of D-2HG in cellular
metabolism.?> Much insight on cancer-associated genes has
been gleaned from research of their homologs in Drosophila.?®2®
Human cancer genes, or their Drosophila orthologs, can cause
cancer-like phenotypes in flies, including increased proliferation,
impaired apoptosis, altered migration, growth in inappropriate
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Table 1. Phenotypes associated with targeted Idh-R195H expression
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Promoter Genotype Lineage Phenotype (25°C)

Tubulin w*;P{a-tubulin84B-GAL4}/TM3,Sb Ubiquitous (strong promoter) e17 lethal

Ubiquitin w*; P{Ubi-GAL4}2/CyO Ubiquitous (weaker promoter) Pupa lethal

Actin5c w*;P{Act5C-GAL4}/CyO Ubiquitous (++gut expression) Larva/pupa lethal

Hsp70 (1h 37C heat-shock) w*; P{GAL4-Hsp70.PB}89-2-1 Heat-shock ubiquitous —

Elav P{w[+mW.hs]=GawB}Elav[C155] Neurons Wing expansion, severe behavioral defect

Nubbin P{UAS-Dcr-2.D}1; P{GawB}nubbin-AC-62 Wing disc (neurons?) Wing expansion, behavioral defect

CCAP y[1] w[67c23]; P{w[+mC] y[+mDint2]=EPgy2} Bursicon-secreting neurons Wing expansion defect
CCAP[EY15558]

Inscuteable w*; P{GawB}insc[Mz1407] Neuroblasts —

Repo w[1118]; P{w[+m*]=GAL4}repo/TM3, Sb[1] Glia —

Glial cells missing
Glass multiple reporter

y[1] w*; P{gcm-GAL4.U}/CyO
w[1118]; P{GMR-GAL4.w[-]}2/CyO

Eyeless w[*]; P{w[+m*]=GAL4-ey.H}3-8
Hemolectin w[1118]; P{w[+mC]=HmI-GAL4.A}2,
P{w[+mC]=UAS-2xEGFP}AH2
Unpaired P{upd3-GAL4}
E22¢c y1 w*; P{en2.4-GAL4}e22c; P{tGPH}4/TM3, Ser1
Beadex P{GawB}Bx[MS1096]; P{UAS-Dcr-2.D}2
Salm P{UAS-Dcr-2.D}1; P{GawB}salm[LP39]
Bs P{UAS-Dcr-2.D}1; P{bs-GAL4.Term}G1
bbg P{UAS-Dcr-2.D}1; P{GawB}bbg[C96]
Pnr P{UAS-Dcr-2.D}1; P{GawB}pnr[MD237]
Serpent P{srp-GAL4}
Lozenge P{w+mC = UAS — mCD8::GFP.L}LL4,y1w*

P{w+mW.hs = GawB}lz—Gal4

Embryonic glia and hemocytes
Differentiated eye
Eye, throughout development
Plasmatocytes, crystal cells

Hematocytes/ubiquitous
Muscle/hematocytes

Rare melanotic masses

Possible developmental delay
Eclosion defect, motor defect

Dorsal wing disc Curly wings (100%), ectopic wing vein (50%)
Wing disc, ubiquitous Multistage lethal
Wing disc Wing margin scalloping

Dorsal-ventral margin of wing disc =

Hemocytes, dorsal cells along length of fly —
Embryonic hemocyte, lymph gland =

Crystal cells —

All phenotypes listed were caused by multiple independent insertions of the 1dh-R195H construct but were not elicited by the Idh-WT construct. CCAP, crustacean

cardioactive peptide. —, indicates no gross phenotype was observed.

environments, and deregulated differentiation.?®" Also, Dro-
sophila has a primitive hematopoietic system that shares con-
served gene regulatory and signaling pathway features with human
hema\topoiesis.n'35 In fact, introduction of oncogenes such as
AMLI1-ETO fusion and the hyperactive fly homolog of JAK2 can
also block differentiation or stimulate proliferation of Drosoph-
ila blood cells.>**! We reasoned that Drosophila could provide
insight into the function of IDH mutations from human cancer
and could be used as a model to reveal genetic interactions that
mutant IDH and D-2HG depend on to drive their biological
phenotypes.

Drosophila contains a single NADP " -dependent IDH called Idh
(CG7176; note the lower-case “dh” for fly Idh, in contrast to all
capital letters for human IDH1 and IDH2). Idh is 73% and 66%
identical at the protein level to human IDH1 and IDH2, respectively
(see supplemental Figure 1 on the Blood Web site). Idh has NADP-
IDH activity, which is present nearly ubiquitously throughout the
fly, and localizes to both the cytosol and mitochondria.**** No
Drosophila models for IDH1-mutated cancer or deregulated D-2HG
metabolism have yet been described. Here, we express a cancer-
homologous Idh mutant in various fly tissues and find that it causes
durable blood and CNS phenotypes by upregulating D-2HG levels.
We show that these phenotypes are modified by alterations in a
variety of genetic pathways.

Materials and methods

Transgenic Idh and D2hgdh flies

The 1437-bp translated region of Idh transcript CG7176-RK and the 1602-
bp translated region of D-2-hydroxyglutaric acid dehydrogenase (D2hgdh)

transcript CG3835-A were amplified by polymerase chain reaction from
a pupa complementary DNA library without 3’ STOP codons and cloned
into pTWF (Gateway II collection), which includes mini-white ([+mC])
eye color marker, 5" UASt for Gal4-driven expression, C-terminal FLAG,
SV40 terminator, and flanking P-element insertion sites. Mutagenesis was
performed using the QuikChange Site-Directed Mutagenesis Kit (Agilent,
Santa Clara, CA).

Stable stocks with UAS-transgenes were generated using standard
P-element transformation.** Injection into w1118 embryos was performed with
Duke Model System Genomics (Duke Center for Genomic and Computational
Biology, Durham, NC). Male and virgin PO hatchlings were crossed to 3 w
virgins or males, respectively. F1 offspring were screened for males with
colored eyes, reflecting inheritance of the transgenic construct. Those on
chromosomes 2 or 3 were balanced and homozygosed when possible. UAS-Idh-
R195H and UAS-1dh-WT fly cultures have been deposited to the Bloomington
Drosophila Stock Center.

Additional fly lines

The genotypes for additional fly lines are listed in Table 1, supplemental
Tables 2 and 3, or the figure legends. Lines were obtained from the Bloom-
ington Drosophila Stock Center unless otherwise indicated. Gem-Gal4
was from V. Hartenstein. MalDH hypermorph/TM8 M89, MalDH
KD/TM8 M9, MalDH-WT M3, and UAS-G6PDH were used previously,45
as was UAS-AMLI1-ETO/TM3,Sb.® UAS-EGFR-\ was from T. Schupach. The
hemolectin driver was hmlA-Gal4.*® hopscotch-Tum-1/CyO, Srp-Gald, hmiA-
Gal4, Pnr-Gal4/TM6b, E33c-Gal4, and Lz-Gal4 were from B. Mathey-Prevot.
Actin5c-Gal4, UAS-CD8GFP/TM3, and other complex lines were derived
by standard recombination. Experiments were carried out at 25°C unless
otherwise specified.

D-2HG quantification

To compare whole-animal D-2HG production associated with different
transgenes, D-2HG was measured in transgenic animals containing
Actin5c-Gal4 and UAS-(transgene of interest) grown at 25°C and collected
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Figure 1. Tissue-specific expression of Idh-R195H,
the Drosophila homolog to IDH1-R132H, results
in D-2HG production. (A) Homology between human
IDH1 (Gl: 49168486), human IDH2 (GI: 28178832), and
Drosophila Idh (CG7176-RK translated region). Human
cancer hotspots, including IDH1 R132, IDH2 R140, and
IDH2 R172, are shown in red with homologous residues
in Drosophila Idh. (B) The UAS/Gal4 binary expression
system to express Idh-R195H in targeted tissue lineages.
(C) D-2HG in whole pupae, with expression of the in-
dicated transgene driven by the Actin5c driver. Pupae
were F1 from the cross of Actin5c-Gal4 and UAS-
transgene flies. Data are expressed as mean =+ standard
deviation (n = 3). (D) Third instar wandering larva with
Idh-R195H expressed in hemocytes demonstrating mel-
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72 hours after puparium formation. The rationale for examining the pupae
life stage, the cross scheme, and the extraction protocol is detailed in the
supplemental Methods. D-2HG quantification by liquid chromatography/
tandem mass spectrometry was described previously.*’ D-2HG levels
were normalized to homogenate protein concentration and reported
relative to the no-UAS-transgene control from the same experiment.

Immunofluorescence and immunoblots

For primary antibody staining, rabbit anti—green fluorescent protein (GFP)
was used at 1:100 (Life Technologies). Rabbit anti-FLAG was used at 1:100
(OriGene Technologies, Rockville, MD). Rabbit anti-L1 (1:100), anti-C4
(1:100), and anti-Pla/b (1:30) were a gift from L. Ando.*8! Secondary
antibodies with conjugated reporters were used to visualize tissues. Alexa
488-conjugated anti-mouse immunoglobulin G or Alexa 594-conjugated
goat anti-rabbit immunoglobulin G (Molecular Probes, Eugene, OR) were
applied at 1:200, or thodamine-conjugated goat anti-mouse and fluorescein
isothiocyanate—conjugated goat anti-rabbit were used at 1:10 (Life Technol-
ogies). VectaShield with 4’,6-diamidino-2-phenylindole (Vector Laborato-
ries, Burlingame, CA) was used as a mounting medium. Primary antibodies
were omitted in negative controls. Immunoblots were performed using anti-
FLAG as above with a horseradish peroxidase—linked secondary antibody
and SuperSignal West Dura Chemiluminescent Substrate (Thermo Scientific,
Waltham, MA).

Hemocyte counting

Circulating hemocytes were collected from 3 wandering third instar larvae in
adroplet of 30 pL of Schneider’s Drosophila medium (Life Technologies) by
carefully piercing and opening the rear dorsal aspect of segments 11-13 with
number 5 forceps and by gently shaking circulating hemocytes into the
droplet without disturbing the lymph gland. To count hemocytes, 10 L of
this mix were added to a hemocytometer, and GFP+ cells were counted using
a fluorescein isothiocyanate filter.

In vivo interaction profiling

Candidates were identified by combining a literature search and homology
searches with the Drosophila RNAi Screening Center Integrative Ortholog
Prediction Tool (http://www.flyrnai.org/cgi-bin/DRSC_orthologs.pl) as de-
scribed in the supplemental Methods.’> Fly genes with protein—protein,
genetic, gene—transcription factor, and gene—micro RNA interactions with
wild-type Idh were identified using the Drosophila Interactions Database™*
(www.droidb.org). Stocks containing constructs to overexpress candidate
genes and stocks containing constructs to knock down candidate genes
from the Transgenic RNAi Project at Harvard Medical School (http://
www.flyrnai.org)®>>® were selected for screening. Screening was done by
mating virgin females from a purebreeding stock containing homozygous
Gal4 driver and homozygous UAS-Idh-R195H with a purebreeding stock
containing the modifying transgene of interest. This cross yielded F1
offspring that have 1 copy each of the Gal4 driver, UAS-1dh-R195H, and
the genetic modifier of interest.

Gene expression analysis

Twenty-four-hour egg lays were set up with 10 male and 10 female imi>+ or
hml>1dh-R195H adults at 29°C. Wandering third instar larvae were
harvested on day 7. Hemocytes from 400 larvae, collected 10 at a time in
100-p.L droplets of ice-cold Hank’s Balanced Salt Solution, were obtained as
described above, spun down gently (300g for 5 minutes), and washed. RNA
was extracted with the RNeasy kit with DNase treatment (Qiagen, Hilden,
Germany). Affymetrix GeneChip Drosophila Genome 2.0 Arrays (18 880
probe sets, >18 500 transcripts) were processed using the Ambion
MessageAmp Premier Package and Partek Genomics Suite v6.0 at the Duke
Institute for Genome Sciences and Policy Microarray Facility. Data are
available at the Gene Expression Omnibus repository (http://www.ncbi.nlm.
nih.gov/geo; accession number GSE62008). Pathway analysis was carried
out using DAVID Functional Annotation Bioinformatics Analysis (http:/
david.abce.nciferf.gov/).>’
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Figure 2. D-2HG mediates mutant Idh phenotypes in
Drosophila. (A) Structure of active site of human (h)
IDH1 (1TOL displayed with UCSF Chimera v1.5; National
Institutes of Health)®*5° with critical metal-binding resi-
dues shown, including Asp273, Asp275, and Asp279.
Homology analysis shows that Asp334, Asp336, and
Asp340 are the homologous residues in fly Idh. (B) D-2HG
levels in pupae ubiquitously expressing no transgene,
wild-type (WT) Idh, Idh-R163Q, Idh-R195H, and Idh-
D>N in which the 3 metal-binding Asp residues are mu-
tated to Asn (D334N-D336N-D340N), and expressing
Idh containing the R195H gain-of-function mutation and
the D334N-D336N-D340N metal-binding residue muta-
tions (Idh-R195H-D>N). (C) Schematic showing NADPH-
linked D-2HG production by Idh mutants, including
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Idh-R195H. D2HGDH is an FAD-linked enzyme that con-
verts D-2HG to a-ketoglutarate. D2hgdh (CG3835) is a
candidate D2HGDH homolog in Drosophila. (D) Pupae
ubiquitously expressing Idh-R195H, D2hgdh, neither, or
both were analyzed for D-2HG. Data are expressed as
mean * standard deviation from 2 replicates and are
representative of 3 independent experiments.
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Results

Mutant Idh produces D-2HG and elicits blood and
brain phenotypes

We identified Arg195 of Drosophila 1dh as the homologous residue
to Argl32 of human IDH]1, the most frequently mutated residue of
IDH1 in human leukemia (Figure 1A). We used the UAS/Gal4 binary
expression system’® to express Idh-R195H or wild-type Idh with
C-terminal FLAG tags in specific fly tissue lineages (Figure 1B).
Expression of mutant Idh and other transgenes generated in this study
was confirmed by immunoblots showing FLAG-tagged proteins of
the appropriate molecular weight in pupae driving expression by the
ubiquitous Actin5c¢ promoter (supplemental Figure 2). To compare
whole-animal D-2HG production associated with Idh-R195H and
other transgenes, we developed a liquid chromatography/tandem
mass spectrometry—based assay to quantify D-2HG in pupae.
Ubiquitous Idh-R195H expression driven by the Actin5c promoter
was associated with ~30-fold elevated D-2HG in pupae compared
with wild-type Idh and no-transgene controls, confirming that Idh-
R195H gains the ability to produce D-2HG (Figure 1C).

We surveyed the phenotypes elicited by Idh-R195H when ex-
pressing it under control of a panel of 22 tissue-specific drivers
(Table 1). Ubiquitous Idh-R195H expression led to lethality at
various developmental stages. For instance, the strong ubiquitous
Tubulin driver led to embryonic lethality, whereas the weaker
ubiquitous Ubiquitin and Actin5c promoters led to lethality at late
pupal stages. Broad expression of Idh-R195H in fly blood cells
(hemocytes) using the hemolectin (hml-Gal4)*® driver resulted in

the formation of melanotic masses in third instar larvae (Figure 1D).
Melanotic masses (also called melanotic tumors or pseudotumors)
arise from hemocytes and can be induced by human oncogenes,
infection, or other causes of hemocyte deregulation.>®-37-3%:60

Panneuronal expression of Idh-R195H driven by the Elav promoter
led to a motor defect accompanied by wing-expansion and cuticle-
tanning defects (Figure 1E). When Idh-R195H was expressed in
CCAP neurons using the CCAP promoter, flies also had a wing-
expansion defect and a cuticule-tanning defect with ~50% penetrance
(Figure 1F). CCAP is expressed in a group of 12 neurons (the crus-
tacean cardioactive peptide neurons). These neurons secrete bursicon,
a hormone that regulates wing expansion and cuticule tanning in early
adults,%' 2 processes that we observed to be disrupted by panneuronal
expression of Idh-R195H. Idh-R195H was unable to phenocopy the
Elav/CCAP phenotypes when expressed in glia (repo), °* embryonic
glia (glial cells missing), ®> neuroblasts (inscuteable), > orin eye tissue
(eyeless or glass multiple reporter).

D-2HG production is required for mutant Idh phenotypes

To further explore the connection between D-2HG production and
fly phenotypes, we examined a moderate D-2HG-producing Idh
mutant and an enzyme-dead Idh mutant that cannot produce D-2HG.
We identified Argl63 of Idh as the homologous residue to Arg140
of human IDH2, the most frequently-mutated residue of IDH2
in human leukemia (Figures 1A and 2A). The R163Q mutant also
overproduced D-2HG (~10-fold elevated), albeit to a lesser extent
than the R195H mutant (Figure 2B). The Idh-R163Q mutant elicited
a lower penetrance of melanotic mass formation than the R195H
mutant when expressed under control of ~ml-Gal4, and no phenotypes
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Figure 3. Profiling for genetic interactions with mutant
Idh in vivo. (A) Genetic modifiers that enhanced the
modifier melanotic mass phenotype induced by mutant Idh
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when expressed under control of Tubulin, Elav, and CCAP (sup-
plemental Table 1). This finding suggests that higher levels of D-2HG
correlate with more penetrant/severe phenotypes. To confirm that
enzymatic activity was necessary for mutant Idh to exert biological
phenotypes, we generated Idh-R195H that additionally contained
mutations in 3 catalytic metal-binding Asp residues to abolish enzymatic
activity®® (Idh-R195H-D334N-D336N-D340N, Figure 2A). This
Idh-R195H metal-binding mutant was unable to cause elevated
D-2HG levels (Figure 2B). The Idh-R195H metal-binding mutant
could not elicit any of the phenotypes of Idh-R195H under control
of hml, Tubulin, Elav, or CCAP drivers (supplemental Table 1),
indicating that catalytic activity is essential for Idh-R195H to cause
fly phenotypes.

D2hgdh suppresses mutant Idh phenotypes

We next determined whether clearing D-2HG from the cellular
metabolism could rescue flies from mutant Idh-driven phenotypes.
To do so, we sought to overexpress D2ZHGDH, an FAD-linked enzyme
that converts D-2HG to a-ketoglutarate, for which a homolog has
not yet been reported in flies (Figure 2C). We identified CG3835 as
a candidate homolog in Drosophila with 51% protein identity to
human D2HGDH at the protein level, and named this gene D2hgdh
(supplemental Figure 3). Flies were generated to express D2hgdh
under UAS/Gal4 control. Coexpression of D2hgdh along with Idh-
R195H resulted in 20-fold suppression of D-2HG levels compared
with Idh-R195H expression alone (Figure 2D), confirming that
D2hgdh encodes a functional D2ZHGDH enzyme. The severe
Idh-R195H-associated Tubulin, Elav, and CCAP phenotypes
were completely rescued by coexpression of D2hgdh (supplemental
Table 1).

UAS-Idh-R195H Were identified by crossing stocks containing a genetic
modifier with hm/-Gal4, UAS-2xEGFP; UAS-Idh-R195H
homozygotes. The resulting offspring were heterozy-
gous for hml-Gal4, UAS-Idh-R195H, and the genetic
modifier. Crosses were carried out at 31°C to enhance
the melanotic mass phenotype. Penetrance of mela-
notic masses is shown for 91 crosses in order of in-
creasing penetrance of the melanotic mass phenotype
in the F1 flies. (B) Genetic modifiers that suppressed
or enhanced the mutant Idh—induced wing phenotype
were identified by crossing stocks containing a genetic
modifier with CCAP-Gal4, UAS-1dh-R195H homozy-
gotes at 25°C. The resulting offspring were heterozy-
gous for CCAP-Gal4, UAS-Idh-R195H, and the genetic
modifier. Penetrance of the wing-expansion defect in
107 crosses is shown in order of increasing penetrance
of the wing phenotype. Note the log scale on the y-axis
to show the range of phenotype penetrance, with strong
suppressors almost completely rescuing the phenotype,
and strong enhancers producing almost complete pene-
trance. (C) Crosses with stocks modifying catalase
(CAT) and SOD2. Introduction of SOD2, CAT, or double-
stranded RNA targeting CAT to CCAP neurons express-
ing Idh-R195H. SOD2, superoxide disumutase 2.

Unique stocks crossed with
CCAP-Gal4; UAS-Idh-R195H

In vivo interaction profiling

To further characterize this fly model of Idh mutation, we tested
whether modification of candidate genes could enhance or suppress
the blood and CNS phenotypes elicited by mutant Idh. We tested
for genetic interactions between Idh-R195H and genes involved in
metabolism of substrates such as D-2HG, ROS, and NADPH; other
genetic modifications known to cause blood or brain phenotypes in
flies; and other pathways (for a full description of our candidate
selection strategy, see supplemental Methods). Candidate genes
were knocked down using RNA interference (RNAi) stocks from
the Transgenic RNAi Project.”” We also tested whether over-
expression of candidate genes modified the phenotypes if gain-
of-function alleles were available. We first screened for genetic
modifiers that enhanced the penetrance of melanotic masses in
wandering larvae expressing Idh-R195H in their hemocytes using
the hml-Gal4 driver (Figure 3A; supplemental Table 2). Next, we
screened for genetic modifiers that enhanced or suppressed the
penetrance of the wing-expansion defect of flies expressing Idh-
R195H in the CCAP neurons (Figure 3B; supplemental Table 3).
Genetic modifiers that enhanced either phenotype were confirmed
and also crossed with the Gal4 driver alone to determine whether
they synergized with Idh-R195H to enhance the phenotype, or
whether they could cause the phenotype independently from Idh-
R195H.

The screens revealed that introduction of the ROS-scavenging
genes catalase or superoxide dismutase 2 (SOD2) suppressed the
wing-expansion defect (Figure 3C). Conversely, knockdown of
catalase with RNAI slightly enhanced the wing-expansion pheno-
type. Additional enhancers identified in these screens that were
confirmed and tested with driver alone are shown in supplemental
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Figure 4. Blood cell proliferation driven by mutant A
Idh. (A) Melanotic masses in third instar larvae from hm/-
Gal4, UAS-2xEGFP (hml>+), hml-Gal4, UAS-2xEGFP;
UAS-Idh-WT [2;3] (hm/>Idh-WT), and hmk-Gal4, UAS-
2xEGFP; UAS-1dh-R195H [2;3] (hmi>ldh-R195H). (B)
Circulating GFP-positive hemocytes in hm/>+, hmi>1dh-
WT, and hm/>Idh-R195H larvae. (C) Quantitation of
circulating hemocytes in hm/>Idh-R195H larvae (n = 3;
data are expressed as mean = standard deviation).
Drosophila were cultured at 29°C. Samples were vi-
sualized using a Nikon TE2000-E phase-contrast inverted
epifluorescence microscope with a SensiCamQE cam-
era, original magnification xX10, with MetaMorph, v6.2r6
software.
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Figures 4 and 5. These results suggested that ROS plays a role in
eliciting phenotypes associated with mutant Idh, leading us to focus
our studies on genetic pathways related to ROS signaling. Because
hemocyte proliferation and differentiation are regulated by ROS,*®
we next sought to more fully characterize the effect of mutant Idh
expression on hemocyte biology.

Mutant Idh expands distinct pools of circulating hemocytes

To further investigate the hemocyte phenotype caused by Idh-
R195H, we tested whether increased mutant Idh expression led
to a more severe phenotype. A fly stock homozygous for both the
hml-Gal4 and UAS-Idh-R195H transgenes was obtained. When
reared at 29°C, ~50% of larvae expressing mutant Idh developed
melanotic masses (Figure 4A), and 2.9-fold more circulating
hemocytes were present in these larvae compared with controls
expressing wild-type Idh or driver alone (Figure 4B-C). GFP and
FLAG epitopes were always present in melanotic masses and
hemocytes, confirming that the masses derive from proliferating
hemocyte precursors expressing mutant Idh (supplemental Figure 6).
We next examined hemocyte gene expression patterns associated
with Idh-R195H expression by profiling ~18 500 messenger RNA
transcripts from circulating larval hemocytes expressing Idh-R195H
or driver alone. This analysis revealed enrichment for transcripts as-
sociated with enzymatic activity, including a trend for enrichment of
transcripts associated with SOD2 activity (P = .08; supplemental
Figure 7).

Drosophila exhibits a primitive hematopoietic system in which
undifferentiated larval prohemocytes can differentiate into macro-
phagelike plasmatocytes, crystal cells, or lamellocytes (Figure 5A).>*
Weg is expressed in prohemocytes, which express a relatively low level
of hml. Wg is also expressed in crystal cells, which strongly express
himl.*®%8 In larvae expressing Idh-R195H in hemocytes, the pool of
Wg+ hemocytes was expanded, and a majority of these Wg+
hemocytes weakly expressed hml (Figure 5B), suggesting an
expansion of prohemocytes.®® Nevertheless, a subpopulation of
Wg+ cells strongly expressed hml, suggesting that crystal cells were
also expanded. We confirmed that mature crystal cells were also
increased in larvae expressing Idh-R195H using the crystal
cell-specific C4 marker (Figure 5C). Idh-R195H expression was also
associated with an increase in lamellocytes (L1 marker), which are
rare or absent from controls (Figure 5D). These results indicate that
mutant Idh increases the production of circulating undifferentiated
prohemocytes, as well as mature hemocyte lineages. Expression
of Idh-R195H under control of the unpaired-Gal4 hemocyte driver,
which is expressed in hemocytes and other tissues,*® also resulted
in melanotic mass formation in larvae, confirming that Idh-R195H
can drive melanotic mass formation from multiple hemocyte
lineage drivers. However, Idh-R195H was not associated with obvi-
ous circulating hemocyte alterations or melanotic mass formation
when expressed in embryonic hemocytes (serpent-Gal4),>> lymph
gland cells (pannier—Gal4),7O or crystal cells (lozenge—Gal4),35 which
may be due to the strength of these drivers or to the sublineages
targeted by these drivers.
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Figure 5. Expansion of circulating hemocyte com-
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The lymph gland is the main organ of hematopoiesis in post-
embryonic Drosophila. We next determined the effect of Idh-R195H
on the blood precursors of the medullary zone of the lymph gland using
the dome-Gal4 driver.>* As with circulating hemocytes, the effect of
Idh-R195H expression was dose-dependent, because 2 copies of UAS-
Idh-R195H with dome-Gal4 resulted in a strong effect on lymph gland
development (Figure SE). Idh-R195H expression resulted in smaller
lymph glands, a dramatic reduction in the number of dome+ cells, and
near-absence of differentiated cortical hemocytes. Together, these
results indicate that expression of Idh-R195H in hml+ differentiating
cells promotes growth and/or differentiation of circulating hemocytes,
whereas expression of Idh-R195H in lymph gland prohemocytes may
limit hemocyte differentiation and even lymph gland development.
These findings suggest that Idh-R195H exerts compartment-specific
effects on hemocyte development.

Mutant Idh induces p53 activation in Drosophila neurons

Our in vivo interaction profiling revealed that overexpression of SOD2
in CCAP neurons expressing mutant Idh can suppress the wing-
expansion phenotype. This finding suggests that the Idh-R195H
mutant phenotype depends on high levels of ROS. ROS can

P1

WT  Idh-R195H

WT Idh-R195H

WT Idh-R195H

partments by mutant Idh. (A) Hemocyte differentiation
program in Drosophila. Prohemocytes are undifferenti-
ated cells in Drosophila that are Wg+.°® The lymph
gland is the organ for hematopoiesis where mainte-
nance and differentiation of prohemocytes occurs in
postembryonic Drosophila. In larval circulation, prohe-
mocytes can differentiate into crystal cells (C4+), into
plasmatocytes (P1+), or under stress into lamellocytes
(L1+). (B) Mutant Idh increases Wg+ hemocytes in
circulation (red), compared with WT background. Most
Wg-+ hemocytes had relatively low hml expression, as
reflected by low enhanced GFP (EGFP) signal, charac-
teristic of prohemocytes (white arrows). Other Wg+
hemocytes strongly expressed hml, characteristic of
crystal cells (gray arrow).>®%8 (C) Staining of crystal
cells in larval circulation (C4+).5" Mutant Idh induces
a slight increase in crystal cell composition. All C4+
cells were strongly hmi+ (gray arrows). (D) Staining of
lamellocytes in larval circulation (L1+). Mutant Idh
induces an increase in lamellocyte composition. (E)
The third instar larval lymph gland. Hemocyte precursor
population or Dome+ cells are marked by GFP.
Differentiated plasmatocytes of cortical zone are
marked by P1,5°7% shown in red. Mutant Idh expression
under control of the lymph gland hemocyte dome-Gal4
driver is associated with a lack of differentiated cortical
zone plasmatocytes (red) compared with controls.
Genotypes for panels B-D: hm/-Gal4, UAS-2xEGFP
(control); hml-Gal4, UAS-2xEGFP; UAS-Idh-R195H
(Idh mutant). Genotypes for panel E: dome-Gal4, UAS-
EGFP/+ (control); dome-Gal4, UAS-EGFP/+; UAS-
Idh-R195H/UAS-Idh-R195H (Idh mutant). Data are
expressed as mean = standard deviation for 3 indepen-
dent groups of animals. Samples were visualized using a
Nikon TE2000-E phase-contrast inverted epifluorescence
microscope with a SensiCamQE camera, original magni-
fication X 10, with MetaMorph, v6.2r6 software. Wg,
Wingless.

UAS-Idh-R195H
UAS-ldh-R195H

EGFP DAPI P1

mediate alternative cell signaling events, leading to programmed
cell death”" and to activation of cellular proproliferative and sur-
vival pathways.”>”® We therefore speculated that Idh-R195H
expression was causing apoptosis of Drosophila neurons. To test
this, we determined whether genetic disruption of the apoptotic
pathway would suppress the wing-expansion defect associated
with Idh-R195H expression in CCAP neurons. Removing initiator
caspase (Dronc) or apoptosis protease activating factor 1 (DARK)
using RNAI suppressed the wing-expansion defect (Figure 6A).
Also, expression of additional copies of cell death inhibitor DIAP1
suppressed the wing-expansion defect. Importantly, inactivation
of p53 almost completely suppressed the Idh-R195H phenotype
in CCAP neurons, suggesting that p53 activates the caspase-
dependent apoptotic pathway mediated by Dronc and DARK via
inactivation of DIAPI.

To further test whether Idh-R195H can enhance apoptosis, we
determined whether introduction of Idh-R195H could enhance
apoptotic phenotypes driven by expression of Reaper or by in-
activation of DIAP1 in the developing eye. Expression of Idh-
R195H, but not wild-type Idh, enhanced apoptotic phenotypes
associated with Reaper (Figure 6B) and with dsSRNA knockdown
of DIAP1 (Figure 6C). This finding suggests that mutant Idh leads
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Figure 6. Expression of mutant Idh in the fly CNS. A
(A) Introduction of genetic elements that modulate
caspase-dependent apoptosis genes to CCAP neurons
expressing Idh-R195H. (B) Idh-R195H enhances the
apoptosis-driven phenotype for developing eye ectopi-
cally expressing Reaper (Rpr) under control of the
Gmr-Gal4 promoter. (C) Idh-R195H enhances the
apoptosis-driven phenotype for developing eye cells
expressing dsRNA knocking down DIAP1 under control X:
of the Gmr-Gal4 promoter. (D) Glucose-6-phosphate ) S
dehydrogenase (G6PD or G6PDH) and WT Idh, which
are expected to increase the NADPH pool, enhanced {Q
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R195H in CCAP neurons. In contrast, alleles expected
to lower the pool of NADPH, including a deficiency of Idh C
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Model for Idh-R195H-induced phenotype in the fly CNS.
Idh-R195H consumes NADPH and produces D-2HG,
leading to ROS formation. This leads to p53-induced
caspase-independent cell death. Cell death of CCAP
neurons that secrete bursicon to enforce wing expan-
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sion leads to a wing-expansion defect. G6PDH and
genes that produce NADPH enhance the phenotype.
SOD2 scavenges ROS to suppress the phenotype. All
crosses were done at 25°C unless otherwise indicated.
Genotypes: (A) CCAP-Gal4, UAS-Idh-R195H/+ (control).
CCAP-Gal4, UAS-1dh-R195H/UAS-DIAP1. CCAP-Gal4,
UAS-Idh-R195H/Dronc[dsRNA]. CCAP-Gal4, UAS-ldh-
R195H/Apafi[dsRNA]. CCAP-Gal4, CCAP-Gal4, UAS-
1dh-R195H/p53[dsRNA]. (B) Gmr-Gal4/+; UAS-Rpr/+.
Gmr-Gal4/+; UAS-Rpr/UAS-Idh-WT. Gmr-Gal4/+; UAS-
Rpr/UAS-Idh-R195H. (C) Gmr-Gal4/+; UAS-DIAP1/+.
Gmr-Gal4/+; UAS-DIAP1/UAS-Idh-WT. Gmr-Gal4/+;
UAS-DIAP1/UAS-1dh-R195H. (D) CCAP-Gal4, UAS-
Idh-R195H/+ (control). CCAP-Gal4, UAS-Idh-R195H/
UAS-G6PD. CCAP-Gal4, UAS-1dh-R195H/UAS-Idh-
WT. CCAP-Gal4, UAS-Idh-R195H/+; IDH[NNC1]/+.
CCAP-Gal4, UASdh-R195H/UAS-dh-R195H. IDHINNC1)/+
indicates a null allele of endogenous 1dh.° Flies were
photographed with a Leica Kombistereo microscope,
original magnification x10. dsRNA, double-stranded
DNA.

to elevation of ROS levels that mediate activation of p53 and
apoptosis in neurons. We also found that the phenotypes elicited
by Idh-R195H were modulated by enzymes that produce NADPH.
Overexpression of glucose-6-phosphate dehydrogenase or wild-
type Idh in the CCAP neurons led to enhancement of the phenotype
(Figure 6D). In contrast, inactivation of endogenous Idh, itself
an NADPH producer, suppressed the phenotype. These results in-
dicate that Idh-R195H induces ROS production that enhances
p53-dependent, caspase-dependent apoptosis in fly CNS lineages,
as depicted in Figure 6E.

Discussion

We used flexible tools to modulate D-2HG in targeted Drosophila
tissues, including UAS-Idh mutants to overproduce D-2HG, and
UAS-D2hgdh to lower D-2HG. We showed that Drosophila exhibits
phenotypes when expressing Idh mutants that are equivalent to IDH1
and IDH2 mutants found in different types of human cancer. These
phenotypes are driven by D-2HG, which is elevated in flies ex-
pressing Idh mutants. The data suggest that mutant Idh expression
caused hemocyte differentiation phenotypes analogous to other
oncogenes, for instance by altering blood cell differentiation rem-
iniscent of Jak2 (tum-I) mutants,*®*° and by increasing precursor
cells reminiscent of AML1-ETO hemocytes.*® Expression of mutant
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Idh in fly blood cells also recapitulated the situation in mouse
models of IDH-mutated leukemias, because mutant Idh expression
results in expansion of undifferentiated hematopoietic cells and
altered blood cell differentiation in fly and mouse systems.'*!8-2

Because gliomas also frequently harbor IDH mutations, we also
sought to model cancerlike phenotypes associated with mutant IDH
in the fly brain. However, we were unable to promote cell overgrowth
by expressing mutant Idh in fly CNS lineages. The situation is similar
for mouse models of IDH-mutated brain tumors, in which so far
only neurodegenerative phenotypes have been observed when IDH1
or IDH2 mutants are introduced to the mouse CNS.'*+2! Instead,
our results indicate that mutant IDH triggers apoptosis within fly
neurons, because modulating p53 or apoptosis cascade genes such
as DIAP1, dApafl/DARK, or Dronc can rescue the defects as-
sociated with expression of mutant Idh in CCAP neurons. Importantly,
we identified in the genetic screen that scavenging ROS by SOD2
can suppress the Idh mutant phenotype, suggesting that this phe-
notype is caused by high levels of ROS. We further showed that in
the CNS, these high levels of ROS induce a p53-mediated apoptotic
cascade rather than prosurvival signaling. In humans, astrocytomas
with IDH I mutations almost always acquire a 7P53 mutation either
concurrently with the /DHI mutation or later in their clinical
course."”* Our results raise the possibility that the acquisition of
TP53 mutations by these gliomas reflects a selective pressure to
suppress a p53-initiated apoptotic cascade that is promoted by IDH]
mutation.
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The level of D-2HG and penetrance of phenotypes was higher
for Idh-R195H than for Idh-R163Q. This spectrum of potency
for different IDH mutants parallels the situation for human IDH
mutants, for which D-2HG is higher for IDH1-R132H (analogous
to fly Idh-R195H) compared with IDH2-R140Q (analgous to fly
Idh-R163Q) in human cancer tissue and cell lines.*”>7® Addition-
ally, our findings that ubiquitous Idh-R195H expression is not
compatible with fly development but that ubiquitous 1dh-R163Q
expression is tolerated into adulthood mirrors the situation for
germline and mosaic IDH mutations in humans. Several patients
have been described with germline IDH2 Argl140 mutations
that result in D-2-hydroxyglutaric aciduria, a rare inborn error of
D-2HG metabolism characterized by elevated D-2HG, CNS defects,
and a shortened life span.”” Germline IDH1-R 132H mutation has
been speculated to be incompatible with human development because
it has only been observed in a mosaic distribution, and even then
it is associated with severe metaphysical chondromatosis and
D-2-hydroxyglutaric aciduria.”"®

We developed this Drosophila model to enable rapid in vivo
assays to identify genetic interactions with mutant IDH, in order to
map the molecular pathways by which mutant IDH exerts biological
phenotypes and to discover therapeutic susceptibilities of IDH-
mutated cancer tissues. We used this system to test whether a focused
panel of candidate genes interacted with mutant IDH in the fly. These
genetic tools lay the foundation for large Drosophila screens to
provide new insights into disease pathogenesis and therapeutic
susceptibilities for IDH-mutated cancers, as well as for D-2HG-
associated disease states such as D-2-hydroxygutaric aciduria.
Orthologs of the hits identified in these screens can immediately
be tested as therapeutic targets in preclinical mammalian models of
human IDH-mutated cancers.
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