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SUMMARY

Mutations in the isocitrate dehydrogenase-1 gene (IDH1) are common drivers of acute myeloid leukemia
(AML) but their mechanism is not fully understood. It is thought that IDH1 mutants act by inhibiting TET2 to
alter DNA methylation, but there are significant unexplained clinical differences between IDH7- and TET2-
mutant diseases. We have discovered that mice expressing endogenous mutant IDH1 have reduced numbers
of hematopoietic stem cells (HSCs), in contrast to Tet2 knockout (TET2-KO) mice. Mutant IDH1 downregulates
the DNA damage (DD) sensor ATM by altering histone methylation, leading to impaired DNA repair, increased
sensitivity to DD, and reduced HSC self-renewal, independent of TET2. ATM expression is also decreased in
human IDH1-mutated AML. These findings may have implications for treatment of IDH-mutant leukemia.

INTRODUCTION Mutation in isocitrate dehydrogenase-1 (IDH1-R132) confers

an enzymatic activity that converts a-ketoglutarate (¢KG) to
IDH1 is commonly mutated at codon R132 in human myelodys- the oncometabolite D-2-hydroxyglutarate (D2HG) (Cairns and
plastic syndromes (MDS) and acute myeloid leukemia (AML). Mak, 2013). D2HG is a competitive inhibitor of aKG-dependent

Significance

IDH1 is often mutated at codon R132 in myelodysplastic syndromes and in AML, but how mutant IDH1 drives myeloid tumor-
igenesisis unclear, although alterations to DNA methylation via inhibition of TET2 are thought to play a major role. Using amouse
model, we have discovered TET2- and DNA-methylation-independent effects of mutant IDH1 on the DNA damage response
system in HSCs. These effects are due to histone modifications that lead to downregulation of the DNA damage sensor
ATM. We also find that ATM expression is lower in IDH1 mutant compared with wild-type human AML. These data provide in-
formation about the effects of IDH1 mutations in HSCs that may be beneficial for tailoring therapy for IDH-mutant diseases.
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dioxygenase reactions, which are catalyzed by more than 80 hu-
man enzymes. Many of these aKG-dependent enzymes have
been implicated in aspects of hematopoietic stem cell (HSC)
biology and cancer: the TET family proteins affect DNA methyl-
ation; the JumonjiC domain-containing (JmjC) histone demethy-
lases alter histone methylation; and the prolyl hydroxylases and
lysyl hydroxylases are required for collagen folding and regula-
tion of hypoxia-inducible factor protein stability (Cairns and
Mak, 2013). Thus, it is thought that mutant IDH alters the epige-
netic state of cells, perturbs collagen maturation, and affects
oxygen homeostasis, although these effects may be more prom-
inent in some tissues and cell types than in others (Sasaki et al.,
2012a, 2012b). In particular, the epigenetic effects of IDH on
DNA methylation and on both repressive and activating methyl-
ation marks on histone H3 have been shown to affect cellular
differentiation (Figueroa et al., 2010; Lu et al., 2012). Although
IDH1 has been established as an oncogene in the myeloid line-
age, the specific mechanisms underlying its tumorigenic effects
are still not well understood.

Mutations in TET2 are also common in MDS and AML and
cause a characteristic hypermethylated DNA phenotype (Cancer
Genome Atlas Research Network, 2013; Xie et al., 2014). IDH1
and TET2 mutations are almost always mutually exclusive in
these diseases, which has led to the widely accepted proposi-
tion that IDH mutation may act primarily via inhibition of TET2,
which results in altered DNA methylation and blocked differenti-
ation (Cairns and Mak, 2013; Figueroa et al., 2010). However,
there are differences in the clinical features of IDH7- and TET2-
mutant hematopoietic disease (Busque et al., 2012; Patel
et al., 2012; Shih et al., 2012; Xie et al., 2014), suggesting that
the oncogenic mechanisms of mutant IDH and mutant TET2
are not equivalent, although no experimental evidence support-
ing this hypothesis has been reported.

The hematopoietic system is organized hierarchically, begin-
ning with HSCs that give rise to a series of progenitors and even-
tually, mature terminally differentiated cells. HSCs are the only
cell type within the hematopoietic system that self-renew
throughout life, whereas progenitor cells are more short-lived
and differentiate in order to produce mature cells. It is assumed
that HSCs possess cyto- and geno-protective mechanisms to
secure genomic integrity to maintain functional potential. This
concept has been demonstrated by multiple studies showing
that genetically engineered mice lacking components of DNA
damage response (DDR) and repair pathways have impaired
HSC function. Unrepaired DNA damage in the form of yYH2AX
foci also accumulates in the HSCs of aged normal mice (Rossi
et al., 2007), and this accumulation is more severe in DDR-defi-
cient animals (Nijnik et al., 2007; Nitta et al., 2011). In humans,
defective DNA repair is associated with premalignant and malig-
nant hematological conditions such as MDS and AML (Jan et al.,
2012; Welch et al., 2012), in keeping with the concept that
genomic instability is an important hallmark of cancer (Hanahan
and Weinberg, 2011).

The DDR involves a network of proteins that sense and
respond appropriately to DD, and perturbation of this network
can promote tumorigenesis. A potentially lethal form of DD is
the double-strand break (DSB). Upon DSB formation, the MRN
complex (Mre11/Rad50/Nbs1) recognizes the lesion and acti-
vates the sensor kinase encoded by the ataxia telangiectasia
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mutated gene (ATM). ATM in turn recruits the DNA repair ma-
chinery and activates downstream signaling pathways (Stracker
et al., 2013). DSBs are repaired either by the homology-directed
repair (HR) pathway or the more error-prone non-homologous
end-joining (NHEJ) pathway. ATM activates the cell-cycle
checkpoint or induces apoptosis by phosphorylating itself and
Chek2, an effector kinase that phosphorylates and activates
the tumor suppressor p53. ATM is known to play an important
role in HSCs because Atm-deficient murine HSCs show self-
renewal defects, decreased survival, enhanced accumulation
of yH2AX foci with age, and increased sensitivity to irradiation
(IR)-induced cell death (Ito et al., 2004, 2007; Mohrin et al.,
2010; Nitta et al., 2011). In humans, ATM is mutated in several
cancer types, including hematological malignancies. Collec-
tively, these studies show that a lack of functional ATM in he-
matopoietic tissues impairs HSC homeostasis and function,
and increases the risk of lymphoma and leukemia (Chen et al.,
2014; Takagi et al., 2013).

We previously showed, using a myeloid lineage-specific con-
ditional IDH1-R132-KI (LysM-IDH1-Kl) mouse model, that this
mutation increases the level of D2HG; affects epigenetics by
altering both global DNA methylation and histone methylation;
partially blocks differentiation at the HSC/progenitor stage; and
produces a hematopoietic phenotype reminiscent of human
MDS (Sasaki et al., 2012b). However, the critical molecular
mechanisms responsible for these phenotypes have not been
fully characterized, and the effects of IDH mutation on DDR
signaling have not been investigated. Furthermore, it has
recently been found that /DH mutations can occur early during
progression to AML and can be present in a population of pre-
leukemic stem cells in some patients (Corces-Zimmerman
et al., 2014; Shlush et al., 2014), further highlighting the impor-
tance of understanding the effects of IDH1 mutations in HSCs.

RESULTS

Impaired DDR Signaling in HSCs and Progenitor Cells
Expressing Mutant IDH1

To characterize the effects of mutant IDH1 on the hematopoietic
system, we used CyTOF mass cytometry of mouse bone marrow
(BM), which enables simultaneous measurement of the abun-
dance and phosphorylation state of multiple proteins in sin-
gle cells. Undifferentiated hematopoietic cells from young
(3-4 months) LysM-IDH1-KI mice exhibited lower levels of phos-
pho-ATM, YH2AX, and phospho-Chek?2 in populations of (1) LK
cells, which contain granulocyte macrophage progenitors
(GMPs), common myeloid progenitors (CMPs), and megakaryo-
cyte erythrocyte progenitors (MEPs), (2) LSK cells, which contain
long-term hematopoietic stem cells (LT-HSCs), short-term he-
matopoietic stem cells (ST-HSCs), and multipotent progenitors
(MPPs), and (3) MPP cells, compared with wild-type (WT) cells
(Figure 1A). LSK cells of aged (7-10 months) LysM-IDH1-KI
mice displayed decreased phospho-ATM and phospho-Chek2
but increased yH2AX (Figure 1B), suggesting a defect in DDR
signaling downstream of ATM and the accumulation of unre-
paired DNA damage with age. Microarray analysis confirmed
that p53 signaling components downstream of ATM-mediated
DDR signaling (Stracker et al., 2013) were decreased in IDH1-
mutant LSK cells (Figure 1C). Thus, DDR signaling downstream
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Figure 1. Decreased Phosphorylation of ATM/
Chek2/yH2AX in LysM-IDH1-KI Hematopoiet-
ic Cells

(A and B) Representative CyTOF analyses of BM
cells from young (A) and aged (B) LysM-IDH1-KI (KI)
and WT mice. The indicated cell populations were
immunostained with metal-conjugated Abs to detect
the indicated signaling molecules. Histograms
represent expression levels in the KI cell relative to
the WT.

(C) Gene set enrichment analysis of the KEGG p53
pathway DDR gene set in LSK cells of LysM-IDH1-KI
and WT mice (n = 4/group). Top: x axis shows genes
ordered from high expression in LysM-IDH1-KI
samples (left end) to high expression in WT samples
(right end). The y axis shows the running enrichment
score (ES) along the ranked gene list. The negative
enrichment score near the WT end indicates down-
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in ST-HSC/MPP and GMP/CMP but not
MEP (Figures 3 and S2). Surprisingly, Vav-
IDH1-KI mice displayed a dramatic reduc-
tion in LT-HSCs (Figures 3C, 3E, S2C, and
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of ATM appears to be compromised in HSCs and progenitors
expressing mutant IDH1.

To explore this observation in all hematopoietic cell types,
we first characterized our Vav-IDH1-KI mice (Figure S1A).
Vav-IDH1-KI mice were born and developed normally despite pro-
ducing high urinary levels of D2HG (Figure S1B). Aged Vav-IDH1-
KI mice showed an increase inimmature cKit* hematopoietic cells
in BM and spleen (Figure S1C), and Vav-IDH1-KI BM showed his-
tologic evidence of myeloid hyperplasia and erythroid hypoplasia
(Figure 2A). The architecture of Vav-IDH1-Kl spleen was severely
disrupted, with evidence of hematopoietic cell hyperplasia in the
red pulp (Figure 2A). This phenotype is similar to that of LysM-
IDH1-KI mice, which is reminiscent of human MDS (Sasaki et al.,
2012b). Notably, in contrast to LysM-IDH1-KI mice (Sasaki et al.,
2012b), Vav-IDH1-KI mice had a significantly shorter lifespan
than littermate controls (Figure 2B). About 50% of Vav-IDH1-KI
mice died by age 12 months, showing splenomegaly, anemia,
and thrombocytopenia (Figures 2B, 2C, and S1D).

Mutant IDH1 Triggers an Unexpected TET2-
Independent Reduction in LT-HSCs

As IDH mutations are thought to affect hematopoietic differenti-
ation via inhibition of TET2 by D2HG, we measured BM cell pop-
ulations in Vav-IDH1-KI and Tet2 knockout (TET2-KO) mice. As
expected, both the LSK and LK populations were increased in
Vav-IDH1-KI and TET2-KO mice (Figures 3A-3D and S2). Both
Vav-IDH1-KI and TET2-KO mice showed significant increases

S2E) that progressed with age, similar to
that reported for Atm knockout (ATM KO)
mice (Chen et al., 2014; Ito et al., 2004).
This phenotype stands in contrast to TET2-KO mice, which
showed normal or slightly increased LT-HSC numbers (Figures
3D, 3F, S2D, and S2F). Thus, mutant IDH1 not only blocks differ-
entiation at the ST-HSC/MPP stage (increased progenitor cells)
and induces myeloid skewing (elevated GMP/CMP relative to
MEP), such as loss of TET2 (Moran-Crusio et al., 2011; Quivoron
et al., 2011), but also triggers an unexpected and striking TET2-
independent reduction in LT-HSC, reminiscent of ATM loss
(Chen et al., 2014; Ito et al., 2004).

ATM Downregulation Is Induced by Mutant IDH1-R132

To investigate whether mutant IDH1 affects DDR gene expres-
sion in hematopoietic cells, we measured mRNA and protein
levels of DDR signaling molecules. Consistent with our CyTOF
analysis, a marked decrease in ATM protein was observed in
lineage negative (Lin™) cells of Vav-IDH1-KI mice (Figures 4A
and 4B). gPCR analysis of Vav-IDH1-KI LSK cells revealed signif-
icant downregulation of ATM mRNA (but not mRNAs of other
DDR genes) in IDH1 mutant cells (Figure 4C). ATM protein level
was decreased to a significantly greater degree than the ATM
mRNA in Vav-IDH1-KI cells (Figures 4A and 4C), consistent
with previous observations in Atm heterozygote (ATM-HET)
mice (Spring et al., 2002; Zhan et al., 2010). We investigated
ATM protein levels in lineage-depleted (Lin™) BM cells (HSC/
progenitor-enriched population) from our ATM-HET mice and,
indeed, observed a striking reduction in ATM proteinin Lin™ cells
that was similar to that in IDH1-KI samples (Figure 4A, lane 9).
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Figure 2. Vav-IDH1-KI Mice Die Prematurely with Splenomegaly and Anemia

(A) Representative H&E-stained sections of spleen and sternum from aged Vav-IDH1-KI (Vav-KI) and control littermate (Vav-WT) mice.

(B) Kaplan-Meier plot of Vav-IDH1-KI and littermate Vav-IDH1-WT mice. p value, log-rank test.

(C) Complete blood count parameters in peripheral blood from aged Vav-IDH1-KI (KI) and WT mice (n = 5). WBC, white blood cells; RBC, red blood cells; PLT,
platelet count. Data for individual mice are shown as well as the group mean + SD. *p < 0.05, unpaired Student’s t test. See also Figure S1.

This reduction occurred despite the expected levels of ATM
mRNA in ATM-HET Lin~ cells compared with Atm WT controls
(51.8% +4.4%; n =3, data not shown). Thus, although the mech-
anism underlying this effect is uncertain, it is clear that ATM
mRNA and protein levels are not always directly correlated. No
decrease in ATM mRNA or protein was observed in TET2-KO
cells (Figures 4B and 4D), indicating that these effects are not
mediated by TET2 inhibition. Treatment of IDH1-KI cells with
AGI-5198, a competitive inhibitor of mutant IDH1-R132, restored
Atm mRNA levels, confirming that Atm repression was due to
mutant IDH1 activity (Figure 4E).

To relate our findings to human AML, we queried The Cancer
Genome Atlas (TCGA) database (Cancer Genome Atlas Research
Network, 2013) and found that expression levels of ATM, but not
those of 11 other DDR genes, were significantly decreased in
IDH1-mutated AML but not in TET2-mutated AML (Figures 4F
and 4G). Thus, the ATM downregulation induced by mutant
IDH1-R132 in mouse models is also observed in human IDH17-
R132 mutated AML.

Histone Methylation-Dependent and TET2-Independent
ATM Downregulation

To determine how IDH1-R132 mutant downregulates ATM, we
first examined the levels of methylation and hydroxymethylation
of DNA in mutant IDH1 cells. As expected, we observed a dra-
matic decrease in global 5-hydroxymethylcytosine (5hmC), but
not 5-methylcytosine (5mC), in Lin~ BM cells from both Vav-
IDH1-KI and TET2-KO mice (Figure S3A). The magnitude of
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5hmC reduction was similar in Vav-IDH1-Kl and TET2-KO cells,
suggesting that TET2 is the predominant regulator of 5-hy-
droxymethylation in this cell type. We next examined DNA
methylation in Vav-IDH1-KI LT-HSC, ST-HSC, and MPP using
enhanced reduced representation bisulfite sequencing (€RRBS)
(Figures S3B-S3E). Consistent with our previous analysis of
LysM-IDH1-KI mice (Sasaki et al., 2012b), there was an increase
in DNA methylation at the majority of CpG sites with altered
methylation in Vav-IDH1-KI LT-HSC, ST-HSC, and MPP
compared with controls (Figure S3C), confirming that mutant
IDH1 increases DNA methylation at these sites. However, no
significant alterations to DNA methylation of the Atm promoter
were detected in these Vav-IDH1-KI cell populations (Figures
S3D and S3E), suggesting that a mechanism independent of
both TET2 and DNA methylation is responsible for the decrease
in Atm expression. As eRRBS analysis does not distinguish
between 5mC and 5hmC, we used gPCR plus hMeDIP (hydrox-
ymethylated DNA immunoprecipitation) (Taiwo et al., 2012) to
specifically examine 5hmC levels in the promoters of a set of
DDR genes, including Atm, in Vav-IDH1-KI, TET2-KO, and con-
trol cells. No significant differences in 5hmC levels at the Atm
promoter were observed (Figure S3F). Thus, the downregulation
of Atm by mutant IDH1 does not depend on inhibition of TET2 ac-
tivity or on changes in DNA methylation or hydroxymethylation.

To examine the chromatin structure of the Atm promoter re-
gion, we subjected Vav-IDH1-KI and control cells to ATAC
(assay for transposase-accessible chromatin)-gPCR (Buen-
rostro et al., 2013). We detected a ~30% reduction in open
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chromatin measured based on the Tn5 transposase integration
in the Atm promoter region, but not at the promoters of other
DDR genes, in Vav-IDH1-KI cells (Figure 5A), indicating a more
closed chromatin structure in this region.

We next investigated the importance of histone modifications
known to alter chromatin structure. To ascertain whether histone
methylation is increased by mutant IDH1, we performed immu-
noblotting in Lin~ cells from Vav-IDH1-KI and controls. There
was a significant global increase in some repressive histone
marks in Vav-IDH1-KI Lin™ cells, including lysine 9 and 27 of his-
tone H3 (H3K9 and H3K27) relative to controls (Figure 5B). In
addition, chromatin immunoprecipitation (ChlP)-gPCR revealed
increases in the repressive tri-methylated H3-K9 (H3K9Me3)
mark at the Atm promoter in Vav-IDH1-KI LSK cells (Figure 5C),
raising the possibility that this alteration causes a more closed
chromatin structure, which downregulates Atm. To further inves-
tigate the function of H3-K9 methylation at the Atm promoter,
freshly isolated LSK cells from Vav-IDH1-KI and controls were
exposed to UNC0642 (an inhibitor of G9A, a methyltransferase
of H3-K9) or UNC1999 (an inhibitor of EZH2, a methyltransferase
of H3-K27). As expected, the treatment of cultured LSK cells with
UNCO0642 and UNC1999 cells caused a decrease in methylation
of H3-K9 and H3-K27, respectively (Figure 5D). Treatment with
UNCO0642, but not UNC1999, largely restored ATM mRNA/pro-
tein levels (Figures 5E and S3G), suggesting that increased H3-
K9 methylation contributes to downregulation of Atm by mutant

ST-HSC

MPP age and are the cell of origin of some he-

matopoietic malignancies, including AML
(Jan et al.,, 2012). To determine whether
the mutant IDH1-dependent reduction in ATM impairs DD repair,
we measured 53BP1 and yH2AX foci in Vav-IDH1-KI LT-HSCs
and LSK cells. Like ATM KO mice (Nitta et al., 201 1) but in contrast
to aged TET2-KO mice, cells from aged (but not young) Vav-IDH1-
KI mice showed increased number of DD foci compared with
controls (Figures 6A-6C and S4A-S4C). It has been shown that
in LT-HSC, DD is not repaired efficiently due to cell-cycle-depen-
dent downregulation of DDR genes (Beerman et al., 2014) and the
predominance of the error-prone NHEJ mechanism of DNA repair
(Mohrin et al., 2010). Downregulation of ATM could thus leave DD
unrepaired, which may induce premature HSC differentiation
(Santos et al., 2014) leading over time to the low number of
LT-HSCs in aged Vav-IDH1-KI mice and contributing to higher
numbers of later progenitors (Figures 3C and 3E). To compare
the DNA repair capacities of IDH1-KI and TET2-KO LT-HSC, we
examined the kinetics of DD foci disappearance in LT-HSCs
exposed to 0.5 Gy IR. Disappearance of 53BP1 and yH2AX foci
was delayed and decreased in IDH1-KI LT-HSCs compared with
IDH1-WT or TET2-KO LT-HSCs (Figures 6D-6F and S4D-S4E).
This impaired DNA repair phenotype may also be present in
human IDH7-mutated AML since genes downregulated in IDH1-
mutated AML compared with TET2-mutated AML are associated
with downregulation in HR-deficient cells compared with HR-
normal cells (Figure 6G) (Peng et al., 2014).
To examine the impact of decreased DNA repair capacity on
HSC function, we performed LT-HSC competitive repopulation

Cancer Cell 30, 337-348, August 8, 2016 341

CellPress




Cell’ress

A B F
Young Aged Youngg 6
(N\ [ :
o ———— L2 e B o
gl 3 /pH1 mutated )
Chek2 e e e s s s s Chek2 = a— 552 _ o .
i B >
TPS3 | o v G s o - 9 v e TP53 e e s o @i‘;
o
0
Actin e c=o e = e e = = o Actin == e» e» - E%
s
X -2
C D £ -
T T I?‘ I,\ o 9
@/&\’\w\b@?oo%%~%~
3 15 8 15 A P O e e
c A
S99 T S99 EAB .
29 ex T oo gs
25 22 50 6 0.84
e <8 Lo p=9.
%tp.s Z 205 g(;‘4 D
€ S _I"
0.0 0.0 %gz 1 I [
Sl o 8 r\\va SR G U ('\" 'éw'b»'\ﬁ, &< 09 | 1 | |
S 0\ aeq;x- Q}\y\\vb o@ae?;e A I
ks @cz $ _\.\.‘.\ s %p ’b(,_;b ’\\QO o E%.z i
<
-4 . T
E 1.57 Unmutated Mutated
TET2 mutation status
[0}
wA
SE 1.01
235 *
T
Qo 2
<
Z70 4
mi_/0.5
€
0.0-
= I ErSI ExSI ESI Ex T EITI BT
222227232 ZYZ SI¥Z $EYZ 2392 5I¥F 22¥2 SIYISIVE 2IF
il £ i e E e £ i £ i & & &
= = = B = = = = = = = =
Atm Atr 53bp1  Chek2 Trp53  Mre11a  Nbn Rad50 Rad51 Chek1  Xrcc6 Xrcc5

Figure 4. TET2-Independent ATM Downregulation by Mutant IDH1
(A and B) Immunoblot detecting the indicated proteins in Lin™ cells from young and aged Vav-IDH1-KI (KI) and WT mice, plus young ATM-HET mice (A) and aged

TET2-KO and TET2-WT mice (B).

(C and D) gRT-PCR determination of the indicated mRNAs in LSK cells from young Vav-IDH1-KI (C) and TET2-KO (D) mice relative to controls. Data are the
means + SD (n = 3). *p < 0.01, **p < 0.001 by unpaired Student’s t test.

(E) gRT-PCR determination of the indicated mRNAs from LSK cells isolated from Vav-IDH1-KI and WT mice and cultured with (+INH) or without mutant IDH1
inhibitor (n = 3/group). Data are the means + SD. For (C-E), *p < 0.05 by unpaired Student’s t test.

(F) Z score plot of MRNA levels of the indicated genes in human /IDH7-unmutated (n = 127) and IDH7-mutated (n = 13) AML samples from TCGA. RNASeq version 2
values were quantified using the expectation maximization method (RSEM) and converted to Z scores. IDH2- and TET2-mutated samples were excluded. *p <
0.05 by Wilcoxon rank-sum test adjusted with the Benjamini and Hochberg method.

(G) Z score plot, generated and analyzed as in (F), of ATM mRNA levels in TET2-unmutated (n = 128) and TET2-mutated (n = 13) human AML samples from TCGA.
IDH1- and IDH2-mutated samples were excluded. p = 0.84, Wilcoxon rank-sum test. The boxplots are drawn using the Tukey method (F and G). Briefly, central
horizontal lines on the boxplots indicate the median, the box edges indicate the 25 and 75" percentiles, and the whiskers indicate the largest value above or
below these percentiles within 1.5 times the interquartile range. Data beyond the whiskers are plotted as individual points.

assays. In keeping with the phenotype of other DD repair-deficient  in both mutant and control LT-HSC cultures, with or without these
HSCs, including those lacking ATM (Ito et al., 2004; Nijnik et al.,  inhibitors (Figure S4; 4 hr). By 24 hr post-IR, aged Vav-IDH1-KI LT-
2007; Rossi et al., 2007), Vav-IDH1-KI LT-HSCs showed reduced = HSCs showed impaired disappearance of DD foci compared with
in vivo reconstitution potential compared with IDH-WT LT-HSCs  controls, a defect that was largely rescued by UNC0642 but not
(Figure 6H), a deficit not observed in comparable assays of UNC1999 (Figure S4F; 24 hr), suggesting that ATM downregula-
TET2-KO (Moran-Crusio et al., 2011). To investigate if this deficit  tion mediated by H3-K9 methylation is an important factor in the
was due to H3-K9-mediated downregulation of ATM triggered  DDR deficit of IDH1-mutant hematopoietic cells.

by mutant IDH1, we quantified DD foci in LT-HSCs freshly isolated

from aged Vav-IDH1-KI mice and treated with UNC0642 or Enhanced DD Sensitivity in Mutant IDH1 Expressing
UNC1999. UNC0642, but not UNC1999, largely blocked the in- LT-HSCs

crease in DD foci in Vav-IDH1-KI LT-HSC cultures (Figure S4F;  We next explored the effect of mutant IDH1 on key molecules
0 hr). As expected, 0.5 Gy IR caused a rapid increase in DD foci  in the DDR signaling pathway induced by IR. In control mouse
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embryonic fibroblasts (MEFs) exposed to IR (5 Gy), we observed
the expected time-dependent increase in the phosphorylation of
ATM, Chek2, and p583, followed by p21 upregulation. In irradiated
IDH1-Kl cells, these events were abrogated (Figure S5A), suggest-
ing that the DDR signaling pathway is impaired by mutant IDH1.

We also subjected Vav-IDH1-KI and TET2-KO LT-HSCs to as-
says of caspase-3 cleavage and ex vivo clonogenic survival. Cas-
pase-3 cleavage was increased in Vav-IDH1-KI, but not TET2-KO,
LT-HSC, strongly suggesting that mutant IDH1 expression en-
hances IR-induced apoptosis (Figure 7A). To confirm enhanced
apoptosis after IR results in increased DD sensitivity, LT-HSCs
were exposed to either IR (Figures 7B-7D) or daunorubicin (Fig-
ures 7E-7F), a DNA-damaging compound commonly used to treat
AML. Both IR and daunorubicin exposure significantly reduced
colony numbers in Vav-IDH1-KI, but not TET2-KO, LT-HSC cul-
tures (Figures 7B, 7C, 7E, and 7F). This increased sensitivity of
IDH1-mutant LT-HSC to IR parallels that of ATM-HET LT-HSC,
which were included as a positive control (Figure 7D).

Lack of ATM Downregulation and Age-Associated
Accumulation of DD in TET1 KO

It was recently shown that loss of TET1 results in DD accumula-
tion in murine pro-B cells (Cimmino et al., 2015). Although not
commonly mutated in myeloid malignancies, it is possible that
inhibition of TET1 could have contributed to the phenotype
observed in the IDH1-KI cells. Therefore, we examined levels
of ATM and DD in Tet1 knockout (TET1-KO) cells. Like TET2-
KO but in contrast to aged IDH1-KI, there was no reduction of
Atm mRNA in LSK cells, no reduction in ATM proteinin Lin™ cells,
and no accumulation of DD foci in aged TET1-KO (Figures S5B-
S5E). These observations indicate that the reported mutant
IDH1-mediated effects on ATM and subsequent DD do not
depend on inhibition of TET2 or TET1.

DISCUSSION

In this study, we show that endogenous mutant IDH1 downregu-
lates ATM, impairs DDR, and alters LT-HSC homeostasis, all

K9-Me2 H3 st

K27-Me3 H3 e o s s el sy )
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0.00- Total H3 e e s e e s cm e
Atm Atr
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(A) ATAC-gPCR to analyze the indicated genes in
LSK cells from Vav-IDH1-Kl and WT mice (n = 3).
Data are the means + SD.

(B) Immunoblot to detect the indicated methyl-
ated forms of histone H3 in Lin~ cells from Vav-
IDH1-KI and WT mice.

(C) ChIP-gPCR analysis of the Atm promoter in
LSK cells from Vav-IDH1-KI and WT mice (n = 3)
using anti-histone H3-K9me3 Ab. Data are the
means + SD.

(D) Immunoblot to detect the indicated proteins in
LSK cells isolated from Vav-IDH1-Kl and WT mice
and cultured with/without UNC1999 (1 uM) or
UNC0642(0.25 or 1 uM). UT, untreated.

(E) gRT-PCR determination of Atm mRNA in the
micein (D) (1 M UNCO0642). Data are the means +
SD (n = 4).

For (A, C, and E), *p < 0.05, **p < 0.01 by unpaired
Student’s t test; n.s., not significant. See also
Figure S3.

mm Vav-IDH1-WT
B vav-IDH1-KI

A

independent of its effects on TET2. Our findings clarify the ef-
fects of IDH mutations during the development of hematologic
malignancies, which is important because IDH mutations can
occur early during AML progression and persist in a pool of
pre-leukemic stem cells (Corces-Zimmerman et al., 2014; Grove
and Vassiliou, 2014; Shlush et al., 2014). We find that IDH1 mu-
tations decrease ATM expression by increasing methylation of
H3K9, a known repressive histone mark. Previous work has
shown that KDM4A/C, which are histone lysine demethylases
responsible for regulating H3K9 methylation, are particularly
sensitive to D2HG inhibition (Chowdhury et al., 2011). Further-
more, increased H3K9 methylation is known to mediate effects
of mutant IDH on adipocyte differentiation, independent of
changes in DNA methylation (Lu et al., 2012). Taken together,
these data provide evidence that mutant IDH can alter cellular
differentiation via changes to the histone code rather than by
changes to DNA methylation.

Our data, in combination with previous results, suggest a
model in which mutated IDH1 has two distinct oncogenic effects
on HSCs and progenitors (Figure 8). First, mutant IDH1 induces
impairments of DDR signaling and DNA repair that are most
prominent in LT-HSC, are dependent on ATM, but are indepen-
dent of TET2. Second, as suggested by previous clinical and
experimental data, mutant IDH1 causes TET2-dependent alter-
ations to DNA methylation that drive ST-HSC and MPP expan-
sion accompanied by skewing toward CMP and GMP produc-
tion (Ko et al., 2011; Kunimoto et al., 2012; Moran-Crusio et al.,
2011; Quivoron et al., 2011). The TET2-independent, DDR-asso-
ciated effects of mutant IDH1 may be responsible for some of the
clinical differences between IDH7-mutated and TET2-mutated
hematologic diseases. Several lines of evidence support this
concept. First, TET2 (but not IDH7) mutations are observed in
some healthy elderly individuals, suggesting that loss of TET2
can be tolerated without causing an overt hematological disor-
der (Busque et al., 2012; Xie et al., 2014). It is possible that the
effects of mutant IDH7 on DDR signaling do not allow the long-
term survival and maintenance of IDH7-mutant HSCs in healthy
individuals. Second, TET2 mutations are observed at higher
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Figure 6. Vav-IDH1-KI LT-HSCs Show
Elevated Accumulation of Age-Related DD,
Impaired DNA Repair, and Repopulation
Capacities

(A and B) Quantitation of 53BP1 DD foci in
LT-HSCs (~100 cells from three mice/group)
isolated from Vav-IDH1-KI and Vav-IDH1-
WT (A), and TET2-KO and TET2-WT mice (B)
(~100 cells from three mice/group). Data are
values for individual LT-HSCs. Red lines, group

means.
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a gene expression signature derived from HR-
deficient cells (Peng et al., 2014). The direction of
change in IDH7-mutated samples -correlated
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positively with the direction of change in HR-
deficient cells. IDH2 mutants, DNMT3A mutants,
and IDH1;TET2 double mutants were excluded.
p = 0.00084, Fisher’s exact test.
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(H) Quantitation of a competitive repopulation assay in which CD45.2* cells from Vav-IDH1-KI or Vav-IDH1-WT mice were transferred to irradiated CD45.1*

recipients. Data are the means + SD (n = 6/group).

For (A, B, D, and H), “p < 0.05, **p < 0.01, ***p < 0.005 by unpaired Student’s t test; n.s., not significant. See also Figure S4.

frequencies in MDS (20%-25%) and MDS/MPN (20%-58%)
than in AML (7%-23%) (Shih et al., 2012), whereas IDH1 muta-
tions are observed at higher rates in AML (6%-16%) than in
MDS (2%-4%) and MDS/MPN (~1%) (Im et al., 2014). Therefore,
it may be the TET2-independent effects of IDH mutations,
particularly their effects on DDR, that increase the probability
of progressing to more advanced disease. We believe that
these effects of mutant IDH1 on DDR signaling in the crucial
LT-HSC population may complement the known epigenetic
changes affecting myeloid differentiation during IDH-associated
tumorigenesis.

Although the ATM downregulation caused by mutant IDH1 is
likely responsible for significant effects on LT-HSC homeostasis,
our data do not exclude the possibility that other factors down-
stream of histone methylation changes may also affect the
LT-HSCs of IDH1-mutant mice (Lu et al., 2012). Tet2;Tet3 double
knockout (DKO) hematopoietic cells (An et al., 2015) show
decreased 5hmC, increased DD, and impaired DNA repair,
raising the possibility that other mechanisms downstream of
IDH and TET mutations affect DDR signaling. However, the
DDR phenotypes in Tet2;Tet3 DKO mice were observed only in
differentiated myeloid cells and not in the HSC-enriched LSK
population (An et al., 2015), which is similar to what we observed
in our TET2-KO LT-HSCs and contrary to what we observed in
our Vav-IDH-KI LT-HSC. Thus, lack of TET2 and TET3 has little
impact on DDR in HSCs, and these TET family members appear
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to be more important in differentiated cells. Similar context-
dependent DDR phenotypes were observed in TET1-KO pro-B
cells (Cimmino et al., 2015) that did not occur in TET1-KO
LT-HSC. These results indicate that a decrease in 5hmC due
to TET deficiency has an effect that is cell-type-specific, is
observed in differentiated cells, and does not affect DDR in
HSCs.

Although TET1 and TET3 mutations are extremely rare in AML
(in TCGA: TET1, ~1%; TET2, ~9%; TET3, 0%) and co-mutation
of TET2 with TET1 or TET3 does not occur in human AML (Can-
cer Genome Atlas Research Network, 2013), our results will be
important for future investigation of the relationship between
TET activity, 5hmC, and DDR in the hematopoietic system. Our
dot blotting of HSC-enriched Lin~ cells from Vav-IDH1-KI and
TET2-KO mice revealed that the degree of 5hmC reduction is
comparable in these two mutants, strongly suggesting that
TET2 is the predominant TET enzyme influencing 5hmC levels
in HSC/progenitors. Moreover, BM transplantation experiments
for all published TET single- or double-deficient mice show
that HSCs in these mutants exhibit enhanced repopulating
potential in vivo (An et al., 2015; Cimmino et al., 2015; Moran-
Crusio et al., 2011; Quivoron et al., 2011; Zhao et al., 2015), in
contrast to the decreased potential of Vav-IDH1-KI LT-HSC.
As numerous examinations of DDR-deficient mice have shown
that an intact DDR system is crucial for maintenance of HSC re-
population/self-renewal (Garaycoechea et al., 2012; Ito et al.,
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Figure 7. Enhanced IR and Daunorubicin
Sensitivity in Vav-IDH1-KI LT-HSCs

(A) Left: Quantitation of percentages of LT-HSC that
were isolated from aged Vav-IDH1-KI, Vav-IDH1-
WT, TET2-KO, or TET2-WT mice (n = 3/group) and
were positive for cleaved caspase-3 at 4 hr post-IR
(1 Gy). Data are the means + SD. Right: Two
representative images of cleaved caspase-3 in the
irradiated Vav-IDH1-KI LT-HSCs in the left panel.

4 Scale bar, 5 um.
IR(Gy)

(B-F) Quantitation of colonies remaining 1 week
after LT-HSCs from aged Vav-IDH1-KI and Vav-
IDH1-WT mice (n = 3 mice/group) (B and E), TET2-
KO and TET2-WT mice (n = 4 mice/group) (C and F),
and ATM WT and ATM-HET mice (n = 3 mice/group)
(D), after irradiation with 2, 4, or 8 Gy (B-D), or
treated in vitro with the indicated concentrations of
daunorubicin (E and F). Data are the means + SD
and expressed as the percentage of colonies/plate
relative to unirradiated or untreated controls.
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2004; Niedernhofer, 2008; Nijnik et al., 2007; Rossi et al., 2007),
impaired HSC repopulation capacity is widely considered a hall-
mark of DDR deficiency. These data reinforce our hypothesis
that the DDR phenotypes observed in Vav-IDH1-KI LT-HSCs
are not due to loss of 5hmC and are independent of TET2.

The effects of the H3K9-mediated histone alterations regu-
lated by mutant IDH1 are likely multifactorial. Studies of mice
lacking G9A H3K9 methyltransferase as well as shRNA knock-
down of Jmjd2 H3K9 demethylases in cell-line systems, do not
suggest a role for H3K9 alterations in HSC function (Cellot
et al.,, 2013; Lehnertz et al., 2014). However, a lack of GOA
does alter HoxA9-dependent gene expression, which is known
to affect hematopoietic differentiation and leukemogenesis.
Although we found that an H3K9 methyltransferase inhibitor
rescued the DDR defect of IDH1-mutant LT-HSCs using freshly
explanted cells, the HSCs undergo differentiation during these
culture conditions. Therefore, additional in vivo studies will be
required to fully understand this subset of phenotypic effects
associated with IDH1 mutation.

Impaired DNA repair signaling in IDH1-mutated LT-HSCs may
increase the probability of both additional oncogenic mutation
acquisition and clonal expansion of the IDH1-mutated LT-HSC
pool. It is thought that a pathogenic AML clone arises from a
heterogeneous pool of genetically diverse pre-leukemic sub-
clones (Corces-Zimmerman et al., 2014; Jan et al., 2012; Shlush
et al., 2014). Given that the effects of IDH1 mutation are most
prominent in LT-HSCs, and appear to be cell-type-specific, ex-
amination of genomic diversity in panels of single cells may be

Daunorubicin (nM)

required to provide definitive answers to
these questions.

Patients with IDH7-mutated AML appear
to have a better prognosis following dauno-
rubicin treatment than do patients with TET2-mutated AML (Patel
et al., 2012). In keeping with this observation, our IDH1-mutated
LT-HSCs were more sensitive to IR and daunorubicin than were
TET2-KO LT-HSC. In contrast, overexpression of mutant IDH2
impairs responses to cytarabine, another commonly used DNA-
damaging agent (Chen et al., 2013). However, cytarabine and IR
act via different mechanisms, as ATM knockdown results in
increased sensitivity to IR but not to cytarabine (Karnitz et al.,
2005). Thus, mutant IDH may affect responses to DNA-damaging
agents via multiple mechanisms. These findings may be relevant
for designing treatment strategies, including those where the
use of IDH inhibitors might be combined with chemotherapy.
Othertargetable vulnerabilities in IDH1-mutant cells may also exist
due to the complex relationship between DDR and hematopoietic
differentiation.

In conclusion, our results reveal that mutant IDH1 has TET2-
independent effects on DNA repair due to histone methyl-
ation-mediated downregulation of ATM. Our findings also point
to DDR as a potential therapeutic target for patients with IDH1-
mutant disorders.

50 75 100

EXPERIMENTAL PROCEDURES

Mice

The generation of conditional /dh7-R132Q-LSL mice was as described.
1dh1-R132Q-LSL mice (Sasaki et al., 2012b) were bred with Vav-Cre mice
(Jackson Laboratories; catalog no. 008610) to produce Vav-IDH1-KI mice
(C57BL6/12901a9; F10). Tet2 KO mice were from Jackson Laboratories (cata-
log no. 023359) (Ko et al., 2011) or as described (Moran-Crusio et al., 2011).
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Figure 8. Proposed Model of Mutant IDH1 Oncogenicity

Mutant IDH1 increases the concentration of intracellular D2HG. In hemato-
poietic stem cells, D2HG inhibits histone lysine demethylases, leading to
decreased expression of ATM and a DDR defect. In more differentiated cells,
D2HG inhibition of TET2 leads to alterations in DNA methylation and altered
myeloid differentiation. Upon acquisition of additional oncogenic mutations,
these effects of mutant IDH1 may contribute to malignant transformation.

Atm KO and Tet1 KO mice were as described (Cimmino et al., 2015; lto et al.,
2004). CD45.1 mice were from Jackson Laboratories (catalog no. 002014). The
generation of conditional /dh7-R132H-LSL mice was as described (Hirata
et al., 2015). Cre-ERT;ldh1-R132H-LSL mice used for primary MEF generation
were produced by crossing Idh7-R132H-LSL mice with CreERT mice (Jackson
Laboratories; catalog no. 004847). For all experiments, young mice were
analyzed at 3-4 months, and aged mice were analyzed at 7-10 months. All an-
imal experiments were approved by the University Health Network Animal
Care Committee (UHN-ACC) (ID: AUP985). Primers for genotyping PCR
were Idh1 (5'-ACC AGC ACC TCC CAA CTT GTA T-3, 5-AGG TTA GCT
CTT GCC GAT CCG T-3', 5'-CAG CAG CCT CTG TTC CAC ATA C-3'); Vav-
Cre (5'-AGA TGC CAG GAC ATC AGG AAC CTG-3, 5'-ATC AGC CAC ACC
AGA CAC AGA GAT C-3'), and CreERT (5'-GCG GTC TGG CAG TAA AAC
TAT C-3', 5-CTG AAA CAG CAT TGC TGT CAC TT-3).

Immunoblotting

Immunoblotting was performed as described (Inoue et al., 2013). Primary
antibodies (Abs) used in this study recognized ATM (Genetex; catalog no.
GTX70103 or Santa Cruz; catalog no. sc-23921), phospho-ATM (Rockland;
catalog no. 200-301-400), Chek2 (Millipore; catalog no. 05-649), phospho-
p53 (Ser18) (Cell Signaling Technology; catalog no. 9284), p53 (Vector Labora-
tories; catalog no. VP-P956), p21 (BD Pharmingen; catalog no. 556431), -actin
(Sigma; catalog no. A2066), histone H3 (Abcam; catalog no. ab10799), histone
H3 (trimethyl K9) (Abcam; catalog no. ab8898), histone H3 (dimethyl K9)
(Abcam; catalog no. ab1220), histone H3 (trimethyl K27) (Millipore, catalog
no. 07-449), histone H3 (dimethyl K79) (Cell Signaling Technology; catalog
no. 9757), and histone H3 (trimethyl K36) (Abcam; catalog no. ab9050).

vH2AX and 53BP1 Foci

LT-HSCs (~200 cells/sample) or LSK cells (~300 cells/sample) were irradiated
with or without 0.5 Gy and incubated at 37°C for 4, 8, 12, or 24 hr. Irradiated
LT-HSCs were plated onto poly-D-lysine-coated coverslips (BD Bioscience;
catalog no. CACB354087) for 30 min, fixed with 2% paraformaldehyde,
0.2% Triton X-100/PBS for 30 min, permeabilized with 0.5% NP-40/PBS for
20 min, and incubated overnight at 4°C with mouse anti-yH2AX Ab (Millipore;
clone JBW301, catalog no. 05-636, 1:100) or rabbit anti-53BP1 Ab (Bethyl
Laboratories; 1:3,000). After 1 hr at room temperature, cells were washed
with PBS and incubated for 35 min in goat Cy2-anti-mouse Ab (Jackson Immu-
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noResearch; catalog no. 115-225-146, 1:750) and goat Cy3-anti-rabbit Ab
(Jackson ImmunoResearch, catalog no. 111-165-144, 1:750). Cells were again
washed and counterstained with DAPI (0.2 ng/ml) for 10 min. Coverslips were
dehydrated and mounted using Entellan (Millipore). Using an FV1000 scanning
confocal microscope (Olympus) or Leica DM6000 microscope, YH2AX and
53BP1 foci were counted as described (Nitta et al., 2011).

Competitive Repopulation Assay

Repopulation capacity was assayed as described (Sasaki et al., 2012b).
Briefly, fluorescence-activated cell sorting (FACS)-sorted LT-HSCs (250 cells)
in PBS (200 pl) were injected into the tail veins of irradiated (10 Gy) CD45.1
mice along with competitor CD45.1* BM cells (2 x 10°). Peripheral blood
cell samples were recovered 4, 8, and 12 weeks later, and erythrocytes
were lysed. Leukocytes were analyzed by FACS using APC-anti-CD45.1 Ab
(eBioscience; catalog no. 17-0453-82, 1:100) and fluorescein isothiocya-
nate-anti-CD45.2 Ab (Biolegend; catalog no. 109806, 1:100).

Colony Formation

LT-HSCs were left untreated, or irradiated with 2, 4, or 8 Gy, or treated with
0.01-0.1 uM daunorubicin. Cells were plated in 35 mm wells (100-200/well)
containing 1 ml of Methocult methylcellulose (Stem Cell Technologies; catalog
no. M3434). After 7 days, the number of colonies formed on each plate was
counted using an inverted microscope.
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