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treatment for advanced chondrosarcoma. 2-HG is also expected to be a useful biomarker for the diagnosis
and treatment of IDH-mutant tumors. However, few studies have confirmed this using chondrosarcoma
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Mutations in genes encoding isocitrate dehydrogenase (IDH)
are observed in acute myeloid leukemia (AML) and in solid malig-
nancies such as glioma, cholangiocarcinoma, and chondrosarcoma
[2-5]. Among chondrosarcomas, IDH mutations are present in the
primary central, secondary central, and dedifferentiated types,
which together account for over 40% of all chondrosarcomas [5].
IDH mutations are considered to be gain-of-function mutations.
That is, mutated IDH produces 2-hydroxyglutarate (2-HG) instead
of o-ketoglutarate (a-KG), and 2-HG induces various epigenetic
changes such as aberrant DNA and histone methylation [6,7].
Therefore, mutant IDH and 2-HG are attractive therapeutic targets
for IDH-mutant chondrosarcoma because 2-HG is considered an
oncometabolite and is rarely produced in normal tissues contain-
ing wild-type (WT) IDH. Inhibiting 2-HG production, either by
specific deletion of the mutant IDH1R132C allele or overexpression
of dextro-rotatory 2-HG dehydrogenase, was shown to increase o-
KG and related metabolites and to restore the activity of several o-
KG-dependent dioxygenases [8]. In addition, it significantly sup-
pressed anchorage-independent growth in vitro and tumor growth
in a xenograft mouse model [8]. These results indicate that inhibit-
ing 2-HG produced by mutant IDH may be a valid treatment strat-
egy for chondrosarcoma. Based on these findings, we developed
DS-1001b, a novel, orally available, selective mutant IDH1 inhibitor
[6,9]. This drug inhibits the growth of IDH1-mutant chondrosar-
coma cells in vitro and in vivo, and simultaneously reduces 2-HG
levels [6]. In addition, we showed that DS-1001b acts against
IDH1-mutant chondrosarcoma by decreasing the levels of
H3K4me3 and H3K9me3 and reversing aberrant histone modifica-
tions induced by 2-HG [6]. Several other inhibitors of mutant IDH
are in development, some of which are currently in clinical trials
for IDH-mutant tumors, including chondrosarcoma [10-13].

Since IDH mutation is a somatic mutation that occurs only in
malignant tumors, and 2-HG is rarely produced in normal tissues,
2-HG is expected to be a useful biomarker for diagnosing and treat-
ing IDH-mutant tumors. We reported that intracellular 2-HG levels
were significantly higher in IDH-mutant chondrosarcoma cell lines
than in those with WT IDH, and DS-1001b treatment markedly
reduced 2-HG levels in tumors and serum in a preclinical model
[6]. However, few studies have attempted to clarify the usefulness
of 2-HG as a biomarker using clinical specimens of chondrosar-
coma as opposed to glioma, which is another solid tumor that exhi-
bits IDH mutations [14-16]. This may be due to the fact that IDH
mutations are currently important for diagnosis and treatment
decision-making in glioma, whereas this is not the case for chon-
drosarcoma, and therefore chondrosarcoma resection specimens
are rarely tested for IDH mutations and 2-HG levels. Furthermore,
establishing 2-HG as a biomarker is important to determine
whether administration of mutant IDH inhibitors may be indicated
in advanced chondrosarcoma, where tumor specimens are difficult
to obtain, by estimating the presence of IDH mutations.

In this study, we measured intratumoral and serum 2-HG levels
in chondrosarcoma patients with or without IDH mutations, and
evaluated the clinical usefulness of 2-HG as a surrogate biomarker.
Furthermore, non-invasive monitoring of 2-HG levels by imaging
tests would be useful for confirming that drugs reach their thera-
peutic targets and for determining therapeutic effects, so we devel-
oped a non-invasive method to detect intra-tumor 2-HG signals
in vivo using magnetic resonance spectroscopy (MRS).

2. Materials and methods

2.1. Case selection

Ninety-five cases diagnosed with chondrosarcoma were
retrieved from the pathology archive (1995-2015) of the National
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Cancer Center Hospital (Tokyo, Japan) after institutional review
board approval (2014-236 and 2017-336). Cases of extraskeletal
myxoid chondrosarcoma, clear cell chondrosarcoma, and mes-
enchymal chondrosarcoma were excluded. The study analyzed
the 38 cases in which frozen tissue was obtained at the time of
biopsy or surgery [17]. Tumor samples were collected from macro-
scopically tumor-rich areas immediately after surgical excision and
were cryopreserved. Blood samples were collected before initial
treatment in 20 of the 38 patients. Clinical data were extracted
from medical records. The median age was 59 years (4-86 years),
and the cohort contained an equal number of men and women
(19 each) [17]. Sanger sequencing revealed that 15 cases (40%) of
heterozygous IDH1 mutations and five cases (13%) of heterozygous
IDH2 mutations; the remaining tumors were IDH WT [17]. The
median follow-up period was 100 months (1-253 months). On
the acquired magnetic resonance (MR) images, three orthogonal
diameters (D;, D,, and D3) of the tumor were measured, and the
tumor volume (TV) was calculated as follows:
TV =D; x D, x D3 % 1'[/6

2.2. 2-HG measurement

For intratumoral 2-HG measurement, ethanol diluted with dis-
tilled water was added to tumor samples to a final ethanol concen-
tration of 80%. After homogenization using a multi-bead shaker
(MB701C; Yasui Kikai, Osaka, Japan) for 30 s at 2,500 rpm, the
homogenates were incubated at room temperature for 30 min
and at —80 °C for 15 min. After centrifugation at 15,000 rpm at
4 °C for 15 min, ethanol diluted with distilled water was added
to the supernatants to a final ethanol concentration of 50%. 2-HG
levels were analyzed in these purified samples using LC-MS/MS
[18], and were corrected based on the variant allele of IDH
mutations.

For measurement of serum 2-HG, ethanol diluted with distilled
water was added to serum samples to a final ethanol concentration
of 80%. Samples were incubated at —20 °C for more than 1 h, and
then ethanol diluted with distilled water was added to the super-
natants to a final ethanol concentration of 50%. After centrifuga-
tion, the supernatant was collected. 2-HG levels were analyzed in
these purified samples using LC-MS/MS. Serum from healthy Japa-
nese donors (22, 24, 26, 31, and 46 years old), used as a control,
was purchased from Biopredic International (Rennes, France).

2.3. Compounds

The synthesis and characterization of DS-1001b (Daiichi San-
kyo, Tokyo, Japan) are described in a Patent Cooperation Treaty
application (publication number: W02016052697 A) [9]. For
in vivo administration, DS-1001b was mixed with sterilized pellet
food (CRF-1; Oriental Yeast, Tokyo, Japan) and administered
ad libitum.

2.4. Cell lines and culture

The chondrosarcoma cell lines JJ012 (IDH1R132G) (RRID:
CVCL_D605) and NDCS-1 (IDH WT) (RRID:CVCL_E]J23) were kindly
provided by Dr. Joel A. Block (Rush Medical College, Chicago, IL,
USA) [19] and Dr. Akira Ogose (Niigata University, Niigata, Japan)
[20], respectively. Both human cell lines were authenticated using
STR profiling within the 3 years prior to this study. Cells were
maintained in RPMI 1640 (Nacalai Tesque, Kyoto, Japan) supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin/strep-
tomycin (P/S). Cells were grown at 37 °C in a humidified incubator
in an atmosphere of 95% air and 5% CO,. All experiments were per-
formed with mycoplasma-free cells as determined by testing with
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the e-Myco plus Mycoplasma PCR detection kit (iNtRON Biotech-
nology, Burlington, MA, USA).

2.5. In vivo xenograft studies

NOD/ShiJic-scidJcl (NOD-SCID) mice were purchased from CLEA
Japan, Inc. (Tokyo, Japan). All animal procedures were performed in
accordance with the Guidelines for the Care and Use of Laboratory
Animals and approved by the Institutional Animal Care and Use
Committee of the National Cancer Center (Tokyo, Japan). Each
experiment was conducted at the animal facility of the National
Cancer Center in accordance with institutional guidelines and in
a specific pathogen-free environment. JJ012 (IDH1R132G) and
NDCS-1 (IDH WT) cells (5.0 x 10° each) were suspended in
100 pL of 50% Matrigel prepared in PBS and subcutaneously inoc-
ulated into the left flank of 6-week-old female mice. Two xenograft
cell lines derived from patients with primary glioblastoma multi-
forme were kindly provided by Dr. Koichi Ichimura. A1074
(GB181 passage 7) harbors a heterozygous IDH1 mutation
(IDH1R132H), while A1056 (GB138 passage 12) has WT IDH
[9,21]. Tumor fragments were implanted subcutaneously into the
left flank of 6-week-old female mice, and the resultant tumors
were passaged to other mice when their diameter reached 1 cm.
Eight tumor-bearing JJ012 and A1074 mice were divided into
two groups by stratified randomization, and treatment was initi-
ated when the tumors became palpable at 7 and 8 weeks after
JJ012 and A1074 cell inoculation, respectively. Before MRS, DS-
1001b mixed with sterilized pellet food was administered ad libi-
tum to JJ012 and A1074 mice for 3 weeks and 1 week, respectively
[6,9]. TVs were monitored at 10 and 9 weeks after transplantation
to determine regions of interest (ROIs) by magnetic resonance
imaging (MRI). Mice were sacrificed when treatments and MRS
were completed, and tumors were collected for nuclear magnetic
resonance (NMR) analysis and determination of intratumoral 2-
HG levels by LC-MS/MS.

2.6. MRI

MRI was performed using a 9.4-T scanner (Biospec 94/20 USR;
Bruker BioSpin, Ettlingen, Germany). Mice (n = 4 in each cell lines;
two DS-1001b-treated and two control mice in JJ012 and A1074
cells) were anesthetized with a gas mixture of oxygen, nitrous
oxide, and isoflurane (typically 1-2% concentration), and placed
on an animal bed in the prone position. Subsequently, the tumor
was inserted into a cryogenic radiofrequency probe (Bruker BioS-
pin). Transverse and coronal images of the subcutaneous tumors
were acquired using a fast spin-echo sequence with the following
parameters: repetition time, 2500 ms; echo time, 33 ms; echo train
length, 8; field-of-view, 20 x 20 mm; matrix, 256 x 256; slice
thickness, 0.5-1 mm; and number of excitations, 1.

2.7. MRS

Single-voxel MRS was performed in each mouse to acquire the
proton MR spectrum of the chondrosarcoma xenograft. A single
voxel of 3 x 3 x 3 mm?® was placed in the tumor with reference
to To-weighted MR images; great care was taken to ensure that
the voxel did not include an area of intratumoral hemorrhage. FAS-
TMAP was used to optimize the shim coil currents and thereby
increase the local magnetic homogeneity [22]. The field homo-
geneity for a 27-mm° voxel typically ranged from 20 to 25 Hz for
the full width at the half maximum of the water resonance. Subse-
quently, MRS acquisitions were carried out using the stimulated
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echo acquisition mode (STEAM) sequence with the following
parameters: TR, 1500 ms; TE, 3 ms; mixing time, 10 ms; and num-
ber of excitations, 512. A total of 4 K (4096) data points were
acquired with a spectral width of 10 ppm (i.e., 400 Hz). The data
were multiplied with a Gaussian window function (line broaden-
ing, —8 Hz; Gaussian max. position, 0.04) and Fourier-
transformed to obtain MR spectra with a spectral resolution of
0.98 Hz. The chemical shift value of the N-methyl (NCH3) reso-
nance of creatine was set to 3.03 ppm and used as the internal ref-
erence. Peak assignment in each MR spectrum for each tumor was
performed with reference to the NMR spectrum of the correspond-
ing tumor extract, as mentioned in the NMR section below. Chem-
ical shift values of 2-hydroxyglutarate were determined with
reference to the literature [23] and to the 'H NMR spectrum of
2-hydroxyglutarate (Sigma 94577; Sigma-Aldrich Co., St. Louis,
MO, USA) dissolved in D,0.

2.8. NMR

Perchloric acid extraction was performed on each frozen sample
of chondrosarcoma xenograft as previously described, with minor
modifications [24]; briefly, we weighed each sample and pulver-
ized it in liquid nitrogen using a cryogenic mill (Cryo-Press: Micro-
tec Co., Ltd., Funahashi, Japan). Perchloric acid extraction was
performed with 6.25% perchloric acid without addition of p;-
valine-2,3-d,. Subsequently, the samples were centrifuged at
3000 rpm at 4 °C for 20 min to precipitate lipids and macro-
molecules, and the supernatant was recovered. After neutralization
of the recovered sample by addition of KOH, the samples were cen-
trifuged again to spin down KClO, salt. The supernatant was recov-
ered and stored at 4 °C overnight to further precipitate KClO,4 salt.
The next day, the samples were treated with ion-exchange resin
(Chlex 100 Resin, 142-2832; Bio-Rad Laboratories, Hercules, CA,
USA) and then filtered using a filter-funnel to remove these resin
particles. The filtered fluid was lyophilized using a freeze-dry
machine, and the lyophilized sample was reconstituted with
540 pL of D,0 and 60 pL of 3-(trimethyl-silyl)-propionic-2,2,3,3,-
d4 acid (TSP-d4, 269913; Isotec, Miamisburg, OH, USA) dissolved
in D,0 at the final amount of 5 pmol/sample and centrifuged at
12,000 rpm for 20 min to spin down undissolved KCIO,4 salt. The
supernatant was recovered and placed in a 5-mm NMR tube.
NMR measurement was performed on a 400-MHz NMR spectrom-
eter (AVANCE III 400; Bruker BioSpin, Fdllanden, Switzerland)
using a single-pulse sequence with solvent suppression (zgpr; Bru-
ker BioSpin) with the following parameters: 10-s delay; 90° flip
angle; 20.6 ppm spectral width; and 16 acquisitions. A total of
64 K (65536) data points were acquired, and the data were
Fourier-transformed with 0.3-Hz line broadening to obtain NMR
spectra with a spectral resolution of 0.12 Hz. Spectra were auto-
matically phased, and the baseline was flattened using the manu-
facturer’s software (TopSpin version 3.1; Bruker BioSpin). The
chemical shift value of the trimethylsilyl resonance of TSP was
set to 0 ppm, and the chemical shift values of each metabolite were
determined relative to the TSP trimethylsilyl resonance.

2.9. Statistical analysis

Statistical significance was determined by the Mann-Whitney
test using Prism 8 (GraphPad Software, San Diego, CA, USA). The
Mantel-Cox log-rank test was used to determine the statistical sig-
nificance of Kaplan—Meier analysis results. Data are expressed as
mean values, with error bars representing the standard deviation
(s.d.).
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3. Results
3.1. Intratumoral 2-HG analysis

Fig. 1 shows the overview of our analysis using chondrosarcoma
patients’ samples. Intratumoral 2-HG levels in 38 frozen chon-
drosarcoma tissue samples obtained at biopsy or surgery were
measured by LC-MS/MS, and were significantly higher in IDH
mutants than in WT IDH (IDH1 mutant vs. WT IDH, P < 0.0001;
IDH2 mutant vs. WT IDH, P < 0.0001) (Fig. 2A). In contrast, 2-HG
levels did not correlate significantly with either histological grade
(Fig. 2B) or TV (R? = 0.008, P = 0.71, data not shown), suggesting
that even low-grade or low-volume tumors with IDH mutations
can produce 2-HG. Although 2-HG is produced only in mutant
IDH, there is conflicting evidence between IDH mutation status
and prognosis in chondrosarcoma [5,17,25,26]. Since the prognosis
of chondrosarcoma in our cohort was significantly worse in the
IDH mutant group (IDH1/2 Mut vs. IDH Wt, P = 0.006; IDH1 Mut
vs. IDH Wt, P = 0.030; IDH2 Mut vs. IDH Wt, P < 0.0001) [17] and
the recent meta-analysis also showed the negative impact of IDH
mutations on patient overall survival [27], we examined the rela-
tionship between intratumoral 2-HG level and prognosis. The
prognosis of patients with high-grade (G2, 3) chondrosarcoma
without metastasis at initial presentation showed a negative trend
in tumors with higher intratumoral 2-HG levels, although the dif-
ference was not significant (Fig. 2C, 2D). These results indicate that
intratumoral 2-HG may have a potential to be a useful biomarker
for IDH status and treatment.

3.2. Analysis of circulating 2-HG

If 2-HG in peripheral blood proves to be a useful biomarker,
non-invasively obtained samples can be used to diagnose IDH
mutation and determine therapeutic efficacy. Monitoring 2-HG
would also enable early detection of recurrence and metastasis.
Therefore, to verify the usefulness of 2-HG in peripheral blood,
we employed LC-MS/MS to analyze pre-treatment 2-HG levels in
the sera of 20 patients. 2-HG levels were higher in IDH1-mutant
samples (median, 364.1 ng/mL) than in IDH-WT samples (median,
275.3 ng/mL, P = 0.015) although the variability of them within
each cohort was high with an overlap between IDH mutant sam-
ples and IDH-WT samples (Fig. 3A). Interestingly, 2-HG levels in
IDH-WT samples were significantly higher than in those from
healthy donors (median, 82.6 ng/mL; P = 0.0015) (Fig. 3A).
Although there was no correlation between serum and intratu-
moral 2-HG levels (Fig. 3B), serum 2-HG levels correlated signifi-
cantly with tumor volume in IDH-mutant specimens (R? = 0.68,
P = 0.0002) (Fig. 3C). The characteristics of IDH-mutant patients

¢ Chondrosarcoma from the pathological archive )
(1995 — 2015)

95 cases| e Clinical data from medical records

J
% \
® Frozen tissues
¢ IDH mutation analysis (previous study [9])
38 cases| e |ntratumoral 2-HG measurement J
~

¢ Blood samples
e Serum 2-HG measurement

20 cases

Fig. 1. A flow chart of the analysis using chondrosarcoma patients’ samples.
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whose serum 2-HG levels were measured are summarized in
Table 1. High serum 2-HG levels showed positive trends with
higher tumor grade and poorer outcome, although not significantly
so (Fig. 3D and 3E). Three of the four patients with the highest 2-
HG levels had metastases at the time of measurement (Table 1).
These results suggest that serum 2-HG, like intratumoral 2-HG,
may have a potential to be a useful biomarker for tumor
progression.

3.3. In vivo MRS

Finally, we investigated whether intratumoral 2-HG signals
could be detected non-invasively in chondrosarcoma xenograft
tumor models using an MRS pulse sequence called STEAM. Two
chondrosarcoma cell lines, JJ012 (IDH1R132G) and NDCS-1 (IDH
Wt), were implanted subcutaneously into the left flank of 6-
week-old female NOD-SCID mice. Tumor-bearing JJ012 mice were
randomized into two groups: treatment and vehicle. In the treat-
ment group, DS-1001b, an IDH1-mutant inhibitor, was adminis-
tered for 3 weeks before analysis (Fig. 4A). Fig. 4B shows
representative MRI sections of JJ012 and NDCS-1 tumors. The
squares in these MR images represent ROIs where we acquired
MRS data, i.e., cross sections of an MRS voxel. Fig. 3C shows NMR
spectra and a representative in vivo MR spectrum of vehicle-
treated JJ012 tumor. NMR spectra of the vehicle-treated Jj012
tumors detected four 2-HG peaks, at 1.84, 1.99, 2.25, and
4.02 ppm, respectively (Fig. 4C, upper). The small 2-HG peaks were
detectable on the spectrum with 10-Hz line broadening, even
though they looked like the shoulders of adjacent peaks: C2-Hs
of acetate, C3-H, of glutamate, C4-H, of glutamate, and C2-H, of
creatine (Fig. 4C, middle and bottom; peak assignments of metabo-
lites other than 2-HG are shown in Supplemental Fig. S1A). The C3-
H, peaks of 2-HG were still detectable at 1.84 ppm on the in vivo
MR spectra of vehicle-treated JJO12 tumors, but not on the spectra
of NDCS-1 tumors (Fig. 4D), suggesting that C3-H, peaks of 2-HG
are likely to be detectable at 1.84 ppm in vivo. Moreover, we did
not observe the peaks at 1.84 ppm in DS-1001b-treated JJ012 mice
(Fig. 4E), further supporting the idea that reduced intratumoral 2-
HG levels can be determined from the C3-H, peaks of 2-HG in
in vivo MR spectra. In addition, the 2-HG peak heights, including
those of the C3-H, peaks, were significantly reduced (to a level
equivalent to noise) in extracts from DS-1001b-treated JJj012
tumors, whereas in extracts from vehicle-treated JJO12 tumors,
the 2-HG peak heights remained higher, and the integral of these
peaks indicated that the tumors contained 3.6 and 4.3 pmol/g tis-
sue of 2-HG, respectively (Supplemental Fig. S1B). At the same
time, we confirmed that except for the C2-H; peak of acetate at
1.9 ppm, no metabolite peak other than the C3-H, peak of 2-HG
resonated at ~ 1.8 ppm in this JJ012 chondrosarcoma tumor. The
acetate peak may have been artificially produced during the per-
chloric acid extraction process and is therefore unlikely to be
detected in vivo. Although we noted peaks suggestive of the C4-
H, of 2-HG at ~ 2.25 ppm in in vivo MR spectra, they were very
likely to be composite peaks of the C4-H, of 2-HG and -CH,-COO
of lipid, which is well known to resonate at 2.25 ppm, as we were
unable to observe a reduction in these peaks in vivo even in DS-
1001b-treated JJO12 tumors (Fig. 4E). Because lipid molecules are
completely removed from samples during the extraction process,
this seems quite reasonable considering the fact that we detected
lipid peaks only in in vivo MRS but not in the NMR of perchloric
acid extracts, in which we observed a significant reduction of the
C4-H, of 2-HG in the tumor extract without the need to consider
the -CH,-COO of lipid. Finally, LC-MS/MS after MRS showed that
DS-1001b significantly decreased intratumoral 2-HG levels in
JJ012 tumors to the same levels observed in NDCS-1 tumors
(Fig. 4F). These results suggest that in vivo MRS is a useful tool
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Fig. 2. Intratumoral 2-HG is a potentially useful biomarker in IDH-mutant chondrosarcoma. A. Scatter plots showing intratumoral 2-HG levels in 38 patients, according to IDH
mutation. B. Relationship between intratumoral and serum 2-HG levels in IDH-mutant chondrosarcoma. C. Kaplan-Meier overall survival curves of high-grade (grade 2, 3)
IDH-mutant chondrosarcoma patients, according to intratumoral 2-HG levels. D. Kaplan-Meier disease-free survival curves of high-grade (grade 2, 3) IDH-mutant
chondrosarcoma patients according to intratumoral 2-HG levels. C-D. Cases that were metastatic at initial diagnosis were excluded.

for non-invasively detecting 2-HG signals and for determining the
therapeutic effect of mutant IDH inhibitors.

4. Discussion

In this study, both intratumoral and serum levels of 2-HG were
significantly higher in IDH-mutant tumors than in IDH-WT tumors.
In particular, the intratumoral levels of 2-HG were approximately
100 times higher in the IDH-mutant group than in the WT group,
suggesting that 2-HG is a promising surrogate biomarker for the
presence of IDH mutations. Serum 2-HG levels also differed signif-
icantly between IDH1-mutant and IDH-WT groups, but to a lesser
degree than intratumoral 2-HG levels. Levels of peripheral blood 2-
HG in tumors with IDH mutations did not differ significantly
between IDH-mutant and IDH-WT groups in solid tumors such as
glioma (median, 97 vs. 97.2 ng/mL, respectively) and cholangiocar-
cinoma (median, 343 vs. 55 ng/mL, respectively) as they did in
AML, a blood cancer (median, 3,004 vs. 61 ng/mL, respectively);
consequently, it remains controversial whether peripheral blood
2-HG can serve as a biomarker for IDH-mutant solid tumors
[15,16,28]. Our analysis also showed some overlaps of serum 2-
HG levels between IDH mutant group and IDH-WT group, suggest-
ing that intratumoral 2-HG can be more reliable than serum 2-HG
as a surrogate biomarker for IDH mutation status. Interestingly, the
levels of serum 2-HG in IDH-mutant chondrosarcoma are higher
than those in IDH-mutant glioma and similar to those in IDH-
mutant cholangiocarcinoma (median: chondrosarcoma, 364.7 ng/
mL; glioma, 97 ng/mL; cholangiocarcinoma, 343 ng/mL), but those
in IDH-WT chondrosarcoma are higher than those in other solid
tumors and in healthy donors (median: chondrosarcoma,
288.3 ng/mL; glioma, 97.2 ng/mL; cholangiocarcinoma, 55 ng/
mL; healthy donor, 82.6 ng/mL) (Supplementary Table S1)

[15,16]. Ibosidenib (AG-120), an IDH1-mutant inhibitor, reduced
plasma 2-HG levels to the levels of healthy donors in all patients
throughout the phase I clinical trial [11,13]. However, there are
no reports comparing peripheral blood 2-HG levels in IDH-WT
chondrosarcoma with those in healthy donors. Furthermore, it is
difficult to directly compare these levels with those in other IDH-
mutant solid tumors, due to differences in measurement methods
and samples used. It is possible that 2-HG is produced in IDH-WT
chondrosarcoma for some reason, such as inactivation of dextro-
rotatory 2-HG dehydrogenase, which converts D-2-HG to o-KG.
Our measurement of serum 2-HG has several limitations. First,
we measured serum 2-HG of relatively younger healthy donors
than that of chondrosarcoma patients (median age; 59 years).
Serum 2-HG levels may be different between younger and older
adults, which may possibly explain the higher serum 2-HG levels
in IDH-WT chondrosarcoma. Also, this study analyzed relatively
few samples, and it was not possible to compare serum 2-HG con-
centrations before and after treatment. Furthermore, due to techni-
cal difficulties, enantiomers such as D-2-HG and L-2-HG could not
be separated. While further investigation of peripheral blood 2-HG
is necessary in future clinical trials, our results indicate that it is a
potential noninvasive surrogate biomarker for IDH-mutant tumors.

Clinically, antibodies against IDH1R132H, which is common in
glioma, have been developed [29], but antibodies against
IDH1R132C, which occurs frequently in chondrosarcoma, are tech-
nically difficult to develop and are not available for comparison. It
is therefore impossible to accurately diagnose IDH-mutant chon-
drosarcomas by immunostaining, and the detection of 2-HG in
IDH-mutant chondrosarcoma is thus important for the clinical
application of novel mutant IDH inhibitors.

Our MRS data demonstrated that intratumoral 2-HG signals
could be detected in a tumor model of IDH-mutant but not IDH-
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Fig. 3. High serum 2-HG levels are associated with poor prognosis. A. Scatter plots showing serum 2-HG levels in 20 patients, according to IDH mutation. B. Relationship
between intratumoral and serum 2-HG levels in IDH-mutant chondrosarcoma. C. Relationship between tumor volume and serum 2-HG levels in IDH-mutant
chondrosarcoma. D. Kaplan-Meier overall survival curves of IDH-mutant chondrosarcoma patients, according to serum 2-HG levels. Serum 2-HG levels were measured in
samples acquired before the start of treatment. E. Kaplan-Meier disease-free survival curves of IDH-mutant chondrosarcoma patients without metastasis at first presentation,
according to serum 2-HG levels.

Table 1

Characteristics of IDH-mutant patients with serum 2-HG measurements.
Patient Primary Serum 2-HG (ng/mL) Tumor volume (cm?) IDH mutation Tumor Time to metastasis Clinical outcome

lesion grade (months)

Cso7 Femur 520.96 1,650 IDH1 R132S 3 At diagnosis DOD
CS11 Femur 426.24 150 IDH2 R172M Dediff At diagnosis DOD
CS12 Humerus 411.44 900 IDH2 R172S Dediff 25 DOD
CS33 Pelvis 378.88 399 IDH1 R132L Dediff At diagnosis DOD
CSo1 Humerus 364.08 29 IDH1 R132C 1 119 AWD
CS26 Vertebrae 364.08 310 IDH1 R132L 2 DOD
CS04 Humerus 353.72 11 IDH2 R172M 2 NED
CS32 Fibula 344.84 16 IDH1 R132C 2 NED
CS37 Metatarsal 333.00 34 IDH1 R132C 2 NED
CS05 Femur 312.28 88 IDH1 R132G 2 NED
CS10 Femur 259.00 60 IDH2 R172S Dediff 2 DOD

Dediff: dedifferentiated.
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Fig. 4. The C3-H2 peak of 2-HG is detectable at 1.84 ppm in the in vivo MR spectrum of IDH1-mutant chondrosarcoma. A. Experimental schematic of the in vivo MRS study.
NOD-SCID mice were transplanted subcutaneously with JJ012 (IDH1R132G) (n = 8) or NDCS-1 (IDH-WT) cells (n = 4), and continuously fed DS-1001b mixed with sterilized
pellet food for 3 weeks after confirmation of tumor engraftment. B. Representative MR images of JJ012 and NDCS-1 tumors. Squares of 3 x 3 mm? indicate voxels of interest
(VOIs) in MRS measurements. The pictures on the left and right are representative transverse slices of an IDH-mutant (JJ012) and an IDH-WT (NDCS-1) tumor. Note that the
IDH-WT tumor shows heterogeneity in the tumor interior and profoundly low signal areas suggestive of intratumoral hemorrhage (arrowhead). C. In vivo MR spectrum
(upper) of a representative case of IDH1-mutant chondrosarcoma xenograft (JJ012). NMR spectra of the tumor extract with 10-Hz line broadening (middle) and 0.3-Hz line
broadening (bottom). Arrows indicate chemical shift positions of each 2-HG peak: C3-H, at 1.84, C3'-H, at 1.99 ppm, C4-H at 2.25 ppm, and C2-H at 4.02 ppm. On the in vivo
MR spectrum, peaks at 1.99 and 4.02 ppm are obscured because they produce composite peaks with adjacent metabolites. In addition, the C4-H, peak likely overlaps with the
-CH,-COO resonance of lipid at 2.25 ppm, which is detected in the in vivo MR spectrum but not in the NMR spectra. D. Overlays of representative MR spectra of IDH1-mutant
(black) and IDH-WT (gray) tumors indicate that the tiny signal at 1.84 ppm, corresponding to the C3-H, peak of 2-HG, is seen only in the IDH1-mutant tumor (arrow). The
vertical scales of the two MR spectra were adjusted to ensure that the heights of the N(CHs) peaks at 3.03 ppm were equivalent. E. MR spectra of DS-1001b- and vehicle-
treated JJ012 tumors. Note that the tiny signals at 1.84 ppm, corresponding to the C3-H; peak of 2-HG (arrows), are detectable in vehicle-treated but not DS-1001b-treated
tumors. The vertical scales of the four MR spectra were adjusted to ensure that the heights of the N(CH3) peaks at 3.03 ppm were equivalent. F. Scatter plots showing
intratumoral 2-HG levels in NDCS-1 and JJ012 (vehicle- and DS-1001b-treated) tumors.

WT chondrosarcoma. MRS detection of 2-HG signals has not previ-
ously been reported in chondrosarcoma tumor models. More
importantly, we also observed the disappearance of intratumoral
2-HG signals in IDH-mutant chondrosarcoma tumors after admin-
istration of the mutant IDH inhibitor DS-1001b. This indicates that
the 2-HG signal in MR spectra may be a useful biomarker during

treatment with mutant IDH inhibitor. We attribute our detection
of 2-HG signals to the combination of a 9.4-T high-field MR scan-
ner, a high-performance cryogenic radiofrequency coil, and short
echo time (TE) STEAM pulse sequence, as these technologies yield
a high signal-to-noise ratio, thereby permitting the detection of
small metabolite peaks [30]. The use of a short TE STEAM sequence
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is particularly notable because our data demonstrate for the first
time that this sequence could be a more realistic option for clearly
detecting 2-HG peaks than various other MRS pulse sequences,
including those that previous investigators preferred despite their
rather long TE pulse sequences [31,32]. Theoretically, a short TE
pulse sequence is particularly beneficial for detecting metabolite
peaks with coupled spin systems that exhibit J-modulation
in vivo [33]. This is well-established in NMR studies of 2-HG
in vitro; however, our MRS data suggest that this might be feasible
even in vivo.

Among the four 2-HG peaks, only the C3-H, peak at 1.84 ppm
was detectable in in vivo MRS. The peaks at 1.99, 2.25, and
4.02 ppm were obscured because they were in close proximity to
other metabolite peaks, such as C3-H, of glutamate, -CH,-COO of
lipid, and C2-H, of creatine; consequently, these were composite
peaks. Decomposition of 2-HG peaks from these adjacent metabo-
lite peaks is quite challenging, particularly in vivo, due to line
broadening caused by inherent shortening of T2* relaxation times
of metabolites in vivo. Some decomposition techniques, including
LC model analysis [34], may be useful for analyzing such composite
peaks separately; however, these analyses are beyond the scope of
this study, and further investigation is necessary to confirm the
usefulness of such techniques for detecting 2-HG signals. At pre-
sent, non-invasive investigation of intratumoral 2-HG in an IDH-
mutant chondrosarcoma tumor is more realistic using the C3-H,
peak of 2-HG than the combination of all four peaks, as it is less
likely to be obscured by other metabolite peaks. This contention
is supported by the fact that the C3-H, peak of 2-HG at 1.84 ppm
is not accompanied by other metabolite peaks in the chemical shift
range, as our NMR data show. Furthermore, the intratumoral 2-HG
level, which was determined based on the C3-H, peak in NMR, was
consistent with that determined by LC-MS/MS. This was also true
in an IDH1-mutant glioblastoma model, as we show in Supplemen-
tary Fig. S2A-S2E.

From a clinical viewpoint, monitoring intratumoral 2-HG is
important to confirm that mutant IDH inhibitors are reaching their
therapeutic target lesions and to evaluate treatment effects, espe-
cially in inoperable and metastatic cases. Furthermore, because
IDH mutations are not usually examined when diagnosing chon-
drosarcoma, monitoring of intratumoral 2-HG is likely to play a
role in determining whether the tumor has an IDH mutation.
Before MRS techniques can be applied to actual chondrosarcoma
patients, further technological improvements are needed, includ-
ing those that detect 2-HG peaks with greater sensitivity and thus
ensure accurate quantification of 2-HG signals. However, our pre-
clinical data strongly suggest that MRS could become a useful,
non-invasive tool for measuring intratumoral 2-HG levels when
mutant IDH inhibitors are applied clinically. We also confirmed
the intratumor 2-HG peaks in an IDH1-mutant glioblastoma model
with IDH1R132H mutations other than IDH1R132G detected in
JJ012 cells, indicating that MRS is useful for malignant tumors with
IDH mutations other than chondrosarcoma. These results are
encouraging for the future clinical application of MRS across vari-
ous IDH mutant solid tumors.

In summary, both intratumoral and serum 2-HG levels repre-
sent potentially useful biomarkers for IDH-mutant tumors, which
will positively impact the clinical development of mutant IDH inhi-
bitors for treatment of advanced chondrosarcoma.
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