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TO THE EDITOR:

Acute myeloid leukemia (AML) is a genetically and clinically heterogeneous disease
characterized by uncontrolled proliferation of hematopoietic precursor cells [1]. KMT2A (MLL)
rearrangements are among the most frequent chromosomal abnormalities in AML [2]. The
proportion of KMT2A-rearrangements is higher in infants/children with AML [3]. KMT2A-
rearranged (KMT2A-r) AML is also heterogeneous, with >60 different fusion partner genes
identified [4]. The prognosis of patients with KMT2A-r AML varies based on the KMT2A fusion
pattern [5]. Therefore, some fusion patterns are currently used for risk stratification of AML
treatment [6]. In KMT2A-r AML, RAS pathway genes are frequently mutated [7,8]. Our recent
study identified mutations in the Kirsten rat sarcoma viral oncogene homolog (KRAS) gene
as adverse prognostic factors in KMT2A-r AML [9]. However, the effect of the location of
KRAS mutations on prognosis remains unclear because of the small sample size.

In this study, targeted sequencing was performed in samples from patients enrolled in the
Japan Children’s Cancer Group (JCCG) AML-99/AML-05/AML-12 studies, which was
analyzed using the data in the TARGET-AML cohort [3]. Then, we examined the prognostic
significance of KRAS mutations based on their location in patients with KMT2A-r AML
(n =225) and non-KMT2A-r AML (n = 882). For further information on patients and study
protocol, DNA sequencing and mutation calling, and statistical analysis, please refer to
Supplemental Methods. This study was conducted following the principles defined in the
Declaration of Helsinki and approved by the ethics committees of all participating institutions,
the Kyoto University Medical Ethics Committee, and the JCCG Research Review Committee
(approval numbers: G0361 and 106). All patients, or their parents or guardians, provided
written informed consent.

Table S1 shows the characteristics of the 225 patients with KMT2A-r AML. The median age

at diagnosis was 3.5 years (range, 0.0-18.2). MLLT3 (n = 91, 40.4%) was the most frequent
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fusion partner. Sex, age, FAB classification, and frequency of fusion partners were similar
between the JCCG and TARGET cohorts. Table S2 also shows the characteristics of the 882
patients with non-KMT2A-r AML. The median age at diagnosis was 10.4 years (range, 0.0—
29.9), which was higher than that in patients with KMT2A-r AML. Among disease subtypes,
normal karyotype was the most frequent (n =244, 27.7%), followed by t(8;21) (n = 206,
23.4%), and inv(16) (n = 116, 13.2%).

KRAS mutations were detected in 58/225 (25.8%) patients with KMT2A-r AML and 70/882
(7.9%) patients with non-KMT2A-r AML (Fig. S1A), with a higher percentage in patients with
KMT2A-r AML (P < 0.0001). This result is interesting because KMT2A-r AML is a disease
subtype with a lower number of coexisting driver mutations [3]. The high frequency of KRAS
mutations may suggest that KRAS mutations are more crucial in the pathogenesis of KMT2A-
r AML. Subsequently, the detected mutations were classified by codon and amino acid
alteration (Fig. S1B). Figure S1C shows the distribution of KRAS mutations. KRAS mutations
were dominated by single-base missense mutations, and most mutations were clustered at
codons 12 (G12) and 13 (G13) in both KMT2A-r and non-KMTZ2A-r AML, which is consistent
with previous studies on various cancers [10].

We examined the prognostic significance of KRAS mutations based on their location in
patients with KMT2A-r AML (n = 225). Patients with KRAS G12 mutations had a significantly
worse prognosis than KRAS-wild-type (WT) patients for both event-free survival (EFS) and
overall survival (OS) (Fig. 1A, P < 0.0001 for both EFS and OS). Patients with KRAS G13 or
other KRAS mutations showed similar prognoses to patients with KRAS-WT (3-year EFS,
WT: 57.4%, G12: 15.8%, G13: 43.5%, others: 42.9%; 3-year OS, WT: 74.8%, G12: 35.1%,
G13: 56.5%, others: 70.7%). By contrast, in non-KMT2A-r AML, the prognosis was not
significantly different between groups, including patients with KRAS G12 mutations (Fig. 1B).

Patients with KMT2A-r AML with KRAS G12 mutations in both JCCG (n = 120) and TARGET
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(n =105) cohorts had worse prognoses (Fig. S2). We also analyzed the prognostic
significance of amino acid alterations in patients with KRAS G12 mutations in KMT2A-r AML.
Patients with uncommon KRAS G12 mutations (G12A, G12S, and G12C) had a particularly
worse prognosis in both EFS and OS compared with those with G12D/G12V (Fig. S3).

We compared the patient characteristics to investigate the mechanism of worse prognosis
in patients with KRAS G12 mutations. Patients with KRAS G12 mutations had a higher age
(median age, WT: 3.1 years, G12: 8.9 years, G13 and others: 2.9 years) (Table S3).
Compared with WT patients, the frequency of KMT2A-MLLT3 was lower and that of KMT2A-
MLLT10/KMT2A-MLLT4 was higher in patients with KRAS G12 mutations. Consistent with
the previous study [11], patients with KMT2A-MLLT4 had a higher age (Table S4); therefore,
the higher age in patients with KRAS G12 mutations may be attributed to the higher frequency
of KMT2A-MLLT4. Subsequently, coexisting mutations were compared between patients with
KRAS G12 mutations and those with other KRAS mutations in KMT2A-r AML (Fig. S4), which
showed no significant differences between the groups. Patients with KRAS G12 mutation had
more coexisting mutations than those with other KRAS mutations, but the difference was not
significant (mean, 1.24 vs. 0.76, P =0.13). Variant allele frequencies (VAFs) were also
compared for KRAS G12 mutations and other KRAS mutations, but the difference was not
significant (Fig. S5). Moreover, VAFs of KRAS mutations had no significant impact on the
prognosis of patients with KMT2A-r AML. These results indicate that KRAS G12 mutations
are worse prognostic factors and are associated with distinct patient characteristics in
KMT2A-r AML.

We then performed survival analysis by classifying patients into risk subgroups. Patients
with KMT2A-MLLT4 fusion or FLT3-internal tandem duplication (ITD) were classified as the
high-risk group, and the remaining patients were classified as the intermediate-/low-risk

group. In both high-risk group (n = 26) and intermediate-/low-risk group (n = 199), patients
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with KRAS G12 mutations had a worse prognosis than those without (Fig. S6).

We further investigated whether hematopoietic stem cell transplantation (SCT) can rescue
patients with KRAS G12 mutations in KMT2A-r AML in the first complete remission. Of the 58
patients with KRAS mutations, 48 patients were analyzed, and three patients with unavailable
SCT data and seven patients who were in nonremission were excluded. Of these, 19 patients
had KRAS G12 mutations. Prognosis was not significantly different between patients with
and without SCT in patients with KRAS mutations (n = 48) (Fig. S7), as well as in those with
KRAS G12 (n = 19) and other KRAS mutations (n = 29).

Finally, we examined whether KRAS G12 mutations are independent adverse prognostic
factors in KMT2A-r AML. We performed a multivariate analysis that included age, KMT2A
fusion patterns, FLT3-ITD, and KRAS G12, G13, and other mutations (Table 1). Only the
KRAS G12 mutation was a prognostic factor predicting worse prognosis in both EFS [hazard
ratio (HR), 2.32; 95% CI, 1.38-3.90; P =0.002) and OS (HR, 1.96; 95% CI, 1.05-3.64;
P =0.03). In contrast, KMT2A fusion patterns, KRAS G13 mutations, or other KRAS
mutations were not statistically significant. These results indicate that KRAS G12 mutations
are independent worse prognostic factors in patients with KMT2A-r AML.

The prognostic impact of KRAS mutations per codon has been investigated in many
cancers. Patients with colorectal cancer with G12 mutations had poor prognosis compared
with those with other KRAS mutations [12]. However, the results were not always consistent
and some studies showed different results in different cancer types. To the best of our
knowledge, this is the first study showing that the prognostic impact of KRAS mutations may
vary by codon in AML, particularly in KMT2A-r AML. Multivariate analysis showed that KRAS
G12 mutations are independent poor prognostic factors in KMT2A-r AML, whereas other
KRAS mutations and KMT2A fusions are not significantly associated with prognosis. Thus,

KRAS G12 mutations may be superior to KMT2A fusions as poor prognostic factors and may
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contribute to better treatment stratification of KMT2A-r AML. Because KMT2A-r AML is more
common in infants and children and rare in adults [3], we were unable to analyze adult
patients. Future studies should investigate whether the KRAS G12 mutation is also
associated with poor prognosis in adult patients with KMT2A-r AML.

KRAS encodes a protein that is a member of the small GTPase superfamily. KRAS
mutations result in reduced intrinsic GTPase activity, which mediates malignant
transformation through the constant activation of the KRAS protein and downstream signaling
pathways [13]. A study reported a possible molecular mechanism underlying the poor
prognosis of patients with KRAS G12 mutations: KRAS codon 12 mutation is associated with
resistance to apoptosis and confers a more aggressive tumor phenotype than other KRAS
mutations [14]. By contrast, our recent preliminary analysis showed that most KRAS
mutations detected at diagnosis in KMT2A-r AML are lost at relapse [15], indicating that
KRAS mutations are not the direct cause of relapse but may be associated with relapse
through indirect mechanisms. Future studies elucidating the mechanisms by which KRAS
G12 mutations contribute to poor prognosis may also lead to the development of better

therapeutic strategies for KMT2A-r AML.
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270  Figure legends

271  Figure 1. KRAS G12 mutations as prognostic factors in KMT2A-r AML.
272 (A) Survival analysis for EFS and OS in KMT2A-r (n = 225) and non-KMT2A-r AML (n = 882)
273  based on the KRAS mutation codon.
274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

12



295 Table 1. Multivariate analysis of patients with KMT2A-r AML.

296
EFS oS
HR 95%CI  P-value HR 95%CI  P-value
Age (+1 year) 1.03 0.99-1.06 0.14 1.07 1.02-1.11 0.003
KMT2A-MLLT3 0.72 0.36-146 0.36 0.88 0.35-2.21 0.79
KMT2A-MLLT10 152 0.75-3.08 0.25 1.74 0.69-4.42 0.24
KMT2A-ELL 0.88 0.37-2.08 0.77 1.37 0.48-3.97 0.56
KMT2A-MLLT4 222 0.97-5.09 0.06 233 0.85-6.42 0.10
KMT2A-MLLT1 146 0.59-3.61 041 0.99 0.28-345 0.99
FLT3-ITD 237 0.99-5.66 0.053 218 0.73-6.45 0.16
KRAS G12 mutation 2.32 1.38-3.90 0.002 196 1.05-3.64 0.03
KRAS G13 mutation 1.28 0.72-2.27 0.40 1.38 0.70-2.75 0.35
KRAS Others 1.16 0.55-2.44 0.69 0.66 0.23-1.93 045

297 EFS, event-free survival; OS, overall survival; Cl, confidence interval; FLT3-ITD, FLT3

298 internal tandem duplications.

13
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