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ABSTRACT

Objectives:  The 2017 Workshop of the Society 
for Hematopathology/European Association for 
Haematopathology examined the role of molecular 
genetics in the diagnosis and biology of acute leukemia.

Methods:  Acute leukemias were reviewed in two sessions: 
“Genetic Testing in Diagnosis of Acute Leukemias” (53 
cases) and “Genetics Revealing the Biology of Acute 
Leukemias” (41 cases).

Results:  Cases included acute lymphoblastic leukemia, 
acute myeloid leukemia, and acute leukemia of ambiguous 
lineage. Many cases demonstrated genetic alterations 
of known diagnostic, prognostic, and/or therapeutic 
significance, while others exhibited alterations that 
illuminated disease biology. The workshop highlighted the 
complexity of acute leukemia diagnosis and follow-up, 
while illustrating advantages and pitfalls of molecular 
genetic testing.

Conclusions:  Our understanding of the molecular genetics 
of acute leukemias continues to grow rapidly. Awareness 
of the potential complexity of genetic architecture and 
environment is critical and emphasizes the importance 
of integrating clinical information with morphologic, 
immunophenotypic, and molecular genetic evaluation.

Acute leukemias are a diverse group of diseases. The 
revised World Health Organization (WHO) classifica-
tion (fourth edition) describes three major categories of 
acute leukemia: acute lymphoblastic leukemia (ALL, de-
rived from B-, T-, or, rarely, natural killer-cell precursors), 
acute myeloid leukemia (AML, derived from myeloid 
precursors including monocytic/myelomonocytic, gran-
ulocytic, erythroid, or megakaryocytic precursors), and 
acute leukemia of ambiguous lineage (ALAL), which 
includes acute undifferentiated leukemia (AUL, without 
lineage defining markers), and mixed phenotype acute 
leukemia (MPAL, with defining markers from multiple 
lineages).1

Multiple subcategories are defined based on 
immunophenotypic, cytogenetic, and, more recently, 
molecular genetic findings. For a complete diagnostic, 
prognostic, and therapeutic evaluation, it is necessary to 
test for the recognized WHO subtypes of AML, ALL, 
and MPAL, as well as to perform mutational analysis 
as recommended by the recent College of American 
Pathologists/American Society for Hematology (CAP/
ASH) guidelines.2 Thus most patients need a combination 
of karyotype, fluorescence in situ hybridization (FISH; in 
some cases), and a limited amount of sequencing. This 
information is combined with clinical, morphologic, and 
immunophenotypic findings to yield the diagnosis.
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In the 2017 Workshop of the Society for 
Hematopathology/European Association for 
Haematopathology, Drs Arber and Harris chaired session 
3, “Genetic Testing in Diagnosis of Acute Leukemias,” 
while Drs Czader and Czuchlewski chaired session 7, 
“Genetics Revealing the Biology of Acute Leukemias.” 
A total of 94 cases of acute leukemias were submitted to 
the workshop. Session 3 reviewed how cytogenetics and 
molecular genetic testing aid in the diagnosis of acute 
leukemias, while session 7 presented how molecular ge-
netic findings can elucidate the biology or pathogenesis 
of acute leukemias, and showed examples of cases with 
unexpected or unusual genetic findings. The proceedings 
of sessions 3 and 7 are combined in this review article.

Acute Myeloid Leukemia

The CAP/ASH guidelines on the diagnostic workup 
of acute leukemia, the European LeukemiaNet (ELN) 
guidelines on the diagnosis and management of AML in 
adults, and the National Comprehensive Cancer Network 
(NCCN) clinical practice guidelines on AML all agree that 
karyotype and FISH (as appropriate) should be performed 
for new diagnoses of AML.2-4 In addition, the CAP/ASH 
guidelines recommend that the workup of AML should in-
clude testing for FLT3-internal tandem duplication (ITD) 
mutations, and may also include testing for mutations in 
IDH1, IDH2, TET2, WT1, DNMT3A, and/or TP53, 
which may be prognostically or therapeutically significant.2 
Leukemias with core binding factor rearrangements (core 
binding factor [CBF]-AML, RUNX1-RUNX1T1 or CBFB-
MYH11) should also be tested for KIT mutations, while 
leukemias other than CBF-AML, acute promyelocytic leu-
kemia (APL), or AML with myelodysplasia-related changes 
(AML-MRC) should be tested for mutations in NPM1, 
CEBPA, and RUNX1, which, if positive, would place the 
leukemia in a specific subtype. The ELN recommendations 
include testing for mutations in ASXL1, CEBPA, FLT3 
(ITD and TKD, including the allelic ratio), IDH1, IDH2, 
KIT, NPM1, RUNX1, and TP53.3 The NCCN guidelines 
recommend screening for mutations in ASXL1, CEBPA, 
FLT3 (ITD and tyrosine kinase domain [TKD]), IDH1, 
IDH2, KIT, NPM, RUNX1, and TP53.4 The field is 
changing rapidly,5-7 and all three organizations acknowl-
edge that our understanding of the diagnostic, prognostic, 
and/or therapeutic significance of genetic alterations will 
continue to evolve.

AML With Recurrent Genetic Abnormalities

Session 3 included 14 cases of AML with recurrent 
genetic abnormalities (AML-RGA) as defined by the 

WHO classification ❚Table 1❚. Among these cases, there 
were three cases of APL, one RUNX1-RUNX1T1 AML 
(co-occurring with chronic lymphocytic leukemia [CLL]), 
one inv(3)(q21q26.2) AML, three cases of AML with 
BCR-ABL1, one AML with KMT2A rearrangement, and 
five cases of AML with mutated RUNX1. The workup of 
all 14 cases included karyotype and either FISH or pol-
ymerase chain reaction (PCR)-based screening for recur-
rent chromosomal rearrangements. Ten cases used DNA 
sequencing (with substantial variation in panel size) and 
two cases used RNA sequencing for fusion detection.

Both cases that used RNA sequencing were cases 
of APL in which testing for the classic PML-RARA fu-
sion had been negative. All three cases of APL in this 
session had difficult to detect RARA rearrangements, 
with normal karyotypes and negative FISH studies. The 
RARA rearrangements were ultimately detected by ad-
vanced molecular techniques, including RT-PCR, RNA 
sequencing, and single-nucleotide polymorphism (SNP) 
array, illustrating the power of combining clinical, mor-
phologic, and immunophenotypic information with mo-
lecular genetics. For example, case 180 described a case 
in which APL was suspected, but karyotype, FISH, and 
RT-PCR were negative for a RARA translocation. RNA 
sequencing revealed a novel IRF2BP2-RARA transloca-
tion, confirming the diagnosis of APL ❚Image 1❚. The leu-
kemia was sensitive to all-trans retinoic acid (ATRA), both 
at diagnosis and at a subsequent relapse, underscoring the 
clinical relevance of this molecular genetic finding.

The high number of submitted cases of AML with 
mutated RUNX1 in this session (cases 53, 164, 281, 313, 
and 370), in addition to the high number of cases of 
myeloid neoplasms with germline RUNX1 mutation in 
session 1, highlights the need to consider family history 
and germline testing as part of the diagnostic workup, 
which is of particular relevance in this diagnosis as sim-
ilar RUNX1 mutations may be seen in the somatic and 
germline settings.8

Session 7 cases discussed in this section include three 
cases of AML-RGA with unusual mutations that together 
highlight the importance of careful integration of mor-
phologic and molecular genetic findings (Table 1). Case 
116 described AML with t(8;21)(q22;q22.1);RUNX1-
RUNX1T1 and FBXW7 mutation. FBXW7 mutations 
are exceedingly rare in AML, and have been primarily 
reported in T-ALL, CLL, and solid tumors. FBXW7 
is a tumor suppressor gene responsible for tagging 
oncoproteins for degradation by the ubiquitin-proteasome 
system and is the most commonly affected gene of the 
ubiquitin-proteasome system.9 Case 301 described 
AML with mutated NPM1 and additional mutations in 
PTPN11, IDH1, and RUNX1. Whereas NPM1 mutation 
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❚Table 1❚ 
AML With Recurrent Genetic Abnormalities

Case No. Age, y
DNA  
Sequencing

RNA 
Sequencing Final Panel Diagnosis Karyotype/Pertinent FISH Diagnostic Mutations Other Mutations

53 47 Yes No AML with mutated RUNX1 49,XX,+X,+13,+22[14]/46,XX[6] RUNX1 p.E316*, FLT3-
ITD (allelic ratio 0.4)

 

116 36 Yes No AML with t(8;21)
(q22;q22.1);RUNX1-
RUNX1T1 presenting as 
myeloid sarcoma

Karyotype not provided; FISH 
showed t(8;21)(q22;q21)/ 
RUNX1‐RUNX1T1 in 76%  
nuclei

 t(8;21)
(q22;q21)/RUNX1‐
RUNX1T1

FBXW7 p.R465H (46%)

118 65 Yes Yes APL with variant RARA 
rearrangement 
ZBTB16-RARA

Normal; FISH negative for 
PML-RARA

ZBTB16-RARA FNDC3B-MECOM

144 33 Yes No AML with mutated NPM1 Pre- and posttreatment:  
46,XX[20]

NPM1 p.W288fs  
(45%)

DNMT3A p.R882H (51%), 
TET2 p.V983_E986delinsX 
(47%); pretherapy FLT3-
ITD 0.45; posttherapy 
FLT3-ITD 0.56

150 39 No No APL Normal; FISH negative for 
PML-RARA

PML-RARA (detected 
by PCR)

 

164 67 Yes No AML with mutated  
RUNX1

46,XY,del(20)(q11.2q13.3)
[8]/46,XY[12]

RUNX1 p.T148P (37%) DNMT3A p.R882H (47%), 
JAK2 p.V617F (43%), 
p.SRSF2 P95H (45%), 
STAG2 p.K55R (100%), 
TET2 p.A1341E (61%), 
TET2 p.M1907T (5%), 
MLL-PTD (75%)

180 19 No Yes APL with variant RARA 
rearrangement 
IRF2BP2-RARA

Normal; FISH negative for RARA 
rearrangement

IRF2BP2-RARA  

262 70 Yes No AML with t(8;21) in 
background of CLL

FISH positive for  
RUNX1-RUNX1T1

RUNX1-RUNX1T1 SRSF2 p.P95_R102del, TET2 
p.Q996* and p.S825*, 
NF1 p.R440* and 
p.A2314Pfs*5

281 72 Yes No AML with mutated  
RUNX1

46~47,XY,add(4)
(q21),inc[2]/46,XY[15]

RUNX1 R201* (91%) U2AF p.S34F (46%), WT1 
p.R380fs (35%), PHF6 
p.Y301* (8%), FLT3 
p.A680V (31%)

290 62 No No AML with inv(3) 
(q21q26.2)

43,X,-Y, inv(3)(q21q26.2), der(5)
add(5)(p15)del(5)(q11.2q13), 
add(5)(q12),−7,del(9)
(p12),−14,add(17) 
(p11.2), −18,del(20)
(q11.2q13.1),+mar[12] /86, 
idemx2[3]/44,idem,+22[3]/45, 
X,−Y

inv(3)(q21q26.2)  

291 59 Yes No AML with BCR-ABL1 46,XX,t(9;22)(q34;q11.2)[9]; FISH 
positive for BCR-ABL1

BCR-ABL1  

299 60 Yes No AML with BCR-ABL1 51-69,XY,+y,+1,+2,+3,+6,i(6)
(p10),+8, t(9;22)(q34;q11.2), 
+10,+11,+12,+13, del(13)
(q12q14),+14,+15,+16,+18,+19, 
+20, +der(22)t(9;22)
[cp4]/46,XY[10]; FISH positive 
for BCR-ABL1

BCR-ABL1 (p190) TP53 p.S183*

301 69 Yes No AML with mutated  
NPM1

46,XX [20] NPM1 p.W288Cfs*12 
(37%)

DNMT3A c.1430-1G>A 
(40%), IDH1 p.R132H 
(37%), PTPN11 p.E61Y 
(28%), RUNX1 p.R19K 
(53%)

313 66 Yes No AML with mutated  
RUNX1

Normal RUNX1 c.498_508dup 
(37%)

DNMT3A p.R882C (41%), 
TET2 p.C1135W (37%), 
WT1 p.V379fs (11%), 
FLT3-ITD ×3 (allelic ratios 
0.262, 0.052, and 0.031)

328 44 No No t-MN with KTM2A 
rearrangement

46,XX, t(9;11)(p22;q23)[20] KMT2A rearrangement  

335 64 Yes No AML with BCR-ABL1 FISH positive for BCR-ABL1 BCR-ABL1  
(b2a2, p210)

NRAS p.G12D

370 63 Yes No AML with mutated  
RUNX1

47,XY,+8[14]/46,XY[6] RUNX1 p.G170Efs 
(splice site)

IDH1 p.R132C, ASXL1 
p.M1515V

AML, acute myeloid leukemia; APL, acute promyelocytic leukemia; CLL, chronic lymphocytic leukemia; FISH, fluorescence in situ hybridization; ITD, internal tandem duplication; PCR, poly-

merase chain reaction; t-MN, therapy-related myeloid neoplasm.
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is frequently accompanied by mutations in genes respon-
sible for DNA methylation (DNMT3A, TET2, IDH1, 
IDH2) and signaling (FLT3, NRAS, PTPN11), NPM1 

and classic RUNX1 mutations are typically considered 
mutually exclusive. Rare reported instances of coexisting 
RUNX1 and NPM1 mutations showed atypical RUNX1 

❚Image 1❚  Case 180. A, Hypercellular marrow with sheets of atypical cells with irregular nuclei and abundant eosinophilic cy-
toplasm (H&E). B, Bone marrow aspirate smear shows these atypical cells have distinct cytoplasmic granules. No Auer rods 
were noted (Wright-Giemsa). C, Primer design covering IRF2BP2 exon 2 and RARA exon 3 or intron 2 for detection of IRF2BP2-
RARA fusion in cDNA and genomic DNA (gDNA), respectively. D, Results from reverse transcription polymerase chain reac-
tion (RT-PCR) and genomic PCR for detection of IRF2BP2-RARA fusion. RT-PCR using forward primer from IRF2BP2 exon 2 and 
reverse primer from RARA exon 3 gave rise to an amplicon of 310 bp. Genomic PCR using forward primer from IRF2BP2 exon 
2 and reverse primer from RARA intron 2 gave rise to an amplicon of 323 bp. E, Direct sequencing of genomic PCR products 
revealed a IRF2BP2-RARA fusion with a distinct breakpoint and part of sequences from IRF2BP2 exon 2 and RARA intron 2. FP, for-
ward primer; RP reverse primer. D, Courtesy of Cameron Yin, Keyur P. Patel, Zhuang Zuo, Sa A. Wang, Shaoying Li, L. Jeffrey 
Medeiros, and Carlos E. Bueso‐Ramos. 
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variants, similar to the RUNX1 p.R19K mutation seen in 
case 301.10 Case 144 demonstrated a response of a leu-
kemic clone to FLT3 inhibitor in a patient with AML 
with mutated NPM1 and FLT3-ITD (as well as mutations 
in DNMT3A and TET2). The patient achieved morpho-
logic remission ❚Image 2❚, but molecular genetic analysis 
revealed that the variant allele fraction (VAF) of the 
FLT3-ITD, NPM1, DNMT3A, and TET2 mutations 
remained unchanged. The discordance between the mor-
phology and next-generation sequencing results suggests 
that the blasts underwent differentiation under the influ-
ence of quizartinib, similar to the pattern seen in APL 
treated with ATRA therapy. Such differentiation response 
has been previously described in patients with AML with 
normal karyotype and FLT3-ITD after FLT3 inhibitor 
therapy.11 In contrast, patients with a complex karyo-
type responded with clearance of blasts and showed a 
hypocellular marrow indicative of a cytotoxic response to 
the FLT3 inhibitor.

AML With Myelodysplasia Related Changes, Therapy-
Related MDS/AML, and Acute Myeloid Leukemia, Not 
Otherwise Specified

Ten additional cases of AML were presented in session 
3 ❚Table 2❚, including five cases of AML-MRC, three cases 
of therapy-related myeloid neoplasms (therapy-related 
myelodysplastic syndrome [t-MDS]/AML), one case 
of AML not otherwise specified (AML-NOS), and one 

case that could not be classified. The diagnostic workup 
of all 10 cases included karyotype, with additional FISH 
studies performed in eight cases. Eight cases included 
DNA sequencing, and three used RNA sequencing for 
fusion detection. The cases in this group showed a wide 
variety of genetic alterations. Some alterations were di-
agnostic of a particular subtype of leukemia, for example 
the i(17q) detected in case 54 is diagnostic of AML-MRC. 
Other alterations carried significant prognostic and/or 
therapeutic information, such as the FLT3-ITD mutation 
in case 54, which led to treatment with sorafenib, or the 
identification of a CBFA2T3-GLIS2 rearrangement in 
case 276, which is associated with a poor prognosis in pe-
diatric acute megakaryoblastic leukemia, and led to a de-
cision to transplant the patient in first remission.12,13

Session 7 cases discussed in this section include four 
cases of AML-MRC, four cases of therapy-related mye-
loid/lymphoid neoplasms, and five cases of AML, NOS 
(Table 2). These cases presented with rearrangements 
and mutations seen in unusual clinical contexts, some 
with prognostic significance or important for selection 
of targeted therapy. Case 148 reported a 24-year-old 
male who initially presented with a myeloid sarcoma 
and was subsequently diagnosed with AML-MRC. 
Blasts showed monocytic differentiation and prominent 
erythrophagocytosis ❚Image 3❚, which prompted further 
analysis of the complex karyotype by FISH. A  three-
way translocation, t(1;16;8)(q21;p13;p11), resulting in 
a cryptic KAT6A-CREBBP fusion, was detected. This 

❚Image 2❚  Case 144. A, Pretherapy bone marrow biopsy with 85% blasts. B, Bone marrow aspirate posttherapy with FLT3 
inhibitor showing differentiation of the leukemic clone to segmented neutrophils. Courtesy of Siddharth Bhattacharyya, Grant 
E. Nybakken, Darshan Roy, Jennifer Morrissette, Christopher Watt, Alexander Perl, Martin Carroll, Jonathan Canaani, and 
Adam Bagg.
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❚Table 2❚ 
AML-MRC, AML, NOS, and Therapy-Related Myeloid/Lymphoid Neoplasms

Case No.
Age, 
y

DNA 
Sequencing

RNA 
Sequencing

Final Panel  
Diagnosis Karyotype/Pertinent FISH Diagnostic Mutations Other Mutations

24 71 Yes No AML-MRC (in a  
patient with  
history of aCML)

46,XX  2014: ASXL1 p.V751fs*21, 
2016: none 

37 49 Yes No AML-MRC 49,XX,+1,der(1;12)
(q10;q10),+8,+8,+mar[18]

Complex  
karyotype (≥3 
abnormalities)

BRAF p.V600E (34%), NPM1 
p.W288Cfs (34%)

54 56 Yes No AML-MRC 46,XY,i(17)(q10)[8]/46,XY[12] i(17)(q10) FLT3-ITD, IDH2 p.R172K, 
NRAS p.G12S, BCOR 
p.R1514X

57 62 Yes No AML, NOS (acute 
myelomonocytic 
leukemia, with  
JAK2 mutation)

46,XY[20]  At diagnosis: JAK2 p.V617F 
(34%), ASXL1 p.Q708* 
(40%), IDH2 p.R140Q 
(41%); at relapse: ASXL1 
p.Q708* (23%), IDH2 
p.R140Q (24%)

83 69 No No t-MN with features of 
MPAL, B/myeloid

46,XY,t(16;21)(q24;q22)[5]/46,sl, 
del(2)(q24q32), del(7)(q31.2)
[2]/46,XY[3]; FISH positive for 
RUNX1 rearrangement with a 
breakpoint distal to the  
CBFB gene

  

96 68 Yes No AML-MRC 43-46,XY,-4,add(5)(q13),  
add(7)(q22),add(10)
(q22),−13,add(16)(q11.2), 
−17,−19,−20,+2,~5mar[cp19]/46
,XY[1]

Complex karyotype 
(≥3 abnormalities)

DNMT3A p.R882C (45%), 
TET2 p.C1211Ffs* (86%), 
JAK2 p.V617F (50%)

103  No No Unable to classify 45,XX,−7[5]/87,XXXX,−3,−5,−7,−7, 
−9,−16,+mar[5]/46,XX[10]

  

107 61 No No AML-MRC G-banding showed “additional 
chromosome 2 and 11 with 
a deletion in their long arms, 
del(5q)/−5, a duplication of the 
long [arm] of chromosome 11, 
additional material on the short 
arms of chromosome 14 and 19 
and a presence of 1-6 markers.”

Complex  
karyotype (≥3 
abnormalities)

 

128 19 Yes No t-MDS/AML with  
recurrent B-ALL

FISH on flow-sorted cells. 
Myeloblasts: positive for KMT2A-
rearrangement in 97%, XY in 
100%; Immature B-cells: KMT2A 
within normal variation, XXY in 
100%

AML: KMT2A 
rearranged; ALL: 
IGH-CRLF2, JAK2 
R683S

BARD1 p.P358_S364del, 
INPP5D p.S1033P, CARD11 
p.T167M, JAK2 p.T7M, 
EPHA3 p.V837I, MLL3 
p.A779T, EXOSC6 p.R135P, 
NOTCH2 p.M2459I, FLT4 
splice site 3220-35_3220-
2del34, INPP4B p.D171V

136 11 
mo

No No AML, NOS (acute 
monocytic leukemia, 
with variant KMT2A 
translocation)

46,Y, t(X;11)(q26;q23)[17] /46,XY[3]; 
FISH positive for KMT2A gene 
rearrangement

  

148 24 No No AML-MRC [with t(1;16;8)
(q21;p13;p11) 
KAT6A-CREBBP]

46,XY,add(1)(q21),t(6;13)(p23;?q32), 
del(7)(q22q32),del(8)(p11),del(9)
(p13p22), der(16)t(1;16)(q21;p13.3)
[6]/47,idem,+mar[6]/ 46,XY[8]; FISH 
positive for KAT6A-CREBBP fusion 
in 78% of nuclei

Complex karyotype 
(≥3 abnormalities)

 

201 22 Yes Yes AML-MRC 46,XY,t(4;17)(q21;q21),add(11)
(p15)[9]/48,idem,+der(4)
t(4;17),+21[cp11]

Complex karyotype 
(≥3 abnormalities)

LAMC3-NUP98 (cryptic), 
KRAS p.G12V, WT1 
p.T470fs*

217 78 Yes No AML, NOS (acute 
myeloid leukemia 
with maturation) with 
differentiation after 
treatment with IDH2 
inhibitor

In both pre- and posttreatment 
sample: 47,XY,+10[20]

 Biopsy 2 after cycle 10: IDH2 
p.R172K (39%), DNMT3A 
p.W409* (41%)

224 58 No No AML, NOS (acute 
monocytic 
leukemia, with ALK 
rearrangement)

t(2;2)(p23;q12) [20]; FISH positive for 
ALK rearrangement in 93% nuclei
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Case No.
Age, 
y

DNA 
Sequencing

RNA 
Sequencing

Final Panel  
Diagnosis Karyotype/Pertinent FISH Diagnostic Mutations Other Mutations

252 88 No No t-MDS/AML [with t(1;3)
(p36;q21)] 

46,XY,t(1;3)(p36,q21,)der(17;21)
(q10;q10),+21[20]

  

276 0.83 Yes Yes AML-NOS 46,XX  CBFA2T3-GLIS2, copy 
number loss of 
11p15.5-p15.4

288 56 Yes Yes t-MDS/AML  
(pure erythroid  
leukemia) 

46,XY,del(4)(q31q33),der(9)t(1;9)
(q21;q13),t(11;20)(q12;q13.1)
[17]/46,XY[3]

 ZMYND8-RELA, TP53 x 3 
(p.R337P, p.I255F, p.Y220C)

302 10 Yes Yes Therapy-related B-ALL  
with KMT2A-MAML2

46,XX,inv(11)(q21q23),der(18)t 
(11;18)(q14.2;q22.2)  
inv(11)[20].ish inv(11)
(5′MLL+,3′MLL+),  
der(18)(5′MLL+,3′MLL+)/46,XX[1]

KMT2A 
rearrangement

Archer array confirmed 
KMT2A‐MAML2 fusion

306 5 No No Therapy-related T-ALL  
with KMT2A-MALM

46,XY[2],46,XY,inv(11)(q21q23)[14]/ 
46,idem,+7,+18[4]; FISH positive 
for KMT2A rearrangement in 42% 
nuclei

KMT2A 
rearrangement

 

323 68 Yes No t-MDS/AML with t(8;21) 46,XY,t(8;21)(q22;q22) 
[11]/46,XY[9]

t(8;21)(q22;q22)  

325 64 Yes No AML-MRC 46,XY[20] >50% dysplasia 
in erythroid and 
megakaryocytic 
lines

CALR exon 9 mutation, type 
2 (5 bp insertion)

329 69 Yes No AML, NOS (with CSF3R 
mutation)

Normal karyotype reported  CSF3R p.T640N (34%), TET2 
p.Q622Rfs*17 (27%), TET2 
p.C1193Y (48%)

357 80 Yes No AML-MRC [with t(8;16)
(p11:2;p13.3);KAT6A-
CREBBP, arising 
from prior chronic 
myelomonocytic 
leukemia]

46,XY,t(8;16)(p11.2;p13.3)[20]   CMML: NRAS p.G13C, 
ASXL1 p.E635Rfs*15, 
SRSF2 p.P95L, TET2 
p.R1440Tfs*38;

CMML progression: 
ASXL1 p.E635Rfs*15, 
SRSF2 p.P95L, TET2 
p.R1440Tfs*38, SETBP1 
p.D868G

AML: ASXL1 p.E635Rfs*15, 
SRSF2 p.P95L, TET2 
p.R1440Tfs*38, SETBP1 
p.D868G

aCML, atypical chronic myeloid leukemia, BCR-ABL1 negative; AML, acute myeloid leukemia; B-ALL, B-cell acute lymphoblastic leukemia; FISH, fluorescence in situ hybridization; MPAL, 
mixed phenotype acute leukemia; MRC, myelodysplasia-related changes; NOS, not otherwise specified; T-ALL, T-cell acute lymphoblastic leukemia; t-MDS, therapy-related myelodysplastic syn-
drome; t-MN, therapy-related myeloid neoplasm.

❚Image 3❚  Case 148. Prominent erythrophagocytosis by leukemic blasts seen in case with KAT6A/CREBBP rearrangement. 
Courtesy of Madhu M. Ouseph, Zakaria Grada, Karen A. Ferreira, Mark P. LeGolvan, Olga K. Weinberg, and Christopher P. Elco.

❚Table 2❚   (cont)
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fusion is typically created by t(8;16)(p11;p13), which can 
occur in de novo or t-AML. AML with KAT6A-CREBBP 
has been described in children, frequently less than 2 years 
old, and in adults. Blasts typically show monocytic dif-
ferentiation and erythrophagocytosis. There is frequent 
extramedullary involvement including leukemia cutis, 
myeloid sarcoma, and central nervous system disease. In 
adults, KAT6A-CREBBP fusion has been associated with 
worse outcome presumably due to its association with 
therapy-related disease; however, one case of spontaneous 
regression has been reported.14,15 In the pediatric group, 
KAT6A-CREBBP fusion does not appear to adversely 
affect survival and has been more frequently reported 
in cases of spontaneous regression,16 which may prompt 
expectant management. An interesting presentation of 
AML with t(8;16)(p11;p13) was reported in case 357, 
describing an 80-year-old male with a history of plasma 
cell myeloma and chronic myelomonocytic leukemia 
(CMML). This patient showed stepwise acquisition of 
genetic abnormalities including SETBP1 mutation upon 
a progression of CMML and KAT6A-CREBBP fusion at 
the time of a subsequent diagnosis of AML. These rare 
cases underscore the key role of morphology: the finding 
of erythrophagocytosis by blasts can drive the identifi-
cation of the cryptic KAT6A-CREBBP rearrangement, 
which in a pediatric population may trigger a wait and 
watch approach.

A number of AML cases included unusual mutations, 
which could be therapeutic targets. BRAF mutations are 
characteristic of hairy cell leukemia and may also be seen 
in plasma cell myeloma, histiocytic neoplasms, CLL, 
B-ALL, and unclassifiable splenic B-cell lymphoma. 
While they are rare in de novo AML, they have been 
described in AML with monocytic differentiation and 
in t-AML with KMT3A rearrangements.17-20 Similar to 
case 37, the majority of BRAF mutations in AML occur 
in the kinase domain, causing constitutive activation of 
the MEK/ERK pathway. One reported case of BRAF-
mutated, KMT2A-rearranged, therapy-related myeloid 
neoplasm (t-MN) showed short-term improvement after 
therapy with a BRAF inhibitor and recurred with new 
mutations in KRAS, suggesting bypassing of the BRAF 
blockade of the MEK/ERK pathway.21

Two cases, diagnosed as AML-MRC and AML, 
NOS, showed JAK2 V617F mutation, which occurs in ap-
proximately 1% of de novo AML. These leukemias show 
important differences when compared to JAK2 V617F 
mutated AML arising in a setting of a myeloproliferative 
neoplasm (MPN).22-24 AML ex MPN more frequently 
presents with splenomegaly, megakaryocytic atypia, com-
plex karyotype, and higher VAF of the JAK2 V617F 
mutation. De novo AML with JAK2 mutation shows 

additional abnormalities, including mutations in genes as-
sociated with DNA methylation.25 Consistent with these 
findings, in workshop case 57, de novo AML, NOS with 
JAK2 V617F, there were two additional mutations, in 
ASXL1 and IDH2, which occurred at slightly higher VAF 
than JAK2 V617F. An unusual feature of this case was 
that, at relapse, the ASXL1 and IDH2 variants persisted, 
but the JAK2 V617F was not detected. This supports a 
hypothesis that JAK2 V617F occurring in de novo AML 
is not a driver mutation. Another case of de novo AML 
with JAK2 V617F mutation, case 96, was classified as 
AML-MRC with a complex karyotype including loss of 
chromosome 17, JAK2 and DNMT3A mutations, and a 
TET2 frameshift variant.

Case 217, diagnosed as AML, NOS, with an IDH2 
mutation, showed a differentiation response upon treat-
ment with an IDH2 inhibitor. Such responses are associ-
ated with retention of the original diagnostic karyotype 
and mutational profile, as described above for case 144 
treated with a FLT3 inhibitor, and require a careful cor-
relation of morphology and cytogenetic/molecular ge-
netic results. ALK rearrangement is another potential 
therapeutic target that has been reported in rare cases of 
AML with monocytic differentiation. Anecdotal cases 
of AML with ALK rearrangement have been treated 
with crizotinib.26 Case 224 described an acute monocytic 
leukemia with t(2;2)(p23;q12), which, in contrast to 
previously reported myeloid neoplasms with ALK rear-
rangement, was not associated with monosomy 7.27 Case 
329 showed an unusual CSF3R T640N mutation, which 
has been previously reported in rare cases of chronic neu-
trophilic leukemia and AML. This mutation was shown 
to activate JAK/STAT pathway and is sensitive to JAK2 
inhibition.28

One case of AML, NOS and two cases of therapy-
related lymphoblastic leukemia/lymphoma showed un-
usual KMT2A rearrangements. Case 136 described an 
11-month-old infant who presented with a testicular mass 
and was diagnosed with AML, NOS (acute monocytic 
leukemia). Cytogenetic analysis demonstrated t(X;11)
(q26;q23) and KMT2A rearrangement was confirmed 
by FISH. The authors suggested CT45A2 as the fusion 
partner due to its location on chromosome Xq26 and pre-
vious report of a similar translocation in an infant with 
MPAL.29 CT45A2 is a member of gene family encoding 
immunogenic proteins expressed in normal testis. Its role 
in leukemogenesis is not clear. The cases of therapy-related 
ALL with variant KMT2A rearrangement included one 
B-ALL following Ewing sarcoma (case 302)  and one 
T-ALL after therapy for BCR-ABL1 rearranged B-ALL 
(case 306). In both cases, MAML2 was identified as the 
fusion partner. The KMT2A-MAML2 fusion is rare and 

D
ow

nloaded from
 https://academ

ic.oup.com
/ajcp/article/152/3/322/5542438 by Ege U

niversity user on 18 February 2022



330 © American Society for Clinical Pathology

Harris et al / Genetic Testing in Acute Leukemia

Am J Clin Pathol 2019;152:322-346
DOI: 10.1093/ajcp/aqz093

has been previously reported in t-MN, in two cases of 
therapy-related T-ALL and one case of therapy-related 
B-ALL.30-32 The MAML2 protein is a transcriptional 
coactivator for NOTCH1, and is involved in self-renewal 
of hematopoietic stem cells and T-cell commitment. 
MAML2 is also expressed in B-cell lymphomas including 
classic Hodgkin lymphoma.33

The prognostic implications of a rare balanced chro-
mosomal abnormality were highlighted by a case of a 
t-MN with features of MPAL, B/myeloid with t(16;21)
(q24;q22)/RUNX1-CBFA2T3 and a complex karyotype 
in an elderly man (case 83). This rare fusion has been 
seen in less than 50 cases and its prognostic significance 
is dependent on patient age. In children, it is associated 
with higher event-free survival and lower risk of relapse 
as compared to a general AML group.34 In adults, it 
frequently occurs in t-MDS/AML and predicts a poor 
outcome.35

Another case of t-AML had t(1;3)(p36,q21) and 
trisomy 21 (case 252). This uncommon translocation is 
associated more frequently with MDS and secondary 
AML, has rarely been reported in de novo AML, and is 
exceedingly rare in ALL. It is typically associated with 
multilineage dysplasia. In patients with de novo AML, the 
presence of t(1;3)(p36,q21) is sufficient for a diagnosis of 
AML-MRC, even in absence of morphologic dysplasia. 
Most patients with AML with t(1;3)(p36,q21) do not re-
spond well to conventional chemotherapy, therefore more 
aggressive approaches such as hematopoietic stem cell 
transplantation (HSCT) have been suggested.36 In con-
trast, trisomy 21 is relatively common in both pediatric 
and adult AML occurring at a frequency of 1% to 5%.37 
It is most frequently associated with other karyotypic 
abnormalities such as trisomy 8, complex karyotype, and 
deletion 7, and in this context has been associated with 
adverse prognosis. However, when present as a sole ab-
normality or in conjunction with favorable cytogenetics, 
it may indicate a favorable outcome.37

Acute Leukemias of Ambiguous Lineage

The WHO classification defines acute leukemias of 
ambiguous lineage (ALAL) as those that do not show 
clear immunophenotypic evidence of differentiation in 
any single lineage.1 This category includes AUL, which 
shows no evidence of lineage-specific differentiation, 
and MPAL, which shows differentiation along multiple 
different lineages. Both t(9;22)(q34.1;q11.2); BCR-ABL1 
and t(v;11q23.3); KMT2A-rearranged are recurrent 
and define specific subtypes of MPAL. The CAP/ASH 
guidelines recommend karyotype and assessment for both 

these alterations in the genetic workup of MPAL.2 The 
WHO defines other subtypes of ALAL descriptively, in-
cluding AUL, MPAL B/myeloid NOS  (MPAL with ev-
idence of both B-cell and myeloid lineage), and MPAL 
T/myeloid NOS  (MPAL with evidence of both T-cell 
and myeloid lineage). Recent work has shown frequent 
ZNF384 rearrangements in pediatric B/myeloid MPAL,38 
and recurrent NOTCH1, DNMT3A, IDH2, and PHF6 
(T/myeloid) and RUNX1 (B/myeloid) alterations in adult 
MPAL.39,40 Although there are no molecular genetic 
changes known to be diagnostic of MPAL or AUL at this 
point, as genomic analysis is used more widely, no doubt 
more will be learned about their genetic landscapes.

Sessions 3 and 7 included nine cases of ALAL: one 
case of AUL and seven cases of MPAL (one KMT2A-
rearranged, two B/myeloid, three T/myeloid, one B/T) 
❚Table 3❚, and one additional case of ALAL vs blastic 
plasmacytoid dendritic cell neoplasm (BPDCN). A kary-
otype was performed in all cases, and at least seven cases 
employed FISH. Five cases used DNA sequencing, while 
none included RNA sequencing. Case 243 described 
MPAL with t(v;11q23.3); KMT2A-rearranged with a B/
myeloid immunophenotype and a complex karyotype. 
The KMT2A rearrangement was seen only by FISH. 
Another cryptic fusion, NUP98-NSD1, t(5;11)(q35;p15), 
was seen in two cases: B/myeloid MPAL in a 13-year-old 
patient using SNP microarray analysis and confirmed 
by FISH (case 113), and in an 11-year-old patient with 
ALAL using RNA sequencing (case 203). Interestingly, 
this fusion was also reported in two recent series of 
MPAL in a single case each.39,40 B/T MPAL is a rare sub-
type of leukemia, even within ALAL. Two small series 
have noted recurrent PHF6 truncating mutations in B/T 
MPAL, as seen in workshop case 163.40,41 Although not 
strictly diagnostic, DNA sequencing in these cases often 
helped to support a diagnosis of MPAL when aberrations 
were identified that are typically associated with dif-
ferent lineages. In case 348, B/myeloid MPAL ❚Image 4❚ 
with an unusual rearrangement involving EWSR1, FISH 
demonstrated that both the myeloid and B lymphoblastic 
population harbored the EWSR1 rearrangement. EWSR1 
rearrangements have been reported in rare cases of B- and 
T-ALL, and in AML.42-44 The significance of this rear-
rangement in leukemogenesis is unknown; however, it has 
been suggested that in select cases it plays a role in patho-
genesis through a p53/p21-dependent pathway.44

T/myeloid MPAL is a challenging diagnostic cate-
gory, as there is immunophenotypic overlap with early T 
precursor (ETP) ALL: both show coexpression of myeloid 
antigens and cytoplasmic CD3. As defined in the WHO 
classification, ETP-ALL does not express myeloperoxidase 
(MPO). Recent data suggest that ETP-ALL and T/myeloid 
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❚Table 3❚ 
Acute Leukemia of Ambiguous Lineage and T-ALL

Case No. Age, y
DNA 
Sequencing

RNA 
Sequencing Final Panel Diagnosis Karyotype/Pertinent FISH

Diagnostic 
Mutations Other Mutations

26 27 Yes No AUL Normal  FLT3 p.D835V (5%), WT1 (not 
specified, 31%), RUNX1 
p.T181P

30 71 No No ALAL vs blastic plasmacytoid 
dendritic cell neoplasm 
(with MYC rearrangement)

46, XY, t(8;9)(q24.2;q33)[19] /single cell 
nonclonal abnormality 48,XY,+3, del(6)
(q13q33);t(8;9),+18; FISH positive for 
MYC

  

113 13 No No MPAL, B/myeloid Normal; microarray showed a 
hemizygous deletion at NSD1; FISH 
showed NUP98-NSD1 rearrangement

 NUP98-NSD1

163 13 Yes No MPAL, B/T Normal; FISH showed one copy ETV6 
in 17%

 CTCF p.K487*, PHF6 p.I273fs*, 
TP53 p.R175H, PDS5B 
p.T1337M, copy number loss 
of IKZF1 and ETV6

165 23 No No First biopsy: T-ALL; 
second biopsy: blastic 
undifferentiated  
neoplasm, not definitively 
classifiable

Not reported; FISH results: 72% gain of 
BCR (22q11.2), 53% deletion of CBFB 
(16q22), negative for BCR‐ABL1 and 
RUNX1‐RUNX1T1 fusion, and for 
KMT2A and CBFB rearrangements

 TCR βγ gene rearrangements 
negative

188 80 Yes No MPAL, T/myeloid favored 46,XY,der(8;17)(q10;q10),+9,del(16)
(q11.1)[4]/46,idem,add1(p36.2)[2]

 NOTCH1 x3: p.1616_1617IF>RG 
(20%), p.L1678P (6%), 
p.P2199fs* (7%); DNMT3A 
p.R882H; ETV6 p.R399P, 
IKZF1 p.E142fs*

189 25 Yes No T-ALL 46,XY,del(12)(p13p13)[cp13]/46,XY[cp7]  IL7R p.244_245insASCGL 
(39%), SH2B3 p.P344L, copy 
number losses of CSF1R, 
NPM1 (5q); ETV6, and KRAS 
(12p)

203 11 Yes Yes ALAL at relapse (with 
NUP98-NSD1)

46,XX,del(5)(q22q34)[1]/46,idem,t(8;17)
(q21;q22), der(14)t(1;14)(q21;q24)
[1]/46,idem,t(8;17)(q21;q22), 
der(14)t(1;14)(q21;q24),add(22)
(q13)[15]/46,XX, t(7;12)(p12;p13)
[2]/46,XX,t(7;17)(p12;q25)[3]/ 
46,XX,t(7;17)(p12;q25),t(2;8)
(p13;q21)[1]/ 46,XX,del(9)(p22)
[1]/46,XX,t(8;11)(p21;q22)[1]/ 
46,XX,complex[1]/46,XX[2]; FISH 
positive for 5q deletion in 16% cells

 WES and transcriptome 
sequencing positive for 
NUP98‐NSD1 fusion, WT1 
p.R370fs (40%), WT1 
p.V371fs (10%), PTPN11 
p.E76K (54%), deregulation 
of HOXA9, HOXA10, HOXB3, 
HOXB2, HOXB4, PRDM16, 
HOXB5, HOXB6, and MEIS1

221 30 Yes No MPAL, T/myeloid 45~46,XXt(17;18)(p10;p10)[9]/46,XX[11]  NOTCH1 x2: p.L1593P (14%), 
p.F2509fs (3%); ASXL1 × 
2: p.Q748* (28%), p.G646fs 
(6%); PHF6 p.C297Y, KRAS 
p.G13D, RUNX1 p.P103L

243 68 No No MPAL with t(v;11q23.3); 
KMT2A rearranged

29~34,XY,−2,−3,−4,−5,t(5;8)
(q?;q?),−7,−9,−13, del(13)(q),−14,
−15,−16,−17,−17,−20,−21,der(21), 
+mar1[cp6]/65,XY,+X,+1,+1,t(5;8)
(q?;q?)x2,+6, 
+8,+8,+10,+10,+11,+11,+der(12)
t(12;13), −13,+14, 
+18,+18,+19,+19,+22,+22,+mar1,
+mar2,+mar3[cp5]/ 46,XY[6]; FISH 
positive for KMT2A rearrangement

t(v;11q23.3); 
KMT2A 
rearranged

 

259 13 Yes No T-ALL favored Failed karyotype; array showed copy-
neutral LOH at 17pterp13.1

 IL7R p.L242_L243insR, JAK3 
p.M511I, TP53 p.R282W, 
ASXL1 p.G646W

319 30 Yes No MPAL, T/myeloid Normal  NOTCH1 variant, FLT3 p.D835, 
FLT3 ITD

348 10 mo No No MPAL, B/myeloid, NOS  
(with EWSR1 
rearrangement)

46,XX,t(2;22)(q34;q12),add(4)(p15.2)[20]; 
FISH positive for EWSR1 (22q12) in 
88% nuclei

  

ALAL, acute leukemias of ambiguous lineage; AUL, acute undifferentiated leukemia; FISH, fluorescence in situ hybridization; ITD, internal tandem duplication; MPAL, mixed phenotype acute 

leukemia; NOS, not otherwise specified; T-ALL, T-cell acute lymphoblastic leukemia; TCR, T-cell receptor.
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MPAL may exist on a biological spectrum between T-ALL 
and AML,38 with alterations in ETV6, EZH2, WT1, and 
FLT3 being common in both, while NOTCH1 alterations 
are more common in ETP-ALL and CEBPA and CUX1 
alterations are more common in T/myeloid MPAL. These 
genetic trends are not diagnostic, however; indeed, both 
cases of T/myeloid MPAL presented in session 3 showed 
NOTCH1 mutations (cases 319 and 188).

Finally, case 30 was considered by the panel as ALAL 
vs BPDCN. The neoplasm had exclusively leukemic pre-
sentation and weak CD123 expression, unusual features 
for BPDCN.45 Additional studies such as CD303 or 
other plasmacytoid dendritic cell markers could not be 
performed due to exhausted tissue. According to the 
WHO classification, neoplasms that do not show all 
typical immunophenotypic features of BPDCN may be 
better diagnosed as ALAL.1

T Lymphoblastic Leukemia/Lymphoma

T lymphoblastic leukemia (T-ALL) is a malignancy of 
T-cell precursors that comprises 10% to 15% of pediatric ALL 
and 20% to 25% of adult ALL. NOTCH1 pathway activation 
is present in most cases and commonly occurs via NOTCH1 
mutations but may also occur via FBXW7 mutations (which 
impede degradation of activated NOTCH1) or, rarely, 
via NOTCH1 rearrangement. NOTCH1 and FBXW7 
alterations may co-occur. Rearrangements between the reg-
ulatory region of a T-cell receptor locus and an oncogenic 
transcription factor are also common, typically leading 
to deregulated expression of the transcription factor (eg, 
TAL1 or TLX1), as are rearrangements resulting in chimeric 

fusions (such as fusions of MLLT10, KMT2A, ABL1, or 
NUP98 with a variety of different gene partners).46 The only 
subgroup of T-ALL recognized by the WHO classification 
(as a provisional category) is ETP-ALL.1 ETP-ALL is de-
fined immunophenotypically as showing positivity for CD3 
(usually cytoplasmic) and CD7, negativity for CD8 and 
CD1a, coexpression of myeloid/stem cell markers, and ex-
pression of CD5 on less than 75% of blasts. Although char-
acteristic genetic changes have been described, including less 
frequent alteration of NOTCH1 and CDKN2A and a higher 
frequency of mutations affecting signaling, transcriptional, 
and epigenetic pathways compared to other T-ALL,46-48 
these genetic patterns are not diagnostic. The CAP/ASH 
guidelines and the NCCN guidelines both recommend con-
ventional karyotype in T-ALL; the CAP/ASH guidelines 
also recommend testing for mutations in NOTCH1 and 
FBXW7.2,49 Only four T-ALL cases were submitted (cases 
165, 189, 232, and 259; Table 3 except case 232 in ❚Table 4❚). 
Karyotype was attempted in two cases but only successful in 
one. Two cases were sequenced and showed IL7R insertion 
mutations, which are almost exclusively seen in lymphoid 
malignancies, helping to support the diagnosis of T-ALL. 
Case 165 described a 23-year-old HIV-positive man with a 
diagnosis of T-ALL/LBL and a subsequent blastic undiffer-
entiated neoplasm, which showed no expression of lineage 
specific markers despite extensive immunophenotyping. 
Sequencing was not performed in this case.

B Lymphoblastic Leukemia/Lymphoma

B lymphoblastic leukemia (B-ALL) is a neo-
plasm of B-cell precursors. Many genetic subtypes 

❚Image 4❚  Case 348. Flow cytometry illustrating a heterogeneity of scatter and antigen expression in a typical case of mixed 
phenotype acute leukemia, B/myeloid, with expression of B-cell and myeloid lineage markers. A, Side scatter/forward scatter 
(SSC/FSC) showing two populations of blasts. B, Variable density of CD19 and to lesser extent CD38 on myeloid and lym-
phoid blasts. C, Expression of myeloperoxidase (MPO) in myeloid blasts. D, Myeloid blasts showing expression of another 
myeloid antigen, CD117. Blue, lymphoid blasts; red, myeloid blasts. APC, allophycocyanin; BV421, Brilliant Violet; FITC, fluores-
cein isothiocyanate; PECy7, phycoerythrin cyanine 7; PerCPCy5.5, peridinin chlorophyll protein cyanine 5.5. Courtesy of Weina 
Chen, Jo Ellen Krueger, Franklin Fuda, and Prasad Koduru. 
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are recognized by the WHO, and two new provisional 
categories were introduced in the latest revision: B-ALL 
with intrachromosomal amplification of chromosome 
21 (iAMP21) and B-ALL, BCR-ABL1-like.1 In addi-
tion, the importance of the association between the 
low hypodiploid subtype of B-ALL with hypodiploidy 
and mutations in TP53, which are often germline, was 
recognized. Recent studies have continued to describe ad-
ditional genetic groupings of B-ALL based on genomic 
profiling and expression analysis; future work will no 
doubt clarify the prognostic and therapeutic relevance of 
these groups.

In addition to karyotype, the CAP/ASH guidelines 
recommend testing cases of B-ALL for the BCR-ABL1 
rearrangement and for KMT2A rearrangements, with 
additional testing for ETV6-RUNX1 rearrangement, 
iAMP21, and trisomies 4 and 10 in pediatric cases. 
Genetic testing for alterations in PAX5, JAK1, JAK2, and 
IKZF1 may also be performed.2 The NCCN guidelines 
offer similar recommendations of karyotype and appro-
priate FISH, as well as RT-PCR for transcript size in 
BCR-ABL1 rearranged B-ALL. In cases that are BCR-
ABL1 negative, the NCCN guidelines encourage testing 
for alterations associated with BCR-ABL1-like B-ALL, 
including fusions of ABL1, ABL2, CRLF2, CSF1R, 
EPOR, JAK2, or PDGFRB, and mutations of FLT3, 
IL7R, SH2B3, JAK1, JAK3, and JAK2.49

Overall, 23 cases of B-ALL were included in the work-
shop: 15 cases of BCR-ABL1-like B-ALL and nine cases of 
other B-ALL ❚Table 5❚ and ❚Table 6❚. Another case brought 
up a differential diagnosis between B-ALL, BCR-ABL1-
like vs MPAL, B/myeloid, NOS. Among the nine cases 
of other B-ALL, six underwent DNA sequencing and 
none underwent RNA sequencing. A case of hypodiploid 
B-ALL used microarray to clarify chromosomal status 
(case 45) after sequencing revealed a TP53 mutation. The 
array revealed a likely hypodiploid origin of the leukemia 
indicating high-risk disease, and the patient was offered 
HSCT. Two cases of B-ALL with iAMP21 (cases 235 and 
366) were both detected by standard FISH for the ETV6-
RUNX1 rearrangement (which also provides the nec-
essary copy number information to diagnose iAMP21), 
leading to intensified therapy for both patients. As was 
seen in these cases, B-ALL with iAMP21 can show ad-
ditional genomic changes, including abnormalities of 
chromosome 7 (case 235) and rearrangements of CRLF2 
(suggested by CRLF2 overexpression detected by flow 
cytometry in case 366).

BCR-ABL1-like B-ALL comprises 10% to 25% of 
B-ALL and is genetically diverse. It was initially described 
as a group of B-ALL with a gene expression profile sim-
ilar to that of BCR-ABL1-positive B-ALL but without the 

BCR-ABL1 rearrangement.50-52 BCR-ABL1-like B-ALL 
shows activation of kinase or cytokine receptor signaling 
pathways via a number of different genetic alterations. 
including CRLF2 rearrangements leading to CRLF2 
overexpression, ABL-class fusions (rearrangements of 
ABL1, ABL2, CSF1R, PDGFRB, and other kinases with 
many different partners), and alterations leading to acti-
vation of the JAK/STAT pathway, including JAK2 and 
EPOR fusions as well mutations in genes within the JAK/
STAT pathway.

BCR-ABL1-like B-ALL carries a poor prognosis, but 
many of the genetic alterations may be sensitive to targeted 
therapy. Case reports have described sensitivity of cases 
with ABL-class fusions to tyrosine kinase inhibitors such 
as imatinib and dasatinib, while cases with JAK/STAT 
pathway activation may be sensitive to JAK inhibitors 
such as ruxolitinib. These possible therapeutic options 
have led to high interest in the identification of these cases. 
Perhaps as a reflection of this interest, 15 cases of BCR-
ABL1-like B-ALL were submitted to the workshop (Table 
6). Twelve cases had CRLF2 rearrangements, which were 
identified using a variety of different approaches. Some 
CRLF2 rearrangements were identified following detec-
tion of CRLF2 overexpression via flow cytometry. In 
other cases, CRLF2 rearrangement was suspected based 
on karyotype or gene expression findings using a low-den-
sity array.53 In yet other cases, the CRLF2 rearrangement 
was detected directly by RNA sequencing. Confirmatory 
testing was done by FISH, RT-PCR, or RNA sequencing. 
Of the three cases without a documented CRLF2 rear-
rangement, one showed high CRLF2 expression but no 
testing was performed to confirm a rearrangement, one 
had a JAK2 rearrangement (❚Image 5❚, case 123), and one 
had a PDGFRB rearrangement. At least five cases had 
JAK2 mutations detected by sequencing, all of which 
occurred at the same hotspot location (three cases with 
Arg683Gly and two with Arg683Ser); at least two of these 
patients received JAK inhibitors as part of their therapy. 
The case of BCR-ABL1-like B-ALL with a PDGFRB re-
arrangement (case 343) raises interesting questions about 
the relationship between this group of B-ALL and the 
group of myeloid/lymphoid neoplasms with eosinophilia 
and rearrangement of PDGFRA, PDGFRB, or FGFR1, 
or with PCM1-JAK2.

Because of the diversity of genetic changes that 
underlies BCR-ABL1-like B-ALL, screening for this sub-
type is challenging. To screen every case for every possible 
fusion by FISH or RT-PCR would be expensive and un-
wieldy, while broader RNA sequencing approaches have 
not been widely accessible. Algorithms to focus testing on 
patients most likely to benefit may be helpful. One strategy 
is to use expression profiling to help identify the subset of 
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cases likely to harbor BCR-ABL1-like genetics.53 Targeted 
RNA sequencing is also becoming more widely available, 
and has the potential to identify a wide variety of fusions 
with a single assay.54,55 In the reported literature, CRFL2 
rearrangements comprise approximately 50% of BCR-
ABL1-like cases, while 80% of the BCR-ABL1-like cases 
submitted to the workshop had CRLF2 rearrangements. 

This high proportion of CRLF2-rearranged cases may re-
flect the fact that flow cytometry for CRLF2 overexpression 
is a relatively simple addition to the testing algorithm while 
other types of BCR-ABL1-like ALL are often missed with 
current testing. The increasing availability of targeted 
RNA sequencing and expression analysis will allow more 
routine identification of BCR-ABL1-like B-ALL.

❚Table 5❚ 
B-ALL Other than BCR-ABL1-like B-ALL

Case 
No.

Age, 
y

DNA 
Sequencing

RNA 
Sequencing

CRLF2 
Flow LDA

Final Panel  
Diagnosis Karyotype/Pertinent FISH

Diagnostic 
Mutations Other Mutations

45 46 Yes No ND ND B-ALL hypodiploid 
with TP53 
mutation

65~75,XXX,+X,+1,+2,−4, 
−5,+6,−7,+8,−9,+10,der(10)
t(10;11)(q24;q13)
x2,+12,−15,−16,−17,+18,−20, 
+21,+22[cp13]

TP53 p.R273H 
(germline 
excluded), 
whole 
chromosome 
LOH by 
microarray

 

66 29 Yes No ND ND B-ALL, NOS (with 
U2AF1 mutation)

46,XY[20]  U2AF1 p.S34F 
(29%)

108 72 Yes No ND ND B-ALL in  
setting of LPL

Two populations: 
K1 (unstimulated, 
lymphoblasts):46,XX,t(4;11)
(q21;q23)[10]/46,XX[5], 
FISH positive for KMT2A 
rearrangement; K2 (stimulated, 
mature B-cells): 46,XX,der(9)
t(4;9)(q?21;q34)[4]/46,XX[cp6]

KMT2A 
rearrangement

MYD88 p.L265P, 
CSF3R 
p.R698C, TP53 
p.282_283insG

183 71 Yes No ND ND B-ALL, possibly 
therapy-related

47,XY,+8[3]/48,idem,+14[2]/48,ide
m,+21[1]/46,XY[14]

 KRAS p.Q61H, 
ATM p.V410A, 
ATR p.K297N, 
RUNX1 
p.G217R, ESR 
p.R269C

235 13 No No ND ND B-ALL with  
iAMP 21

49~50,XY,+X,+6,+7,+14,add(21)
(q22)[cp5]/46,XY[15]; 
FISH positive for RUNX1 
amplification, trisomy 7, and 
IGH rearrangement

RUNX1 gene 
amplification

 

265 56 No No ND ND  B-ALL, NOS 
(with MYC 
rearrangement)

46,XX,dup(1)(q12q42)x2,t(8;14)
(q24.1;q32), inv(9)(p11q13)
[17]/46,XX,inv(9)(p11q13)
[3]; FISH positive for MYC 
rearrangement 94% of nuclei, 
3-4 copies of (1q23) PBX1 in 
92% of nuclei

  

347 54 No No ND ND B-ALL BCR-ABL1 
positive

t(9;22)(q34;q11.2) in all 20 cells 
evaluated; additional finding of 
t(1;16)(q21;q24) in 18 cells

BCR-ABL1 (e1a2, 
p190)

 

366 6 Yes No + ND B-ALL with iAMP 21 46,XX,add(21)(q22)[13]/46,XX[7]; 
FISH positive for 3, 4, or 5 
copies of RUNX1

RUNX1 copy 
number gain

CRLF2 high 
expression 
by flow 
cytometry, 
PTPN11 
p.G60V

367 20 Yes No ND ND Recurrent B-ALL, 
NOS (with ATRX 
mutation)

No karyotype reported  ATRX p.N1860S 
99.8%

+, positive for CRLF2 expression (CRLF2 flow) or BCR-ALB1-like expression profile (LDA). B-ALL, B-cell acute lymphoblastic leukemia; FISH, fluorescence in situ 
hybridization; LDA, low-density array; LOH, loss of heterozygosity; ND, no data; NOS, not otherwise specified.
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Challenges in screening for the BCR-ABL1-like pheno-
type were further illustrated in case 119 ❚Image 6❚. Karyotype 
was normal; however, a SNP array demonstrated the 
P2RY8-CRLF2 rearrangement. This fusion was challenging 
to prove on FISH due to the loss of the chromosomal re-
gion covered by the red-orange probe. JAK1 and CDKN2A 

mutations were also detected, consistent with a BCR-ABL1-
like signature. The interpretation of this case was further 
complicated by prominent expression of B-cell markers and 
partial expression of lineage-specific MPO seen on flow 
cytometry, cytochemistry, and immunohistochemistry. Two 
diagnoses were considered by the panel: MPAL, B/myeloid, 

❚Image 5❚  Case 123. A, Hypercellular marrow with sheets of sheets of blasts (H&E). B, Peripheral blood smear showed small 
to medium‐sized blasts with round nuclei, fine chromatin, and scant cytoplasm (Wright-Giemsa). C, Diagram showing domain 
structure of GOLGA5, JAK2, and GOLGA5-JAK2 fusion. D, Results from reverse transcription polymerase chain reaction (RT-PCR) 
assays confirming the GOLGA5-JAK2 fusion. E, Direct sequencing of RT-PCR product shows GOLGA5-JAK2 fusion with preser-
vation of JAK2 kinase domain. Courtesy of Yu Hui, Marilyn M Li, Sarah K Tasian, Michele Paessler, Vinodh Pillai, and Gerald 
Wertheim.
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with concomitant PR2Y8-CRLF2 fusion and JAK1 mu-
tation, and B-ALL, BCR-ABL1-like, with aberrant MPO 
expression. The expression of MPO as a sole marker of my-
eloid lineage in otherwise typical cases of B-ALL represents 
a significant proportion of B-ALL cases and can be chal-
lenging to interpret.56 The WHO classification mono-
graph discusses additional features that can be helpful in 
differentiating between B-ALL with isolated MPO expres-
sion and MPAL. These include a confirmation of MPO 
expression by cytochemistry and demonstration of hetero-
geneity of antigen expression and scatter characteristics by 
flow cytometry, which are seen in true biphenotypic/bilineal 

immunophenotype (illustrated in another workshop case, 
Image 4). In case 119, even though MPO was positive by flow 
cytometry, cytochemistry, and immunohistochemistry, flow 
cytometry demonstrated no significant variability of scatter 
characteristics or difference in antigen expression between 
MPO-positive and MPO-negative blasts. Interestingly, in a 
previously published cohort of B-ALL, the MPO-positive 
group clustered separately from BCR-ABL1-like cases, 
which further underscores the uniqueness of this case.57 In 
case 119, in addition to therapeutic implications of a BCR-
ABL1-like signature, there is a prognostic significance of 
isolated MPO expression when associated with a precursor 

CRLF2

CRLF2

P2RY8

P2RY8

❚Image 6❚  Case 119. A, Bone marrow aspirate smear showing some variability in blast morphology. B, Flow cytometry 
showing a partial expression of myeloperoxidase (MPO). C, Diagram of CRLF2 and P2RY8 losses leading to P2RY8-CRLF2 rear-
rangement as demonstrated by single-nucleotide polymorphism array. Break apart FISH showing loss of the red-orange 
probe. FITC, fluorescein isothiocyanate; PE, phycoerythrin. Courtesy of Sarah M. Choi, John K. Frederiksen, Charles W. Ross, 
Dale L. Bixby, and Lina Shao. 
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B-cell phenotype. Within the B-ALL group, cases with iso-
lated MPO expression showed a significantly increased risk 
of relapse, similar to that of MPAL, and were proposed to 
be excluded from the standard risk category.56,58

Fusions between MYC and immunoglobulin genes 
have been previously described in B-ALL and, in some 
instances, overlap with MYC-rearranged Burkitt lym-
phoma was considered. A case with blast-like morphology, 
precursor B-cell immunophenotype (partial expression of 
terminal deoxynucleotidyl transferase [TdT]) and t(8;14)
(q24.1;q32) was submitted to the workshop (case 265). 
A  recent series of MYC-rearranged neoplasms with 
precursor B-cell immunophenotype found evidence of 
aberrant VDJ (variable-diversity-joining region) recombi-
nation within the MYC-IGH translocation, analogous to 
that found in B-cell precursors.59 Moreover, the mutational 
and methylation profiles of these cases were similar to 
other B-ALLs and not Burkitt lymphoma. Based on this 
evidence, the authors suggested adding MYC-rearranged 
cases with a precursor B-cell immunophenotype to the 
category of B-ALL with recurrent genetic abnormalities.

Two additional B-ALL cases had unusual mutations, 
more commonly associated with myeloid malignancies. 
One patient was a young male with B-ALL, NOS with 
normal karyotype and U2AF1 mutation (case 66). U2AF1 
is mutated in a variety of myeloid neoplasms such as MDS, 
AML, MPN, MDS/MPN, and also in B-cell lymphomas, 
T-cell leukemias and lymphomas, histiocytic neoplasms, 
and solid tumors. Spliceosome mutations, including iden-
tical U2AF1 mutations, have been rarely reported in B- 
and T-ALL.60,61 The importance of functional studies 
was emphasized in case 367 describing B-ALL with atyp-
ical BCR-ABL1 fusion and ATRX p.  N1860S mutation 
at a VAF of 99.8%. Initially, this likely germline muta-
tion was considered potentially pathogenic; however, in 
a recent report it was shown to lack the epigenetic signa-
ture of other germline ATRX mutations and therefore is 
best considered a benign polymorphism.62 In addition to 
germline ATRX mutations associated with α thalassemia/
mental retardation X-linked syndrome, somatic ATRX 
mutations have been reported in patients with B- and 
T-ALL, myeloid neoplasms, lymphomas, and a variety of 
solid tumors.

Genetic Abnormalities Indicating an 
Undiagnosed Underlying Neoplasm, Disease 
Evolution, Clonal Relationships, and Residual 
Disease

Genetic heterogeneity and clonal evolution are well 
known to occur in acute leukemias. Stepwise acquisition 

of driver and passenger mutations, genetic diversification, 
and selection of individual “most fit” clones occur during 
the natural disease course and during therapy. These phe-
nomena have diagnostic, prognostic, and therapeutic 
implications and emphasize the importance of repeated 
testing at critical time points. In the following paragraphs, 
we discuss cases that illustrate advantages and challenges 
associated with sequential testing Table 4.

Evaluation or re-evaluation of original diagnostic 
samples is always recommended to establish a baseline. 
When patients present late in a disease or the original 
specimen is not available, targeted testing of individual 
cell populations and successive testing of follow-up 
samples may help to diagnose an underlying chronic 
myeloid neoplasm and determine clonal relationships. 
Several cases illustrating the value of such testing were 
presented in the workshop. An unusual scenario of se-
vere thrombocytosis developing after induction therapy 
for AML with mutated NPM1 was described in case 
240. Morphologic features were consistent with MPN, 
unclassifiable and RT-PCR demonstrated a rising JAK2 
mutation. In this case, an absence of mutated JAK2 and 
lack of MPN-like megakaryocytes in the original AML 
sample supported the diagnosis of de novo AML with 
mutated NPM1 rather than blast crisis of MPN. Case 
232 described T-ALL with BCR-ABL1 rearrangement 
presenting in a lymph node. BCR-ABL1–positive T-ALL 
accounts for 2% to 4% of T-ALL and can occur de novo 
or as a blast crisis of chronic myelogenous leukemia 
(CML).63 The majority of BCR-ABL1–positive T-ALL 
cases reported previously showed a major breakpoint 
region raising a differential diagnosis of blast crisis of 
preexisting CML. In case 232, the bone marrow was un-
remarkable with a minimal BCR-ABL1 fusion by PCR 
(<1%), which may represent a minute population of 
leukemic blasts. Therefore a diagnosis of de novo BCR-
ABL1 T-ALL was favored. In contrast, case 294 was orig-
inally diagnosed as AML with BCR-ABL1 and inv(16)
(p13.1q22). However, when interphase FISH confirmed 
BCR-ABL1 fusion in segmented neutrophils, the diag-
nosis was updated to CML, BCR-ABL1–positive, in blast 
phase [with inv(16)(p13.1q22)].

Arguably, the most important clinical implication 
of clonal evolution is an emergence of therapy-resistant 
clones and appearance of genetic abnormalities amenable 
to targeted therapy. Thus, an important goal of repeated 
testing at disease progression is to detect such clones, 
identify therapeutic targets, and determine eligibility for 
clinical trials.

The classic tyrosine kinase fusion, BCR-ABL1, can 
develop late in a disease, either as a dominant clone or 
a subclone. BCR-ABL1–positive clones can appear in 
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the course of AML as well as MDS, and are typically a 
poor prognostic indicator.64 This phenomenon needs to 
be distinguished from BCR-ABL1–positive AML, a pro-
visional entity in the current WHO classification, which 
is diagnosed in patients without prior history of CML, 
with no prior chemotherapy/radiation, and no recurrent 
abnormalities defining other types of AML. At times, 
when a detailed history is not available, this entity may 
be challenging to distinguish from blast phase of previ-
ously undiagnosed CML. In case 177, only postinduction 
bone marrow was available for review and FISH analysis 
showed BCR-ABL1 fusion and KMT2A gene rearrange-
ment. No karyotype was reported. KMT2A gene rear-
rangement is exceedingly rare in CML; however, it can 
occur in chronic, accelerated, and blast phase.65 Although 
case 177 may represent a de novo AML with BCR-ABL1 
and KMT2A rearrangement, a review of the diagnostic 
sample, complete cytogenetic evaluation, and sequencing 
may be helpful to exclude a previously undiagnosed 
CML. In postinduction samples, preexisting undiagnosed 
CML can be excluded using FISH or RT-PCR of seg-
mented neutrophils.66 The BCR-ABL1–positive blast 
crisis in a patient with previously diagnosed BCR-ABL1–
negative MPN (case 81, long-standing history of essen-
tial thrombocythemia) is a rare event, but nevertheless 
critical to recognize due to therapeutic implications.67 At 
times, BCR-ABL1 rearrangement is only seen in a subset 
of blasts, suggestive of late acquisition of the BCR-ABL1 
fusion. Case 187 described AML with t(8;21)(q22;q22.1); 
RUNX1-RUNX1T1 and subclonal BCR-ABL1 (minor 
breakpoint). Subclonal populations were also seen in 
case 317, which described a B-ALL with the majority of 
cells harboring t(14;18)(q32;q21), a minor subclone with 
BCR-ABL1 p190 fusion, and a FLT3-ITD. The BCL2 re-
arrangement has been previously reported in rare cases of 
B-ALL and is frequently associated with MYC rearrange-
ment. B-ALL with BCL2 rearrangements is reported to 
have dismal prognosis, which in the workshop case was 
further amplified by the presence of FLT3-ITD and a 
BCR-ABL1 subclone.68 Case 94 provides an additional 
example of repeat testing detecting clonal evolution and 
leading to targeted therapy. A  64-year-old man initially 
presented with AML, NOS with FLT3-ITD. Following 
FLT3-directed therapy with gilteritinib, the patient expe-
rienced progressive disease with loss of FLT3-ITD and 
an acquisition of a new leukemic subclone with NUP214-
ABL1 fusion. This rearrangement is well-described in 
ALL (particularly T-ALL) but has not been previously 
reported in AML. Sorafenib was added to the salvage 
chemotherapy regimen and the patient achieved sustained 
remission prior to and following HSCT. In case 184, 
stepwise acquisition of resistant clones with numerical 

abnormalities detected by conventional karyotyping and 
gene mutations in DNMT3A, IDH1, FLT3, and TP53 
were seen in sequential samples of AML relapse. Blasts 
at the second relapse showed cytoplasmic vacuoles typi-
cally seen in association with TP53 mutations. Additional 
abnormalities acquired in the course of AML progres-
sion, in particular a complex karyotype, TP53 and FLT3 
mutations, are associated with dismal prognosis. Similar 
progression to a complex karyotype was seen in case 279. 
The patient initially presented with AML with t(16;16)
(p13.1;q22); CBFB‐MYH11, FLT3-ITD, and FLT3-
TKD. Even though AML with CBFB‐MYH11 is in the 
favorable risk category, a presence of FLT3-ITD increases 
the risk of recurrence. Indeed, the patient relapsed after 
a 2-year long remission, at which time the bone marrow 
showed additional numerical chromosome abnormalities, 
JAK2 V617F, JAK2 exon 12, and WT1 mutations. FLT3-
ITD and FLT3-TKD were no longer present. JAK2 
V617F mutations have been reported in de novo AML; 
in contrast, however, JAK2 exon 12 mutations are ex-
ceedingly rare in AML.69 In case 285 (AML, NOS [acute 
monoblastic leukemia]), there were three mutations 
within the same signaling pathway, FLT3-ITD, KRAS, 
and NRAS, and independent WT1 mutations. Follow-up 
samples demonstrated that only three mutations persisted 
throughout the disease course and therefore these likely 
represented driver events. The presence of different 
mutations affecting the same pathway, as seen in cases 
279 and 285, seems redundant; it has nevertheless been 
previously reported.

Sequencing can help to confirm clonal relationship 
across various disease stages (chronic vs blast phase), in 
relapse specimens, in different anatomic sites, or even 
between samples with distinct diagnoses. An excellent il-
lustration of the value of repeat testing in demonstrating 
clonal relationships was shown in case 73, in which an 
underlying CMML was first diagnosed after induc-
tion therapy for AML. The postinduction bone marrow 
showed morphologic features of CMML and ASXL1, 
NRAS, SRSF2, and KRAS mutations. These mutations 
were also seen at the time of AML diagnosis. During 
the course of the disease, the patient developed papules 
and plaques, and was diagnosed with leukemia cutis with 
features of CMML with Langerhans cell differentiation. 
The latter specimen showed several mutations identical to 
those seen in prior samples. An interesting evolution of 
t-MDS with progression to overt acute leukemia was re-
ported in case 297. At the time of progression to t-AML, 
a prominent proliferation of small plasmacytoid dendritic 
cells negative for CD56, CD2, and TdT was seen in the 
bone marrow. FISH showed 7/7q deletion in 87% of nu-
clei, and TET2 and ZRSR2 with VAF of 51% and 83%, 
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respectively. Eighteen months later, bone marrow showed 
15% blasts and plasmacytoid dendritic cells with blastic 
morphology and positivity for CD56 and partial TdT. 
The frequency of 7/7q deletion, and TET2 and ZRSR2 
mutations remained unchanged. Another example of 
clonal relationship between therapy-related CMML and 
previously diagnosed B-ALL was suggested in case 56 due 
to a common deletion at 3′ of  the KMT2A gene present 
in both neoplasms.

Quantitative evaluation of residual disease is well 
established in a number of hematopoietic neoplasms. 
Determination of residual disease is critical especially during 
therapy leading to HSCT. In AML, the significance of min-
imal residual disease (MRD) determined by flow cytometry 
or molecular methods has been recognized and is slowly 
making its way into clinical practice. Molecular evaluation of 
residual disease in AML has been confounded by a complex 
dynamic, including evolution of leukemic clones, background 
clonal hematopoiesis of indeterminate potential (CHIP), 
and germline abnormalities. Two cases discussed in session 
7 highlighted challenges of genetic testing in posttreatment 
samples. Case 69 described AML with mutated NPM1, and 
KIT, DNMT3A, and TET2 mutations. Despite a complete 
morphologic remission, two of the mutations, DNMT3A 
and TET2, persisted on day 31 after treatment. The patient 
subsequently relapsed with AML showing the same karyo-
type and mutations as seen at the time of original diagnosis. 
The persistence of DNMT3A and TET2 mutations most 
likely represented background clonal hematopoiesis, which 
in previous studies was not associated with a risk of relapse.70 
The phenomenon of clonal hematopoiesis adds complexity 
to the genetic evaluation of patients with acute leukemias 
and can be particularly challenging when evaluating MRD. 
In this context, mutations known to occur most commonly 
in CHIP should be regarded with caution and interpretation 
of next-generation sequencing results should focus on leu-
kemia- and patient-specific alterations. A combination of ge-
netic testing and multiparameter flow cytometry can also be 
helpful and has been shown to enhance the predictive value 
of MRD in AML.70

Evaluation of blood and bone marrow samples 
obtained post-HSCT can be complicated by preexisting 
mutations of donor origin, including germline mutations 
and CHIP. Therefore, care must be taken not to over-
interpret such abnormalities as clonal evolution. Case 
155 illustrated this issue in a patient with a previous di-
agnosis of t-AML with a complex karyotype and FLT3 
mutations. After engraftment, the patient was diagnosed 
with a recurrent leukemia showing several previously seen 
chromosomal abnormalities, a new CSF3R mutation of 
unknown significance at VAF of 11%, and a pathogenic 
mutation in STAG2 at 39%. The latter corresponded 

to the proportion of blasts in the sample and likely 
represented clonal evolution. The CSF3R mutation was 
confirmed to be a germline mutation of donor origin and 
nonpathogenic.

Conclusions

The diagnostic workup of acute leukemia has become 
increasingly complex. The testing required today to pro-
vide a complete diagnosis, as well as clinically significant 
prognostic and therapeutic information, includes not only 
morphologic assessment, immunophenotype, and classic 
cytogenetics, but also molecular genetic techniques. DNA 
sequence analysis is particularly important in the diagnosis 
of AML as there are now a number of subtypes defined 
by gene mutations, as well as mutations with known prog-
nostic (eg, KIT mutations in CBF AML) or therapeutic 
(eg, FLT3) significance. This use of DNA sequencing was 
represented in this workshop by the high number of cases 
of AML with mutated RUNX1, which require sequencing 
for diagnosis. RNA sequencing is becoming increasingly 
available, particularly targeted RNA sequencing, and 
may be particularly useful in the workup of B-ALL, as 
this technique is capable of identifying BCR-ABL1-like 
fusions, which is a current challenge in the field. Similarly, 
gene expression profiling via a low-density array card for 
identifying BCR-ABL1–like cases is increasingly available 
outside of the clinical trial setting. RNA sequencing can 
also identify cytogenetically cryptic fusions.

DNA and RNA sequencing are also used in evaluation 
of posttreatment and relapse samples. In these settings, in-
terpretation of molecular studies may be confounded by 
genetic evolution of the original leukemic clone, and molec-
ular abnormalities unrelated to the original leukemia such 
as CHIP, germline mutations, and even a previously undiag-
nosed underlying neoplasm. At times, testing individual cell 
populations, for example, analysis of BCR-ABL1 fusion in 
segmented neutrophils or confirmation of germline mutation 
in cultured skin fibroblasts, may clarify the significance of a 
genetic finding. The awareness of this complex environment 
is critical in quantitative evaluation of residual disease, espe-
cially during therapy leading to HSCT. Lastly, an increasing 
number of therapies can induce differentiation of leukemic 
blasts, which emphasizes the importance of integrating treat-
ment information with morphologic and molecular evalua-
tion in order not to overinterpret molecular genetic findings.
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