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Abstract

ERG is a transcription factor encoded on chromosome 21q22.2 with important roles

in hematopoiesis and oncogenesis of prostate cancer. ERG amplification has been

identified as one of the most common recurrent events in acute myeloid leukemia

with complex karyotype (AML-CK). In this study, we uncover three different modes

of ERG amplification in AML-CK. Importantly, we present evidence to show that ERG

amplification is distinct from intrachromosomal amplification of chromosome

21 (iAMP21), a hallmark segmental amplification frequently encompassing RUNX1

and ERG in a subset of high-risk B-lymphoblastic leukemia. We also characterize the

association with TP53 aberrations and other chromosomal aberrations, including

chromothripsis. Lastly, we show that ERG amplification can initially emerge as sub-

clonal events in low-grade myeloid neoplasms. These findings demonstrate that ERG

amplification is a recurrent secondary driver event in AML and raise the tantalizing

possibility of ERG as a therapeutic target.
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1 | INTRODUCTION

Ets-related-gene (ERG), a member of ETS family transcription factors

located on chromosome 21q22.2, plays multifaceted roles in develop-

ment and oncogenesis. During normal development, the pattern of ERG

expression is important in orchestrating chondrogenesis, angiogenesis,

and hematopoiesis.1–3 In hematopoiesis, appropriate ERG expression is

required for homeostatic maintenance of hematopoietic stem cells and

in the differentiation of B-cells and megakaryocytes.4–11

ERG can also act as an oncogene. In approximately half of the

prostate cancers, translocations that fuse the androgen-responsive

TMPRSS2 promoter with ERG gene lead to androgen-induced ERG

overexpression.12 In acute myeloid leukemia (AML), aberrant ERG

expression is involved in leukemogenesis.13 Overexpression of ERG in

AML is associated with a worse prognosis.14,15 In a subset of

AML, copy number amplification of genomic regions containing ERG

has been demonstrated as a mechanism in driving ERG

overexpression.16,17 Rarely, translocations involving ERG and a partner

gene (such as, FUS) can lead to the production of a chimeric protein

with neomorphic gain-of-function.18

Intrachromosomal amplification of a 5.1-MB genomic region on

chromosome21q22 (iAMP21) that includes RUNX1 and ERG defines a

clinically aggressive subset of B-lymphoblastic lymphoma (B-ALL) with

high relapse risk.19,20 While the amplified genes in iAMP21 generally

associates with increased expression, how this amplification drives

oncogenesis remains unclear.21,22 RUNX1 amplification, which is

almost always present in iAMP21, is readily detectable by routine clin-

ical fluorescent in situ hybridization (FISH) study and has been

adopted as the working definition for identifying iAMP21 in B-ALL.19

Using this definition, a recent report described a cohort of AML with

possible iAMP21 that appears to draw some parallels with its counter-

part in B-ALL.23 However, it remains unclear how this cohort of AML
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with iAMP21 relates to B-ALL with iAMP21 and AML with ERG

amplification.

ERG amplification has been identified as one of the most common

recurrent events in acute myeloid leukemia with complex karyotype

(AML-CK).16,17,24 By definition, AML-CK harbors 3 or more unrelated

chromosomal aberrations and can arise in a de novo fashion, butmay also

arise in patients with an antecedent myelodysplastic syndrome (MDS),

myelodysplastic/myeloproliferative neoplasms, and therapy-related mye-

loid neoplasms.25 The presence of complex karyotype is strongly associ-

ated with TP53 mutations, as demonstrated in cohorts of AML and

MDS.26–29 Therefore, AML-CK categorically represents the evolutionary

convergence among these types of myeloidmalignancies. These chromo-

somal aberrations, although highly variable, are non-random with recur-

ring large structural changes, including deletions of 5q and7q.17,30–32

Using comprehensive cytogenetic techniques, including karyotyping,

FISH studies, and high-density copy number microarrays, we define

ERG amplification and its associated genetic abnormalities in myeloid

malignancies. Importantly, we demonstrate that ERG amplification can

exhibit three distinct patterns sharing features with genetic aberrations

associated with TP53mutations. Furthermore, we demonstrate the ini-

tial emergence of ERG amplification as low level subclonal events in

myelodysplastic syndromes. These findings support that ERG amplifica-

tion is a recurrent secondary event in the evolution of myeloid

malignancy.

2 | METHODS

2.1 | Case selection

This is a retrospective single institution study conducted with the

approval of internal review board (IRB# HUM0043196 and

HUM00160360). Sixteen cases with ERG amplification were identified

by cross-referencing our pathology archive with our institutional

cohort (325 cases) of myeloid malignancy with high-density copy

number array studies from June 2013 to March 2020. Fourteen cases

of AML-CK without ERG amplification was also identified as a com-

parison cohort for ERG immunohistochemistry and survival analysis.

Then the diagnoses, cytogenetic study and medical records were

reviewed and reclassify based on the 2016 WHO criteria when neces-

sary. The AML cohort from TCGA was used as a validation cohort,

and the publicly available data, including diagnosis, age, karyotype,

SNP6.0 copy number microarray results, and pertinent mutations,

were generated by TCGA Research Network: https//www.cancer.

gov/tcga. The TCGA data were initially interrogated and subsequently

obtained through cBioportal for Cancer Genomics.33,34

2.2 | Karyotypic and fluorescent in situ
hybridization (FISH) analyses

At least 20G-banded metaphase cells were obtained from overnight

and/or 24-h cultures using standard techniques. Interphase and

metaphase FISH analysis was performed, where available, using ERG

break-apart probes (Empire Genomics). Two hundred nuclei were

scored for the copy number of ERG signals. Metaphase cells with ERG

amplification were analyzed to locate the amplified ERG signals. Kar-

yotypic and FISH results were interpreted according to the Interna-

tional System for Human Cytogenetic Nomenclature (ISCN 2016).

FISH images were captured utilizing a Leica DMRA microscope with

the Cytovision Imaging system (Leica Microsystems).

2.3 | High density genomic copy number
microarray

Genomic DNA was extracted from bone marrow aspirate samples

using the QIAamp DNA Mini Extraction Kit (Qiagen) according to the

manufacturer's instructions. Cytoscan HD array (Thermo Fisher Scien-

tific) was performed according to the manufacturer's instruction. The

analysis was performed using the Chromosome Analysis Suite pro-

vided by the manufacturer and R-based Easy Copy Number pipeline

(EaCON; https://github.com/gustaveroussy/EaCoN), based on

Affymetrix Power tools (Thermo Fisher Scientific) and ASCAT.35 Copy

number change was included only if involving greater than 35 consec-

utive probes and displaying a log R ratio (LRR) with a magnitude equal

to or greater than 0.2. Chromothripsis is defined as equal to or greater

than 10 alternating copy number changes.36 The copy number change

was plotted using the karyoploteR package.37

2.4 | Overall survival analysis

The overall survival analysis was based on the Kaplan–Meier method

using the survival and survminer packages in R. Between-group com-

parison was performed using a log-rank test. The overall survival is

defined between the time of the initial diagnosis and the time of

death as the primary endpoint. The data are right censored if the

patient is alive at the time of the analysis.

2.5 | Immunohistochemical staining and analysis

Immunohistochemical study for ERG protein expression was performed

on 4-micron sections of formalin fixed paraffin embeddeddecalcified bone

marrow cores using a rabbit monoclonal anti-ERG antibody (clone

EPR3864) on Ventana Benchmark XT automated staining system

(Ventana Medical Systems). The stained slides were digitized using Leica-

Aperio GT450 (Leica Biosystems). The H-score analysis was performed

using Quantitative Pathology and Bioimage Analysis toolsets

(QuPath).38–40 Briefly, the degree of nuclear staining intensity was

assigned into four categories with negative staining as 0+ and highest

intensity as 3+. The percentage of nuclei of each intensity level is calcu-

lated as: H-score = 1� (% cells 1+) + 2� (% cells 2+) + 3� (% cell 3+).

The statistical comparison of the H-scores between AML with and with-

out ERG amplificationwas performed using Kruskal–Wallis rank sum test.
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3 | RESULTS

3.1 | Clinical characteristics of patients with
myeloid neoplasms with ERG amplification

We identified 16 cases (�4.9% of cases) with segmental aberration of

chromosome 21 that harbors ERG amplification. Cases with entire or

partial trisomy 21 were excluded. A summary of the clinical character-

istics is recorded in Table 1. The median age of the cohort is 67 years

old (range: 44–79 years old) with a male to female ratio of 1.28. Six

patients presented with AML with myelodysplasia related changes

(AML-MRC). Among the two patients presented with de novo

myelodysplastic syndrome (MDS), one patient ultimately succumbed

to AML-MRC. Five patients, previously treated with cytotoxic chemo-

therapy for a prior non-myeloid malignancy, presented with therapy

related myeloid neoplasms, including therapy related AML (n = 3) and

therapy-related myelodysplastic syndrome (n = 2). Additionally, three

patients with a history of JAK2 p.V617F-positive myeloproliferative

neoplasm (MPN) were diagnosed with AML/blast crisis.

3.2 | Multimodal mechanisms of ERG amplification

Among the 16 cases, 14 cases demonstrate variably sized segmental

amplification of chromosome 21q22 (Figure 1A). The average length

of the segment is 2603 KB with a range of 247 to 6558 KB. All seg-

ments of amplification exhibit allelic imbalance and harbor ERG and

ETS2 genes. RUNX1 and U2AF1 are neighboring genes that are also

known to associate with myeloid neoplasms.41 In this cohort, RUNX1

and U2AF1 do not consistently co-amplify with ERG. RUNX1 amplifi-

cation is present in three cases; whereas U2AF1 amplification in two

cases. Interestingly, the regions flanking the amplified ERG containing

segments can exhibit variable copy number alterations. For example,

in Patient 6, the flanking regions exhibit copy number loss. In contrast,

Patient 16, the flanking regions demonstrate lesser degrees of amplifi-

cations than the ERG segment.

To validate ERG copy number gain, we performed interphase and

metaphase FISH studies on 14 cases with available materials using a

break-apart probe set against 50 and 30 ends of ERG. The remaining mate-

rials from Patients 8 and 10 were insufficient for further analysis. The

FISH studies confirmed ERG amplifications and excluded rearrangements

in all cases (Table 2). Importantly, by correlating karyotypic, interphase,

and metaphase FISH analyses, three patterns of ERG amplification

emerge from the FISH studies (Figure 1B–D). The first pattern is charac-

terized by the presence of tandem homogenous staining region on meta-

phase FISH, consistent with intrachromosomal amplification. In the

second pattern, ERG amplification is detected as increased marker chro-

mosomes (containing centromeres) in three cases. In the third pattern,

which is detected only in Patient 9, the ERG amplification manifests as

double minute chromosomes (without centromeres).

3.3 | Emergence of ERG amplification as a
subclonal event in MDS

The two cases of de novo MDS (Patients 5 and 12) exhibit subthresh-

old segmental copy number amplification involving ERG with

corresponding allelic imbalance by copy number array analysis

TABLE 1 Clinical characteristics of patients with myeloid neoplasms with ERG amplification

Prior malignancy

Pt Age (yrs) Sex Diagnosis Diagnosis Treatment Treatment OS (months)

1 79 M t-MDS-EB1 Urothelial carcinoma Cisplatin, etoposide, radiation Supportive 0.4

2 62 F AML-MRC None None Supportive 0.1

3 63 M AML-MRC None None Decitabine/Venetoclax

Bone marrow transplant

>13.1

4 69 M t-AML Classic Hodgkin lymphoma ABVD FLAG 12.7

5 70 M MDS-RS-MLD

- > AML-MRC

Prostate cancer Resection only Azacitidine

FLAG

6.3

6 44 F t-AML Follicular lymphoma R-CHOP FLAG 10.2

7 60 M t-AML Multiple myeloma RVD FLAG 1.9

8 59 F AML-MRC None None FLAG 2.4

9 76 M AML-MRC None None Decitabine/Venetoclax 4.2

10 52 F AML-MRC None None 7 + 3 0.2

11 59 M t-MDS Pancreatic cancer 5FU, gemcitabine, cisplatin Supportive 2.1

12 69 M MDS-MLD None None Unknown 26.1

13 65 F AML-MRC None None 7 + 3 3.1

14 74 F AML/ Blast phase ET, JAK2+ Hydroxyurea and anagrelide Decitabine 2.6

15 74 F AML/ Blast phase ET, JAK2+ Hydroxyurea Decitabine/Venetoclax 10.8

16 70 M AML/ Blast phase ET, JAK2+ Hydroxyurea FLAG, Decitabine/Venetoclax 2.5
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(Figure 2). In Patient 5, FISH studies detected ERG amplification as

marker chromosomes in 16% of nucleated cells; and in Patient 12, as

tandem homogenous staining region in 19% of nucleated cells

(Table 2). In contrast, the patients with above threshold LRR all harbor

the amplification in >32% of nucleated cells by FISH studies. There-

fore, in Patients 5 and 12, ERG amplifications are subclonal events.

F IGURE 1 Characterization of ERG amplification and other regions of chromosome 21 inmyeloid neoplasms. (A) Copy number alteration (CNA) of
chromosome 21 including ERG amplification, as assessed by high-density copy numbermicroarray. ERG amplifications are flanked by complex patterns
of CNAs on chromosome 21 and do not always include RUNX1. * denotes cases (Pt 5 and 12) with subthreshold ERG amplificationswith log R ratio
(LRR) <0.2. Examples demonstrating three patterns of ERG amplifications as characterized bymetaphase karyotyping (B), and interphase (C), and
metaphase (D) FISH analyses. A dual color break-apart probe set flanking the ERG gene locus with green centromeric and orange telomeric probeswas
used in FISH studies. The first pattern, as seen in pt 3, is consistent with in cis ERG amplification. Karyotype shows a loss of 5q, 12, 17, and 21, as well as
an addition of a largemarker chromosome, which harbors in cis ERG amplification (�9x) as confirmedwith interphase andmetaphase. The second
patterns, as seen in pt 4, is consistentwith ERG amplification (8–9x) by supernumerary marker chromosomes. Karyotype demonstrates a loss of 5q,
13, 18, and 22 andmultiple small marker chromosomes, each harbor a copy of ERG, as confirmedwith interphase andmetaphase FISH studies. The
third pattern, as seen in pt 9, is consistentwith ERG amplification (�19x) by doubleminute chromosomes. The karyotype shows a loss of 9, 18, and 20q,
and a gain of 21 as well as numerous doubleminute chromosomes, which harbor ERG, as confirmed by interphase andmetaphase FISH

402 LEE ET AL.
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3.4 | Association with chromosomal structural
variations

All patients, except for Patient 12, have complex karyotype (with

≥3 chromosomal abnormalities as defined in WHO 2016) with

14 cases harbors ≥5 abnormalities. These complex changes in

karyotypes are also reflected in the patterns of copy number

changes in high-density copy number microarrays (Figure 3).

Importantly, we identified chromothripsis in nine cases. Patient

12 harbors del20q as the sole chromosomal abnormality on kar-

yotype. As discussed above, the FISH and copy number array

studies provide evidence of subclonal ERG amplification in this

patient. Structural alteration of chr5q is the most frequent event,

including nine cases with 5q deletion and one case with loss of

heterozygosity (LOH) of 5q without copy number alteration. Loss

of 7q is the second most frequent event, as detected in six

cases.

3.5 | Association with TP53 alterations

Among the six cases with available next-generation sequencing

results, four cases demonstrate pathogenic TP53 mutations (Table 2).

Through the copy number array and karyotypic analysis, we have also

identified five cases with 17p loss and two cases with 17p LOH

involving TP53. Altogether, a total of nine cases harboring copy num-

ber alteration, LOH, and/or pathogenic mutations involving TP53,

were identified. These findings highlight the association of TP53 alter-

ation with ERG amplification.

3.6 | ERG amplification in TCGA-AML cohort

To validate the above findings, we interrogated the TCGA-AML

cohort for ERG/ETS2 amplification using the same selection criteria.

Eight of 198 cases (approximately 4%) demonstrated ERG amplifica-

tions with similar segmental patterns seen in our cohort (Figure 4).

RUNX1 is co-amplified in three cases and U2AF1 in seven cases. The

flanking regions also show variable patterns of copy number alter-

ations. Five of the eight cases are associated with complex karyotype

(Table 3). Chromosome 5q deletions are still the most frequent struc-

tural variations (n = 6); whereas, deletion 7q is present in three cases.

The association with TP53 alteration is also remarkable. All six cases

with 5q deletion harbor pathogenic TP53 mutations as well as copy

number alterations.

3.7 | ERG protein expression in AML

ERG amplification in AML is associated with increased ERG transcript

levels.16,17 Therefore, we hypothesize that the ERG protein will likely

be increased as well. Immunohistochemical stains using monoclonal

anti-ERG antibodies were performed on sections of marrow cores

from cohorts of AML-CK with and without ERG amplification and

assessed semiquantitatively by H-score using QuPath image analysis.

Although the median H-score of AML with ERG amplification is higher

than the cohort without ERG amplification (Figure 5), the difference

between the two groups is not statistically significant (p = 0.40;

Kruskal–Wallis test). Therefore, whether ERG amplification leads to

increased protein expression remains inconclusive. However, it is

F IGURE 2 Detection of subclonal
ERG amplification in myelodysplastic
syndrome. Pt 5 and 12 shows
subthreshold ERG amplifications with LRR
<0.2. However, subtle changes in LRR
tracings (A), corroborated by loss of
heterozygosity as seen on the B-allele
frequency (BAF) tracings (B), along
chromosome 21 suggest ERG
amplifications are small subclonal events,
which are subsequently confirmed with
ERG FISH studies
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important to note that the AML with highest ERG IHC H-score

(250 of 300) also harbors the highest copy number amplification of

ERG in the form of double minute chromosomes (Pt 9).

3.8 | Outcome and survival analysis

Twelve patients presented with a diagnosis of AML, among whom

seven received induction chemotherapy and four venetoclax and deci-

tabine. One patient (pt 3), who received allogenic hematopoietic stem

cell transplant following treatment with decitabine/venetoclax, is alive

beyond 13 months and is undergoing treatment for relapsed disease.

Four patients presented with MDS, including two with therapy-

related myeloid neoplasms (pt 1 and 11) and two with de novo MDS

(pt 5 and 12). Patients 1 and 11 were placed on supportive care due

to poor performance status and co-morbidities. Interestingly, Patients

5 and 12 are the only two cases in our cohort that harbor subclonal

ERG amplification. Patient 5 initially presented MDS with multilineage

dysplasia and ring sideroblasts and a very high risk IPSS-RA score

(6.9). Within 7 months, the patient expired shortly after transforma-

tion to AML. Patient 12 is the only one with simple karyotypic abnor-

mality. However, we do not have follow-up clinical information after

diagnosis. The patient's death was discovered by searching public

database. Comparison of the overall survival between our cohort of

AML with ERG amplification (median survival: 2.8 months) and

patients with AML-CK without ERG amplification (median survival:

2.0 months) shows no significant difference (Figure S1; p = 0.40; log

rank test).

Pt:
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Chr:       1             2             3           4           5          6         7        8        9      10     11     12 13    14   15  16  17       19     21       X     Y
18     20    22 

F IGURE 3 Genome wide copy number alterations in myeloid neoplasms with ERG amplification as assessed by copy number arrays. ERG
amplification is associated with complex large copy number alterations, including frequent loss of chromosome 5q

Pt:
2887
2938
2935
2908
2860
2813
2868
2968

Chr:       1             2              3           4           5          6         7        8         9       10     11     12 13    14    15  16  17       19     21        X     Y
                                                                                                                                                                                         18     20     22 

(A)

Pt:
2887
2938
2935
2908
2860
2813
2868
2968

(B)

F IGURE 4 ERG amplification associated with complex genome-wide copy number alterations is validated by the TCGA cohort of AML.
(A) Genome wide patterns of copy number alterations as assessed by SNP6.0 array include frequent chromosome 5q loss. (B) Segmental ERG
amplification on chr21 in the TCGA cohort is accompanied by a similar pattern of flanking CNA changes, as seen in the UM cohort
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4 | DISCUSSION

Our study demonstrates ERG amplification is a recurrent event that

occurs in a subset of AML with complex karyotype, consistent with

prior studies.16–18 We demonstrated that ERG amplification can

emerge as low level subclones in MDS and become dominant clones

in AML. For first time, we describe the presence of ERG amplification

in AML transformed from MPN. Our analysis reveals that the

amplified regions exhibit great variability in sizes with frequent ETS2

co-amplifications. ETS2, another member of ETS family transcription

factors, locates approximately 139 kb telomerically from ERG and is

the closest neighboring coding gene. Due to its proximity, ETS2 fre-

quently co-amplifies with ERG.16,17 The biological function of ETS2

remains poorly understood. Interestingly, ETS2 functionally interacts

with ERG in the transcriptional control of megakaryopoiesis.9,11 There

is also limited data to suggest that AML with increased ETS2 expres-

sion portends adverse prognosis.42 In previously reported cohorts,

minimal common region analysis identifies ERG as the only gene that

is consistently amplified despite frequent ETS2 co-amplification.16,17

In addition to complex karyotype and frequent TP53 mutations, we

also noted high incidence of chromothripsis.

The interphase and metaphase FISH studies show that ERG ampli-

fication can occur in three patterns: intrachromosomal amplification,

supernumerary marker chromosomes, and double minutes. These pat-

terns, encompassing in cis, in trans, and extrachromosomal DNA

amplification, suggest that ERG amplification arises through multiple

different mechanisms.43–45 For example, tandem homogenous

staining region can result from bridge-fusion-break (BFB) cycles, and

double minutes from chromothripsis. Similar patterns of amplification

involving other genes have been described in AML with complex kar-

yotype and TP53 mutations.30,46,47 However, a large-scale analysis

across a large selection of tumor types using whole genome sequenc-

ing demonstrates that chromothripsis can co-occur with other types

of complex rearrangements, such as BFB cycles.48 Therefore, whole

genome sequencing studies will be needed to further dissect the

mechanism of ERG amplification and its association with other struc-

tural abnormalities.

Despite sharing overlapping regions on chromosome 21q22, ERG

amplification in AML is distinctly different from iAMP21 as defined in

B-ALL. In addition to different patterns of copy number alterations

(see above), RUNX1 amplification, a clinical marker for iAMP21 B-

ALL,19 is infrequently present in our cohort. Second, iAMP21 in B-ALL

is not known to associate with complex karyotypes and/or TP53

mutations.22,49,50 In contrast, our data strongly suggest that ERG

amplification arises as a secondary driver. Interestingly, a recently

described cohort of AML with iAMP21 that is solely defined by

RUNX1 FISH studies shares similar clinicopathologic features with our

AML cohort. Both cohorts are comprised of therapy-related myeloid

neoplasms and AML-MRC harboring complex karyotype, in particular

deletions of chromosomes 5 and 7, and frequent TP53 mutations.23

The strong association of TP53 mutations and complex karyotype in

MDS and AML has been well described.26–29 Although the cohort as

described by Xie et al.23 likely includes a significant number of cases

with ERG amplification, confirmatory studies will be needed to ascer-

tain the relationship to AML with ERG amplification.

In addition to AML, ERG amplification was also present as sub-

clonal events in two cases of MDS in Pt 5 and 12. These ERG amplifi-

cations were first noted as subthreshold copy number gain on copy

F IGURE 5 ERG protein expression in AML with complex karyotype as assessed by immunohistochemistry (IHC). (A) Examples of intense ERG
staining (left panel) of Patient 9 with ERG amplification by double minute chromosomes, and moderate to weak ERG staining (right panel) of a
patient with AML-CK without ERG amplification. (B) Computational H-scoring for staining intensity showing red as intense, orange as moderate,
yellow as weak, and blue as negative. (C) H-scores of ERG IHC is more intense in AML-CK with ERG amplification (ERGAmp; n = 11) than AML
without ERG amp (NoAmp; n = 13) but did not reach statistical significance (p = 0.40; Kruskal–Wallis rank sum test)
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number arrays and later confirmed by FISH studies to be present in

15%–19% of nucleated cells. In Patient 5, the subclonal ERG amplifica-

tion is present in the backdrop of a dominant clone with complex kar-

yotype, including deletion in chromosome 5q. The disease, initially

diagnosed as MDS with ring sideroblasts and multilineage dysplasia,

progressed rapidly. The patient expired shortly after transformation to

AML within 7 months of diagnosis. As for Patient 12, the dominant

clone carries deletion 20q as the sole karyotypic abnormality. How-

ever, we have limited information on the course of his disease. Over-

all, these findings suggest that ERG amplification can emerge as a low

level secondary event in the early phase of disease evolution.

We assessed ERG protein levels in AML with ERG amplification

using immunohistochemical stain and evaluate semi-quantitatively

using H-score. All cases of AML with ERG amplification exhibit intense

nuclear staining for ERG protein. However, the increase in expression

was not statistically significant when compared to AML-CK without

ERG amplification. We should point out that this result remains incon-

clusive for the following reasons. Firstly, our immunohistochemical stain

may lack the dynamic range to sufficiently detect the difference. Signifi-

cant physiologic ERG expression has been observed in hematopoietic

progenitor cells and the expression dissipates during maturation and

differentiation. Prior studies have shown that ERG amplification can

lead to further increase ERG RNA transcript level in AML.16,17 Secondly,

we were unable to exclusively score ERG protein level in the myeloid

blasts. Our cohorts of AML exhibit significant maturation. Therefore,

the marrow cores are a mixture of maturing myeloid, erythroid, mega-

karyocytic elements, and variable number of blasts, ranging from 30%

to 80%. Our computational method can exclude megakaryocytes by

nuclear size. However, it is impossible to morphologically distinguish

early myeloid and erythroid precursors from blasts in our stained sec-

tions. Cases with higher blast fraction will likely to have scored higher

for ERG staining. Lastly, our study does not address the possibility that

ERG expression may be increased through epigenetic mechanisms in

non-amplified cases. Therefore, we believe additional studies using mul-

tiplex labeling techniques to separate blasts from maturing hematopoi-

etic elements will provide further insights.

AML-CK represents evolutionary convergence of different types

of myeloid malignancies. The adverse prognosis of this disease can be

attributed to its onset in patients with advanced age and poor perfor-

mance status, and the ineffectiveness of standard chemotherapy due

to its inherent genetic heterogeneity and complexity. Therefore, iden-

tification of recurrent secondary driver events may offer opportunities

for targeted therapy. ERG amplification in our cohort and others has

emerged as one of the most common recurrent drivers in AML-CK

and serve as a potential target for therapy.16–18 Furthermore, the dis-

covery of oncogenic ERG overexpression in prostate cancer has

already set off pre-clinical development of specific ERG

inhibitors.51–53 Therefore, it would be intriguing to explore the utility

of ERG inhibitors in treating AML with ERG amplification.
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