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CEBPA mutations are of prognostic relevance in acute
myeloid leukemia (AML) and are currently detected
using a combination of denaturing high-performance
liquid chromatography (DHPLC), gene scan/fragment
length analysis, and direct Sanger sequencing. Next-
generation deep pyrosequencing, principally, allows
for the highly sensitive detection of molecular muta-
tions. However, standard 454 chemistry laboratory
procedures lack efficient amplification of guanine-
cytosine (GC)-rich amplicons during the emulsion
PCR (emPCR) steps allowing direct massively parallel
clonal amplification of PCR products. To solve this
problem, we investigated six distinct emPCR condi-
tions. The coding sequence of CEBPA was subdivided
into four overlapping amplicons: GC content for am-
plicon 1, 74%; amplicon 2, 76%; amplicon 3, 77%; and
amplicon 4, 69%. A new emPCR condition, improving
the standard titanium assay, presents a robust solu-
tion to sequence amplicons with a GC content of up
to 77%. Moreover, this assay was subsequently
tested on a larger independent cohort of 23 AML
patients. For each patient, a median of 737 reads
was generated (coverage range, 397-fold to 1194-
fold) and therefore allowed a robust detection of
insertions, deletions, and point mutations. In con-
clusion, next-generation amplicon sequencing en-
ables the highly sensitive detection of molecular
mutations and is a feasible assay for routine assess-
ment of GC-rich content amplicons. (J Mol Diagn
2011, 13:129-136; DOI: 10.1016/j.jmoldx.2010.09.001)

CEBPA (CCAAT/enhancer binding protein a) encodes a
protein member of the basic region leucine zipper (bZIP)

transcription factor family that is essential for myeloid
differentiation.”? CEBPA mutations occur predominantly
in AML with a normal karyotype and have been reported
to occur in a range of 13% to 19% of such patients.” 34
Importantly, CEBPA mutations have been associated with
a relatively favorable outcome and have therefore gained
interest as a biomarker with prognostic utility.> CEBPA-
mutant AMLs have recently been included into the World
Health Organization 2008 classification as a provisional
entity.® It is therefore warranted to provide a robust, ob-
jective, and sensitive detection method for the two pro-
totypical classes of mutations: N-terminal mutations are
located between the major translational start codon and a
second ATG in the same open reading frame. These
mutations most frequently introduce a premature stop of
translation of the p42 CEBPA protein while preserving
translation of a p30 isoform that has been reported to
inhibit the function of full-length protein. Second, muta-
tions in the C-terminal basic leucine zipper (bZIP) region,
in contrast, are usually in-frame and may impair DNA
binding and/or homodimerization and heterodimeriza-
tion. The remaining mutations observed are found be-
tween the N-terminus and the bZIP region.”® Most
CEBPA mutated AMLs carry two mutations, which most
frequently involves a combination of an N-terminal and a
bZIP gene mutation, whereas single heterozygous muta-
tions are less frequently seen.®° Today, the screening of
CEBPA mutations in patients with AML is often performed
applying a combination of fragment length analysis, DH-
PLC, and subsequent direct Sanger sequencing.'®""
The 454 deep-pyrosequencing method includes emul-
sion PCR (emPCR) steps that allow a direct, massively
parallel clonal amplification of PCR products. In principle,
amplicon sequencing allows for a highly sensitive detec-
tion of molecular mutations. CEBPA mutations have not
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Table 1. Primers Used for Amplification of CEBPA Fragments and Their GC Content

Length (including
sequence-

Primer set Forward Temp °C Reverse Tm °C  specific primer)  Region (AA) G C  GC content
CEBPA Set A1 5'-GCCATGCCGGGAGAACT-3’ 62 5'-CCCGGGTAGTCAAAGTCG-3' 59 357 bp 1-103 116 147 74%
CEBPA Set A2 5'-CCTTCAACGACGAGTTCCTG-3’ 61 5'-CGGCTGGTAAGGGAAGAGG-3’ 62 335 bp 79-176 130 126 76%
CEBPA Set A3 5'-GAGGAGGATGAAGCCAAGC-3’ 60 5’-CTCGTTGCTGTTCTTGTCCA-3' 60 357 bp 173-277 113 163 77%
CEBPA Set A4 5'-TGGCAGCGCGCTCAAG-3' 65 5'-CCAGGGCGGTCCCACA-3' 65 357 bp 255-359 136 110 69%

CEBPA, CCAAT/enhancer binding protein «; G, guanine; C, cytosine.

yet been investigated using next-generation sequ-
encing technology. Moreover, standard Titanium chem-
istry laboratory procedures lack efficient amplification of
highly guanine-cytosine (GC)-rich amplicons.

We investigated six distinct emulsion-based clonal am-
plification conditions and present a robust solution for
subsequent sequencing of PCR amplicons with a GC
content of up to 77%. In this assay, the coding sequence
of CEBPA was subdivided into four distinct amplicons.
Subsequently, the performance of this optimized emPCR
condition was tested on a larger cohort of 23 AML pa-
tients and allowed for the sensitive detection of insertions,
deletions, and point mutations.

Materials and Methods

Patient Samples

This work included 25 AML cases sent to the MLL Munich
Leukemia Laboratory for diagnostic assessment between
June 2005 and October 2009. All samples in this study
were obtained from untreated AML patients and were
preselected according to their known CEBPA mutation
status. Bone marrow or peripheral blood mononuclear
cells were enriched for molecular analyses using a Ficoll
density gradient. The study design adhered to the tenets
of the Declaration of Helsinki and was approved by the
institutional review board before its initiation.

Molecular Diagnostics

The CEBPA gene was first amplified in four PCR fragments
and subsequently analyzed by DHPLC. All fragments that
revealed an aberrant dissociation pattern by DHPLC anal-
ysis were subsequently analyzed by Sanger sequencing
(according to standard laboratory protocols).

Next-Generation Sequencing

NGS was performed using 454 Titanium amplicon chem-
istry (Roche Applied Science, Penzberg, Germany).'?
For each of the CEBPA patients, four overlapping ampli-
cons were processed. Table 1 lists the corresponding
primer sequences and depicts the GC content for the
four amplicons. The GC-RICH PCR System (Roche Ap-
plied Science) was used to amplify CEBPA fragments
from genomic patient DNA according to the manufactur-
er’'s recommendations. The PCR conditions were as fol-
lows: 95°C for 3 minutes; 45 cycles of 95°C for 60 sec-
onds, 60°C for 60 seconds, and 72°C for 60 seconds;
72°C for 10 minutes; and 12°C hold. PCR products were
subsequently purified using AMPure XP beads (Beckman
Coulter, Krefeld, Germany) and quantified using the
Quant-iT PicoGreen kit (Invitrogen, Carlsbad, CA). For each
patient, 100 ng each of the four CEBPA amplicons were
pooled in an equimolar ratio to generate one single patient-
specific CEBPA library. According to the manufacturer’s
recommendations, the multiplexed amplicon pools were
subsequently diluted to 4 X 10° molecules/ul. This working
dilution was used as starting concentration for the GS FLX
Titanium small volume (SV) emPCR Kit (Lib-A) (Roche Ap-
plied Science), processing forward (A) and reverse (B) re-
actions in separate amplification mixes. The emPCR ther-
mocycler conditions were as follows: 94°C for 4 minutes; 50
cycles of 94°C for 30 seconds, 58°C for 4.5 minutes, 68°C
for 30 seconds; and 10°C hold (Table 2). Following the
emPCR ampilification, clonally amplified beads were en-
riched for 454 next-generation sequencing following the
manufacturer's recommendations, processing forward (A)
and reverse (B) beads separately until combining them at
the step of loading the respective PicoTiterPlate (PTP)
lanes. Two molecular barcodes were used, ie, standard 454
Life Sciences 10-base sequences MID1 (ACGAGTGCGT)

Table 2. Standard emPCR Recommendations (454) in 100 uL Reaction Volume and Optimized emPCR Protocol in 50 uL Reaction

Volume
Standard emPCR
recommendations Optimized emPCR protocol
Component 16 X (uL) 1 X (ub) 16 X (ub) 1 X (ul)

Molecular biology grade water 1200 75 — —
emPCR additive 1500 93.8 2700 168.8
5 X amplification mix 780 48.8 780 48.8
Amplification primer A or B 230 14.4 230 14.4
emPCR enzyme mix 200 12.5 200 12.5
PPiase enzyme 5 0.3 5 0.3

emPCR, emulsion PCR.



and MID2 (ACGCTCGACA), incorporated in the PCR
primer sequences to allow multiplexing of distinct patient
libraries per sequencing lane on the 454 PTP.

Data Generation and Analysis

The 454 sequencing data were generated during several
runs on a Genome Sequencer FLX instrument using the
GS FLX Titanium Sequencing Kit XLR70 (Roche Applied
Science). The PTP was divided into eight distinct lanes.
After image generation using the GS Sequencer software
version 2.3 and processing of the data using the GS
Image and Signal Processing software version 2.3, the
obtained reads for each amplicon were aligned against
the reference sequences of CEBPA (Ensemble ID:
ENSG00000245848) using the GS Amplicon Variant An-
alyzer software version 2.3 (Roche Applied Science).
Mapping results and detected variants were exported to
R/Bioconductor ' for further analysis and visualization by
diagnostic plots shown in this article. Wilcoxon’s matched
pairs rank test was used to study the influence of the
molecular barcodes MID1 and MID2 on the total number

A Amplicon Al Amplicon A2 Amplicon A3
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of reads generated per sample across all four PCR am-
plicons. Two samples with MID1 and MID2, respectively,
located on the same PTP and lane were considered as
paired. Because of the experimental design and loading of
the PTP lanes, five of 23 test samples had to be removed
from the statistical analysis due to a missing appropriate
corresponding MID pair in the respective run.

Results

Amplification of CEBPA Fragments Using the
Standard emPCR Condition

For 454 deep-sequencing analyses, the CEBPA gene
was covered by four overlapping PCR fragments and
processed using the small-volume emulsion-based
clonal amplification Lib-A assay for PCR amplicons. In
this first analysis, two patients (T13 and T15) were inves-
tigated using GS FLX Titanium Sequencing Chemistry
standard emPCR amplification condition as recom-
mended by the manufacturer. The live amplification mix
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Figure 1. Next-generation sequencing of two
AML cases. For both patients T13 and T15 mu-
tations observed by next-generation amplicon
sequencing are highlighted. A: Location of the
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overlapping amplicon design covering the com-
plete coding sequence of CEBPA. B: Example of
the Q83SfsX76 mutation in patient T15. As given
on the right y axis for this amplicon, a 263-fold
coverage was generated (blue line). The single-
base deletion leading to the frameshift was de-
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Figure 2. Sequencing coverage of the four CEBPA amplicons using standard
GS FLX Titanium Sequencing emPCR conditions. For both patients T13 and
T15, the number of obtained sequencing reads using the procedure as
recommended by the manufacturer is given on the y axis (referred to as
Condition 0). For each amplicon A1 to A4, the bar is colored according to the
distribution of forward reads (dark area) and reverse reads (light area).

was prepared for forward and reverse reactions, as given
in Table 2, using the recommended total reaction volume
of 100 uL per emPCR reaction in a 96-well plate format.

As demonstrated in Figure 1, for two patients, T13 and
T15, the next-generation massively parallel pyrosequenc-
ing assay revealed mutations in the N- and C-terminal
regions for both patients. All mutations were known from
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a previous DHPLC analysis at routine diagnostic work-up
including subsequent Sanger sequencing. In detail, as
given in Figure 1A, in patient T13 amplicon 1 was repre-
sented by 516 reads (228 forward and 288 reverse). The
respective mutations were observed with the following
percentages: H18Q (51%) and G53AfsX107 (47%). Am-
plicon 4 was represented by 580 reads (368 forward and
212 reverse) and contained the dupT310_R325 in 24%.
In patient T15, amplicon 1 was represented by 263 reads
(74 forward and 189 reverse) and contained the
Q83SfsX76 mutation in 53% of obtained reads (Figure
1B). Amplicon 4 was represented by 870 reads (480
forward and 390 reverse) and contained the A295V mu-
tation in 47% of sequencing reads (Figure 1C).

On investigation of the corresponding next-generation
sequencing reads, the highest coverage was observed for
amplicon 4 with a GC content of 69% (Figure 2). Although a
lower coverage was observed for amplicon 1, amplicons 2
and 3 failed completely to amplify when the recommended
standard GS FLX Titanium SV emPCR condition was ap-
plied. Therefore, amplicons with a GC content of >74% did
not amplify during the emPCR (Figure 2).

Amplification of CEBPA Fragments Using Four
Different emPCR Conditions

In a second sequencing run, four different emPCR condi-
tions were analyzed to improve the amplification of GC-rich
template amplicons during the emPCR: Condition A, GS
FLX Titanium Sequencing standard emPCR amplification
conditions but 50-ulL reaction volume instead of 100 ul;
Condition B, GS FLX Titanium Sequencing emPCR master
mix containing only Additive reagent instead of H,O and
50-uL reaction volume; Condition C, GS FLX Titanium Se-

Condition B

Figure 3. Sequencing coverage of the four
CEBPA amplicons using various emPCR condi-
tions. For both patients T13 and T15, four dis-
tinct GS FLX Titanium Sequencing emPCR con-
ditions were tested (A-D). The number of
obtained sequencing reads is given on the y axis.
For each amplicon Al to A4, the bar is colored
according to the distribution of forward reads
(dark area) and reverse reads (light area).
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quencing emPCR master mix containing only Additive re- selected for the next round of optimization. Overall, for each
agent instead of H,O in a 100-uL reaction volume; and of the two cases (patients T13 and T15), a similar trend was
Condition D, GS FLX Titanium Sequencing emPCR master observed across all distinct emPCR conditions and frag-
mix in a 100-ulL reaction volume containing only 50% of ments. In conclusion, of this series of four experiments,
H,O compared with standard conditions but 50% in- condition B was chosen for further investigation.

creased volume of Additive reagent.
As seen in Figure 3, condition A still failed to yield reads

for amplicons 2 and 3. In contrast, condition B homoge- Ampilification of CEBPA Fragments Using

neously amplified fragments 1, 2, and 4. Moreover, condi- Condition B and Diverse Amounts of PCR

tion B also amplified the fragment 3 with the highest GC Products and Forward (A) and Reverse (B)
content of 77%. A substantially lower coverage for amplicon Beads

3 was observed for conditions C and D. The latter two

conditions C and D revealed a substantially more hetero- Next, to further improve on the coverage of each ampli-
geneous distribution of reads than condition B and were not con, a third sequencing run was performed. This series of

Table 3. Characteristics and Sequencing Results of CEBPA Mutations (Amplification Protocol B.1)

Age Median
Sample Sex (years) Diagnosis Cytogenetics coverage NGS results
T13 F 25 AML M2 46,XX [20] 683 H18Q (58%), G53AfsX107 (58%),
T310_R325dup (15%)
T15 F 48 AML 46,XX [20] 644 QB83SfsX77 (48%), A295V (51%)
T266 F 65 AML 46,XX [15] 860 No mutation found
T267 M 68 AML M1 46,XY [20] 1194 dupE309_E316 (30%)
T268 M 25 AML M1 46,XY [25] 618 P22LfsX118 (64%), dupL315 (50%)
T270 F 26 AML M1 46,XX [20] 865 A84PfsX112 (39%), V308GinsR (35%)
T271 M 36 AML M1 46,XY [20] 1153 F106LfsX54 (27%), dupK302 (41%)
T273 F 51 AMLM1  46XX [20] 778 H24AfsX136 (22%), R297P (49%)
T274 F 53 AML 46,XX [20] 702 No mutation found
T275 F 71 AML M1 46,XX [20] 851 Q87X (37%)
T276 F 79 AML 46,XX [20] 658 R264GfsX55 (42%), L338HfsX22 (37%)
T277 M 43 AMLM6  46,XY [35] 607 G116RfsX54 (42%), dupK302_K313 (24%)
T278 F 87 AML M2 46,XX [20] 403 Q41SfsX117 (46%), F82SfsX78 (37%)
T279 F 60 AMLM1  46XX [17] 440 D80GfsX28 (37%)
T280 F 85 AML M2 46,XX [20] 440 M15V (10%), C133WfsX17 (10%)
T281 F 71 t-AML M1 46,XX [20] 397 G110RfsX212 (39%)
T282 M 83 s-AML 46,XY [20] 737 G54EfsX106 (70%)
T283 M 75 AML 48 XY,+8,+18 [19] 729 A152T (48%)
T284 F 63 AML M2 46,XX [20] 1047 Y181LfsX140 (27%)
T285 M 76 MDS 47 XY, +15 [19] 808 P23QfsX81 (34%)
T286 M 72 s-AML 46,XY [20] 879 Y285C (83%)
T287 F 78 AML M1 46,XX [20] 763 H24AfsX84 (33%), dupQ312 (44%)
T288 M 63 s-AML 46,XY [21] 633 No mutation found
T289 F 87 AML M2 47 XX, +13 [14] 1101 P187_P189del (57%)
T290 M 73 s-AML Complex aberrant karyotype 656 168V (15%), P128RfsX32 (18%)

including abnormalities on
chromosomes 11 and 13 [9]

F, female; M, male.
Bold type incidates mutations that were not detectable with conventional routine assays because of technical limitations of the WAVE assay.
Note: Subsequent Sanger sequencing confirmed the R297P (49%) and H24AfsX84 (33%) mutations.
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Figure 5. Independent testing cohort of 23 AML
patients using the optimized emPCR condition B.1.
The number of obtained sequencing reads is given
on the y axis. A: Box-and-whisker plots depict the
overall sequencing coverage of the four CEBPA am-
plicons Al to A4. B: Box-and-whisker plots depict
the overall sequencing coverage of the four CEBPA
amplicons represented as forward and reverse reads.
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experiments was based on amplicon pools that included
twice the amount of input PCR product for amplicon 2
and a fourfold input amount of PCR product for amplicon
3. As seen in Figure 4, condition B.1 homogeneously
amplified fragments 1, 2, and 4. Fragment 3 also pro-
duced a significant number of sequencing reads that was
improved over the previous condition B. A final iteration
tested a variation of forward (A) and reverse (B) beads
(ie, a 1.5-fold input of A beads was used). As observed
for the condition B.2, a slightly higher percentage of
forward reads was obtained for fragment 3; however, for
other amplicons, the number of forward and reverse
reads was less homogeneously distributed (Figure 4).
Therefore, condition B.1 and not B.2 was selected as the
final optimized condition for the emPCR amplification re-
action and was selected for being tested on a larger
cohort of AML patients.

Characterization of Patients Using Optimized
emPCR Amplification Condition

The optimized emPCR amplification protocol B.1 was
tested on an independent cohort of 23 AML patients. All
patients were fully characterized according to the World
Health Organization 2008 classification. As depicted in
Table 3, a median coverage of 737-fold was obtained per
patient across all amplicons for these 23 cases. In all
cases, condition B.1 proved to robustly yield sufficient
reads for all four CEBPA fragments. This is depicted in
Figure 5 for all 23 AML patients, both for the overall
amplicon coverage (Figure 5A) and for the respective
representation of forward and reverse reads (Figure 5B).
Overall, the cases processed with molecular barcode
MID1 produced slightly more sequencing reads than
MID2. Table 4 lists the corresponding median values and
range for each amplicon according to the MID used (P =
0.01). Therefore, distinct performances according to the
10-base molecular barcode were observed and would

cesea =L“‘|:I:““

CEBPA A3 —
CEBPA A4
CEBPA A4

benefit from further investigation. In this independent co-
hort of 23 patients, after excluding silent mutations and
polymorphisms, we observed 35 mutations (Table 3). Of
those mutations that were previously known from the time
point of routine assessment (n = 31), NGS analysis was
able to detect and confirm all of them. However, it is
important to note that in four of 23 cases (17%), NGS
ultra-deep sequencing detected mutations not observed
by the previous routine assessment. In detail, these mu-
tations ranged from 10% (M15V) to 49% (R297P). The
latter mutation was not detected in the WAVE assay be-
cause of technical limitations and thus was not further
processed by Sanger sequencing.

Discussion

CEBPA (CCAAT/enhancer binding protein «) encodes a
protein member of the basic region leucine zipper (bZIP)
transcription factor family that is essential for myeloid
differentiation.”? According to current standard labora-
tory procedures, CEBPA mutations are currently detected
using a combination of DHPLC, gene scan/fragment
length analysis, and direct Sanger sequencing. Fragment
length analysis cannot detect base substitutions, and
therefore it would not be technically possible to detect
eight of 35 mutations (23%) as observed in our cohort.
Moreover, DHPLC analyses can miss rare mutations (eg,
if these are located at the very end of the respective

Table 4. Performance of the Distinct Molecular Barcodes MID1

and MID2
Amplicon Median MID1 (range) Median MID2 (range)
CEBPA A1 830 (621-998) 658 (295-1492)
CEBPA A2 865 (723-1136) 655 (259-1509)
CEBPA A3 596 (463-1170) 499 (390-1150)
CEBPA A4 1047 (802-1492) 708 (539-1052)




amplicon). In addition, DHPLC can miss changes in AT-
or GC-rich regions, particularly if it is a base duplication
(eg, A>AA, T>TT, G>GG or C>CC). Finally, conven-
tional Sanger sequencing allows an immediate and de-
tailed analysis of PCR-amplified DNA fragments,'© but
has a currently accepted lower cut-off value of 20% di-
agnostic sensitivity.

As presented in this study, the NGS analysis would
have outperformed the current sequencing-based work-
flow. Because of the high GC content of two CEBPA
fragments, the emPCR, as part of the 454 assay, was not
sufficiently amplifying these two PCR products. There-
fore, we have optimized the conditions for CEBPA anal-
ysis on a 454 next-generation sequencing platform. In
total, 23 patients with known CEBPA mutation status were
analyzed in a second step for independent validation of
this modified emPCR assay. Most CEBPA-mutant AMLs
carry two mutations, which frequently involves a combi-
nation of an N-terminal and a bZIP gene mutation.® The
data for this selected cohort showed that in 12 samples
the patients harbored more than one mutation. In three
cases, these mutations were detected in the same re-
spective amplicons, and in nine cases the mutations oc-
curred in separate amplicons.

Moreover, in those three cases with double mutations
within the same respective amplicons, 454 deep-se-
quencing allowed for the prediction of the presence or
absence of distinct subclones harboring different muta-
tions. In patient T13, we detected two distinct mutations
in the same amplicon occurring in the same sequencing
reads, and for patients T276 and T278 we were able to
detect separate subclones because the mutated codons
were not found concomitantly within the same sequenc-
ing read but were separated across distinct individual
reads.

It has been shown that biallelic disruption of the N and
C terminus of CEBPA is required for the favorable clinical
outcome.® As such, it is expected that with a future in-
crease in read length of next-generation sequencing as-
says it will be possible to clearly correlate the reads of all
double mutations to a monoallelic or biallelic status of the
mutation, thereby underlining the clinical utility of such a
diagnostic assay.

In conclusion, our results indicate that 454 next-gen-
eration amplicon sequencing is a sensitive assay suitable
for routine assessment of the important parameter of
CEBPA mutations in AML. We were able to show that this
procedure allowed for the detection of all CEBPA muta-
tions as known from current routine assays. Moreover,
some CEBPA mutations that were not identifiable using
the current standard workflow were detected and there-
fore highlight the utility of this method for a total compre-
hensive screening of CEBPA mutations. Of note, we ob-
served in our cohort two distinct mutations with a
mutational burden of <15%, underlining the sensitivity of
amplicon-based deep-sequencing. Yet, further research
will be necessary to fully understand the clinical rele-
vance of these small subclones, as amplicon deep-se-
quencing not only provides a technical means to detect
these subclones at diagnosis but also allows for the
quantitative monitoring of these aberrations during a
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course of treatment. Furthermore, NGS also allowed new
insights into the distinction of separate subclones with
mutations derived from the same PCR amplicon. Be-
cause double mutations of CEBPA have been proposed
to represent a distinct molecular subtype of AML with a
normal karyotype, this method may add to future risk-
adapted therapeutic strategies and improve the outcome
of AML.2 Although this study was designed to address
the methodology of NGS and certain amplification con-
siderations using a single gene, it is further anticipated
that NGS will evolve as a suitable platform to cover the
needs of providing data on multiple molecular mutations
in a high-level throughput and accuracy, not only in he-
matological malignancies, and as such will rapidly ad-
vance into the field of standard molecular diagnostics.
Recently, such a study was presented in which 43 am-
plicons covering seven candidate genes (RUNXT, TET2,
CBL, JAK2, MPL, NRAS, and KRAS) were investigated in
a cohort of 81 chronic myelomonocytic leukemia patients,
generating novel molecular insights into this poorly char-
acterized category of myeloid malignancy.' As for AML,
amplicon deep-sequencing not only can be applied to
cover mutational hotspot regions of established markers
(NPM1, FLT3) but also enables the broader in-depth in-
vestigation of novel candidates, such as TET2,'® EZH2,'®
and ASXL1,"” or the characterization of even larger
genes, such as NF7."8
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