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Abstract

Introduction: Variants of uncertain significance (VUS) are commonly reported in can-
cer with the widespread adoption of diagnostic massive parallel sequencing. The rate
of reclassification of VUS in patients with haematological malignancy is not known and
we evaluated this retrospectively. We also investigated whether re-evaluating VUS in
12-24 months or greater than 24 months post-initial classification was significant.
Method: A retrospective audit of patients with haematological malignancies referred
to the Molecular Medicine Department at the John Hunter Hospital in Newcas-
tle, Australia between September 2018 and December 2021. Data was analysed for
VUS, which was then re-analysed in standard software using current somatic variant
guidelines. Proportions of VUS at baseline were compared to post-re-analysis.
Results: The most common diagnoses in the patient cohort (n = 944) were acute myel-
ogenous leukaemia (41%), myelodysplastic syndrome (31%), and chronic myelomono-
cytic leukaemia (7%). A total of 210 VUS were re-analysed. The most common VUS
were in the TET2 (20%), RUNX1 (10%) and DNMT3A (9%) genes. A total of 103
were re-analysed at 24-39 months post-initial classification and 107 variants were
re-analysed between 12 and 24 months post-initial classification. Of these, 33 (16%)
of VUS were re-classified at 24-39 months and 12 (11%) were re-classified at 12-24
months post-initial classification. The most common variants that were re-classified in
both groups were CSF3R (32%), TET2 (29%), ASXL1 (11%) and ZRSR2 (11%).
Conclusion: This study on reclassification of VUS in blood cancers demonstrated
that one in seven VUS were re-classified 12 months post initial classification. This
can inform practice guidelines and potentially impact the prognosis, diagnosis and

treatment of haematological malignancies.
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1 | INTRODUCTION

The recent increase in the availability and utility of Massive Parallel
Sequencing (MPS) has enabled more sensitive and efficacious genetic
testing in cancer [1, 2]. As a result, the need for guidelines standardis-
ing the interpretation of genetic variants has become vital [3]. Changes
are generally detected by comparing DNA samples to large population
databases such as the Genome Aggregation Database (gnomAD). In
addition, scoring systems help assign variants based on the strength of
evidence for disease association. The paradox of MPS is that, while it
enables the sequencing of hundreds of variants, a large proportion of
those will be classified as variants of uncertain significance (VUS) [4-6].
In studies sequencing breast and ovarian cancer variants, on aver-
age, 40%-50% are classified as VUS [7, 8]. There is limited literature
regarding the average proportion of VUS in haematological malignancy
genomic databases. Whilst the European Leukemia-NET guidelines aid
with more common variations observed in certain blood cancers such
as acute leukaemia, interpretation of less common variants including
VUS is more challenging [9]. Most relevant to assessing VUS in haema-
tological malignancies are the AMP-ASCO-CAP Guidelines for somatic
variants, developed in 2017 by the American College of Molecular
Genetics (ACMG) and the Association for Molecular Pathology (AMP),
the College of American Pathologists (CAP) and American Society for
Clinical Oncology (ASCO). Distinct from interpreting germline variants,
where the focus is on oncogenicity, in the AMP-ASCO-CAP Guidelines,
the focus is on clinical implications [3]. More recently, a structured
point-based system for variant review has been suggested to make
the classification more objective [10]. Despite the increasing clarity in
these guidelines, there is still ambiguity as to variant re-evaluation and
re-classification. The guidelines indicate that, given the monumental
task of interpreting the clinical significance of variants and the wide
range of evidence that can be considered relevant, molecular scien-
tists and pathologists should exercise independent clinical judgment
in the context of the evidence as to whether variants should be
re-classified [3].

A combination of population, cancer-specific and other disease
databases, as well as internal databases are recommended for use
in the initial classification of MPS data [3]. However, it is usually
laboratory-specific with each laboratory having its own preferred
method, policy and protocol on how VUS should be re-assessed.

The ACMG emphasises the importance of re-evaluating individual
patient’s genetic data to ensure databases are up to date [11]. They
recommend that laboratories should have policies and protocols
on re-evaluation that balance the burden of re-evaluation with the
importance of accurate data and suggest re-evaluation should occur
in response to external requests or new evidence [11]. Where new
evidence includes: community resources that assess population-based
variant frequency (e.g. gnomAD), variant assessment methodologies,
and gene-disease relationship or mechanism of disease evidence [11].

Taking into account the impracticalities of individual laboratories re-
evaluating entire local databases due to financial and time constraints,

the ACMG suggest that re-evaluation should prioritise maximum clin-

ical impact, and VUS or likely oncogenic classifications should be
reviewed more often than likely benign variants because they have
greater potential implications on clinical management [11].

This study determined the rate of reclassification of VUS in patients
with haematological malignancy. We also aimed to investigate whether
re-evaluating VUS in 12-24 months or greater than 24 months post-
initial classification was significant enough to warrant continuing
periodic reviews.

2 | METHODS

2.1 | Design and data sources

Avretrospective audit was conducted using medical records and genetic
data of patients referred to the Molecular Medicine Department, NSW
Health Pathology, John Hunter Hospital (JHH) in Newcastle, Australia
between September 2018 and December 2021. Patients were referred
from hospitals across New South Wales (NSW) following a positive
bone marrow biopsy result for haematological malignancy.

Participants’ results were included if they were diagnosed with a
haematological myeloid malignancy classified as per the World Health
Organisation (WHO) 2016 classification of tumours of hematopoietic
and lymphoid tissues [12]. Included diagnoses were haematological
malignancies including acute lymphoblastic leukaemia (ALL), acute
myelogenous leukaemia (AML), myelodysplastic syndrome (MDS) and
myeloproliferative neoplasms (MPN). There were no limits on demo-
graphic characteristics such as age or gender. Additionally, participants
were not excluded if they were deceased. Samples sent for germline
testing were excluded from the analysis. All samples were run on the
lllumina platform (MiSeq or NextSeq 550) using the SOPHiA myeloid
panel (SOPHiIA genetics).

The rate of reclassification of VUS as either benign or malignant
in a 12-24-month period from initial classification compared to more
than 24 months post-initial classification (i.e., 24-39 months) was also
assessed [3]. Reclassifications were assessed in multidisciplinary team
(MDT) meetings, informed by population frequency, available data
and/or published literature, and by applying published criteria. The
reclassification was undertaken when there was consensus amongst
the MDT based on those criteria using information from the bioin-
formatic pipeline Agilent Alissa (using CGC, CIViC ClinVar, COSMIC
and functional effect prediction) as shown in Figure 1. In addition,
pipelines such as Mastermind, Varsome, Franklin and SOPHiIA were
used to interrogate variants further. The pipelines were similar at ini-
tial diagnosis and reanalysis apart from updates that occurred in the
time gap.

Data for patients with VUS was collated to include demographic
information, date sample collected, type of sample, diagnosis, clinically
significant variants, percentage of blasts, number of VUS, type of varia-
tion, gene, cDNA, protein, variant allele frequency, depth, chromosome
and effect. The reasons for reclassification were described for each
variant.
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FIGURE 1 Showing the somatic pipeline algorithm that was used to classify variants.

2.2 | Analysis

All VUS were reanalysed using genomic databases and medical lit-
erature through the above-mentioned bioinformatic pipelines. The
information provided in the above pipelines was used to re-evaluate
the status of the VUS as either VUS, benign or oncogenic. VUS were
classified according to the AMP-ASCO-CAP Guidelines. Following
reclassification, descriptive summaries were presented for the study
population. All VUS reclassifications were discussed and agreed upon
at a multidisciplinary team meeting comprised of at least two scientists

and two haemato-pathologists.

2.3 | Ethics

Ethics approval was granted by the Hunter New England (HNE) Human
Research Ethics Committee on 28 September 2021 (AU202109-19)
and the University of Newcastle’s Human Research Ethics Committee
(HREC).

3 | RESULTS

One hundred and fifty-three participants (16%) were identified as hav-
ing VUS out of a total of 944 patients were analysed. The median age
at bone marrow sampling was 66 years old (93 males and 60 females).
The three most common diagnoses were AML (41%), MDS (31%) and

chronic myelomonocytic leukaemia (CMML) (7%).

3.1 | Re-analysis of VUS

Two hundred and ten VUS (n = 210) from the 944 patients were re-

analysed. The VUS were divided into those re-analysed at greater

TABLE 1 Distribution of variants of uncertain significance (VUS)
that were re-classified.

Percentage

Final verdict 2018/19 2020 Total total
Benign 11 5 16 7.62%
Likely Benign 8 4 7 3.33%
VUS 84 89 173 82.38%
VUS but requires 1 3 4 1.90%
further investigation

Likely oncogenic 2 4 2.86%
Oncogenic 2 2 4 1.90%

Abbreviation: VUS, variants of uncertain significance.

than 24 months post-initial classification (n = 103) and 12-24 months
post-initial classification (n = 107). Overall, 173 VUS (82%) remained
classified as VUS and 37 VUS were re-classified (16%). Sixteen vari-
ants (5%) were reclassified as benign, and seven variants (2%) were
reclassified as likely benign. Four variants (1%) were reclassified as
oncogenic, and six variants (2%) were reclassified as likely oncogenic.
Four variants (1%) could not be reclassified as they were identified as
requiring further investigation, that is, no consensus could be achieved
(see Table 1).

The three most common diagnoses received by participants with
reclassified VUS were AML (39%), MDS (29%) and CMML (6%)
(Figure 2A). All other diagnoses accounted for 3% or less. The 33 vari-
ants reclassified were made up of ten genes. The two most common
genes requiring reclassification were CSF3R (32%) and TET2 (26%)
followed by ASXL1 and ZRSR2 (Figure 2B).

The reasons for reclassification included changes in population fre-
quency (64%), internal population data (15%), changing interpretation
of available information (21%) or new published literature (6%). Sev-
eral [16] reclassified VUS had multiple reasons for reclassification
(Figure 3).



ENJETIET AL.

= ASXL1

B CSE3R

® EZH2

RUNX1

B DNMT3A

B TP53

B TET2

mKIT

mETV6

m ZRSR2

FIGURE 2
cohort. Footnote: ALL, acute lymphoblastic leukaemia; MDS myelodysplasia; AML, acute myeloid leukaemia; MF, myelofibrosis; MM, multiple
myeloma; CMML, chronic myelomonocytic leukaemia; AITL, angioimmunoblastic leukaemia; MPN, myeloproliferative neoplasm.

25 21
20
15
10 7
5
R B
0
5 = - ]
Q Q Q 2 2
FoF F & EF
& i < ‘<§\° & 0
Q < o O N >
& & R < S
‘;:o & \QOQ
N éo (\’b
& ¢
oy &

FIGURE 3 Reasons for reclassification of the variants of uncertain
significance (VUS) variants.

3.2 | VUS reclassified between 12 and 24 months
Fifteen VUS were reclassified at 12-24 months post-initial classifica-
tion. This group was made up of 14 participants, with seven (50%) male
and seven (50%) female participants. The median age was 63.5. Of
the 15 variants reclassified, five were reclassified as benign and four
as likely benign. Two were reclassified as oncogenic and four as likely
oncogenic. Three were identified as requiring further investigation and
could not be reclassified.

The two most common diagnoses that correlated to reclassified
VUS were MDS (36%) and AML (29%). The 15 reclassified variants
included eight genes. The two most common genes were CSF3R (27%)
and ASXL1 (20%). The third most common were both TET2 (13%) and
TP53(13%).

3.3 | VUS reclassified after 24 months

Eighteen VUS were reclassified at greater than 24 months. This group
was made up of 17 participants, with seven (41%) male and 10 (59%)
female participants. The median age was 63.
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(A) Distribution of genes and their frequency. (B) Diagnostic categories in the reclassified variants of uncertain significance (VUS)

Of the 18 variants reclassified, 11 were reclassified as benign and
three as likely benign Two were reclassified as oncogenic and two
as likely oncogenic. One variant was identified as requiring further
investigation and could not be reclassified. The most common genes
included CSF3R (38%), TET2 (38%), ZRSR2 (19%) and ETVé6 (6%).
No reclassification was observed in several genes such as IDH1, KIT,
WT1, KRAS, DNMT3A, SF3B1 and SRSF2 (Figure 4A). The distribu-
tion of clinically significant variants (oncogenic and likely oncogenic), in
patients with confirmed myeloid disease (n = 103), in the study period
is also shown (Figure 4B). The frequency of TET2, as expected, also
had a higher frequency amongst the clinically significant variants diag-
nosed in the same period; the frequency of other clinically significant
gene variants, where VUS reclassification rates were high, was lower
or absent in the study cohort.

The 23 variants that were reclassified as either benign or likely
benign were made up of five genes. The two most common genes were
CSF3R (43%) and TET2 (35%). The remaining genes were ASXL1 (9%),
ZRSR2 (9%) and KIT (4%). The nine variants that were reclassified
as either oncogenic or likely oncogenic were made up of eight genes.
The most common genes were TP53 (22%) and DNMT3A (22%) The
remaining seven genes (ETV6, EZH2, BRAF and RUNX1) accounted for
11% each (see Figure 2). ASXL1 was the only gene represented in both
groups.

4 | DISCUSSION

Various studies have attempted to establish the appropriate tim-
ing for efficient variant re-classification programs. One study
re-evaluated VUS 20 months after initial analysis in patients with
neurologic/neurodevelopmental conditions and found 10% of variants
could be reclassified [13]. In another study, genetic data from 1.9 mil-
lion participants with hereditary cancers was reviewed over a 20-year
period, with 68% of participants identified as having a variant that was

reclassified and 4.7% of unique variants being reclassified [14]. In a
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FIGURE 4 (A) Initial and reclassification frequencies for the variants of uncertain significance (VUS) cohort in this study. (B) Distribution of

clinically significant variants with confirmed diagnoses of myeloid disease in the same time period as VUS subjects (n = 103).

third study of 1,103 participants with breast and/or ovarian cancer, 5%
of variants were reclassified within a 5-year period, with most reclas-
sifications being from ‘VUS’ to ‘likely benign’ [15]. In a fourth study
of 1.45 million participants, 7.7% of variants were reclassified over
a 10-year period [16]. The re-classification in all studies [13, 15-17]
except one [14] was based on clinical judgement and information; in
the other study, re-classification was based on population frequency
databases and literature [14].

In a 2021 retrospective cohort study of participants from the
National Cancer Centre in Singapore, the authors re-analysed VUS
over a 6-year period [18]. They found an 8.1% reclassification rate of
VUS, with the majority being re-classified as benign or likely benign
(94%) [18]. The median time to reclassification in this study was 1 year
and the mean time for a VUS to be re-classified as oncogenic or likely
oncogenic was shorter than re-classification as benign or likely benign
[18]. The authors concluded that a routine re-analysis every 2 years
was sufficient taking into account the burden of re-analysis with the
clinical importance [18].

In our cohort, 14% of VUS were reclassified as either benign or
oncogenic, 60% of which were reclassified 24 months post-initial clas-
sification and 40% reclassified 12-24 months post-initial classification.
Out of the nine genes re-classified as oncogenic and/or likely onco-
genic, four resulted in discernible clinical changes in disease classifica-
tion, prognosis and potential treatment options (TP53, EZH2, RUNX1
and BRAF). While these changes may not always have a clinical impact
at the time of reclassification, timely reanalysis of VUS will ensure
genomic analysis remains clinically useful and that genomic analysis
in the context of advances in haematological malignancies continues
to be applied to individual patient care [19]. This means more accu-
rate predictions of prognosis and treatment response [13, 15, 20], more
information on the risk of relapse [13, 21, 22], improved knowledge of
prognosis [23-28] and enabled the development of targeted treatment
approaches [27, 29, 30]. In more recent studies, sub-tiering of VUS into
those more likely to be pathogenic or more likely to be benign has been
suggested for cancer variants with a suggestion of the use of terminol-

ogy such as “ice cold,” “cold,” “cool,” “tepid,” “warm,” and “hot” [31]. The

“ice cold” end of the spectrum is more likely to be classified as benign in
the future and “hot” likely to be more aligned with likely oncogenic.

Any local policy needs to take into consideration the stakeholders
involved in the journey of variant reinterpretation (laboratory direc-
tors, scientists, pathologists, clinicians and patients/carers) to assess
opinions on key issues, including initiation of reinterpretation, variants
to report, termination of the responsibility to reinterpret, as well as
consent, cost, and liability [32]. Whilst one may argue the ethical need
for such variant reviews exists, the legal implications are likely to vary
between jurisdictions and would be a very important consideration in
such variant reassessments [33, 34].

Given the scale of variants being reported through MPS, and the
large proportion of VUS, timely re-evaluation will ensure genomic anal-
ysis remains clinically useful, and in the context of advances in haema-
tological malignancies, genomic analysis continues to be applied to
individual patient care [11]. It is therefore essential that research seeks
to inform this jurisdictional guideline or local policies by determining
appropriate timeframes for re-analysing genetic data that is specific
to haematological malignancies. Our study provides retrospective evi-
dence, but prospective studies that explore differences in patient
management based on variant reclassification would be important to
establish the need and frequency for such a process. The frequency of
the re-analysis and its clinical impact as well as health economic impact
is uncertain given the small proportion of variants reclassified (16%).

Using artificial intelligence-based algorithms that can potentially be
run at a clinically relevant pre-determined interval, such as 24 months
as demonstrated in this study could pave the way to variant re-analysis
through updated bioinformatic pipelines in order to make this achiev-
able in clinical practice. Once this becomes available, implementing

re-classification in a diagnostic setting may be more practical.
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