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SUMMARY

BRAF mutation testing to determine eligibility for
treatment with vemurafenib was performed on archival
skin lesions of a 54-year-old patient diagnosed with
Erdheim—Chester disease (ECD) in 1999. Sanger
sequencing of DNA extracted from a 2008 skin lesion
identified two non-contiguous base substitutions in
BRAF, which were shown by next-generation sequencing
(NGS) to be located in the same allele. Due to its long-
standing duration, molecular evolution of disease was
possible; however, both Sanger and NGS of a 2000 skin
lesion were unsuccessful due to the poor quality of DNA.
Finally, droplet digital PCR using a probe specific for this
novel mutation detected the complex BRAF mutation

in both the 2000 and 2008 lesions, indicating this case
to be ECD with a novel underlying BRAF p.Thr599_
Val600delinsArgGlu mutation. Although well at present,
molecular modelling of the mutant BRAF suggests
suboptimal binding of vemurafenib and hence reduced
therapeutic effectiveness.

BACKGROUND

Erdheim—Chester disease (ECD), a rare form
of non-Langerhans cell histiocytosis, is charac-
terised by xanthogranulomatous inflammation
and the infiltration of tissues with lipid-laden
cells expressing macrophage lineage markers.'
Affecting multiple organs including bone, skin,
soft tissue, lungs, cardiovascular system, kidneys
and the central nervous system, disease-associated
morbidity and prognosis are influenced by the sites
of organ involvement.' * It was recently shown that
the disease cells of 40-60% of ECD cases contained
somatic BRAF V600E (p.Val600Glu) mutations
and clinical responses to the BRAF inhibitor, vemu-
rafenib have been documented.’™ Additional BRAF
point mutations or small insertion/deletions have
not yet been reported. Here we describe ECD
associated with a unique complex BRAF mutation,
p-Thr599 Val600delinsArgGlu (BRAF p.T599_
V600>RE), in a patient with long-standing ECD.
Although in vitro or in vivo models of ECD are not
available, molecular modelling of the mutant BRAF
indicates that conformational changes induced
by substitutions of the two amino acids would
reduce the efficacy of vemurafenib binding. The

case illustrates rational usage of currently available
sequencing and bioinformatics technologies to over-
come the technical difficulties associated with poor
tissue quality and limited proportions of disease
cells that are typical of this type of pathology and to
characterise novel and complex disease-associated
mutations.

CASE PRESENTATION

The patient first presented in 1999 when 37 years
of age for evaluation of a left adrenal mass. A diag-
nosis of ECD was suspected initially on the radio-
logical features and subsequently confirmed on skin
biopsy in 2000 (see below). In 2008, he presented
with symptomatic pericardial effusion and required
surgery with a pericardial window for manage-
ment of his symptoms. A biopsy at this time was
consistent with involvement of the pericardium and
skin with ECD. He was referred for haematolog-
ical review given the development of significant
complications of his disease although no specific
therapy was offered as his pericardial effusion was
satisfactorily managed with pericardial window. He
has subsequently undergone regular haematological
review with intermittent serial CT scanning to eval-
uate disease burden. There has been no progressive

Figure 1 Axial CT image obtained with intravenous
contrast in the portal venous phase at the level of the
renal hilum. Image shows mildly enhancing soft tissue
density infiltrative material in the retroperitoneum (solid
arrow), encasing both kidneys (solid arrow heads),
inferior vena cava (unfilled arrow head), abdominal aorta
(unfilled short arrow) and superior mesenteric vessels
(unfilled long arrow).
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Figure 2 (A) Skin with subcutis showing a nodular infiltrate of cells in
superficial and mid-dermis. (B) The infiltrate was composed of abundant
plump mononuclear histiocytes and scattered multinucleated histiocytes
in a background of dermal fibrosis. (C) The histiocytes, including Touton-
type giant cells (arrow), expressed CD68 (C) but did not express S100
(D), which did label Langerhans cells and melanocytes in the epidermis
(inset). The features were consistent with a cutaneous deposit of
Erdheim—Chester disease. (A) Bar=2 mm; (B-D) bar=70 pm.

increase in the disease burden. When last reviewed in 2016,
there was diffuse paravertebral infiltration within the thorax and
retroperitoneum, but no other parenchymal disease obvious on
imaging (figure 1).

INVESTIGATIONS

Due to recent reports of the successful treatment of ECD patients
with BRAF inhibitors,” ©* BRAF mutation analysis was requested
for the patient following a routine appointment and two forma-
lin-fixed paraffin-embedded specimens were located in the
archives of the Anatomical Pathology department of Royal Perth
Hospital, skin lesions from 2000 and 2008. No recent lesional
biopsies were available. Review of the pathology from 2000
and 2008 showed superficial dermal lesions each consisting of

a localised accumulation of predominantly plump spindled cells
with scattered Touton-type giant cells. Both the spindled cells
and giant cells were positive for CD68, a macrophage marker,
and negative for S100 protein, a marker for neural, melanocytic
and Langerhans cells (figure 2).

DNA extraction from the 2008 specimen was successful;
however, DNA vyield from the 2000 specimen was low, DNA
quality was poor and it was noted that the proportion of disease
cells in this specimen was also low. Bidirectional Sanger sequencing
for BRAF exon 15 revealed minor levels of sequence variants,
¢.1796C>G and ¢.1799T>A, in the 2008 specimen, the appear-
ance of which was consistent with the proportion of disease cells
in the lesion (figure 3A). Sequencing quality was not considered
suitable to report for the 2000 specimen (not shown). Next-gen-
eration sequencing (NGS) was subsequently performed on DNA
from both specimens using the Ion AmpliSeq Cancer Hotspot
Panel v2, confirming presence of both base substitutions in the
2008 specimen and indicating that the base substitutions always
occurred in the same allele (figure 3B). No additional mutations in
amplicons targeted in that panel were identified. Thus the BRAF
sequence alterations present in this case would result in substitu-
tion of two adjacent amino acids, encoding a complex BRAF muta-
tion, ¢.1796_1799CAGT >GAGA/p.Thr599_Val600delinsArgGlu
(p-T599_V600>RE). Sequencing of the 2000 specimen was again
unsuccessful (not shown).

In light of the long-standing duration of disease in the patient and
because the BRAF mutation included the common base alteration
that results in substitution of valine 600 for glutamic acid (BRAF
p.Val600Glu/BRAF p.V600E), which normally occurs as the sole
mutation, it was considered possible that the second base alteration
affecting threonine 599 represented a ‘molecular’ evolution and
that the disease originally contained one (either) of the mutations,
with the second occurring as the disease progressed. However,
this hypothesis required sequencing of DNA from the 2000 spec-
imen, which had not been possible using either Sanger sequencing
or NGS. To overcome technical issues associated with the poor

Negative Control (wild-type genomic DNA)

Ch14Ch2+:0 Ch1+Ch2-:0 Ch1-Ch2+:7488 ChI-CR2-6346

Fiooy

§8888EE

Channel 1 Amplasde

3000
2000

1000

8000 ° 1000 2000 3000 4000

Channel 2 Amplaxde

5000 6000 7000
2008 (Fractional Abundance: 9.2%)

Ch1+Ch2+:75 Ch1+Ch2-:322 Ch1-Ch2+:3371 Ch1-CH2-9876
=

Channel 1 Amplaudo

No-template control
9abp
bo.ss30080 w008 - Ch14Ch2+:0 Ch1+Ch2-0 Ch1-Ch2+:0 ChI-CR2:13343
I L I " 5
10000
000
A -
i 7000
TR o0
A CA G TG 3 500
3 w0
& 222
3000
i m—cs 2000 =
i -
risc o
° 1000 2000 3000 4000 5000 6000 7000
Channel2 Ampiande
2000 (Fractional Abundance: 4.7%)
CR1+Ch2+:0 Ch1+Ch2-37 Ch1-Ch2+:738 CAICH2:12288
11000 S
10000
9000
2000
= I
000
3 5000
T £ oo
&
3000
o Gt
AGAT TTCACTGTAGLC L
o
hsod 0 1000 2000 3000 4000 5000 6000 7000

- §EEEEEEEEEE

Channel 2 Ampiitsde

°

1000 2000 3000 4000

Channel 2 Amplitnde

5000 6000 7000

Figure 3 Detection of the complex BRAF ¢.1796_1799CAGT>GAGA mutation. (A) Sanger sequencing of 2008 skin lesion indicating small mutant
peaks in the forward (upper panel) and reverse (lower panel) sequences. (B) Snapshot of Integrative Genomics Viewer analysis of next-generation
sequencing from the 2008 skin lesion indicating co-occurrence of the two mutant bases (reverse sequence is depicted, sequencing depth x1100,
mutant allele frequency 9%). (C) Droplet digital PCR showing detection of the complex BRAF mutation in skin lesions from both 2000 (lower left,
abundance 4.7%) and 2008 (lower right, abundance 9.2%). Blue = mutant BRAF; green = wild-type BRAF; red = multiple sequences in droplet; black

= no probe bound.
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Figure 4 Difference in conformation between BRAF p.T599_V600>RE
and BRAF p.V600E. The superimposed structures of the BRAF mutants
are excerpts of representative images extracted from the molecular
dynamics simulations. Addition of the p.T599R mutation to p.V600E
in the BRAF p.T599_V600>RE structure results in the loss of a key
interaction between K507 and E600 due to a change in conformation
in the latter residue, which now interacts with R599. This results in a
number of conformational changes, particularly in the side chains of
residues K483, F595 and E600 (highlighted by red arrows). Mutated
and key residues in the BRAF p.V600E and BRAF p.T599_V600>RE
proteins are shown as sticks in cyan and pink, and labelled in red and
black colour, respectively. Hydrogen bonding and mt interactions are
highlighted with dashed lines in green and black, respectively.

quality of DNA in the 2000 specimen, a droplet digital PCR
(ddPCR) assay was developed, including design of a TagMan probe
specific for this BRAF mutation (5-TAGCTAGAGAGAAATC-3’).
ddPCR using DNA extracted from the 2000 and 2008 skin lesions
identified the complex BRAF mutation in both the 2000 and 2008
specimens (figure 3C). Thus both BRAF base substitutions appear
to have been present from shortly following the patient’s diagnosis
of ECD.

To further characterise the complex BRAF p.T599_V600>RE
mutant, the published crystal structure of BRAF p.V600E in the
Protein Data Bank (PDB code: 4MNF) was used to model the
structure of BRAF p.T599 V600>RE. Molecular docking and
molecular dynamics simulations were carried out to predict the
interactions of vemurafenib with dimers of BRAF p.V600E and
BRAF p.T599 V600>RE (figure 4). These simulations identi-
fied important differences in the stability of vemurafenib binding
to BRAF p.T599 V600>RE in comparison to BRAF p.V600E,
indicating that vemurafenib is unlikely to bind effectively to
BRAF p.T599 V600>RE. Thus at present there is no evidence
to support the use of vemurafenib in the management of this
patient; however, alternative targeted therapies including MEK

inhibitors may be considered.’ Detailed description of the molec-
ular modelling of mutant BRAF will be reported elsewhere.

OUTCOME AND FOLLOW-UP

ddPCR of circulating cell-free DNA has been successfully used
to monitor the progression of neoplasms including histiocy-
toses by sequential detection and quantitation of disease-specific
mutations, such as BRAF V600E.” ' Although the patient
is well at present, ddPCR using the probe developed against
the mutant BRAF ¢.1796_1799CAGT>GAGA was performed
using cell-free DNA extracted from 5 mL plasma;'* however, no
evidence of the mutation was identified. The lack of detection
of the mutation was consistent with the patient’s current condi-
tion. However, in the absence of recent lesional biopsies, it is
also possible that his ECD cells now contain a different mutation
that is not detected by the probe developed against the BRAF
c.1796_1799CAGT>GAGA mutation present in 2008. Now
optimised, this test may be used as part of routine monitoring
of this patient.

DISCUSSION

The recent demonstration of recurrent BRAF V600E mutations
in 40-60% of cases of ECD and Langerhans cell histiocytosis
represents a significant advance in knowledge of the aetiology
of this family of conditions, providing definitive evidence of the
clonal origins of disease.” In ECD cases in which BRAF V600E
is not able to be detected, point mutations in NRAS or MAP2K1
(encoding MEK1) as well as rare BRAF fusions have been iden-
tified, indicating similar hyperactivation of RAS-RAF-MEK-ERK
signalling.”” '* Mutations affecting the PI3K/AKT pathway have
also been reported and comparable to other solid tumours,
these may co-occur with either BRAF V600E or with alternate
mutations activating RAS-RAF-MEK-ERK signalling.” '* Valine
600, which is substituted for glutamic acid in the BRAF V600E
mutation, is located in the activation segment of BRAF. Although
ECD is less extensively characterised in comparison to other
tumour types, it is interesting to note that until the present case
and in contrast to other malignancies, point mutations or small
deletion/insertions affecting additional BRAF activation segment
residues have not been reported.

The development and implementation of highly sensitive
methods for mutation detection including NGS and ddPCR
have enabled reliable identification of characteristic disease-as-
sociated mutations in a variety of specimens that would not be
suitable for conventional Sanger sequencing. These include very
small samples with limiting amounts of DNA including DNA
extracted from circulating tumour cells, exosomes or cell-free
DNA and samples with very low proportions of disease cells,
such as histiocytosis lesions. In routine pathology practice, the
cost benefit of each of the newer techniques must be balanced
with the likely success of the method in relation to both the
available specimen and patient outcome. This is particularly rele-
vant for ECD, which can be associated with extended periods
of survival, as in the present case.' > It was interesting to note
in this case that the poor quality of DNA and very low propor-
tion of disease cells in the older skin lesion from 2000 prevented
successful NGS in which all DNA in target regions is sequenced,
including DNA that is damaged, producing spurious results. In
contrast, ddPCR, in which the specific probe binds only to its
target DNA sequence and not non-target DNA, was found to be
less susceptible to interference from nicked or damaged DNA in
the specimen. Consideration of these findings is important for
future implementation of newer technologies such as NGS and
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ddPCR in pathology and oncology practice. This is relevant both
in the characterisation of primary lesions for targetable muta-
tions and for ongoing monitoring of disease in circulating DNA,
the latter of which could be used to augment routine disease
monitoring and provide a semiquantitative measure of response
to treatment and disease progression.”

The original purpose of BRAF mutation testing for this
patient was to indicate potential suitability for treatment with
currently available BRAF inhibitors or other therapies targeting
the RAS-MAPK pathway. As such, identification of a novel
BRAF mutation that had not been characterised previously was
problematical in that there was no precedent to suggest sensi-
tivity or resistance to vemurafenib or dabrafenib. This was perti-
nent in particular because the complex mutation involved the
known sensitive BRAF p.V60OE alteration as well as the substi-
tution of an immediately adjacent amino acid. Extensive search
of the literature for reports of the BRAF p.Thr599 Val600de-
linsArgGlu mutation in any malignancy identified a single case
of papillary thyroid cancer with the same complex mutation
resulting from the identical two base substitutions, which were
also confirmed to reside in the same allele.”” Treatment of that
patient with a BRAF inhibitor was not reported.

Cancer-associated mutations of BRAF valine 600 are distinct
in that they are the only mutant forms of BRAF whose activity
in vivo is inhibited by the BRAF inhibitors in current clinical
use (eg, vemurafenib, dabrafenib). In contrast, wild-type BRAF
and non-V600 activating mutations of BRAF are resistant to the
inhibitory effects and may in fact be activated by vemurafenib and
dabrafenib.'® Findings from several studies using in vitro models
have indicated that the selectivity of current BRAF inhibitors for
BRAF p.V600 mutants appears to result from a combination of
drug-specific and BRAF mutant-specific characteristics. BRAF typi-
cally functions as a dimer with a second BRAF (homodimer) or
with the highly related CRAF (heterodimer).'” Although binding of
vemurafenib to a BRAF monomer in a homodimer or heterodimer
inhibits its activity, the resulting changes in the conformation of
the dimer prevent vemurafenib binding to the second (wild-type or
mutant) BRAF monomer, which is held in an active conformation
and drives MAPK signalling, leading to cell proliferation.'® (Vemu-
rafenib is not active against CRAF.) For reasons that are not yet
well-described, BRAF p.V600 mutants are the only forms of BRAF
identified thus far able to function as monomers, thereby defining
the unique specificity of the inhibitory activity of vemurafenib for
BRAF containing a cancer-associated mutation that substitutes
valine 600 for glutamic acid (E), asparagine (D), lysine (K) or argi-
nine (R)."” It is notable, however, that as published experimental
models have not addressed mutant forms of BRAF which include a
p.-V600 mutation in addition to other amino acid changes, results
could not be extrapolated to the specific mutation identified in our
patient with ECD.

Molecular modelling of native protein structures or wild-type
and mutant protein complexes is a pivotal tool in the under-
standing of biological function and drug activity. Although an
established technique in research and development, it is not
commonly used in medical or pathology practice. Indeed its
principal role in basic research has been to explain or support
biological observations rather than to predict activity or
responses. The routine sequencing of human tumours to detect
cancer-specific mutations has resulted in the identification of
both common mutations with well-characterised sensitivity or
resistance to current targeted therapies and rare uncharacterised
mutations of relevant genes with unknown drug interactions and
responses. Individually, these latter mutations may be unique or
uncommon; however, together they may constitute a significant

proportion of tumours with unknown sensitivity or resistance to
applicable targeted therapies. Generation of experimental cell
or tissue models to test drug sensitivity is not feasible in routine
practice; however, the inclusion of molecular modelling tech-
niques may provide information for clinicians that can assist in
treatment choice in situations such as the present case for which
there is no precedent.

In summary, this case report describes an unusual case of ECD
associated with a unique BRAF mutation, its identification broad-
ening the molecular characterisation of this rare disease. The case
highlights rational use of modern technologies to both better define
disease-associated mutations and to overcome technical issues
related to poor quality and limited quantity of specimens, which
are frequently encountered in pathology practice. Development of
a personalised ddPCR test based on the sequencing data can also
be implemented in the ongoing management of this patient, with
future experimental data and the introduction of next-generation
BRAF inhibitors of broader specificity potentially identifying addi-
tional treatment options if required.

Learning points

» Erdheim—Chester disease (ECD) is a rare form of
non-Langerhans cell histiocytosis of variable disease severity

» BRAF V600E mutations are associated with 40-60% of
ECD cases.

» Patients with ECD that contains a BRAF V600E mutation may
be successfully treated with BRAF inhibitors (vemurafenib,
dabrafenib).

» A unique case of ECD associated with a previously
uncharacterised BRAF mutation, BRAF p.Thr599_
Val600delinsArgGlu, is described.

» Characterisation of disease-associated mutations enables
treatment planning and the development of personalised
tests that may be used for ongoing monitoring of disease
progression.
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