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Myeloid colony-stimulating factors (CSFs) decrease the risk of febrile neutropenia
(FN) from high-risk chemotherapy regimens administered to patients at 20% or
greater risk of FN, but little is known about their use in clinical practice. We evalu-
ated CSF use in a multiregional population-based cohort of lung and colorectal
cancer patients (N = 1849). Only 17% (95% confidence interval [CI] = 8% to 26%)
patients treated with high-risk chemotherapy regimens received CSFs, compared
with 18% (95% Cl = 16% to 20%) and 10% (95% CI = 8% to 12%) of patients treated
with intermediate- (10%-20% risk of FN) and low-risk (<10% risk of FN) chemo-
therapy regimens, respectively. Using a generalized estimating equation model, we
found that enrollment in a health maintenance organization (HMO) was strongly
associated with a lower adjusted odds of discretionary CSF use, compared with
non-HMO patients (odds ratio = 0.44, 95% Cl = 0.32 to 0.60, P < .001). All statistical
tests were two-sided. Overall, 96% (95% CI = 93% to 98%) of CSFs were adminis-
tered in scenarios where CSF therapy is not recommended by evidence-based
guidelines. This finding suggests that policies to decrease CSF use in patients at
lower or intermediate risk of FN may yield substantial cost savings without com-

promising patient outcomes.
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Neutropenia is a potentially serious com-
plication of chemotherapy that increases
the risk of life-threatening infections
because of an abnormally low number of
neutrophils in the blood. Myeloid colony-
stimulating factors (CSFs), when given
prophylactically, substantially decrease the
risk of febrile neutropenia (FN) (1,2) and
are widely used in clinical practice since
their approval by the Food and Drug
Administration (FDA) in the early 1990s
(2-5). CSFs now used in practice include
granulocyte-CSF  (G-CSF; filgrastim),
pegylated G-CSF (pegfilgrastim), and
granulocyte-macrophage-CSF (GM-CSF;
sargramostim). The American Society of
Clinical Oncology (ASCO) first introduced
guidelines on the use of CSFs in 1994,
which recommend primary prophylaxis (ie,
with the first cycle of chemotherapy) with
a CSF when the anticipated risk of FN
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associated with chemotherapy is 40% or
higher (changed to >20% in 2006) (6,7).
The National Comprehensive Cancer
Network (NCCN) guidelines also recom-
mend CSFs when FN risk is high (>20%)
and recommend consideration of CSFs
when there is an intermediate risk (10%—
20%) of chemotherapy-induced FN (8,9).
The NCCN guidelines also suggest con-
sideration of CSFs for secondary prophy-
laxis (ie, in patients who experience FN in
a previous chemotherapy cycle) if dose
reduction may compromise survival. None
of the above guidelines recommend using
CSFs to maintain chemotherapy dose and
schedule.

Although CSFs are an important thera-
peutic advance for patients at high risk of
neutropenic complications, little is known
about their use in general clinical practice.
The only population-based study con-

ducted thus far examined the discretionary
use of CSFs in the region of western
Washington and suggested that they are
most likely overused (10). Given the high
costs of CSFs ($2000 per chemotherapy
cycle), understanding the multiple factors
associated with their use may have impor-
tant implications for optimizing the use of
CSFs in clinical practice.

In this study, we examined the patterns
of CSF use in a population-based, observa-
tional, multiregional cohort of lung and colo-
rectal cancer patients receiving care in
diverse health-care settings and assessed
the association of clinical factors and type
of insurance with discretionary CSF use
outside of the ASCO and NCCN guide-
lines. Study subjects were patients aged 21
years or older who were diagnosed with
lung or colorectal cancer from September,
2003, through December, 2005, and
enrolled by the Cancer Care Outcomes
Research and Surveillance Consortium
(CanCORS) (11). CanCORS patients have
been shown to be representative of all can-
cer cases reported by National Cancer
Institute’s Surveillance, Epidemiology, and
End Results (SEER) Program (12). Data
collection included surveys of patients or
their surrogates approximately 4 months
after diagnosis. Data on chemotherapy reg-
imens, CSF use, cancer stage and histology,
and comorbidities (13) were abstracted
from medical records through 15 months
after diagnosis. We used information from
four of the seven CanCORS data collection
sites, which collected complete information
on CSF use. Three sites were population-
based cancer registries, and the fourth was
a system of health maintenance organiza-
tions (HMOs). These sites obtained local
institutional review board approval and
patient consent to participate.

We classified chemotherapy regimens
received by FN risk as follows: low (<10%
risk), intermediate (10%-20% risk), or
high (>20%) using NCCN guidelines (14).
Primary prophylaxis was defined as re-
ceiving CSF within the first 5 days of initi-
ating a new chemotherapy regimen. Because
each patient could have received CSFs over
multiple chemotherapy regimens, a gener-
alized estimating equation regression
model was used with multiple observations
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CONTEXT AND CAVEATS

Prior knowledge

Use of colony-stimulating factors (CSFs)
with chemotherapy regimens decreases the
risk of febrile neutropenia (FN) in patients
who are at high risk. CSFs are expensive
($2000 per cycle of chemotherapy), but not
much is known about whether it is under- or
overused in clinical practice.

Study design

Associations between CSF use outside of the
American Society of Clinical Oncology and
National Comprehensive Cancer Network
guidelines and multiple sociodemographic
and clinical factors, chemotherapy regimens
(high-risk, intermediate-risk, and low-risk),
and health maintenance organization (HMO)
enrollment were assessed in 1785 lung or
colorectal cancer patients enrolled by the
Cancer Care Outcomes Research and
Surveillance Consortium (CanCORS).

Contribution

Only 17% patients receiving high-risk che-
motherapy regimens (>20% risk of FN)
received CSFs compared with 18% interme-
diate- (10-20% risk of FN) and 10% low-risk
(<10% risk of FN) regimens. Factors that
showed a strong association with CSF use
included intermediate-risk regimens, severe
comorbidity, having small-cell lung cancer,
and non-HMO enrollment. Overall 96% of
CSF use occurred outside the current evi-
dence-based American Society of Clinical
Oncology and National Comprehensive
Cancer Network guidelines.

Implications

Lower discretionary use of CSFs in HMO
plans (financial compensation has no in-
centives for physicians), suggests that
financial interests could be driving the
higher discretionary use of CSFs in non-
HMO plans, and decreasing the unneces-
sary use of CSFs may reduce costs without
compromising the quality of treatment.

Limitations

CSF use may have changed in patients
since the time they were treated (2004-
2006), and data on white blood cell counts
or diagnoses of FN episodes were not
obtained. The analysis may have underesti-
mated the use of CSF.

From the Editors

(ie, chemotherapy regimens) per patient,
thus accounting for autocorrelation effects
(clustering of regimens within patients).
The model was used to examine associations
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between CSF use (yes or no) and indepen-
dent sociodemographic (age, race or eth-
nicity, sex), clinical (cancer type, stage,
histology, comorbidities, FN), insurance
type (HMO vs non-HMO), and chemo-
therapy regimen (based on risk of FN)
covariates. We performed two-sided Wald
X tests to assess statistical significance of the
and all
P values less than .05 were considered to be

association with covariates,
statistically significant.

Opverall, we identified 1849 patients who
received chemotherapy that formed our
study cohort. Only 64 of these patients
received a “high-risk” chemotherapy reg-
imen, identified by the inclusion of the
drug topotecan, which is linked with a high
risk (>20%) of FN (14). Among these 64
high-risk patients, 11 received CSFs (17%;
95% confidence interval [CI] = 8% to
26%). This represented 4% (95% CI = 2%
to 7%) of all patients who received CSFs
(n = 268) in the study cohort. This finding
suggested that given the strong evidence
base and guidelines for CSF prophylaxis,
interventions to increase CSF use was war-
ranted in these patients.

Because so few patients received high-
risk chemotherapy regimens, we focused
our analyses on the factors that are asso-
ciated with CSF use among patients
receiving low- and intermediate-risk reg-
imens, where all CSF use is discretionary.
Table 1 shows the distribution of the
sociodemographic, clinical, and health-care
setting characteristics of these patients,
after exclusion of 64 high-risk patients (n =
1785). A total of 982 of 1785 (55%; 95%
CI =53% to 57%) patients received at least
one chemotherapy regimen classified as
intermediate-risk of FN (10%-20%) based
on NCCN guidelines. The unadjusted
crude rates of the receipt of CSFs for each
patient covariate along with odds ratios
(ORs) of receipt of CSFs adjusted for all
other covariates are also shown in Table 1.

Overall, 9% (95% CI = 7% to 11%) of
patients diagnosed with colorectal cancer,
14% (95% CI = 12% to 16%) of patients
diagnosed with non-small cell lung cancer,
and 33% (95% CI = 27% to 40%) with
small cell lung cancer ever received a CSF
(Table 1). Also, 10% (95% CI = 8% to
12%) of the low-risk regimen patients
received CSFs compared with 18% (95%
CI = 16% to 20%) of the intermediate-risk
regimen patients. Most CSF use was not

for primary prophylaxis: 13% of small cell
lung cancer (95% CI = 9% to 18%), 4% of
non-small cell lung cancer (95% CI = 3%
to 6%), and less than 1% (95% CI = 0.3%
to 2%) of colorectal cancer patients
received CSFs with the first cycle of a che-
motherapy regimen (data not shown).
Neither FN during a previous cycle (indi-
cating secondary prophylaxis use) nor stage
was associated with increased odds of re-
ceiving CSFs. Although the ASCO and
NCCN guidelines suggest consideration of
CSF, prophylaxis in patients older than 65
years was not associated with increased
odds of receiving CSF. Factors that were
statistically significantly associated with
receipt of CSF included treatment with an
intermediate-risk regimen (OR = 1.44,
95% CI = 1.04 to 1.99, P = .03), having
small cell lung cancer vs colorectal cancer
(OR =3.10, 95% CI = 2.05 to 4.69; P <
.001), and having severe vs no comorbidity
(OR = 1.77, 95% CI = 1.16 to 2.70; P =
.01). The odds of receiving CSFs were
lower in women (OR =0.76,95% CI =0.58
to 0.99; P = .04) and patients enrolled in
group or staff HMO plans (OR = 0.44,
95% CI =0.32 to 0.60; P < .001).

In this population-based, observational,
multiregional cohort of lung and colorectal
cancer patients, only 17% of patients at
high risk of FN received a CSF, much
lower than the percentage reported by pre-
vious studies conducted in either academic
centers (17) or in selected community on-
cology practices (2,4,5). Most CSF use was
neither for primary or secondary prophy-
laxis of FN as recommended by the guide-
lines but instead appeared to be reactive (ie,
in response to neutropenia), most likely to
maintain dose and schedule. Although we
were unable to explicitly distinguish rea-
sons for discretionary CSF use, the low
incidence of FN among those receiving
CSF in our sample of patients not treated
with high-risk chemotherapy regimens sug-
gested that only a small percentage of the
discretionary use of CSF was in response to
FN. However, cancer stage was not associ-
ated with CSF use, suggesting that the
intent of therapy (curative vs palliative) did
not appear to influence the decision to use
CSFs. We did not find an association with
age, despite recent evidence suggesting that
older lung cancer patients may be atincreased
risk for FN (18). Discretionary CSF use
was strongly associated with whether care
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Table 1. Rates and associations of multiple factors with receipt of colony-stimulating factors (CSFs) in intermediate-risk and low-risk

patients*

Covariate

No. of patients (%)t

No. of CSF recipients (%)*

Adjusted OR (95% CI)§ P||

Age at diagnosis, y
<65 (reference)
65-74
>75-82

Race or Ethnicity
White (reference)
Non-Hispanic Black
Hispanic
Other Race

Sex
Men (reference)
Women

Cancer type
Colorectal cancer (reference)

NSCLC
SCLC

Stage at diagnosisf|
Stage |-l (reference)
Stage IV

Comorbidity (ACE-27)#
None (reference)
Mild
Moderate
Severe

Regimen risk for FN**
Low (reference)
Intermediate

FN
No (reference)

Yes

HMO enrollment
No (reference)

Yes

Total No. (%)

876 (49) 113 (13)
548 (31) 86 (16)
361 (20) 58 (16)
1295 (73) 189 (15)
168 (9) 25 (15)
122 (7) 18 (15)
200 (11) 25 (13)
768 (43) 126 (16)
1017 (57) 131 (13)
654 (37) 58 (9)
921 (52) 129 (14)
210 (12) 70 (33)
1090 (61) 137 (13)
695 (39) 120 (17)
424 (24) 50 (12)
743 (42) 104 (14)
330 (18) 40(12)
288 (16) 63 (22)
803 (45) 81 (10
982 (55) 176 (18)
1661 (93) 230 (14)
124 (7) 27 (22)
1174 (66) 207 (18)
611 (34) 50 (8)
1785 (100) 257 (17)

1.0 (referent)
1.21 (0.89 to 1.64) 22
1.12 (0.79 to 1.58) .53

1.0 (referent)

1.21 (0.77 to 1.91) 42
1.18 (0.70 to 1.99) .54
1.35(0.86 to 2.11) 19

1.0 (referent)
0.76 (0.58 to 0.99) .04

1.0 (referent)
0.88 (0.59 to 1.31) .53
3.10 (2.05 to 4.69) <.001

1.0 (referent)
1.23 (0.93 to 1.61) 14

1.0 (referent)

1.24 (0.86 to 1.80) .25
1.25(0.81 to 1.91) 31
1.77 (1.16 to 2.70) .01

1.0 (referent)
1.44 (1.04 to 1.99) .03

1.0 (referent)
1.39 (0.88 t0 2.20) .16

1.0 (referent)
0.44 (0.32 to 0.60) <.001

* Al patients included in this study were recruited at the following CanCORS data collection centers that collected data on the use of CSF: HMO Cancer
Research Network covering the states of Alabama and lowa, and Los Angeles County of California. ACE= Adult Comorbidity Evaluation; AJCC = American Joint
Committee on Cancer; CanCORS = Cancer Care Outcomes Research and Surveillance Consortium; Cl = confidence interval; FN =Febrile Neutropenia; HMO =
Health Maintenance Organization; NSCLC = non-small cell lung cancer; OR = odds ratio; SCLC = small cell lung cancer.

T Numbers and percentages of patients in respective categories of patient characteristics (covariates). Percentage denominators were entire sample of 1785
patients receiving either low- or intermediate-risk chemotherapy regimens.

+ Numbers and percentages of CSF recipients in respective categories of patient covariates. Percentage denominators were the combined numbers of both recipi-
ents and nonrecipients of CSFs that belong to a particular covariate.

&8 Adjusted odds ratio estimates were computed as the natural antilogarithm of estimates of the logarithm of the odds ratios (log odds). Similarly, 95% confidence
intervals for odds ratio estimates were computed as the antilogarithm of confidence intervals of the log odds ratio estimates. Log odds estimates were computed

using a generalized estimating equation model.

1 AJCC staging system (15) was used.

P values were calculated using a two-sided Wald x?2 test for testing the null hypothesis of no association (ie, the odds ratio = 1).

# Comorbidity was measured using the ACE-27 index which categorizes each patient as having no, mild, moderate, or severe comorbidity based on medical chart
review of the presence and severity of 27 specific medical conditions (16). Patients are assigned to one of the categories based on the highest level of severity

detected across all 27 conditions.

** Risk of febrile neutropenia can vary by regimen for patients receiving more than a single chemotherapy regimen.

was delivered within an HMO, where phy-
sician compensation is generally not di-
rectly affected by drug administration, vs
outside an HMO. This suggests that finan-
cial incentives may be driving the largely
discretionary use of CSFs, at least in part.
Other factors, such as a more uniform,
system-wide approach to care may help

jnci.oxfordjournals.org

explain our finding of lower discretionary
use of CSFs in HMO plans. The HMO
plans included in our study did not place
any specific restrictions on CSF use during
the study period.

Our study has a few limitations. This
included possible changes in CSF use since
2003-2005 when these patients were diag-

nosed and first treated, inability to collect
data on white blood cell counts or diag-
noses of FN episodes, and possible under-
estimation of CSF use because of errors in
medical record abstraction or inability to
access the treating oncologist’s chart.
Despite these limitations, our study had
several strengths. It is among the first to
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describe variations in practice patterns for
CSF use in a population-based cohort of
patients of all age groups. Other strengths
of our study were its population-based
design, which reflects a range of health-
care delivery settings; diverse patient popu-
lation with respect to age, race or ethnicity,
and socioeconomic status; and a standard-
ized medical record abstraction component
linked with registry data and patient
surveys.

Overall, 96% (95% CI = 93% to 98%)
of CSFs in lung and colorectal cancer
patients were administered in clinical situa-
tions where CSF therapy is not recom-
mended by
guidelines. This finding suggests that pol-

current evidence-based

icies to decrease CSF use in lower-risk
patient subsets may yield substantial cost
savings without compromising patient out-
comes. Finally, research is needed to better
guide patient selection, including determi-
nation of whether CSFs reduce FN risk
among specific patient subgroups defined
by age, comorbidities, treatments received,
or other prognostic risk factors.
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Approximately 10%-15% of gastrointestinal stromal tumors (GISTs) in adults do
not harbor any mutation in the KIT or PDGFRA genes (ie, KIT/PDGFRA wild-type
GISTs). Recently, mutations in SDHB and SDHC (which encode succinate dehydro-
genase subunits B and C, respectively) but not in SDHA and SDHD (which encode
subunits A and D, respectively) were identified in KIT/PDGFRA wild-type GISTs. To
search for novel pathogenic mutations, we sequenced the tumor transcriptome of
two young adult patients who developed sporadic KIT/PDGFRA wild-type GISTs by
using a massively parallel sequencing approach. The only variants identified as
disease related by computational analysis were in SDHA. One patient carried the
homozygous nonsense mutation p.Ser384X, the other patient was a compound
heterozygote harboring a p.Arg31X nonsense mutation and a p.Arg589Trp mis-
sense mutation. The heterozygous nonsense mutations in both patients were pre-
sent in germline DNA isolated from peripheral blood. Protein structure analysis
indicates that all three mutations lead to functional inactivation of the protein. This
is the first report, to our knowle dge, that identifies SDHA inactivation as a common
oncogenic event in GISTs that lack a mutation in KIT and PDGFRA.

J Natl Cancer Inst 2011;103:983-987

Gastrointestinal stromal tumors (GISTs)
are the most common mesenchymal tumors
of the gastrointestinal tract and arise from
the interstitial cells of Cajal. In approxi-
mately 85% of GISTs, gain-of-function
mutations in either the KIT gene (which
encodes a receptor for stem cell factor) or
the platelet-derived growth factor receptor,
alpha polypeptide (PDGFRA) gene are the
oncogenic events that lead to tumor devel-
opment, resulting in the constitutive
ligand-independent activation of the re-
ceptor tyrosine kinases encoded by these
genes and their downstream signaling
pathways (1). Approximately 10% of GIST's
in adult patients do not harbor a mutation
in either gene (defined as KIT/PDGFRA
wild-type). Notably, approximately 85% of
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GISTs that arise in children are KIT/
PDGFRA wild-type and are often associ-
ated with a cancer syndrome (2). KIT/
PDGFRA wild-type GISTs are often local-
ized to the stomach, are multicentric in
origin, and can have an indolent clinical
course (3,4). The introduction of inhibitors
of the KIT and PDGFRA tyrosine kinases
to the therapeutic armamentarium has dra-
matically changed the medical treatment of
GIST patients; as has been widely demon-
strated, treatment response with these in-
hibitors strictly depends on the mutation
status of KIT and PDGFRA (5-10). For
example, in the metastatic setting, KI'T/
PDGFRA wild-type GIST's are more resis-
tant to imatinib and more sensitive to suni-
tinib than GIST's with a mutant kinase (eg,

© The Author 2011. Published by Oxford University Press. All rights reserved.
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GISTs with a KIT exon 11 mutation) (7—
10). KIT/PDGFRA wild-type GISTs also
differ from KI'T/PDGFRA mutant GIST's
in their clinical behavior and underlying
genomic background and thus represent a
distinct molecular subtype of GIST. Gene
expression and gene copy number profiles
of KIT/PDGFRA wild-type GISTs differ
from those of mutant GISTs (11-15). For
example, among GISTs that arise in chil-
dren and young adults, insulin-like growth
factor 1 receptor overexpression is com-
monly observed in those that are KIT/
PDGFRA wild-type but not in those with
either mutant kinase (11-13). Moreover,
KIT/PDGFRA wild-type GISTs in chil-
dren and young adults have minimal ge-
nomic copy number changes compared
with kinase-mutant GISTs, which fre-
quently have gross chromosomal copy
number changes, including complete or
partial deletion of chromosome arm 14 and
deletion of chromosome arms 1p and 22q
(14,15). Except for rare case reports of ac-
tivating mutations in BRAF (16) and a
recent report of mutations in SDHB and
SDHC (which encode subunits B and C,
respectively, of succinate dehydrogenase
[SDH]) (17), to our knowledge, no patho-
genic mutations have been identified in
nonsyndromic GISTs that are KIT and
PDGFRA mutation negative. We searched
for novel pathogenic mutations by perform-
ing whole-transcriptome next-generation
sequencing of sporadic KIT/PDGFRA
wild-type GISTs that arose in two young
adult patients (GIST_07 and GIST_10).
Next generation RNA sequencing is the
only approach that allows the complete and
thorough identification of all the possible
genetic alterations (point mutations, inser-
tions, deletions, and rearrangements) for all
genes expressed in a pathological sample.
This study was approved by the local insti-
tutional ethical committee of Azienda
Ospedaliero-Universitaria Policlinico S.
Orsola-Malpighi (approval number 113/
2008/U/Tess). All patients provided written
informed consent.

Poly(A) RNA was isolated from each
tumor and subjected to whole-transcrip-
tome paired-end sequencing with the use
of a Genome Analyzer IIx system
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CONTEXT AND CAVEATS

Prior knowledge

Approximately 10% of gastrointestinal
stromal tumors (GISTs) in adults and 85%
of GISTs in children do not carry a gain-
of-function mutation in the receptor tyro-
sine kinase-encoding KIT or PDGFRA
genes. KIT/PDGFRA wild-type GISTs differ
from KIT/PDGFRA mutant GISTs in their
response to treatment with kinase inhibi-
tors, clinical behavior, and underlying ge-
nomic background.

Study design

Whole-transcriptome next-generation se-
quencing was used to search for novel path-
ogenic mutations in sporadic KIT/PDGFRA
wild-type GISTs that arose in two young
adult patients. Computational analysis was
used to determine the likelihood that a mu-
tation is disease related or not.

Contribution

The only variants identified as disease re-
lated by computational analysis were in
SDHA, the gene encoding succinate dehy-
drogenase subunit A. One patient carried a
homozygous nonsense mutation, the other
patient was a compound heterozygote
harboring a nonsense mutation and a
missense mutation. The heterozygous non-
sense mutations in both patients were pre-
sent in germline DNA isolated from
peripheral blood.

Implications

SDHA inactivation may be a common onco-
genic event in GISTs that lack a mutation in
KIT and PDGFRA.

Limitations
Only two KIT/PDGFRA wild-type GISTs were
sequenced.

From the Editors

(Illumina, San Diego, CA) as described in
detail in Supplementary Methods (avail-
able online), yielding an average of
202 779 378 reads that aligned onto the

both

patients. Alignments were processed

human reference genome for
according to a routine technical proce-
dure for calling single-nucleotide variants,
which were filtered to exclude known
polymorphisms that are annotated in the
National Center for Biotechnology
Information dbSNP (http://www.ncbi.
nlm.nih.gov/snp) and the 1000 Genomes
databases, leaving 173 617 and 183 159
putative novel variants for GIST_07 and
GIST_10, respectively (Supplementary
Table 1, available online). The two
patients had nonsynonymous mutations
in the coding sequences of the same
261 genes, for a total of 582 novel vari-
ants, which we sorted according to a
threshold confidencevalue (Supplementary
Methods, available online). This proce-
dure identified nine candidate genes that
were mutated in the tumors of both
patients (Supplementary Table 2, avail-
able online). The mutations in these nine
genes were analyzed with SNPs&GO
(18), a method for computing the likeli-
hood of a mutation being disease related
or not depending on the protein sequence
and its This
method predicted that only the three mu-
tations in the coding sequence of SDHA,
which encodes subunit A of SDH, are
disease related with a high reliability index
(Supplementary Table 2, available online).

functional annotation.

Massively parallel sequencing analysis
revealed that GIST 07 had a C to G
transversion at nucleotide 1151 in exon
9 of SDHA, a nonsense mutation resulting
in the replacement of serine with a stop
codon at residue 384 of SDHA, which
causes truncation of the peptide chain at
residue 383 (p.Ser384X). GIST_10 had
two mutations in SDHA: 1) a C to T tran-
sition at nucleotide 91 in exon 2, a non-
the
replacement of arginine with a stop codon
at residue 31 (p.Arg31X) and 2)a Cto T
transition at nucleotide 1765 in exon 13, a

sense mutation resulting in

Table 1. Succinate dehydrogenase subunit A (SDHA) mutations

missense mutation resulting in the re-
placement of arginine at residue 589 with
tryptophan (p.Arg589Trp; Table 1).

SDH (also known as complex II) consists
of four subunits: SDHA, SDHB, SDHC,
and SDHD (19). Mutant SDH results in
dysfunction of complex II of the electron
transport chain in mitochondria and, conse-
quently, defective oxidative phosphoryla-
tion, which mediates a pseudohypoxic
response (ie, the abnormal stabilization of
hypoxia-inducible factors [HIFs] under
normoxic conditions). Patients with the
Carney—Stratakis syndrome, who are pre-
disposed to developing paragangliomas and
GISTs, have germline mutations in SDHB,
SDHC, and SDHD (20-22). Although
SDHA forms a complex with SDHB,
SDHC, and SDHD, to our knowledge, no
mutations in SDHA have been reported in
with  the
syndrome or in patients who develop spo-
radic KIT/PDGFRA wild-type GISTs.

To validate our results and discriminate
whether the detected SDHA mutations were
present in the germline or somatic, we per-

patients Carney-Stratakis

formed targeted exon sequencing of DNA
isolated from tumor and peripheral blood of
both patients (Supplementary Methods,
available online). Patient GIST_07 carried
c.1151C>G as a heterozygous germline
mutation in blood and as a homozygous mu-
tation in the tumor (Figure 1, A). Single-
nucleotide polymorphism array analysis (15)
and quantitative polymerase chain reaction
analysis of tumor and peripheral blood DNA
revealed that there was no statistically signif-
icant difference in copy number at the SDHA
locus between the tumor DNA and the
matched peripheral blood DNA, which sug-
gests that the mutation in the tumor was
present in homozygosis (Supplementary
Figure 1, available online). Quantitative
polymerase chain reaction analysis of cDNA
synthesized from tumor RNA revealed that
the homozygous nonsense mutation in the
GIST_07 tumor was associated with a

Genomic Allele Residue
Gene ID Gene name Uniprot ID coordinate* Exon Patient mutation mutationt
SDHA Succinate dehydrogenase (ubiguinone) P31040 chrb:288345 9 GIST_07 C>G S384X
flavoprotein subunit A chrb:276624 2 GIST_10 C>T R31X
chr5:304554 13 GIST_10 C>T R589W

* As in National Center for Biotechnology Information v36.1.

T Residue substitutions are shown with their position in the protein chain.
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c. 1%1C>G
B I S e o -

TANAY

GIST 07 blood DNA

B c.91g>T

GIST 07 tumor DNA

GIST 10 blood DNA

Reference Segquence

cDNA nucleotide 91

-ATTTCAGAG-

Reference Protein -IleSerGlu-
Mutated Sequence -ATTTGAGAG-
Mutated Protein ~Ile-*=
cDNA nucleotide 1151 C = G

Protein residue 384 Ser > STOP

Reference Sequence -GGAACCCGA-
Reference Protein -GlyThrArg-
Mutated Sequence -GGAACCTGA-
Mutated Protein -GlyThr=-+*-

C =T

Protein residue 31 Arg > STOP

GIST 10 tumor DNA

c.l'@'SC:-T

c.lwc>T

/ ﬁ\'\/\( \ﬂ\

GIST 10 blood DNA

Reference Sequence
Reference Protein
Mutated Segquence
Mutated Protein

GIST 10 tumor DNA
-TCACGGGGC-

GIST 10 tumor cDNA

cC =T

-SerArgGly- CDNA nucleotide 1765
-TCATGGGGC- Protein residue 589 Arg > Trp
-SerTrpGly-

Figure 1. Sequence chromatograms of DNA isolated from two patients
with sporadic KIT/PDGFRA wild-type gastrointestinal stromal tumors.
A) Region harboring the ¢.1151C>G mutation (p.Ser384X) in patient
GIST_07. Left, heterozygous mutation in blood DNA; Right, homozy-
gous mutation in tumor DNA. B) Region harboring the ¢.91C>T muta-
tion (p.Arg31X) in patient GIST_10. Left, heterozygous mutation in

blood DNA; Right, heterozygous mutation in tumor DNA. C) Region
harboring the ¢.1765C>T mutation (p.Arg589Trp) carried by GIST_10
patient. Left, wild-type sequence in GIST_10 blood DNA; Middle, het-
erozygous mutation in GIST_10 tumor DNA; Right, predominance of
expression of the mutated allele in ¢cDNA synthesized from GIST_10
tumor RNA.

marked reduction in the level of SDHA
mRINA compared with that in the 14 of 17
KIT/PDGFRA mutant GIST samples for
which there was sufficient RNA available for
analysis (mean normalized SDHA expres-
sion, GIST_07 vs 14 mutant GIST's = 0.89 vs
6.08; fold difference = 6.8, 95% CI = 4.5 to
12.2; P < .001, Student ¢ test, two-tailed)
(Supplementary Figure 2, available online). A
KIT/PDGFRA wild-type GIST from a
pediatric patient (GIST_24) had essentially
the same fold reducton in SDHA mRNA
compared with KIT/PDGFRA mutant
GISTs as did GIST_07 (Supplementary
Figure 2, available online).

Patient GIST_10 carried ¢.91C>T as a
heterozygous nonsense mutation in both
blood and tumor (Figure 1, B), indicating
that this patient had a germline genetic al-
teration of the SDHA gene. A second hit
that affected SDHA in the tumor of this
patient was compound heterozygosity for an
independentsomatic mutation (c.1765C>T),

jnci.oxfordjournals.org

resulting in the Arg589Trp mutation in the
mature protein (Figure 1, C). Sequence
analysis of cDNA synthesized from tumor
RNA revealed that the mutant allele was
predominantly expressed in the tumor
(Figure 1, C). To understand the effect of
the Arg589Trp mutation in the mature
SDHA, we computed a three-dimensional
model of the mutated subunit by adopting
as a template the structure of its porcine
counterpart, which is known at atomic reso-
lution (Supplementary Figure 3, available
online). Protein structure analysis high-
lights that, in the wild-type protein, Arg 589
is located in the flavin adenine dinucleotide-
binding domain, which is critical for
SDHA function. The Arg589Trp muta-
tion results in a side-chain substitution
that promotes misfolding of this domain
(and, as a consequence, functional inactiva-
tion of SDHA) by destabilizing the local
polar environment of the wild-type Arg 589
(Supplementary Figure 4, available online).

Together, these results indicate that
patients GIST_07 and GIST_10 each car-
ried a first-hit germline mutation in SDHA,
represented by two different single-base
changes, which introduced a stop codon
that resulted in a truncated mature protein.
A SDHA heterozygous nonsense mutation
in the germline of both patients may indi-
cate a neoplastic syndrome that includes
KIT/PDGFRA mutation-negative GISTs
and potentially other cancers. It would be
interesting to know the cancer history of
long-term survivors of GISTs that are
PDGFRA and KIT mutation negative.

Recently, Janeway et al. (17) found
germline mutations in SDHB, SDHC, or
SDHD in six of 38 KIT/PDGFRA wild-
type GISTs from pediatric patients with no
family history of paraganglioma and, more-
over, the loss of SDHB protein expression
and complex II activity in KIT/PDGFRA
wild-type GIST's with no SDHB, SDHC, or
SDHD mutations or deletions from 13
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pediatric patients. These findings support
our view that loss of SDH function plays a
role in the pathogenesis of KIT/PDGFRA
wild-type GISTs and together with our
findings suggest that children or young
adults with KIT/PDGFRA  wild-type
GISTs should be screened for germline or
de novo mutations in all four subunits of
SDH complex. Disruption of the SDH
complex leads to increased expression of
HIF-1 alpha and may cause GIST or para-
ganglioma through similar molecular path-
ways as seen in renal cell cancers that
display loss of von Hippel-Lindau tumor
suppressor function (23).

The exact role of mutant SDHA in
tumor initiation is poorly understood.
Recently, Burnichon et al. (24) identified a
germline SDHA mutation resulting in p.
Arg589Trp that was associated with loss of
heterozygosity in a catecholamine-secret-
ing abdominal paraganglioma and sug-
gested that SDHA may work as a tumor
suppressor gene. The authors showed that
this mutant SDHA was associated with loss
of enzymatic activity of the SDH complex
in tumor tissue and in a yeast model, and,
like mutations in SDHB, SDHC, and
SDHD, resulted in pseudohypoxia and
increased angiogenesis and cell prolifera-
tion in vitro. In this study, we found that
SDHA gene mutations are present in
PDGFRA/KIT wild-type GISTS, support-
ing the hypothesis that SDHA may act as a
tumor suppressor in these tumors.

A limitation of this study is the small
sample size. A larger number of KIT/
PDGFRA wild-type GISTs needs to be
evaluated for SDHA mutations to reach
definitive conclusions about the role of this
gene in the development of sporadic KI'T/
PDGFRA wild-type GISTs. To our knowl-
edge, this is the first report describing
germline and somatic loss-of-function mu-
tations in SDHA that are linked to the de-
velopment of sporadic KIT/PDGFRA
wild-type GISTs. The finding that inacti-
vation of the SDH complex seems to be an
event shared by sporadic and syndromic
GISTs that lack mutations in PDGFRA and
KIT may open new avenues for pharmaco-
logic treatments.

References

1. Hirota S, Isozaki K, Moriyama Y, et al. Gain
of function mutations of c-kit in human

986 Brief Communications | JNCI

[9%)

~I

oo}

10.

1

—_

1

(o)

14.

. Miettinen M, Lasota ],

. Janeway KA, Zhu

gastrointestinal stromal tumors. Science. 1998;
279(5350):577-580.

. Stratakis CA, Carney JA. The triad of para-

gangliomas, gastric stromal tumors and pul-
monary chondromas (Carney triad), and the
dyad of paragangliomas and gastric stromal
sarcomas (Carney-Stratakis syndrome): mo-
lecular genetics and clinical implications.
F Intern Med. 2009;266(1):43-52.

. Janeway KA, Pappo AS. Pediatric gastrointes-

tinal stromal tumor. Hematol Oncol Clin North
Am. 2009;23(1):15-34.

Sobin LH.
Gastrointestinal stromal tumors of the stom-
ach in children and young adults: a clinico-
pathologic, immunohistochemical, and
molecular genetic study of 44 cases with long-
term follow-up and review of the literature.
Am F Surg Pathol. 2005;29(10):1373-1381.

. Demetri GD, Von Mehren M, Blanke CD,

et al. Efficacy and safety of imatinib mesylate
in advanced gastrointestinal stromal tumors.

N Engl J Med. 2002;347(7):472-480.

. Demetri GD, van Oosterom AT, Garrett CR,

et al. Efficacy and safety of sunitinib in patients
with advanced gastrointestinal stromal tumour
after failure of imatinib a randomised controlled
trial. Lancet. 2006;368(9544):1329-1338.

. Heinrich MC, Corless CL, Demetri GD, et al.

Kinase mutations and imatinib response in
patients with metastatic gastrointestinal
stromal tumors. 7 Clin Oncol. 2003;21(23):
4342-4349.

. Debiec-Rychter M, Dumez H, Judson I, et al.

Use of ¢-KIT/PDGFRA mutational analysis
to predict the clinical response to imatinib in
patients with advanced gastrointestinal stromal
tumours entered on phase I and II studies of
the EORTC Soft Tissue and Bone Sarcoma
Group. Eur J Cancer. 2004;40(5):689-695.

. Heinrich MC, Corless CL, Blanke CD, et al.

Molecular correlates of imatinib resistance in
gastrointestinal stromal tumors. 7 Clin Oncol.
2006;24(29):4764-4774.

Heinrich MC, Maki RG, Corless CL, et al.
Primary and secondary kinase genotypes cor-
relate with the biological and clinical activity
of sunitinib in imatinib-resistant gastrointesti-
nal stromal tumor. 7 Clin Oncol. 2008;26(33):
5352-5359.

. Pantaleo MA, Astolfi A, Di Battista M, et al.

Insulin-like growth factor 1 receptor (IGF1r)
expression in wild-type GIST: a potential
novel therapeutic target. Int 7 Cancer. 2009;
125(12):2991-2994.

. Tarn C, Rink L, Merkel E, et al. Insulin-like

growth factor 1 receptor is a potential thera-
peutic target for gastrointestinal stromal
tumors. Proc Natl Acad Sci U S A. 2008;
105(24):8387-8392.

M], Barretina J,
Perez-Atayde A, Demetri GD, Fletcher JA.
Strong expression of IGFIR in pediatric gas-
trointestinal stromal tumors without IGFIR
genomic amplification. Int 7 Cancer. 2010;
127(11):2718-2722.

Agaram NP, Laquaglia MP, Ustun B, et al.
Molecular characterization of pediatric

gastrointestinal stromal tumors. Clin Cancer
Res. 2008;14(10):3204-3215.

15. Astolfi A, Nannini M, Pantaleo MA, et al. A
molecular portrait of gastrointestinal stromal
tumors: an integrative analysis of gene expression
profiling and high-resolution genomic copy
number. Lab Invest. 2010;90(9):1285-1294.

16. Agaram NP, Wong GC, Guo T, et al. Novel
V600E BRAF mutations in imatinib-naive and
imatinib-resistant gastrointestinal stromal
tumors. Genes Chromosomes Cancer. 2008;
47(10):853-859.

17. Janeway KA, Kim SY, Lodish M, et al. Defects
in succinate dehydrogenase in gastrointestinal
stromal tumors lacking KIT and PDGFRA
mutations. Proc Natl Acad Sci U S A. 2011,
108(1):314-318.

18. Calabrese R, Capriotti E, Fariselli P, Martelli
PL, Casadio R. Functional annotations
improve the predictive score of human dis-
ease-related mutations in proteins. Hum
Mutat. 2009;30(8):1237-1244.

19. Cecchini G, Schréder I, Gunsalus RP,
Maklashina E. Succinate dehydrogenase and
fumarate reductase from Escherichia coli.
Biochim Biophys Acta. 2002;1553(1-2):140-157.

20. McWhinney SR, Pasini B, Stratakis CA;
International Carney Triad and Carney-
Stratakis Syndrome Consortium. Familial gas-
trointestinal stromal tumors and germ-line
mutations. N Engl 7 Med. 2007;357(10):
1054-1056.

21. Pasini B, McWhinney SR, Bei T, et al.
Clinical and molecular genetics of patients
with the Carney-Stratakis syndrome and
germline mutations of the genes coding for
the succinate dehydrogenase subunits SDHB,
SDHC, and SDHD. Eur 7 Hum Genet.
2008;16(1):79-88.

22. Pasini B, Stratakis CA. SDH mutations
in tumorigenesis and inherited endocrine
tumours: lesson from the phaeochromocytoma-
paraganglioma syndromes. 7 Intern Med. 2009;
266(1):19-42.

23. Linehan WM, Srinivasan R, Schmidt LS. The
genetic basis of kidney cancer: a metabolic
disease. Nat Rev Urol. 2010;7(5):277-285.

24. Burnichon N, Briere JJ, Libé R, et al. SDHA
is a tumor suppressor gene causing paragan-
glioma. Hum Mol Genet. 2010;19(15):
3011-3020.

Funding

Novartis Oncology, Origgio, Italy; VA Merit
Review grant (to M.C.H.); GIST Cancer Research
Fund (to M.C.H.); Life Raft Group (to M.C.H.);
Novartis Oncology (to M.C.H.).

Notes

MAP and AA contributed equally to the work.
MCH is a consultant for, and has equity interest
in, Molecular MD for KIT and PDGFRA genotype
analysis in GIST.

Special thanks to Manuela Iero (Novartis
Oncology, Origgio Italy); Monica Di Battista,
Valerio Di Scioscio, Paola Paterini, Claudio
Ceccarelli, Paolo Castellucci, Michelangelo
Fiorentino, Pietro Fusaroli, Maristella Saponara,

Vol. 103, Issue 12 | June 22, 2011



Cristian Lolli, Margherita Nannini, Alessandra
Maleddu, Anna Mandrioli, Maria Caterina Pallotti,
Franco W. Grigioni, Antonio D. Pinna, Ilaria
Caldarera and the staff of Gist Study Group
(Gist Study Group Bologna, Italy); Diane Miller,
Yongjun Zhao, Thomas Zeng, Tina Wong, Richard
Varhol and the staff of Genome Sciences Centre
(Genome Sciences Centre, Vancouver, Canada).
The sponsor did not have role in the design of
the study, but approved it before providing finan-
cial support. The sponsor approved the submitted
version of the article and the revised version for

jnci.oxfordjournals.org

publication. The sponsor did not have role in the
collection, analysis, or interpretation of the data or
the writing of the article.

Affiliations of authors: Department of
Hematology and Oncology Sciences “L&A
Seragnoli” (MAP, GB), Pathology Unit (DS),
and Department of Surgery and Transplantation
(FC), Sant’Orsola-Malpighi Hospital, University
of Bologna, Bologna, lItaly; “Giorgio Prodi”
Cancer Research Center, University of Bologna,
Bologna, Italy (MAP, AA, VI, SF, AP, GB);

Biocomputing Group, Department of Biology,
University of Bologna, Bologna, Italy (VI, PLM,
RC); Canada’s Michael Smith Genome Sciences
Centre, British Columbia Cancer Agency,
Vancouver, Canada (RM, NT); Department of
Medicine, Portland VA Medical Center and
Oregon Health and Science University Knight
Cancer Institute, Portland, OR (MCH); Novartis
Oncology, Origgio, Italy (CG); Pediatric Unit,
Department of Gynecological, Obstetric and
Pediatric Sciences, University of Bologna,
Bologna, Italy (SF, AP).

JNCI | Brief Communications 987



