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Abstract
Purpose: Advanced non–small-cell lung cancer (NSCLC) patients harboring epidermal growth factor
receptor (EGFR) mutations (deletion in exon 19 or L858R) show an impressive progression-free survival of
14 months when treated with erlotinib. However, the presence of EGFR mutations can only imperfectly
predict outcome. We hypothesized that progression-free survival could be influenced both by the
pretreatment EGFR T790M mutation and by components of DNA repair pathways.
Experimental Design: We assessed the T790M mutation in pretreatment diagnostic specimens from
129 erlotinib-treated advanced NSCLC patients with EGFR mutations. The expression of eight genes and
two proteins involved in DNA repair and four receptor tyrosine kinases was also examined.
Results: The EGFR T790M mutation was observed in 45 of 129 patients (35%). Progression-free survival
was 12 months in patients with and 18 months in patients without the T790M mutation (P ¼ 0.05).
Progression-free survival was 27 months in patients with low BRCA1 mRNA levels, 18 months in those with
intermediate levels, and 10 months in those with high levels (P ¼ 0.02). In the multivariate analysis, the
presence of the T790M mutation (HR, 4.35; P ¼ 0.001), intermediate BRCA1 levels (HR, 8.19; P < 0.0001),
and high BRCA1 levels (HR, 8.46; P < 0.0001) emerged as markers of shorter progression-free survival.
Conclusions: Low BRCA1 levels neutralized the negative effect of the T790M mutation and were
associated with longer progression-free survival to erlotinib. We advocate baseline assessment of the
T790M mutation and BRCA1 expression to predict outcome and provide alternative individualized
treatment to patients based on T790M mutations and BRCA1 expression. Clin Cancer Res; 17(5);
1160–8. 2011 AACR.
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Introduction
Lung cancer is the leading cause of cancer-related deaths,
with current chemotherapies lacking adequate specificity
and efficacy. In a mouse model of lung cancer, cisplatin
treatment promoted the emergence of resistant tumors
expressing elevated levels of multiple DNA damage repair
genes. (1) In contrast, high sensitivity to cisplatin was
found in breast cancer-related gene 1 (BRCA1)-deficient
mouse mammary tumors. (2) It is possible to subdivide
non–small-cell lung cancer (NSCLC) patients into genetically discrete subsets on the basis of the activating mutations that they harbor. (3) Certain subsets of patients can
benefit from treatment with specific inhibitors; for example, in Caucasian patients harboring activating mutations
in the epidermal growth factor receptor (EGFR) kinase
domain, landmark outcomes of a 70% response rate, 14month progression-free survival, and 27-month median
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Translational Relevance
Epidermal growth factor receptor (EGFR) mutations
are considered a relevant biomarker for treatment with
EGFR tyrosine kinase inhibitors. However, different
genetic abnormalities can affect the duration of
response. In the present study, the concomitant presence of the EGFR T790M mutation was observed in
35% of the patients and adversely affected the progression-free survival to erlotinib. In addition, high levels of
BRCA1 mRNA expression also had a negative effect.
These findings provide more accurate predictive information on the effect of erlotinib in patients with EGFR
mutations and pave the way for clinical trials targeting
either the T790M mutation or BRCA1 expression.

survival have been attained with erlotinib. (4) In 3 phase
III trials of Asian patients with EGFR mutations, median
progression-free survival was significantly longer in
patients receiving gefitinib (9.2–10.8 months) than in
those receiving chemotherapy (5.4–6.3 months), with a
significant improvement in the hazard ratios for progression (0.30–0.48; P < 0.001; ref.. 5–7) However, current
markers can only imperfectly predict the length of progression-free survival in these patients. Moreover, a secondary mutation in EGFR, the T790M "acquired
resistance mutation", has been observed in 50% of cases
resistant to gefitinib or erlotinib. (8–11) A critical issue is
whether this T790M mutation occurs as a result of treatment or whether it exists prior to treatment and is selected
during the course of therapy. Achievable plasma concentrations of gefitinib led to the development of EGFR
T790M in vitro, (12, 13), but EGFR T790M has also been
determined in EGFR-mutated cell lines at frequencies of
55% (H1975), 7% (H820), and 2% (the gefitinib-resistant H3255; ref.. 14) Moreover, EGFR T790M was
detected at low levels in pretreatment tumor samples
from 38% of patients with EGFR-mutant NSCLC and
was associated with shorter progression-free survival
(7.7 versus 16.5 months; ref. 15)
EGFR-mutated NSCLC cell lines, with or without the
T790M mutation, showed enhanced radiosensitivity,
related to impaired nonhomologous end-joining and the
resultant altered formation of the Ku/DNA-dependent protein kinase (DNA-PK) catalytic subunit (cs) complex. (16,
17) Both erlotinib and radiation increased phosphorylated
H2AX (gH2AX) foci (a marker of double-strand breaks) in
human breast cancer cells, which was related to attenuated
homologous recombination repair. Subsequent disruption
of BRCA1 greatly enhanced erlotinib cytotoxicity. (18)
Hypoxia-induced downregulation of BRCA1 expression is
a functional, nonmutational mechanism of BRCA1 inactivation in sporadic cancers. (19) Moreover, decreased
BRCA1 resulted in increased sensitivity to the DNA cross-

www.aacrjournals.org

linking agents mitomycin C and cisplatin but not to the
antimicrotubule paclitaxel. (20) Experimental (21, 22) and
clinical (22, 23) studies, including our own experience, (23–
25) have also indicated a differential effect of BRCA1
expression on chemotherapy. In a phase II study of customized chemotherapy based on BRCA1 mRNA levels, the
expression of the receptor-associated protein 80 (RAP80), a
ubiquitin-binding protein that interacts with BRCA1,
strongly modulated the effect of BRCA1, (26) confirming
preclinical evidence (27) that RAP80 is essential for the
BRCA1 repair function in an H2AX-dependent manner
(Fig. 1).
Poly-ubiquitylated histones serve as a platform to recruit
the BRCA1/RAP80 complex, directed by the ability of
RAP80 to bind ubiquitin through its UIM domains. BRCA1
is then sumoylated in a protein inhibitor of activated STAT
(PIAS)1- and PIAS4-dependent manner, which increases its
E3 ubiquitin ligase activity. (28) In addition, CtIP forms
complexes with BRCA1 and processes double-strand breaks
in the initial DNA damage response. (29) Finally, the 7 in
absentia homologue (SIAH2) and the ubiquitin-conjugating enzyme E2T (UBE2T) can cause proteasomal degradation of BRCA1.
Upregulation of other receptor tyrosine kinases can also
affect response to gefitinib or erlotinib. Amplification of
the MET oncogene is observed in 20% of resistant cases.
(30, 31) AXL is a member of a receptor tyrosine kinase
family that contains a kinase domain closely related to
MET, and AXL overexpression leads to resistance to imatinib in gastrointestinal stromal tumors. (32) IL-6ST expression leads to gefitinib resistance in EGFR-mutated cell lines,
(33) and activation of IGF-1Rb signaling drives gefitinib
resistance in EGFR wild-type cancer cell lines. (34) Activation of these receptor tyrosine kinases led to the
maintenance of the phosphoinositide 3-kinase-AKT and
Ras-extracellular signal-regulated kinase pathways in the
presence of gefitinib or erlotinib. (35)
We have examined the presence of the EGFR T790M
mutation in pretreatment tumor samples of NSCLC
patients who were prospectively treated with erlotinib
as part of a Spanish Lung Cancer Group (SLCG) program
(4) and correlated the presence of the T790M mutation
with progression-free survival. We have also analyzed the
potential influence on progression-free survival of the
expression of several components of homologous recombination (BRCA1, RAP80, CtIP, PIAS1, PIAS4) and nonhomologous end-joining (PP2A/C, DNA-PKcs, and
Ku70/Ku86), as well as SIAH2 and UBE2T. The influence
of the expression levels of MET, AXL, IL-6ST, and IGF-1R
was also examined.

Materials and Methods
Clinical samples and pathology evaluation
For the Spanish Lung Adenocarcinoma Data Base
(SLADB; ref. 4), the SLCG had prospectively screened
2,105 NSCLC patients from 129 institutions for EGFR
mutations. EGFR mutations were detected in 350 patients,
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Figure 1. A proposed model for BRCA1 repair of erlotinib-induced DNA damage through an H2AX-independent pathway. DNA damage repair involves
homologous recombination (HR), usually through the H2AX-dependent pathway. At sites of DNA breakage, the ubiquitin ligase ring-finger protein (RNF)8 is
recruited and, together with the second ubiquitin ligase RNF168, it generates ubiquitin chains bound by receptor-associated protein 80 (RAP80), which in turn
recruits the final ubiquitin ligase in the cascade, BRCA1. In addition, protein inhibitor of activated STAT (signal transducer and activator of transcription), PIAS1
and PIAS4 SUMO (small ubiquitin-related modifier) ligases, are required for complete accretion of repair proteins to the damaged sites. Depletion of PIAS1 and
PIAS4 reduces the response to double-strand breaks by both HR and nonhomologous end-joining (NHEJ), increasing radiosensitivity (RT) (40, 41). Our
findings support a predominant predictive role of BRCA1 in patients with EGFR mutations through an H2AX-independent pathway similar to what has been
found in experimental studies (27, 29, 39). We speculate that the DNA breakage caused by erlotinib is different from that caused by radiotherapy or platinumbased chemotherapy, and BRCA1 by itself can be a relevant predictive biomarker. In addition, poly(ADP)-ribosylation of proteins by PARP1 is a rapid response
to DNA lesions (45). Turning off the DNA damage checkpoint after DNA repair involves the removal of phosphorylated H2AX from the chromatin, followed by its
replacement with canonical H2A. This exchange of phosphorylated H2AX for H2A is mediated by facilitates of chromatin transcription (FACT). The ability of
FACT to remove phosphorylated H2AX from the chromatin is inhibited by PARP1 (46). Because PARP1 inhibitors downregulate BRCA1 expression (42), further
studies could lead to their use in combination with erlotinib in patients with elevated BRCA1 expression.

217 of whom had advanced disease and were prospectively
treated with erlotinib. Additional genetic analyses were
performed in these patients if sufficient tumor tissue was
available. All analyses were performed centrally at the
Pangaea Biotech SA laboratory, an ISO 15189 accredited
laboratory (accreditation number 750/LE1556) for the
assessment of EGFR mutation sensitivity (deletion in exon
19 [del 19] and L858R) and analysis of BRCA1 mRNA
expression in NSCLC (For details, see the Supplementary
Data.). All patients signed a written consent form, and
approval was obtained from the Institutional Review Board
and the Ethics Committee of each hospital.
EGFR T790M mutation and gene expression analyses
Only 129 of 217 patients had sufficient tumor tissue for
the T790M analysis, and 104 had sufficient tissue for the
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RNA expression analyses. The T790M mutation was
assessed by TaqMan assay (Applied Biosystems) in the
presence of a peptide–nucleic acid designed to inhibit
the amplification of the wild-type allele. We analyzed
the mRNA expression of 12 genes by real-time quantitative
PCR: BRCA1, RAP80, PIAS1, PIAS4, CtIP, UBE2T, SIAH2,
PP2A/C, MET, AXL, IL-6ST, and IGF-1R. Primers and
probes are shown in Supplementary Table 1. (For further
details, see the Supplementary Data.)
Immunohistochemistry
Sufficient tumor was available in 99 patients for immunohistochemistry analysis of the protein expression of
DNA-PKcs and Ku70/Ku80. The samples were cut serially
at 4 mm, placed on positively charged slides, and processed.
(For details, see the Supplementary Data.)
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Statistical analyses
The primary endpoint of the study was to examine the
potential effect on progression-free survival of the T790M
mutation and BRCA1 mRNA expression. The secondary
endpoint was the effect of the other 11 genes examined. In
an ancillary analysis, we examined the protein expression
of 2 additional genes. Based on our previous experience,
(24–26) in addition to analyzing gene expression as a
continuous variable, expression levels were divided into
terciles to explore the risk trend of the gene variable and to
easily identify groups of gene expression with different risk.
Progression-free survival was calculated from the initiation
of erlotinib therapy until either tumor progression or
death. (For details, see the Supplementary Data.)

Results
EGFR T790M mutation
The T790M mutation was found in 45 of 129 patients
(35%). T790M mutations were related to the presence of
bone metastases (P ¼ 0.03) and the type of EGFR mutation
(P ¼ 0.05; Table 1). No other differences in patient clinical
characteristics or initial response were related to T790M
mutation status (Table 1). In addition, we later validated
this finding in an independent cohort of 78 NSCLC
patients with EGFR mutations (December 2008–January 2010); in this cohort, the T790M mutation was present
in 30 patients (38%).
In the original cohort of 129 patients, median progression-free survival was 12 months (95% confidence interval [CI], 7.6 to 16.4) in patients with the T790M mutation

and 18 months (95% CI, 14.1 to 21.9; P ¼ 0.05) in those
without the T790M mutation (Supplementary Fig. S1). In
the subgroup of 65 patients receiving erlotinib as first-line
treatment, progression-free survival was 8 months (95%
CI, 3.5 to 12.5) in patients with the T790M mutation and
18 months (95% CI, 13.2 to 22.7; P ¼ 0.04) in those
without the T790M mutation (Supplementary Fig. S2A).
In the subgroup of 64 patients receiving erlotinib as
second-line treatment, progression-free survival was
13 months (95% CI, 9.4 to 16.6) in patients with the
T790M mutation and 18 months (95% CI, 9.9 to 26.1; P
¼ 0.35) in those without the T790M mutation (Supplementary Fig. S2B).
Gene expression analyses
Terciles of each of the 12 genes were derived, and patients
were subdivided into 3 groups based on low, intermediate,
or high levels of gene expression to compare clinical
characteristics (including type of EGFR mutation and the
presence or absence of the T790M mutation) and response
to erlotinib (Table 2 and Supplementary Tables S2-S12).
Progression-free survival was 27 months (95% CI, 21.3 to
32.7) in patients with low BRCA1 levels, 18 months (95%
CI, 6.3 to 29.7) in those with intermediate BRCA1 levels,
and 10 months (95% CI, 6.7 to 13.3) in those with high
BRCA1 levels (P ¼ 0.02; Table 3, Fig. 2). No significant
differences in median progression-free survival were
observed according to the expression levels of any of the
other 11 genes examined (Table 3).
Among the 28 patients harboring the T790M mutation, median progression-free survival was 19 months

Table 1. Characteristics and treatment response of 129 patients receiving erlotinib according to the
presence or absence of the T790M mutation.

Age, median (range)
Sex
Male
Female
Bone metastases
No
Yes
Brain metastases
No
Yes
Erlotinib therapy
First-line
Second-line
Type of EGFR mutation
del 19
L858R
Response
Complete or partial response

www.aacrjournals.org

All patients

T790M present

T790M absent

n ¼ 129
n (%)
67 (22–86)

n ¼ 45
n (%)
68 (22–80)

n ¼ 84
n (%)
65.5 (35–86)

36 (27.9)
93 (72.1)

10 (22.2)
35 (77.8)

26 (31)
58 (69)

99 (76.7)
30 (23.3)

29 (64.4)
16 (35.6)

70 (83.3)
14 (16.7)

116 (89.9)
13 (10.1)

41 (91.1)
4 (8.9)

75 (89.3)
9 (10.7)

65 (50.4)
64 (49.6)

21 (46.7)
24 (53.3)

44 (52.4)
40 (47.6)

81 (62.8)
48 (37.2)

23 (51.1)
22 (48.9)

58(69)
26(31)

80 (68.9)

28 (63.6)

52 (72.3)

P
0.31
0.31

0.03

0.99

0.58

0.05

0.39
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Table 2. Characteristics and treatment response of 81 patients receiving erlotinib, according to BRCA1
mRNA expression levels.

Age, median (range)
Sex
Male
Female
Bone metastases
No
Yes
Brain metastases
No
Yes
Erlotinib therapy
First-line
Second-line
Type of EGFR mutation
del 19
L858R
T790M
Present
Absent
Response
Complete or partial response

BRCA1

BRCA1

BRCA1

4.92
n ¼ 27
n (%)
71 (44–85)

4.92–10.7
n ¼ 27
n (%)
66 (48–88)

>10.7
n ¼ 27
n (%)
67 (22–79)

7 (25.9)
20 (74.1)

8 (29.6)
19 (70.4)

11 (40.7)
16 (59.3)

23 (85.2)
4 (14.8)

20 (74.1)
7 (25.9)

23 (85.2)
4 (14.8)

25 (80.6)
6 (19.4)

22 (71)
9 (29)

24 (77.4)
7 (22.6)

17 (63)
10 (37)

17(63)
10(37)

13 (48.1)
14 (51.9)

17 (63)
10 (37)

16 (59.3)
11 (40.7)

16 (59.3)
11 (40.7)

9 (33.3)
18 (66.7)

10 (37)
17 (63)

9 (33.3)
18 (66.7)

19 (76)

18 (72)

15 (68.2)

0.66

0.47

0.95

0.95

Immunohistochemical analysis
Supplementary Tables S13 and S14 show patient characteristics (including type of EGFR mutation and presence
or absence of the T790M mutation) and response to
erlotinib according to the protein expression of DNA-PKcs
and Ku70/Ku80. No differences in median progression-free
survival were observed (Table 3).
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0.27
0.57

0.48

(95% CI, 0 to 41.2) in patients with low BRCA1 levels,
4 months (95% CI, 0 to 11.7) in those with intermediate
BRCA1 levels, and 8 months (95% CI, 0 to 20.2) in those
with high BRCA1 levels (P ¼ 0.15; Supplementary
Fig. S3A). Among the 53 patients without the T790M
mutation, median progression-free survival was
27 months in patients with low BRCA1 levels, not
reached in those with intermediate BRCA1 levels, and
12 months (95% CI, 5.6 to 18.4) in those with high
BRCA1 levels (P ¼ 0.15; Supplementary Fig. S3B). In
patients receiving first-line erlotinib, progression-free
survival was also 27 months for patients with the
T790M mutation and low levels of BRCA1, whereas it
plummeted to 3 months for those with intermediate or
high levels (Supplementary Fig. S3C). In patients receiving first-line erlotinib without the T790M mutation,
progression-free survival was also 27 months for patients
with low BRCA1 levels and 18 months for those with
intermediate or high levels (Supplementary Fig. S3D).
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P

0.96
0.94

Multivariate analysis of progression-free survival
In the multivariate analysis [including the expression
levels of the 12 genes by terciles, clinical and demographic
characteristics, type of EGFR mutation (del 19 or L858R),
the presence or absence of the EGFR T790M mutation, firstversus second-line erlotinib therapy, and the protein
expression of DNA-PKcs and Ku70/Ku80], an association
was observed between shortened progression-free survival
and male sex (HR, 3.06; 95% CI, 1.15 to 8.11; P ¼ 0.02),
current smoker (HR, 6.07; 95% CI, 1.63 to 22.61; P ¼
0.007), the presence of the EGFR T790M mutation (HR,
4.35; 95% CI, 1.85 to 10.17; P ¼ 0.001), intermediate
BRCA1 levels (HR, 8.19; 95% CI, 2.69 to 26.89; P <
0.0001), high BRCA1 levels (HR, 8.46; 95% CI, 2.63 to
27.22; P < 0.0001), intermediate PIAS4 levels (HR, 4.49;
95% CI, 1.49 to 13.55; P ¼ 0.008), intermediate PP2A/C
levels (HR, 3.63; 95% CI, 1.19 to 11.05; P ¼ 0.02), and high
PP2A/C levels (HR, 6.71; 95% CI, 2.09 to 21.58; P ¼ 0.001;
Table 4). In addition, an association was observed between
longer progression-free survival and second-line erlotinib
therapy (HR, 0.27; 95% CI, 0.09 to 0.77; P ¼ 0.01; Table 4).

Discussion
The T790M mutant allele has generally been considered
to be an acquired mutation, found in 40% to 50% of cases
at the time of clinical progression to gefitinib or erlotinib.

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on February 20, 2018. © 2011 American Association for
Cancer Research.

Published OnlineFirst January 13, 2011; DOI: 10.1158/1078-0432.CCR-10-2158
T790M and BRCA1 in EGFR-Mutant NSCLC

Table 3. Univariate analysis of median progression-free survival according to terciles of mRNA expression
levels of 12 genes and the protein expression of DNA-PKcs and Ku70/80.

BRCA1
4.92
4.92–10.7
>10.7
RAP80
1.67
1.67–3.68
>3.68
CtIP
1.21
1.21–2.1
>2.1
PIAS1
2.01
2.01–3.32
>3.32
PIAS4
1.45
1.45–2.38
>2.38
SIAH2
0.52
0.52–0.98
>0.98
UBE2T
12.64
12.64–24.59
>24.59
PP2A/C
1.4
1.4–2.33
>2.33
DNA-PKcs
Negative
Positive
Ku70/80
Negative
Positive
MET
1.83
1.83–3.46
>3.46
AXL
1.61
1.61–2.83
>2.83
IL-6ST
2.17
2.17–4.17
>4.17
IGF-1R
2.36
2.36–4.06
>4.06
www.aacrjournals.org

n

Progression-free survival Months (95% CI)

27
27
27

27 (21.3–32.7)
18 (6.3–29.7)
10 (6.7–13.3)

31
31
31

20 (3.7–36.2)
13 (5.4–20.6)
16 (7.5–24.5)

27
25
25

16 (2.3–29.7)
23 (16–29.9)
23 (3.1–26.9)

33
33
33

16 (7.1–24.9)
16 (5.8–26.2)
22 (13.4–30.6)

27
27
26

12 (7.9–16.1)
24 (15.1–32.9)
16 (11.4–20.6)

30
26
27

16 (6–25.9)
16 (6.2–25.7)
18 (8.1–27.9)

20
20
20

18 (-)
23 (13.9–32)
11 (6.1–15.8)

32
33
31

18 (13.28–22.71)
19 (9.76–28.32)
11 (7.48–14.51)

12
86

19(5.3–32.7)
16(10.9–21.1)

14
85

19 (14.9–23.1)
16 (11–20.9)

32
32
32

19 (6.42–31.58)
19 (7.58–30.14)
15 (7.78–22.21)

33
33
32

13 (1.01–24.98)
16 (8.33–23.66)
19 (10.83–27.16)

36
33
34

13 (5.52–20.47)
15 (9.19–20.81)
31 (15.61–46.39)

30
30
29

16 (5.9–26.1)
12 (9.5–14.5)
24 (10.7–37.2)

P
0.02

0.97

0.26

0.67

0.17

0.71

0.14

0.22

0.91

0.61

0.89

0.78

0.12

0.38
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low BRCA1
intermediate BRCA1

high BRCA1

BRCA1
4.92
4.92-10.7
>10.7

n
27
27
27

PFS
27
18
10

95% CI
21.3-32.7
6.3-29.7
6.7-13.3

P
0.02

Figure 2. Kaplan–Meier curves of progression-free survival in 81 NSCLC
patients with EGFR mutations, according to BRCA1 mRNA levels.

(10, 11, 36) However, in the present study, we have found
the T790M mutation in 35% of 129 patients at baseline,
which is similar to the 38% previously reported in 26
patients (15) and the 40% observed in plasma of 10 patients
with activating EGFR mutations in a phase I-II study of
advanced NSCLC patients treated with docetaxel plus intercalated erlotinib. (37) The lower frequency of pretreatment
T790M mutations (2.7%) found in Asian patients (5) could
be due to multiple factors, including the use of a different
assay, which may be less sensitive at detecting low levels of
mutations. EGFR mutations can be very heterogeneous in a
single tumor sample, and some mutations are only present
in less than 10% of total sequences. (38)
In the present study, double EGFR mutations (T790M
plus del 19 or L858R) prior to erlotinib treatment were
associated with shortened progression-free survival (HR,
4.35; P ¼ 0.001). Taken together with earlier findings,
(15) our results indicate that identification of the T790M
mutation at diagnosis is feasible and can be an important
tool for personalizing therapy. In contrast to wild-type EGFR
cell lines, NSCLC cell lines carrying mutant EGFR, including
those containing the T790M mutation, exhibited sensitivity
to irradiation, (16) as a result of impaired nonhomologous
end-joining. (17) Erlotinib cytotoxicity has been related to
attenuated homologous recombination, with abrogated
BRCA1 expression. (18) These observations prompted us
to examine several components of both the nonhomologous end-joining and the homologous recombination pathways that could influence the effect of erlotinib.
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Low levels of BRCA1 mRNA correlated with a prolonged progression-free survival of 27 months, while a
risk of shortened progression-free survival was associated
with intermediate (HR, 8.19; P < 0.0001) and high (HR,
8.46; P < 0.0001) levels of BRCA1. Unexpectedly, RAP80
had no influence on progression-free survival, although
several studies had indicated that RAP80 recruits BRCA1
for DNA damage repair, (27) and we had observed that
RAP80 strongly influenced progression-free survival in
advanced NSCLC patients with low BRCA1 levels receiving cisplatin plus gemcitabine. (26) However, experimental studies have shown that BRCA1-dependent DNA
damage repair can occur in the absence of phosphorylated H2AX (29, 39) or of RAP80. (27) In cell lines,
incomplete BRCA1 localization at laser-induced double-strand breaks still occurs after knockdown of
RAP80, although BRCA1 is not recruited to DNA lesions
caused by irradiation. (27) Mild defects in homologous
recombination repair can activate an H2AX-independent
pathway in which BRCA1 has an essential role. (29) Based
on our findings, we propose a model in which erlotinib
can activate an H2AX-independent pathway, where the
effect of BRCA1 is not linked to RAP80, in contrast to the
more common H2AX-dependent pathway activated by
DNA damage caused by irradiation or platinum-based
chemotherapy (Fig. 1). In addition to the enhanced effect
of erlotinib in wild-type EGFR breast cancer cell lines
lacking BRCA1, (18) recent experiments have shown that
knockdown of BRCA2 by gene-specific shRNAs and siRNAs restored erlotinib sensitivity in H1650 cells that
express EGFR del 19 (delE746-A750) but are otherwise
insensitive to EGFR TKIs (TGB and CLS, unpublished
data).
The analysis of the expression of PIAS1 and PIAS4,
which catalyze the sumoylation of BRCA1, (40, 41) did
not provide additional information on the effect of
BRCA1 in the present study (Fig. 1). The influence of
PP2A/C observed in the multivariate analysis is along the
lines of findings in EGFR-mutant cell lines, in which
defects in nonhomologous end-joining were found.
(17) Taking into account the predictive role of BRCA1
in erlotinib-treated patients with EGFR mutations, novel
strategies could include the addition of inhibitors of poly
(ADP-ribose) polymerase (PARP), which induces BRCA1
downregulation via induction of E2F4/p130 binding to
the BRCA1 promoter (42).
Nonmutational mechanisms of resistance to EGFR tyrosine kinase inhibitors have also been described, such as
"drug-tolerant" cells, (43) which have been identified in
the erlotinib-sensitive PC9 cell line and which were selectively ablated by treatment with IGF-1R kinase inhibitors.
(43) In the present study, however, neither IGF-1R expression nor that of MET, AXL, or IL-6ST influenced progression-free survival. Other mechanisms warrant further
clinical research, including low pretreatment MET amplification or elevated expression of the hepatic growth factor
ligand, which have been experimentally associated with
gefitinib and erlotinib resistance. (35)
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Table 4. Multivariate analysis of progression-free survival including gene expression values by terciles.

T790M
Absent
Present
Sex
Female
Male
ECOG performance status
0
1
2
Smoking history
Former smoker
Current smoker
Never smoked
Erlotinib therapy
First-line
Second-line
BRCA1 mRNA levels
4.92
4.92–10.7
>10.7
PP2A/C mRNA levels
1.4
1.4–2.33
2.33>
PIAS4 mRNA levels
1.4
1.4–2.33
>2.33

Hazard ratio

95% CI

P

1 ref.
4.35

1.85–10.17

0.001

1 ref.
3.06

1.15–8.11

0.02

1 ref.
2.56
0.79

0.92–7.14
0.21–2.87

0.07
0.72

0.98
6.07
1 ref.

0.34–2.58
1.63–22.61

0.97
0.007

1 ref.
0.27

0.09–0.77

0.01

1 ref.
8.19
8.46

2.69–26.89
2.63–27.22

<0.0001
<0.0001

1 ref.
3.63
6.71

1.19–11.05
2.09–21.58

0.02
0.001

1 ref.
4.49
0.67

1.49–13.55
0.21–2.19

0.008
0.51

Our identification of the T790M mutation in a high
proportion of pretreatment samples from patients with
EGFR mutations indicates that the use of selective EGFR
T790M kinase inhibitors (44) may improve outcome in
these patients. In contrast, if BRCA1 levels were low, the
presence of the T790M mutation did not hamper the effect
of erlotinib, whereas progression-free survival plummeted
in patients with both the T790M mutation and higher
levels of BRCA1. Based on these findings, we strongly
advocate the use of a diagnostic toolkit for patients with
EGFR mutations—to include baseline assessment of the
EGFR T790M mutation and BRCA1 mRNA expression—in
order to accurately predict outcome to gefitinib or erlotinib

and to provide alternative treatment, including customized
chemotherapy, based on BRCA1 mRNA expression or the
addition of PARP inhibitors.
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