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Breast cancers commonly become resistant to EGFR–tyrosine kinase inhibitors (EGFR-TKIs); however, the 
mechanisms of this resistance remain largely unknown. We hypothesized that resistance may originate, at least 
in part, from molecular alterations that activate signaling downstream of EGFR. Using a screen to measure 
reversion of malignant cells into phenotypically nonmalignant cells in 3D gels, we identified FAM83A as a can-
didate cancer-associated gene capable of conferring resistance to EGFR-TKIs. FAM83A overexpression in can-
cer cells increased proliferation and invasion and imparted EGFR-TKI resistance both in cultured cells and in 
animals. Tumor cells that survived EGFR-TKI treatment in vivo had upregulated FAM83A levels. Additionally, 
FAM83A overexpression dramatically increased the number and size of transformed foci in cultured cells and 
anchorage-independent growth in soft agar. Conversely, FAM83A depletion in cancer cells caused reversion 
of the malignant phenotype, delayed tumor growth in mice, and rendered cells more sensitive to EGFR-TKI. 
Analyses of published clinical data revealed a correlation between high FAM83A expression and breast cancer 
patients’ poor prognosis. We found that FAM83A interacted with and caused phosphorylation of c-RAF and 
PI3K p85, upstream of MAPK and downstream of EGFR. These data provide an additional mechanism by 
which tumor cells can become EGFR-TKI resistant.

Introduction
EGFR overexpression is often found in breast carcinomas and cor-
relates with patients’ poor prognosis (1); however, therapeutic use 
of EGFR–tyrosine kinase inhibitors (EGFR-TKIs) has been ham-
pered by resistance (2–5). In contrast to other types of epithelial 
cancers, EGFR mutations are rare in breast cancer (6). Thus, it is 
important to investigate whether there are other alterations acti-
vating downstream signals of EGFR that might confer EGFR-TKI 
resistance in breast cancer (7).

We used a variation of our phenotypic reversion assay in 3D lam-
inin-rich gels (lrECM) (8) using isogenic cell lines of the HMT3522 
human breast cancer progression series (9, 10). Reversion of malig-
nant phenotype (depolarized, disorganized, proliferative colonies; 
ref. 11) to nonmalignant phenotype (growth-arrested, mammary 
acinus-like structures with basal polarity) by inhibiting a number 
of pathways, including EGFR signaling (8, 12), decreases tumor 
growth in animals (8, 13). Hence, this 3D assay provided a robust 
model with relevance to in vivo response to screen for genes capable 
of conferring EGFR-TKI resistance. We transfected the malignant 
cells with a cDNA library made from the same cells and screened 
genes that disrupted the ability of breast cancer cells to revert in 
response to the EGFR-TKI AG1478 and identified FAM83A.

Here, we demonstrated that FAM83A (a) had oncogenic prop-
erties, (b) conferred EGFR-TKI resistance when overexpressed, (c) 
correlated with breast cancer patients’ poor prognosis, and (d) 
promoted tumorigenicity through its putative interactions with 

c-RAF and PI3K p85. These observations suggest that FAM83A 
dysregulation could account for some of the observed clinical 
EGFR-TKI resistance in breast cancers.

Results
Upregulated EGFR signaling disrupts tissue polarity and induces 
breast cancer cell proliferation and invasion (12, 14). Treatment 
with an EGFR-TKI, AG1478, caused phenotypic reversion of 
malignant HMT3522 T4-2 cells into growth-arrested, polarized 
structures resembling nonmalignant S1 cells in 3D lrECM (Fig-
ure 1A and refs. 12, 15). These 2 observations allowed us to screen 
for genes whose overexpression is responsible for EGFR-TKI 
resistance by transducing T4-2 cells with an autologous cDNA 
library, then screening for colonies that had failed to revert in 
3D lrECM when treated with AG1478 (Figure 1A). We isolated 
half a dozen candidate gene sequences and obtained a list of 5 
genes conferring the higher resistance to AG1478 (Supplemental 
Table 1; supplemental material available online with this article; 
doi:10.1172/JCI60498DS1). Among these, the sequence show-
ing the highest degree of resistance was a partial open reading 
frame of the gene family with sequence similarity 83, member A 
(FAM83A). Here, we characterized this gene (Supplemental Fig-
ure 1, A and B) after demonstrating that the overexpression of 
the full-length protein similarly rendered T4-2 cells resistant to 
AG1478 (Supplemental Figure 1C).

FAM83A was originally identified as BJ-TSA-9, highly expressed 
in lung cancer, without known function(s) (16). This 434–amino-
acid protein contains DUF1669, serine-rich domains, and proline-
rich domains (PRDs) (Figure 1B). A conserved PxxP motif in the 
PRD interacts with Src homology 3 (SH3) domain–containing 
proteins (17, 18). In the DUF1669 domain, FAM83A contains an 
arginine (R) (glutamine [Q] in mouse) rather than the key histidine 
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Figure 1
Discovery of FAM83A, a protein upregulated in breast cancer that 
confers resistance to EGFR-TKI AG1478. (A) Process for the screen 
to identify FAM83A. Treatment of T4-2 cells with a small-molecule 
EGFR inhibitor, AG1478, induced reversion to a polarized acinar 
phenotype in 3D lrECM culture, as detected by α6 integrin staining 
(green) to delineate basal polarity (left); after transduction with the 
cDNA library, a subpopulation of cells disorganized in 3D culture 
after AG1478 treatment was isolated, expanded, and searched for 
the cDNA insert (right). (B) Protein domain structure of FAM83A. (C) 
Immunohistochemical analysis of FAM83A expression in normal (top) 
and malignant (bottom) breast tissue specimens. Whereas 0 of 16 
normal cells were strongly positive for FAM83A staining, 45 of 48 
malignant cells (94%) were positive. Scale bar: 50 μm. (D) FAM83A 
(83A) protein expression in a panel of breast cancer cell lines. (E and 
F) Effect of FAM83A overexpression in inhibiting AG1478-induced 
(AG) reversion of T4-2 cells (E) and ablating the polarized structure 
of S1 cells (F). Generation of T4-2 and S1 cell lines overexpressing 
FAM83A was confirmed by Western analyses. Scale bars: 50 μm.
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(H) residue of the phospholipase D (PLD) motif (Supplemental 
Figure 1D), making it unlikely that this domain has PLD function. 
Indeed, we could not detect PLD activity in the in vitro transcribed/
translated FAM83A protein (Supplemental Figure 2, A and B).

After raising a FAM83A antibody, we assessed FAM83A expres-
sion in breast tissues by immunohistochemistry (IHC). Exami-
nation of human breast tissue samples by IHC revealed a highly 
significant staining difference between normal and malignant 
tissues. In normal tissues, FAM83A staining was essentially nega-
tive (0 of 16 positive), whereas in malignant breast tumor sec-
tions, 94% (45 of 48 positive) showed strong cytosolic staining 
(P < 0.0001, Fisher exact test; Figure 1C). We compared FAM83A 
expression in normal versus malignant breast tissues using a pub-
lished gene expression profiling dataset on clinical samples (Sup-
plemental Figure 3A and ref. 19). FAM83A expression was found 
to be upregulated in all analyzed breast carcinomas compared 
with normal breast tissues and was dramatically overexpressed 
in a fraction of breast cancers. We then examined FAM83A lev-
els in a panel of breast epithelial cell lines: FAM83A again was 
expressed highly in all breast cancer cell lines tested, including 
weakly invasive (MCF-7 and T47D) and more invasive (SKBR3, 
MDA-MB-361, MDA-MB-468, and MDA-MB-231) cancer cells 
(Figure 1D). FAM83A overexpression in these cancer cell lines was 
attributable to the amplification of the gene locus (Supplemental 
Figure 3B and ref. 19). The breast cancer cell lines with higher 
FAM83A expression (T47D, MCF7, MDA-MB361, MDA-MB468, 
and MDA-MB231; Figure 1D) were more resistant to EGFR-TKI 
than cell lines with moderate expression (SKBR and T4-2; refs. 
20, 21). In the HMT-3522 series, FAM83A levels correlated with 
the degree of progression to malignancy; it was almost undetect-
able in S1 cells, but higher in T4-2 cells, although still lower than 
other aggressive breast cancer cell lines examined (Figure 1D). 
Overexpressing FAM83A in T4-2 cells to a level comparable to 
other breast cancer cell lines rendered them resistant to rever-
sion mediated by AG1478 (Figure 1E), whereas overexpressing 
FAM83A in S1 cells ablated basal polarity and caused disorga-
nized growth in 3D lrECM (Figure 1F). These data indicate that 
FAM83A is expressed in primary breast cancer specimens as well 
as in breast cancer cell lines, at least in part due to the amplifica-
tion of the gene copy number, and that it contributes to impaired 
tissue organization and to EGFR-TKI resistance.

FAM83A depletion by siRNAs (Supplemental Figure 4A) and 
shRNA (Figure 2A) resulted in reversion of T4-2 cells, leading 
to formation of essentially quiescent tissue-like structures with 
basal polarity (Figure 2, B and C, and Supplemental Figure 4B). 
FAM83A depletion also caused actin stress fibers to become pri-
marily cortical (Supplemental Figure 4C) and led to reduced 
invasiveness (Figure 2D and Supplemental Figure 4D), whereas 
FAM83A overexpression led to elevated invasiveness (Figure 2D). It 
should be noted that increased invasiveness as a result of FAM83A 
overexpression was not caused by elevated T4-2 growth rate (Sup-
plemental Figure 5A). In complementary experiments using MDA-
MB468 cells, which expressed a high level of endogenous FAM83A 
(Figure 1D) and are resistant to EGFR-TKI (20, 21), we depleted 
the protein by shRNA (Figure 2E). FAM83A depletion reduced 
proliferation rate by half and dramatically reduced the clonogenic 
potential (Figure 2, I–K). In 3D, FAM83A-depleted cells showed 
apoptotic phenotype and markedly reduced viable cell number 
(Figure 2, F and G). The invasiveness was almost fully abrogated, 
which could not be accounted for simply by reduced proliferation 

of these cells (Figure 2, H–K). Clonogenic assay demonstrated that 
parental MDA-MB468 cells expressing a high level of FAM83A 
were resistant to treatment with AG1478, whereas downmodula-
tion of FAM83A rendered MDA-MB468 cells significantly more 
sensitive to the drug (Figure 3F). Complementarily, proliferation 
assay also showed the similar trend that FAM83A-depleted cells 
were more sensitive to AG1478 than control (Supplemental Figure 
5B), despite the fact that this assay is reported to be less sensitive 
than the clonogenic assay under continuous drug treatment (22, 
23). These data indicate that FAM83A expression is important for 
proliferation, invasion, and EGFR-TKI resistance.

In a classic assay of oncogenic potential, we tested FAM83A-over-
expressing 3T3 fibroblasts for contact-independent growth (24, 
25). FAM83A overexpression caused a dramatic increase in foci 
formation (Figure 2, L and M). Growing FAM83A-overexpressing 
and -depleted T4-2 cells in soft agar yielded 3-fold more colonies 
than control, whereas FAM83A-depleted cells yielded 5-fold fewer 
colonies than control (Figure 2, N and O). These observations sup-
port the oncogenic potential of FAM83A overexpression for both 
fibroblasts and breast cancer cells.

To characterize FAM83A function in vivo, we xenografted con-
trol or FAM83A siRNA-treated T4-2 cells into mice as described 
previously (26). Tumor take was not affected (100% for both 
groups); however, growth of the FAM83A siRNA T4-2 tumors 
was significantly delayed and also slower (Figure 3A). Similarly, 
xenografting MDA-MB468 cells (control versus FAM83A silenced 
via shRNA) revealed that FAM83A depletion resulted in dra-
matic inhibition in the rate of tumor growth (Figure 3B). Indeed, 
upon pathological examination, we found no surviving tumor 
cells derived from FAM83A-depleted cells after 3 weeks (data not 
shown). Thus, the regression of tumors most likely is due to the 
apoptotic phenotype observed in culture (Figure 2, E–G).

To demonstrate the ability of FAM83A to confer resistance to 
clinical EGFR-TKIs, we first tested effects of lapatinib (27) and 
gefitinib (28) on control and FAM83A-overexpressing T4-2 cells 
in 3D cultures. Both drugs reverted wild-type cells to a degree 
comparable to AG1478-induced reversion, whereas FAM83A-
overexpressing cells remained resistant to reversion (Figure 1E 
and Supplemental Figure 6A). T4-2 tumors subcutaneously 
grown in mice were sensitive to lapatinib treatment, and sensi-
tivity was dose independent above 30 mg/kg (Supplemental Fig-
ure 6B). Overexpression of FAM83A in these cells did not alter 
tumor growth (Figure 3C), but rendered cells resistant to lapa-
tinib in vivo (Figure 3D). Whereas lapatinib can inhibit via both 
EGFR and HER2 (27), its tumor-inhibitory effect observed here 
was presumed to have occurred almost exclusively via EGFR. We 
know from previous work that HER2 is absent or undetectable 
in T4-2 cells in culture (29–31), although we did not measure 
whether the HER2 pathway is reactivated in these cells in vivo. 
Pathological examination of residual T4-2 lapatinib-treated vec-
tor control tumors showed them to be benign, well circumscribed, 
and distinct from the stromal regions. In contrast, lapatinib-
treated FAM83A-overexpressing tumors did not shrink, were 
more aggressive, and showed stromal invasion (Supplemental 
Figure 6C), which suggests that FAM83A overexpression allows 
resistance to the antitumor function of lapatinib in vivo. Impor-
tantly, IHC staining of sham- and lapatinib-treated T4-2 tumors 
(Figure 3, C and D) revealed higher FAM83A levels in the latter 
(Figure 3E), which indicates that there may be some selection or 
upregulation for the FAM83A-high, lapatinib-resistant cells dur-
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Figure 2
FAM83A levels positively determine cell growth and tumorigenic potential. (A) Generation of a T4-2 cell line stably depleted of FAM83A by shRNA 
(83Ash). (B) FAM83A shRNA expression reverted T4-2 cells to an acinar-like phenotype in 3D lrECM cultures. α6 integrin (red) was used to 
indicate basal polarity; blue, DAPI. (C) Colony size. Luciferase shRNA was used as control. (D) Number of T4-2 cells expressing either FAM83A 
shRNA or FAM83A-overexpressing construct versus control (vector) invaded through lrECM-coated Transwell filters after 48 hours (n = 4). (E) 
Generation of an MDA-MB468 cell line stably depleted of FAM83A by shRNA. (F) Control versus FAM83A-depleted MDA-MB468 cells grown in 3D 
lrECM cultures for 5 days. Cells were stained with ethidium bromide to indicate apoptotic cells (blue, Hoechst 33258). (G) Number of viable cells 
after growth in 3D lrECM for 5 days (n = 4). (H) Number of cells invaded through lrECM-coated Transwell filters after 24 hours (n = 3). (I) Growth of 
control versus FAM83A-depleted MDA-MB468 cells, measured by MTT assay for 9 days (n = 12). P < 0.05, 2-tailed ANOVA. (J) Clonogenic poten-
tial of control versus FAM83A-depleted MDA-MB468 cells measured by colony formation assay for 10 days. Shown are representative images 
of colonies formed. (K) Number of colonies formed (n = 6). (L) Tumorigenic foci formed by 3T3 fibroblasts overexpressing FAM83A through loss 
of contact inhibition of growth. Representative images of 3T3 cells transduced by control and FAM83A-overexpressing lentivirus and cultured for 
2 weeks. (M) Quantification of 3T3 foci shown in L (n = 4). (N) Representative images of T4-2 cells in duplicates in 2 rows transduced by empty 
vector, FAM83A-overexpressing, or FAM83A shRNA lentivirus and cultured on soft agar for 6 weeks. (O) Number of colonies formed on soft agar 
(n = 6). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, Student’s t test. Scale bars: 50 μm. 
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ing treatment in vivo. The IC50 of AG1478 for MDA-MB468 and 
T4-2 cell cultures (controls and derivatives) correlated directly 
with their respective FAM83A protein levels (Figure 3F), further 
demonstrating the role of FAM83A in EGFR-TKI resistance.

Given this correlation of FAM83A levels and tumor growth 
potential, we asked whether FAM83A expression correlates with 
clinical survival. Using a published breast cancer gene expression 
dataset (32), we found that patients with tumors expressing above-
median levels of FAM83A exhibited significantly poorer clinical 
outcome than did patients with lower levels (P = 0.022, log-rank 
test; Figure 3G). Hierarchical clustering of 159 primary breast can-
cers for the expression of genes at 8q24 identified 17 samples that 
strongly expressed genes associated with amplification of locus 

8q24 (Supplemental Figure 7 and ref. 33). Association 
of FAM83A expression with poor outcome was found 
in the remaining 142 samples with low/normal 8q24 
copy number (P = 0.031), which suggests that the link-
age is independent of 8q24 copy number. Regardless 
of whether the elevated FAM83A is the result of gene 
amplification or its upregulation, these findings are 
suggestive of the clinical importance and potential 
therapeutic relevance of FAM83A.

We also examined the literature to determine wheth-
er FAM83A overexpression also correlates with EGFR-
TKI resistance in a different type of cancer. FAM83A 
was amplified in a number of subtypes of lung can-
cer (Supplemental Figure 8A and refs. 16, 34). Lung 
cancers that were resistant to gefitinib treatment were 
found to have higher FAM83A expression than the sen-
sitive cancers (Supplemental Figure 8B, Supplemental 
Table 2, and ref. 35). FAM83A expression levels, howev-
er, did not correlate with KRAS and EGFR mutations 
in lung cancer (Supplemental Figure 8, C and D, and 

ref. 35). These results suggest an additional role for FAM83A in 
gefitinib resistance of lung cancer.

We have reported previously that EGFR-TKI–mediated rever-
sion of T4-2 cells suppresses the downstream MAPK pathway (12, 
14, 15). Inhibition of PI3K, which is activated by EGFR in a diver-
gent pathway (36), also reverts T4-2 cells (37). To elucidate the 
mechanism(s) by which FAM83A exerts its effects in these 2 path-
ways, we tested whether FAM83A-overexpressing cells are resistant 
to the MEK inhibitor PD98059 or the PI3K inhibitor LY294002, 
as they are to the EGFR inhibitor AG1478. Importantly, LY294002 
was also unable to revert FAM83A-overexpressing T4-2 cells, 
whereas PD98059 could (Figure 4, A and B), which suggests that 
FAM83A lies downstream of EGFR/PI3K and upstream of MEK.

Figure 3
FAM83A levels correlate directly with tumor growth rates 
and EGFR-TKI resistance in cultures and in vivo, as well 
as with patients’ prognosis. (A) Growth of tumors derived 
from T4-2 cells treated with scrambled or FAM83A siRNA 
and xenografted in nude mice (n = 8). (B) Growth of 
tumors derived from MDA-MB468 cells treated with con-
trol (luciferase) or FAM83A shRNA and xenografted in 
nude mice (n = 8). (C and D) Tumor growth of vector con-
trol and FAM83A-overexpressing T4-2 cells treated with 
oral gavage of sham (vehicle; B) or 30 mg/kg lapatinib 
(LP; C). FAM83A-overexpressing T4-2 cells were resis-
tant to lapatinib treatment (n = 8). (E) FAM83A staining 
of sham- or lapatinib-treated vector control tumors as in 
C and D. Note the upregulation of endogenous FAM83A 
in lapatinib-treated tumors. (F) Survival of vector con-
trol, FAM83A-overexpressing, and FAM83A-depleted 
T4-2 cells and luciferase-sh control or FAM83A-depleted 
MDA-MB468 cells treated with AG1478 at different con-
centrations and measured by clonogenic assay after 10 
days. Values are expressed relative to untreated. IC50 of 
AG1478 was as follows: T4-2 Ctrl, 10 nM; T4-2 FAM83A, 
80 nM; T4-2 FAM83Ash, 6 nM; MDA-MB468 Ctrl, >1,000 
nM; MDA-MB468 FAM83Ash, 7.5 nM. (G) Kaplan-Meier 
curve for a cohort of 159 breast cancer patient samples. 
High FAM83A expression correlated with poor prognosis  
(P < 0.05). *P < 0.05, **P < 0.01, ***P < 0.001, 2-way 
ANOVA with Bonferroni post-test.
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To explore the connection between FAM83A and EGFR signal-
ing, we treated T4-2 cells with EGF and monitored the phosphor-
ylation status of endogenous FAM83A. We observed increasing 
tyrosine phosphorylation of FAM83A as a function of time (Figure 
4C). Since EGFR/Ras signaling activates c-RAF and leads to MEK 
activation (38, 39), and FAM83A-overexpressing cells were resis-
tant to the PI3K inhibitor (Figure 4, A and B), we tested whether 
EGF treatment induces interaction of FAM83A with c-RAF and 
PI3K. Co-IP analysis revealed that EGF treatment caused endog-
enous FAM83A to interact with c-RAF and PI3K p85 subunit on 
a similar time scale (Figure 4D). c-RAF also interacted with PI3K 

p85; however, EGF treatment increased the interaction of these 
proteins with FAM83A, while reducing the interaction of c-RAF 
with PI3K p85 (Figure 4, D and E). This interaction of FAM83A 
with c-Raf and PI3K suggests strongly that FAM83A interacts with 
Ras, because Ras binding to c-Raf and PI3K is essential for its role 
in mitogenic/oncogenic signal transduction (38, 40, 41) and Ras 
binding is essential for c-Raf activation (38, 41).

To evaluate the role of FAM83A’s interactions with c-RAF 
and PI3K p85, we assessed the activation status of c-RAF and 
PI3K p85 in FAM83-overexpressing and -depleted T4-2 cells in 
response to treatment with EGF or AG1478. Phosphorylation 

Figure 4
FAM83A interacts with c-RAF and PI3K upstream of MEK1/2 activation. (A) Control and FAM83A-overexpressing T4-2 cells were tested for 
response to AG1478 (300 nM), LY294002 (LY; 8 μM), or PD98059 (PD; 20 μM) in 3D lrECM cultures in comparison to vehicle (DMSO) treatment. 
α6 integrin staining (green) was used to indicate basal polarity; blue, DAPI. Scale bars: 50 μm. (B) Size of colonies formed by control versus 
FAM83A-overexpressing cells after drug treatment as in A (P < 0.05, Kruskal-Wallis test). (C) Detection of tyrosine-phosphorylated FAM83A after 
EGF stimulation (0, 30, or 60 minutes) by reciprocal IP with an antibody against FAM83A or phosphotyrosine (pY). Rabbit preimmune serum 
was used as control. (D) Interaction of endogenous FAM83A with c-RAF and PI3K p85 subunit after EGF stimulation (0, 30, or 60 minutes) 
by reciprocal co-IP with an antibody against FAM83A or c-RAF. Preimmune serum was used as control. (E) Levels of phosphorylated PI3K 
p85 subunit (p-Y458) and c-RAF (p-S338) in control, FAM83A-overexpressing, and FAM83Ash-expressing T4-2 cells after treatment with EGF  
(1 hour) or AG1478 (2 hours). (F) Levels of phosphorylated AKT (p-S473), MEK1/2 (p-S217/221), and ERK1/2 (p-T202/Y204) in control, FAM83A-
overexpressing, and FAM83Ash-expressing T4-2 cells after growth in 3D lrECM culture for 5 days. (G) Levels of phosphorylated AKT, MEK1/2, 
and ERK1/2 in control, FAM83A-overexpressing, and FAM83Ash-expressing T4-2 cells after treatment with AG1478 for 2 hours. (H) FAM83A 
interacts with c-RAF and PI3K upstream of MEK activation.
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of c-RAF (p-S338) and PI3K p85 subunit (p-Y458) leads directly 
to phosphorylation of the downstream proteins, ERK and AKT, 
respectively (42–44). In FAM83A-overexpressing cells, we found 
that PI3K p85 and c-RAF were highly phosphorylated even in the 
absence of EGF or in the presence of AG1478 (Figure 4E), sug-
gestive of EGF/EGFR-independent activation. In agreement, in 
FAM83A-depleted cells, the basal levels of PI3K p85 and c-RAF 
phosphorylation were reduced, and c-RAF phosphorylation was 
inhibited even in the presence of EGF (Figure 4E). These results 
suggest that FAM83A is essential for c-RAF activation upon EGF 
stimulation and that FAM83A overexpression is sufficient to acti-
vate c-RAF and PI3K p85 in the absence of EGF/EGFR. Important-
ly, FAM83A-depleted T4-2 cells in 3D cultures exhibited decreased 
phosphorylation of the downstream AKT, MEK, and ERK, which 
was further exacerbated by treatment with AG1478 (Figure 4, F 
and G). A similar phenomenon was also observed in MDA-MB468 
cells depleted of FAM83A (Supplemental Figure 9A). These obser-
vations suggest that FAM83A knockdown enhances the cells’ 
sensitivity to AG1478. Conversely, FAM83A-overexpressing T4-2 
cells exhibited EGFR-independent activation of these 3 proteins 
in the presence of AG1478 treatment (Figure 4G). Analogous to 
AG1478, LY294002 treatment failed to inhibit phosphorylation of 
AKT, MEK, and ERK in FAM83A-overexpressing T4-2 cells, where-
as it severely inhibited the 3 proteins in FAM83A-depleted cells 
(Supplemental Figure 9B), further suggesting that FAM83A lies 
downstream of EGFR/PI3K. These results suggest that FAM83A 
association with c-RAF and PI3K is activated upon EGFR signal-
ing, leading to activation of the downstream MEK/ERK pathway 
(Figure 4H). Such a biochemical function of FAM83A appears to 
be the basis for its oncogenic role and its resistance to AG1478.

Discussion
Amplification and/or overexpression of EGFR is observed in many 
cancers, including 30% of breast cancers (1–5). In lung cancer, acti-
vating mutations in the kinase domain (exons 18–21) are predictive 
of a response to specific therapies, such as those using the EGFR 
antibody cetuximab and EGFR-TKI’s lapatinib, erlotinib, or gefi-
tinib, but amplification and overexpression assays are not predic-
tive (45). In breast cancer, EGFR mutations are rare, and when they 
are described, the mutation rate varies among different datasets 
(6). Kinase domain mutations similar to those found in lung can-
cer have been reported in certain breast cancer cohorts. However, 
whereas the predictive utility is well documented in lung cancer (46), 
this is not true for breast cancer (47), which points to the need for 
further exploration of alternative mechanisms for EGFR-TKI resis-
tance. Despite the fact that EGFR-TKI leads to inhibition of EGFR 
phosphorylation in cell culture studies, clinical response rates are 
somewhat disappointing and activation of downstream pathways 
has been suspected (48, 49). This activation could explain the lack of 
relative efficacy of EGFR-TKIs in breast cancer patients (48). In some 
EGFR-TKI–resistant breast cancers, Met and c-Src tyrosine kinases 
are overexpressed, hyperactivating EGFR even in the presence of the 
inhibitor (5). Furthermore, in EGFR-TKI–resistant breast cancer 
cell lines, EGFR is localized at lipid rafts even in the presence of the 
drug, leading to hyperactivation of the downstream Akt signaling 
(50). In the present study, we examined whether there were addi-
tional molecular modulations that confer EGFR-TKI resistance in 
breast cancer. Such molecular mechanisms might provide a basis for 
improved predictive diagnostics and could also provide novel drug 
targets for independent activity or combinatorial therapy.

Here, we used our 3D lrECM culture system (11) to screen for 
genes involved in EGFR-TKI resistance. In this model, inhibition 
of the EGFR pathway with EGFR-TKI reverts most of the malig-
nant T4-2 cells to a nonmalignant phenotype, which indicates 
that these cells are EGFR-TKI sensitive (12). We often observe 
that a very small population of treated cells does not revert, i.e., 
these cells appear to be EGFR-TKI resistant. We reasoned that this 
intrinsic mechanism could be exploited and used as the basis for a 
screen to find additional targets involved in resistance. We trans-
duced T4-2 cells with an autologous cDNA library and identified 
a number of molecules, including FAM83A, as possible targets of 
EGFR-TKI resistance (Supplemental Table 1). We chose FAM83A 
for further characterization as a gene related to the EGFR pathway 
that could mediate breast cancer aggressiveness because it showed 
the best resistance to EGFR-TKI. Downmodulation of FAM83A in 
breast cancer cells using RNAi led to decreased proliferation and 
invasiveness in cell culture as well as to decreased tumor growth in 
vivo. Conversely, overexpression of FAM83A conferred resistance 
to EGFR-TKIs both in culture and in vivo.

We tested other breast cancer cell lines known to be resistant 
to EGFR-TKI (20, 21), such as MDA-MB468, and determined 
that these cells also exhibited high levels of FAM83A (Figure 1D). 
Downmodulation of FAM83A in these cells decreased prolifera-
tion and, importantly, also rendered them sensitive to EGFR-TKIs 
(Figure 2I and Figure 3F). These data are indicative of the potential 
clinical applicability of our findings. Indeed, breast cancer patients 
exhibiting high levels of FAM83A expression had significantly 
lower survival than did patients with low levels of FAM83A (Figure 
3G). Therefore, targeting FAM83A may be of benefit to breast can-
cer patients who are resistant to EGFR-TKI; additionally, it may 
also increase EGFR-TKI efficacy (Figure 3F).

Mechanistically, we showed that FAM83A interacted with c-RAF 
and PI3K, leading to activation of the protein complex. Cipriano et al.  
have identified FAM83B, another member of the FAM83 family, 
using a completely different screen to identify genes that could 
replace the RAS oncogene for anchorage-independent growth of 
mammary epithelial cells in soft agar (51). They report complemen-
tary findings: FAM83B also operates upstream of MEK to activate 
MAPK signaling, interacts with c-RAF, and is upregulated in breast 
cancers, and its overexpression impairs AG1478 sensitivity (51). 
Their and our studies have identified a family of breast cancer–
associated genes or a possible family of oncogenes and support the 
contention that FAM83A and FAM83B (and possibly other family 
members; see Supplemental Figure 1D and Supplemental Figure 
10) are involved in therapeutic resistance in breast cancer and other 
cancer types. Our findings suggest the importance of FAM83 fam-
ily members as potential drug targets for therapy as well as for sen-
sitization to EGFR-TKIs. We are currently examining the possibility 
that FAM83A is localized to lipid rafts when interacting with c-RAF 
and PI3K, which are also associated with lipid rafts during activa-
tion and signal transduction (50, 52, 53).

Methods
Cell culture. The isogenic cell lines of HMT3522 human breast cancer 
progression series, nonmalignant S1 cells and malignant T4-2 cells, were 
maintained as described previously (9). This cell line series was established 
in an attempt to recapitulate the stochastic and prolonged nature of breast 
cancer progression by continuously culturing S1 cells derived from reduc-
tion mammoplasty, in the absence of serum, followed by EGF removal and 
injection into mice, to give rise to T4-2 cells (9, 10, 29). For 3D culture 
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experiments, S1 and T4-2 cells were seeded at densities of 2.5 × 104 and  
1.8 × 104 cells/cm2, respectively, in growth factor reduced Matrigel (BD 
Biosciences) and maintained for 4 days with addition of fresh medium 
on alternate days. For inhibitor studies, cells were treated with 350 nM 
AG1478 (Calbiochem Corp.), 20 μM PD98059 (Biomol), 8 μM LY294002 
(Biomol), or the appropriate vehicle controls.

cDNA library construction. The retroviral pESY-Neo vector used for cDNA 
library construction was modified from the pEYK 3.1 vector (gift of G. 
Daley, Whitehead Institute for Biomedical Research, Cambridge, Mas-
sachusetts, USA; ref. 54) by inserting the G418 resistance gene (Neo) 
into a multiple-cloning site to allow for directional cloning of cDNA 
inserts. cDNA was synthesized from mRNA isolated from T4-2 cells in 
2D cultures following the guidelines of the SuperScript Plasmid Sys-
tem with Gateway technology for cDNA Synthesis and Cloning manual 
(Invitrogen). The first-strand cDNA was synthesized using Oligo dT18-
Not I (underlined) unidirectional primer 5′-AACCCGGCTCGAGCGGCC
GC(T)18-3′ (Invitrogen) for constructing directional libraries. cDNA was 
blunted enzymatically and ligated to BamHI adapters. cDNA was digested 
with BamHI/NotI restriction endonucleases, then size fractionated on a 
0.7% agarose gel. cDNAs 0.5–5 kb in size were extracted and ligated into 
BamHI/NotI–digested pESY–Neo. The complexity of the library (5 × 104 
independent clones) was estimated by counting the number of trans-
formed E. coli colonies on agar plates. The plates were gently scraped, and 
plasmid DNA was isolated using Qiagen plasmid Mega prep Kit (Qiagen).

Retrovirus production. Retrovirus production and transduction of target 
cells were performed according to the Nolan lab protocol (http://www.
stanford.edu/group/nolan/protocols/pro_helper_dep.html). Briefly, 
Phoenix-amphotropic retrovirus packaging cells (gift of G.P. Nolan, Stan-
ford University, Stanford, California, USA) were plated 24 hours prior to 
transfection and transfected with retroviral plasmid using Lipofectamine 
2000 (Invitrogen). After 48 hours, medium was harvested and filtered 
through a 0.45-μm syringe filter. The titer of collected retrovirus was deter-
mined using NIH3T3 cells at a density of 2 × 105 cells per 60 mm plate with 
serial dilution of virus supernatant.

FAM83A expression constructs. The full-length human FAM83A 
cDNA clone was obtained from Open Biosystems (Clone ID: 
6421272). The coding region was PCR-amplified using the follow-
ing primers: forward, 5′-CCCAGGATCCGCCACCATGAGCCG-
GTCAAGGCACCTGGGCAAA-3′ (BamH1 site underlined); reverse, 
5 ′ -CTTTGGAATTCAGGGAGTGCCCAGCCCTGGGCCTGCG-
GAGG-3′ (EcoR1 site underlined). The PCR product was ligated into the 
BamH1/EcoR1 site of PCDF1-MCS2-EF1-puro lentiviral vector (System 
Biosciences) or pcDNA3.1+ vector (Invitrogen).

FAM83A polyclonal antibody generation. Abie Pro3.0 Peptide Antibody 
Design program (ChangBioscience) was used to predict peptide sequenc-
es that have a high probability of antigenic epitope. The FAM83A anti-
body (amino acid sequence N-DSHLKNISIRSVEG-C) was raised by and 
obtained from Biosynthesis Inc.

FAM83A knockdown by RNA interference. Silencer Pre-Designed siRNA 
oligos for human FAM83A (nos. 215708, 149024, and 149025) were 
purchased from Ambion. siRNA was transfected into 4 × 105 cells per 
35-mm dish to a final concentration of 100 nM using Lipofectamine 
2000. Cells were then grown in 3D lrECM culture for 4 days. A Silencer 
siRNA for a fluorescent Cy3 dye (Ambion) was used as negative con-
trol. The target sequences of the siRNAs were as follows: 5′-GCCCU-
ACCUGAAGGAAAAA-3′, 5′-GGAGAGAUAUACUGUGCCA-3′, and 
5′-GGAAAUUCGCUGGCCAAAU-3′. For FAM83A shRNA produc-
tion, a double-stranded DNA oligonucleotide was generated from 
the following sequences: sense, 5′-GATCCGTGTGGAAGGAGAGA-
TATACTTCCTGTCAGATATATCTCTCCTTCCACACTTTTTG-3′ ; 

antisense, 5′-AATTCAAAAAGTGTGGAAGGAGAGATATATCTGACAG-
GAAGTATATCTCTCCTTCCACACG-3′ (target sequence underlined; 
BamH1/EcoR1 cohesive ends italicized). Both oligonucleotides were 
annealed and ligated into BamH1/EcoR1 site of pGreen puro lentiviral 
vector (System Biosciences).

Lentivirus production and transduction. Lentivirus production and 
transduction of target cells were conducted according to the manufac-
turer’s instructions (System Biosciences). Briefly, lentivirus vector and 
packaging plasmid mix (System Biosciences) were transfected into 293FT 
cells (Invitrogen) using Lipofectamine 2000. After 48 hours, medium was 
harvested, filtered, and used to infect target cells with the addition of 10 
μg/ml polybrene. After 24 hours, medium was replaced. At 72 hours after 
infection, 0.5 μg/ml puromycin was added for selection and maintained 
throughout the culturing period.

Immunoprecipitation. Cells were lysed in Triton lysis buffer (25 mM Tris, 
pH 7.6; 150 mM NaCl; 1% Triton X-100; 1 mM EDTA; 1% glycerol) freshly 
supplemented with 1 mM PMSF, phosphatase inhibitors (1 mM sodium 
orthovanadate, 30 mM sodium fluoride, 2 mM sodium pyrophosphate, 
and 10 mM β-glycerophosphate) and protease inhibitor cocktail (0.5 mM 
Pefa-bloc, 150 nM aprotinin, 1 μM E-64 protease inhibitor, and 1 μM leu-
peptin; Calbiochem) on ice for 30 minutes. Lysates were centrifuged at 4°C 
for 10 minutes at 10,000 g, and the protein concentration was normalized. 
1 mg protein (1 mg/ml) was precleared with 50 μl protein A/G (1:1) agarose 
beads (Roche) at 4°C for 1 hour, then incubated with 2 μg primary anti-
body at 4°C overnight and subsequently with 50 μl protein A/G agarose 
beads for 2 hours at 4°C. Beads were washed 3 times with lysis buffer. The 
immunoprecipitates were boiled in 100 μl SDS sample buffer for 10 min-
utes, and half the sample volume was analyzed by immunoblotting.

Immunofluorescence staining. Immunofluorescence was performed as 
described previously (8). Samples were incubated with primary antibody 
for 2 hours at room temperature in a humidified chamber. After intensive 
washing (3 times for 15 minutes each) in 0.1% BSA, 0.2% Triton-X 100, 
0.05% Tween 20, and 0.05% NaN3 in PBS, fluorescence-conjugated second-
ary antibodies (Molecular Probes) were added for 1 hour at room tempera-
ture. Nuclei were stained with 0.5 ng/ml DAPI.

Immunohistochemistry. Breast cancer tissue arrays containing paraffin-
embedded sections of normal and malignant (stages II and III) tissues were 
obtained from US Biomax Inc. Slides were deparaffinized, hydrated, and 
treated with antigen unmasking solutions (Vector Laboratories Inc.) After 
being blocked with 0.3% H2O2 and nonimmune goat serum, sections were 
incubated at room temperature with a rabbit anti-FAM83A antibody and 
link antibodies, followed by peroxidase-conjugated streptavidin complex 
and diaminobenzidine tetrahydroxychloride solution as the peroxidase 
substrate (Vector Laboratories). Sections were counterstained with hema-
toxylin. Photomicrographs were taken with Zeiss Axioskop Imaging plat-
form and SPOT Basic software (version 4.7).

Cell proliferation assay. Cells were plated at a density of 1 × 103 cells per 
well in 96-well plates in DMEM plus 10% FBS and incubated at 37°C. 
24 hours before each time point, the medium was replaced. At each time 
point, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide 
(MTT; Sigma-Aldrich) was added to cells to a final concentration of 1.6 
mg/ml, and the reaction was incubated at 37°C for 4 hours. Then, the 
medium was removed, and the precipitated reaction product was dis-
solved in MTT solvent (4 mM HCl, 0.1% NP-40 in isopropanol). Absor-
bance was measured at 570 nm.

Clonogenic assay. Cells were plated at a density of 1 × 103 cells per well 
in 6-well plates in DMEM plus 10% FBS and incubated at 37°C for 10 
days. Cells were stained with 0.2% methylene blue in 50% ethanol and 
destained with tap water. Each well was photographed, and the number 
of colonies was counted.
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Invasion assays. Invasion assays were performed as described previously 
(55). 1 × 105 cells were placed on top of a thin Matrigel layer and cultured 
for 48 hours. They were then fixed with 5% glutaraldehyde and stained 
with 0.5% toluidine blue solution. Samples were prepared in triplicate, and 
cells were counted on at least 3 different fields on the Transwell filters. 

Soft agar assay. 1% agar was mixed with the equivalent volume of 2× 
DMEM/F12 medium supplemented with all the additives necessary for 
culturing T4-2 cells (9) plus 20% FBS and 2% penicillin/streptomycin. 1 ml 
agar solution was poured into a 35-mm plate in triplicate and solidified. 
0.7% agar solution equilibrated to 40°C was mixed with 2× growth medi-
um and breast cancer cells at 7,000 cells/ml and poured onto the base agar 
at 1 ml/plate. The solidified agar was covered with 500 μl growth medium 
and maintained in 37°C humidified incubator for 2 weeks. Plates were 
stained with 0.01% crystal violet for 30 minutes, and colonies were counted 
under dissecting microscope.

PLD activity analysis. As a positive control, PLD1 expression vec-
tor was generated by PCR-amplifying the coding region of the full-
length human PLD1 cDNA (clone ID 606838; Invitrogen) with the 
following primers: forward, 5′-GACATGCTAGCGCCGCCACCATGT-
CACTGAAAAACTAGCCACGGGTAAATACCTCTGCAC-3′ (Nhe1 site 
underlined); reverse, 5′-GACATGTTTAAACGGAAGTCCAAACCTC-
CATGGGCACTATGGCCTCTTTGGTCCCA-3′ (Pme1 site underlined). 
The PCR product was ligated into the Nhe1/Pme1 site of pcDNA3.1+ 
vector (Invitrogen). PLD1 and FAM83A proteins were generated by 
incubating PLD1/pcDNA3.1+ and FAM83A/pcDNA3.1+ plasmids, 
respectively, with rabbit reticulocyte lysate using in vitro transcrip-
tion/translation system (Promega) at 30°C for 90 minutes. Protein 
products were confirmed by Western blot. PLD activity was measured 
as described previously (56). Briefly, BODIPY-phosphatidylcholine 
(BPC; Molecular Probes) was dissolved in ethanol to a final concen-
tration of 1 mM. An aliquot (1.3 μl) of BPC was dried under nitro-
gen and resuspended in resuspension buffer (0.5 mM octylglucoside;  
400 mM NaCl; and 66 mM Mes, pH 6.0) and mixed with 1.6 μl of 10× 
reaction buffer (100 mM HEPES, pH 7.5; 40 mM β-glycerophosphate, 
pH 7.5; 1% n-butanol, pH 7.5; 1 mM dithiothreitol; 10 mM EGTA; and 
10 mM EDTA). A designated volume of PLD1 (1 U/μl; Sigma-Aldrich) as 
the standard or in vitro translation product — prepared from an empty 
vector (control) or from PLD1 or FAM83A plasmid — was diluted in 
water to 10 μl, mixed with reaction mixture, and incubated at 30°C for 
1.5 hours. A 5-μl aliquot of the reaction mixture was spotted on silica 
gel G60 plate (Merck) and separated by development in methanol/chlo-
roform/water (45:45:10). The plate was photographed under UV light.

Tumor inhibition assay in nude mice. Exponentially growing T4-2 and 
MDA-MB-468 cells were suspended at a density of 5 × 106 and 10 × 106 
cells, respectively, in 100 μl medium containing 50% DMEM/F12 medium 
and 50% Matrigel. Cell suspension was subcutaneously injected into the 
rear flank of 6- to 8-week-old athymic female BALB/c nude mice (nu/nu; 
n = 8 per group; Charles River Laboratories; ref. 26). For lapatinib treat-
ment, tumors derived from T4-2 cells were grown to 100 mm3 (day 5). 
Then, mice were randomized into vehicle (0.5% hydroxypropylmethylcel-
lulose with 0.1% Tween 80 in water) and experimental treatment groups 
(n = 8 per group) to receive oral gavage of lapatinib at 30 mg/kg or 100 
mg/kg twice daily for 3 weeks (57). Tumor volumes were measured every 
other day. At the end of experiments, mice were sacrificed and subjected 
to pathological examinations.

Genomic and survival analysis. An association between FAM83A expres-
sion and breast cancer survival was evaluated using a previously pub-
lished gene expression microarray dataset from 159 primary breast cancer 
patients with longitudinal outcome data (58). Using the NETAFFX data-
base (59), we identified 4 probe sets designed to measure the expression 

of FAM83A on the U133 arrays used in this study. The CEL files from 
this dataset were downloaded from GEO (accession no. GSE1456) and 
processed using robust Multi-array Average (RMA) method in Bioconduc-
tor (60) to derive gene expression estimates for all probe sets on the array. 
We derived a single measure of FAM83A expression for each sample by 
averaging the RMA values for the 4 probe sets. Patient samples were then 
dichotomized by whether they had above- or below-median expression 
of FAM83A, and the difference in breast cancer survival between these 2 
classes was assessed using the log-rank statistic. We identified probe sets 
designed to measure the expression of genes in the 8q24 amplicon (DERL1, 
WDR67, FAM83A, C8orf76, ZHX1, ATAD2, WDYHV1, FBXO32, ANXA13, 
FAM91A1, TMEM65, TRMT12, RNF139, TATDN1, NDUFB9, MTSS1, 
LOC157381, SQLE, KIAA0196, NSMCE2, TRIB1, FAM84B, MYC, PVT1) 
using the NETAFFX database and used their expression values to organize 
the samples via hierarchical clustering. A group of samples with relatively 
low expression of 8q24 genes was identified using the dendrogram from 
this clustering to divide the samples into 3 groups. These analyses were 
performed using the base and survival packages in version 2.9.1 of the R 
Language for Statistical Computing (http://www.R-project.org).

Statistics. Unless otherwise indicated, statistical analyses were performed 
using GraphPad Prism version 5 software and unpaired 2-tailed Student’s 
t test. For the tumor inhibition assay, 2-way ANOVA with Bonferroni post-
test was used. A P value less than 0.05 was considered significant. Average 
results of multiple experiments are presented as arithmetic means ± SEM.

Study approval. Animal housing, care, and experiments were per-
formed under federal guidelines (Guide for the Care and Use of Labora-
tory Animals. NIH publication no. 85-23. Revised 1985) and approved 
by Institutional Animal Welfare and Research Committee at Lawrence 
Berkeley National Laboratory. Studies using human cell lines and com-
mercial tissue arrays were exempted, but also reviewed and approved by 
Human Subjects Committee at Lawrence Berkeley National Laboratory 
(approval no. 273H01-05MR10).
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