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The development of novel targeted therapies for cancer treatment requires
identification of reliable targets. FAMS83 (‘family with sequence similarity
83”) family members A, B, and D were shown recently to have oncogenic
potential. However, the overall oncogenic abilities of FAMS83 family genes
remain largely unknown. Here, we used a systematic and integrative geno-
mics approach to investigate oncogenic properties of the entire FAMS83 fam-
ily members. We assessed transcriptional expression patterns of eight
FAMS3 family genes (FAMS83A-H) across tumor types, the relationship
between their expression and changes in DNA copy number, and the associa-
tion with patient survival. By comparing the gene expression levels of
FAMS3 family members in cancers from 17 different tumor types with those
in their corresponding normal tissues, we identified consistent upregulation
of FAM&3D and FAMS83H across the majority of tumor types, which is lar-
gely driven by increased DNA copy number. Importantly, we found also that
a higher expression level of a signature of FAMS83 family members was asso-
ciated with poor prognosis in a number of human cancers. In breast cancer,
we found that alterations in FAMS&3 family genes correlated significantly
with TP53 mutation, whereas significant, but inverse correlation was
observed with PIK3CA and CDH1 (E-cadherin) mutations. We also identi-
fied that expression levels of 55 proteins were significantly associated with
alterations in FAMS83 family genes including a decrease in GATA3, ESRI1,
and PGR proteins in tumors with alterations in FAMS&3. Our results provide
strong evidence for a critical role of FAMS83 family genes in tumor develop-
ment, with possible relevance for therapeutic target development.

1. Introduction

Recent studies have demonstrated that some of the
‘family with sequence similarity 83” (FAMS83) family
members have oncogenic properties and have signifi-
cantly elevated expression levels in multiple human

Abbreviations

tumor types, including breast cancers (Lee ef al., 2012)
(Cipriano et al., 2012) (Wang et al., 2013b). The eight
FAMS3 family members are characterized by a highly
conserved domain of unknown function (Cipriano
et al., 2014b). FAMS83A is downstream of EGFR and
PI3K pathways and is associated with RAS/RAF/

DNA, deoxyribonucleic acid; FAM83, family with sequence similarity 83; GEO, gene expression omnibus; GTEx, Genotype-Tissue
Expression; HPM, Human Proteome Map; HPA, Human Protein Atlas; mRNA, messenger ribonucleic acid; NCBI, National Center for
Biotechnology Information; RPKM, reads per kilobase of transcript per million mapped reads; SCC, squamous cell carcinoma; shRNA, short
hairpin RNA; TCGA, The Cancer Genome Atlas; TKI, tyrosine kinase inhibitor.
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MEK/ERK and PI3K/AKT/mTOR pathways (Lee
et al., 2012). Importantly, FAMS83A interacts with c-
RAF and PI3K p85 components of the EGFR path-
way, and FAMS3A expression was correlated with
tumor growth rate (Lee et al, 2012). It was shown
also that when tumor cells with high levels of EGFR
were injected into mice and treated with EGFR inhibi-
tors, gene expression and DNA copy number of
endogenous FAMS83A increase, making surviving
tumor cells resistant to therapy (Lee er al., 2012).
FAMS83B has been implicated as a mediator of
EGFR-RAS-MAPK-driven oncogenic transformation,
and an increase in FAMS83B gene expression was also
observed in different tumor types, associated with
increased tumor grade and decreased patient survival
(Cipriano et al., 2012). FAMS83D was also amplified
and overexpressed in many types of human cancer,
and its expression significantly correlated with patient
outcome (Walian et al., 2016). Forced expression of
FAMS3D in nonmalignant cells in culture promoted
proliferation and invasion of breast cancer cells and
downregulated the expression of tumor suppressor
gene, FBXW7 (Wang et al., 2013b). An insertional
mutagenesis screen in an orthotopic mouse model
identified FAMS83H as one of eleven genes that pro-
mote androgen-independent prostate cancer (Nalla
et al., 2016). It has also been shown recently that
FAMS3H regulates the organization of the keratin
cytoskeleton and formation of desmosomes (Kuga
et al., 2013, 2016). However, the detailed mechanism
of action of FAMS3 family members in human cancer
still remains to be discovered.

The availability of large cancer genomic data sets
allows for unbiased approaches to assess oncogenic
properties of genes. Gene transcript-based signatures
that predict prognosis have successfully been devel-
oped for many different tumor types. Here, we com-
bined available cancer databases to identify oncogenic
properties of FAMS3 family genes across tumor types
by combining gene transcript, DNA copy number, and
mutation status with their ability to predict prognosis.
Our strategy provides further evidence for a critical
role of FAMS3 family genes in tumor development,
which could be exploited to design better treatment
strategies.

2. Methods

Gene transcript data (RPKM: RNA sequencing reads
per kilobase of transcript per million mapped reads) of
FAMS3 family genes across normal tissue types were
obtained from the Genotype-Tissue Expression
(GTEx) project (Carithers et al., 2015; Mele et al.,
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2015). Gene expression data obtained from GTEx were
compared to human proteome data obtained from the
Human Proteome Map (HPM; http://www.humanpro
teomemap.org) and the Human Protein Atlas (HPA;
http://www.proteinatlas.org) (Kim ez al., 2014; Uhlen
et al., 2015). Gene transcript data of normal and
tumor tissues across seventeen different tumor types
were obtained from the National Center for Biotech-
nology Information (NCBI) Gene Expression Omnibus

(GEO)  (brain:  GSE4290; breast: GSE10780,
GSE21422, GSE29044, and GSE3744; colon:
GSE8671; gastric: GSE13911; head-and-neck:
GSE6791; liver: GSE6764, GSE40367, GSE45267,
GSES55092, and GSE62232; nasopharyngeal:
GSE12452; lung: GSE31210, GSEI19804, and

GSE19188; ovarian: GSE14407; cervical: GSE6791;
pancreatic: GSE16515; and prostate cancer: GSE3325).
Fold change was calculated for each gene, and signifi-
cance was tested using t-test (P < 0.05). Genomic
alterations and mRNA expression levels for TCGA
studies were obtained from cBioPortal (Cerami et al.,
2012; Gao et al., 2013). We used a rank-based non-
parametric test (Kruskal-Wallis) to determine whether
gene expression levels were significantly different
between copy number groups (P < 0.01 was used as a
threshold for significance). All information concerning
these samples can be downloaded from cBioPortal
(http://www.cbioportal.org/data_sets.jsp). Survival
multivariate analysis and risk assessment for individual
FAMS3 family genes and gene signatures in human
cancer data sets were performed using SurvExpress
(Aguirre-Gamboa et al., 2013) in the following data
sets: ovarian (GSE9891 and GSE32062), head-and-
neck (TCGA and E-MTAB-1328), breast (TCGA and
GSE20685), liver (TCGA), lung adenocarcinoma
(TCGA), lung squamous cell carcinoma (TCGA), pan-
creatic (GSE28735 and GSE21501), stomach (TCGA),
colon (TCGA and GSE17536), brain low-grade glioma
(TCGA), and brain glioblastoma multiforme
(GSE16011). Mutation and protein-level enrichment
data were downloaded from cBioPortal. Gene ontol-
ogy enrichment analysis was performed using the
Web-based gene set analysis toolkit (BH-corrected
P <0.05 was used as a threshold for significance)
(Wang et al., 2013a; Zhang et al., 2005).

3. Results
3.1. Expression levels of FAM83 family genes
vary widely across human normal tissues

To gain insight into the oncogenic role of FAMS3
family members in human cancer, we conducted a
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meta-analysis of their gene expression in human nor-
mal and cancer tissues using publically available and
The Cancer Genome Atlas (TCGA) data (Fig. S1).
From 53 human normal tissue types available from the
Genotype-Tissue Expression (GTEx) database (Mele
et al., 2015), we observed a wide range of expression
levels in different tissues (Fig. 1). It is found that all
eight FAMS83 family members transcriptionally
expressed at relatively high level in the normal mucosa
of the esophagus, bladder, cervix, vagina, and skin
while at relatively low levels in brain (Fig. 1). In con-
trast, specific gene expression patterns of FAMS83 fam-
ily member were observed in normal breast tissue
(Fig. 1). In addition, we obtained protein-level data of
FAMS3 family members across normal human tissues
from the Human Proteome Map (HPM; http://
www.humanproteomemap.org) and the Human Pro-
tein Atlas (HPA; http://www.proteinatlas.org) and
observed general agreement between gene transcript
and protein levels (Fig. S2).

3.2. FAM83D and FAMBS83H are consistently
upregulated across human tumor types

We collected gene transcript data of normal and tumor
tissues across 17 different tumor types represented by
27 independent data sets (Fig. 2; Table S1). The signif-
icant differential expression of all eight FAMS3 family
genes (Table S1) was assessed by a fold-change cutoff
of 1.5 and adjusted P-value < 0.05 (Fig. 2). Transcrip-
tional levels of FAMS83 members were frequently ele-
vated in tumors, consistent with their proposed
oncogenic properties. Specifically, FAMS3D and
FAMS83H were upregulated in 21 of 27 data sets
(78%) and 16 of 27 data sets (59%) data sets, respec-
tively. On the other hand, FAMS83B, C, E, and G were
upregulated in less than five tissue types each (Fig. 2).

3.3. DNA copy number increase is a potential
mechanism for increased expression of FAM83D
and H

The Cancer Genome Atlas (TCGA) data were ana-
lyzed to search for the possible mechanism by which
FAMS83 family genes are upregulated in cancer.
Whereas mutations in FAMS83 family genes were rela-
tively rare, DNA copy number alterations encompass-
ing FAMS83 genes were frequently observed in many
human tumor types (Table 1). Changes in DNA copy
number are often observed in tumors, and DNA copy
number aberrations are one of the mechanisms that
can result in a change in gene expression in tumor pro-
gression. It was shown previously that high-level gene
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amplifications are under continuous selection pres-
sures, and when selection pressure is removed, amplifi-
cations are not maintained and eventually disappear
(Meinkoth er al., 1987; Snijders et al., 2008). Thus, it
is possible that DNA copy number amplification is
focused on those genes that are important for tumor
development. For each of the eight FAMS3 family
genes, we used a rank-based nonparametric test to
determine whether the transcriptional expression levels
are significantly associated with their copy number. A
heatmap of the P-values of the rank-based test is
shown in Fig. 3A for all eight family members across
19 tumor types, and we observed a strong association
between DNA copy number and gene expression for
all FAMS83 family genes in breast and head-and-neck
cancer (P < 0.01; Fig. 3A). In addition, FAM83D and
FAMS83H showed a significant association between
DNA copy number and expression in 10/19 and 16/19
tumor types, respectively (P < 0.01). Examples of the
association of DNA copy number and gene expression
are shown for FAMS3H in ovarian cancer (P = 1.77E-
19), prostate adenocarcinoma (P = 5.17E-19), and
breast cancer (P = 4.29E-83) (Fig. 3B-D). Thus, geno-
mic DNA copy number increase in FAM&3D and H is
expected to contribute to tumor evolution by copy
number-induced alterations in gene expression.

3.4. Increased expression of FAMS83 family genes
is associated with poor survival

To investigate whether individual FAMS83 family genes
were associated with disease-free survival, a log-rank
test was performed and the split-point of the patient
cohort was chosen where the P-value between two
patient groups was lowest. A heatmap of the P-values
of the prognostic property of each gene across 10
tumor types (17 total data sets) is shown in Fig. 4. In
uterine cancer, increased expression levels of
FAMB3A, B, D, and F-H were associated with
decreased survival (Fig. 4A and Table S2; P < 0.02).
Increased FAMS3D gene expression was associated
with decreased disease-free survival in six tumor types
(Fig. 4A and Table S2; P < 0.02). However, in general,
individual FAMS3 family genes, with the exception of
FAMS3D, were poor indicators of disease-free sur-
vival. We then asked whether a FAMS3 family gene
expression signature served as a better marker for
prognosis across 12 tumor types. Indeed, a significant
association of the FAMS3 signature with disease-free
survival was found for all 12 tumor types (0.007 <
P-value < 1.868E-08; Fig. 4B and Table S2). The sig-
nature was better able to predict survival compared to
any individual FAMS3 gene for all tumor types except
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Fig. 1. Gene expression levels of FAM83 family genes vary across normal human tissue types. Box plots of RPKM levels of FAM83 family

genes across 53 different tissue types.
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Fig 2. FAM83D and FAMS83H are consistently overexpressed across human tumor types. Gene expression of FAM83 family genes across
different tumor types. Increased or decreased gene expression (1.5-fold; adjusted P < 0.05) is shown in orange and green, respectively.

lung cancer. These results indicate that overexpression
of the FAMS3 family signature is broadly predictive
for disease-free survival for the 12 tumor types.

3.5. Alterations of FAM83 family members are
associated with key events in human breast
cancers

As we observed a strong association between gene
expression and DNA copy number in breast cancer
across all FAMS3 family members, we chose to further
investigate the functional consequences of tumors with
FAMS3 family gene alterations in breast cancer. We
investigated the types of aberrations in FAMS83 family
genes in 960 breast tumor samples (TCGA) including
changes in gene expression, mutations, and DNA copy
number changes. FAMS83 family member gene expres-
sion was significantly different among breast cancer
molecular subtypes (Fig. S3). Interestingly, more than
half of all tumors harbored at least one alteration in a
FAMS3 family gene, with amplification and/or overex-
pression being the most common aberration (Fig. 5A).
To search for the mechanisms for FAMS3 family
members contributing to tumor development, we
investigated whether mutations in any genes were
enriched in tumors with alterations of FAMS83 family
members and found that tumors with alterations in
FAMS3 family members were significantly more likely
to also have a TP53 mutation (P = 2.04E-14), whereas

they were significantly less likely to have mutations in
PIK3CA (P =38.73E-6) and CDHI1 (E-cadherin)
(P = 2.13E-05) (Fig. 5B; Table S3). Finally, we investi-
gated whether protein expression of any genes was sig-
nificantly different between the breast cancer group
with FAMS3 family alterations and those without any
alteration. A significant difference was observed in
expression of 55 proteins (Table S3; adjusted
P < 0.05). For example, protein levels of CCNBI (cy-
clin Bl) were significantly higher (P = 7.28E-13) in
breast tumors with alterations in FAMS83 family genes,
whereas protein levels of GATA3 (P = 3.79E-07),
PGR (P = 5.77E-07), and ESRI1 (P = 9.20E-07) were
significantly lower (Fig. 5C). Gene ontology analysis
of all 55 proteins revealed significant enrichment of
apoptosis (P = 6.48E-13), cell surface receptor signal-
ing (P =2.02E-11), protein phosphorylation
(P = 9.17E-12) processes, and protein kinase activity
(P = 1.95E-08) (Table S4).

4. Discussion

FAMS3 family oncogenes were recently discovered by
two novel—yet very different—screens in the laborato-
ries of Bissell and Jackson less than 5 years ago (Cipri-
ano et al., 2012; Lee et al., 2012). These findings
provided an important possible explanation for resis-
tance of some patients to targeted tyrosine kinase inhi-
bitor (TKI) drugs such as lapatinib (Lee et al., 2012).
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Fig. 3. DNA copy number of FAM83D and FAM83H is strongly correlated with gene expression. (A) Heatmap of the P-values of the
relationship between DNA copy number and gene expression (Kruskal-Wallis test; P < 0.01). Tumor type abbreviations: breast: breast
invasive carcinoma; cesc: cervical squamous cell carcinoma and endocervical adenocarcinoma; ucec: uterine corpus endometrial carcinoma;
skem: skin cutaneous melanoma; coadread: colorectal adenocarcinoma; stad: stomach adenocarcinoma; luad: lung adenocarcinoma; hnsc:
head-and-neck squamous cell carcinoma; kirc: kidney renal clear cell carcinoma; blca: urothelial bladder carcinoma; paad: pancreatic
adenocarcinoma; prad: prostate adenocarcinoma; lihc: liver hepatocellular carcinoma; ov: ovarian serous cystadenocarcinoma; lusc: lung
squamous cell carcinoma; Igg: low-grade glioma; gbm: glioblastoma multiforme; kirp: kidney renal papillary cell carcinoma; pcpg:
pheochromocytoma and paraganglioma; laml: acute myeloid leukemia; thca: thyroid carcinoma. (B-D) Box plot of the relationship between
DNA copy number and gene expression for FAM83H in ovarian cancer (panel B; P = 1.77E-19), prostate adenocarcinoma (panel B;
P = 5.17E-19), and breast cancer (panel C; P = 4.29E-83). The kernel probability density of the data at different values is shown.
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Fig. 4. Increased expression of FAM83 family genes is associated with poor survival. (A) Heatmap of the P-values for disease-free survival
for individual FAMS83 family genes across 17 independent tumor data sets. Genes significantly associated with poor disease-free survival
when upregulated (P < 0.02) are shown in red, while genes significantly associated with poor disease-free survival when downregulated
(P < 0.02) are shown in blue. (B) For each tumor type, survival risk curves are shown; low and high risks are drawn in green and red,
respectively. The P-value represents the equality of survival curves based on a log-rank test.
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Since then, there have been only a couple of additional
published studies (Cipriano et al., 2014a,b; Kuga
et al., 2016; Liao et al., 2015; Mao et al., 2016; Okabe
et al., 2015; Wang et al., 2013b, 2015). Here, we used
a systematic genomics approach to assess oncogenic
properties of the entire FAMS83 family genes across
human tumor types. FAMS83A was found to be upreg-
ulated in lung, ovarian, pancreatic, and certain brain
tumors (Fig. 1). A recent RNAseq analysis of lung
adenocarcinomas also found FAMS3A among genes
with the largest fold-change difference between tumor
and paired normal samples (Li ez al., 2015). In addi-
tion, overexpression of FAMS83A increases cancer cell
proliferation and invasion, phosphorylates c-RAF and
PI3K p85, upstream of MAPK and downstream of
EGFR, and confers resistance to EGFR-TKI (Lee
et al., 2012; Li et al., 2015).

Our multi-omics analysis showed that FAMS83B was
upregulated in lung squamous cell carcinoma (SCC),
but not any other tumor type examined. Upregulation
of FAMS3B in lung SCC was observed also in a recent
study that identified FAMS83B as a novel biomarker
for diagnosis and prognosis of lung SCC (Okabe et al.,
2015). However, Cipriano et al. (2012) had shown that
FAMS83B gene expression was increased relative to rel-
evant normal tissues in a number of cancers, including
breast, lung, ovary, cervical, testis, thyroid, bladder,
and lymphoid cancers (Cipriano et al., 2012). In the
same study, it was shown that FAMS83B could drive
transformation of immortalized human mammary
epithelial cells. In our analysis, comparing to normal
mammary tissues, we did not detect any significant
increase in expression of FAMS83B in four independent
breast tumor data sets; however, we did observe a sig-
nificant association between FAMS83B expression and
its DNA copy number. One explanation for this dis-
crepancy could be our relatively stringent criteria for
increased expression in tumor versus normal (fold
change 1.5 and adjusted P-value < 0.05). Indeed, in
one breast tumor data set (GSE10780), FAMS3B is
upregulated 1.4-fold (adjusted P-value = 0.001), just
outside of our criteria for inclusion.

Our analysis also revealed that FAMS3D was upreg-
ulated in the majority of tumor types examined in our
study. We showed previously that higher FAMS&3D
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expression is significantly correlated with shorter sur-
vival in patients with breast (Walian et al., 2016). Fur-
thermore, we showed that forced expression of
FAMS3D in MCF10A breast cells promoted cell pro-
liferation, migration, and invasion, whereas FAM&3D
depletion by shRNA led to cell death at least in part
through regulation of the tumor suppressor gene
FBXW7 (Walian et al., 2016). Moreover, FAMS83D
expression is elevated in ovarian cancer (Ramakrishna
et al., 2010), metastatic lung adenocarcinomas (Ina-
mura et al., 2007), and hepatocellular carcinoma (Liao
et al., 2015). In hepatocellular cell lines, FAMS3D
activates MEK/ERK signaling pathway (Wang et al.,
2015).

FAMS3H was found to be required for tooth
enamel calcification (Lee et al., 2008), and mutations
in FAM83H were shown to correlate with amelogene-
sis imperfecta (Zhang et al., 2015). An insertional
mutagenesis screen to identify genes promoting pros-
tate cancer in an orthotopic mouse model discovered
FAMS3H as a candidate oncogene (Nalla et al., 2016).
Subsequent knockdown of FAMS3H in LNCaP cells
significantly inhibited colony formation (Nalla et al.,
2016). A study in colorectal cancer identified FAM83H
as an important regulator of keratin cytoskeletal orga-
nization, and that overexpression of FAMS3H is
accompanied by keratin filament disassembly and sub-
sequently leads to loss of epithelial cell polarity (Kuga
et al., 2013). In this analysis, we found that FAM83H
was upregulated in the majority of tumor types. MYC,
which is located directly upstream of FAMS3H, is
often amplified at the DNA copy number level in
many tumor types. Given its proximity to MYC,
increased copy number and expression of FAMS83H
could be a result of this aberration. However, we
found no correlation between MYC and FAMS3H
gene expression in breast, ovarian, and prostate cancer
(Pearson correlation < 0.25), suggesting strongly that
FAMS3H by itself is an important driver gene on
chromosome 8q.

Not much is known about the role of FAMS83 fam-
ily members C, E, F, and G in cancer progression.
FAMS3C and E expression was increased in bladder
and ovarian cancer and their overexpression was
shown to promote human mammary epithelial cell

Fig. 5. FAMS83 family genes are frequently altered in breast cancer. (A) Spectrum of aberrations in FAM83 family genes in 960 human
breast cancer samples. DNA copy number amplifications and/or gene expression upregulation are shown in red, DNA copy number loss
and/or gene expression downregulation are shown in blue, and missense and truncating mutations are shown in green and black,
respectively. (B) The percentage of breast cancer samples with TP53, PIK3CA, and CDH1 mutations in tumors with an alteration in at least
one FAMB83 family member (blue) and tumors without alteration in FAM83 genes (green). (C) Protein levels of CCNB1, GATAS3, PGR, and
ESR1 in breast cancer samples with an alteration in at least one FAM83 family member (blue) and samples without alteration in FAMS83

genes (green).
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transformation, respectively (Cipriano et al., 2014b).
In a recent study, it was found that FAMS3F expres-
sion was increased in esophageal SCC, and introduc-
tion of miR-143 into esophageal cancer cells
downregulated FAMBS3F expression, which results in
inhibition of cell proliferation, migration, and invasion
(Mao et al., 2016). Esophageal cancer was not
included in our analysis. However, we found that
FAMS3F was upregulated in head-and-neck, breast,
and lung cancer and that its expression was correlated
with DNA copy number in eight of 19 tumor types.
We also observed that increased expression of
FAMS3F was associated with poor patient survival in
uterine, liver, low-grade glioma, and lung adenocarci-
noma. We could not find any literature with regard to
the role of FAMS3G in cancer progression; however,
Vogt et al. (2014) showed that FAMS83G is a substrate
for type I bone morphogenetic protein (BMP) recep-
tors and modulates BMP signaling (Vogt et al., 2014),
which are known to play important roles in tumorige-
nesis and metastasis (Bailey ez al., 2007; Yamamoto
et al., 2002).

Despite the fact that the FAMS83 family is a rather
recent discovery of an oncogene family, the current
literature suggests that they play a prominent role in
many human cancer types. Our multi-omics analyses
lend further support for this. However, the family
requires additional studies to clarify the mechanisms
of action of individual FAMS&83 members. Moreover,
Lee et al. (2012) has shown that TKIs amplified the
expression of FAMS3A (Lee et al., 2012), indicating
that the activation of this oncogene family plays an
important role in acquired drug resistance. In conclu-
sion, our multi-omics analysis of FAMS&3 family
members opens up a new horizon for further under-
standing the significance of FAMS83 genes in cancer
and clinical applications in diagnosis, prognosis, and
therapy.
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Fig. S1. Multi-omic approach to investigate role of
FAMS3A-H in cancer.
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Fig. S3. Comparison of FAMS3 family gene expres-
sion across breast cancer molecular subtypes.

Table S1. FAMS83 family gene Ttranscript level differ-
ences between tumor and normal tissues.

Table S2. P-values of the prognostic property of each
FAMS3 gene and the FAMS3 gene signature across 10
tumor types.
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Table S3. Proteins differentially expressed between
tumors with FAMS83 mutation and those without any
FAMS3 alteration.

Table S4. Gene Ontology analysis of proteins differen-
tially expressed between tumors with FAMS83 mutation
and those without any FAMS3 alteration.
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