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INTRODUCTION

Fanconi Anemia (FA) is one of aging diseases, 
characterized with many developmental abnormalities and 
an extremely high incidence of both hematological and non-
hematological malignancies [1–6]. At the cellular level, 
FA is characterized by chromosomal abnormalities and 
hypersensitivity to DNA crosslinking agents [1, 7, 8]. The 
similar sensitivity of FA cells from 21 groups (FANC-A, B, 
C, D1, D2, E, F, G, I, J, L, M, N, O, P, Q, R, S, T, U and V 
[2, 5, 6, 9–19]) to DNA crosslinking agents and the common 
clinical phenotype associated with each group suggest 
that the FA proteins all function in a common signaling 
transduction pathway (the FA pathway). The activation of 

this pathway occurs during DNA replication or upon DNA 
damage, especially when triggered by DNA crosslinking 
agents such as mitomycin C (MMC), diepoxybutane (DEB), 
and Cisplatin [20, 21]. Germline FA gene mutations have 
been directly associated with numerous cancers, such as 
breast, ovarian and pancreatic, owing to the defects related 
to FANCD1 /N /C, and/or /G [9, 22–25]. Specifically, 
mutations in FANCD1 (BRCA2) carry an 82% lifetime risk 
of breast cancer, and 23% risk of ovarian cancer [24, 25]. 
These genetic studies support the prediction made more than 
40 years ago by Dr. Swift [26] that FA heterozygotes have 
an increased risk of cancer. However, the implications of the 
tumor suppressor function of the FA pathway just recently 
gained increasing interests in the field of cancer research.

Overlooked FANCD2 variant encodes a promising, portent tumor 
suppressor, and alternative polyadenylation contributes to its 
expression
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ABSTRACT
Fanconi Anemia (FA) complementation group D2 protein (FANCD2) is the 

center of the FA tumor suppressor pathway, which has become an important field 
of investigation in human aging and cancer. Here we report an overlooked central 
player in the FA pathway, FANCD2 variant 2 (FANCD2-V2), which appears to perform 
more potent tumor suppressor-function compared to the known variant of FANCD2, 
namely, FANCD2-V1. Detailed analysis of the FANCD2 gene structure indicated a 
proximal and distal polyadenylation site (PAS), associated with V2 and V1 transcripts 
accordingly. RNA polymerase II Chromatin immunoprecipitation (ChIP) targeting  
the two PAS-regions determined lesser binding of RNA pol II to DNA fragments in the 
distal PAS region in non-malignant cells compared to malignant cells. Conversely, the 
opposite occurred in the proximal PAS region. Moreover, RNA immunoprecipitation (RIP) 
identified that U2 snRNP, a major component of RNA splicing complex that interacts 
with the 3'end of an intron, showed greater binding to the last intron of the FANCD2-V1 
transcript in malignant cells compared to the non-malignant cells. Importantly, our data 
showed that in human tissue samples, the ratio of V2 /V1 expression in lung, bladder, 
or ovarian cancer correlates inversely with the tumor stages/grades.  Therefore, these 
findings provide a previously unrecognized central player FANCD2-V2 and thus novel 
insights into human tumorigenesis, and indicate that V2/V1 can act as an effective 
biomarker in assisting the recognition of tumor malignance. 
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Although FA genes do not share sequence similarity, 
their corresponding protein products are closely related 
[4]. Among 21 known FA family members, FANCD2 
appears to be the focus of the FA pathway [9]. FANCD2 
and its paralog FANCI are activated by the assembly of 
the FA proteins into a common nuclear protein complex, 
which acts as the E3 ubiquitin ligase to monoubiquitinate 
FANCD2.  In response to DNA damage and during DNA 
replication, the activated /monoubiquitinated FANCD2 
forms nuclear foci with other proteins (BRCA1, BRCA2, 
others) involved in DNA repair [11, 13, 22, 25, 27–30] 
to initiate nearly all currently known repair processes 
[4, 27, 31–35]. Taken together, the regulation of FANCD2 
gene expression is essential for maintaining normal DNA 
repair and replication. 

The functions of the FA pathway are heavily 
depending upon each FA gene encoded protein. How FA 
protein product is produced depends upon the multiple 
layers of regulatory processes, especially those involved 
in RNA processing [36, 37]. Poly(A) site choice has 
the potential to affect gene expression in many ways.  
The nature of the 3ʹ-Untranslated Region of the mRNA 
(3ʹ-UTR) is subject to change and affecting the stability 
and/or translatability of the final mRNA product [38]. 
By utilizing appropriate up- and downstream regulatory 
elements, polyadenylation can occur at certain positions 
within genes to effectively aggregate mRNA with an 
alternative open reading frame and/or a new 3ʹ-UTR 
[39].  In addition, bioinformatics studies have suggested 
that 50% or more of all mammalian genes have more 
than one poly(A) site [40]. Presumably, this discovery 
reveals a possibility that alternative polyadenylation sites 
may regulate gene expression. This can be seen in the 
“switching” of immunoglobulin M heavy chain production 
from the membrane-bound to the secreted during B 
lymphocyte differentiation [41].  Alternative PAS is likely a 
widespread phenomenon, which contribute to fundamental 
gene transcriptional processes.  In eukaryotes, alternative 
PAS not only generates functional proteomic diversity, but 
also plays an important role in regulating gene expressions 
[42]. However, the involvement of alternative PAS in FA 
gene expressions to affect the tumor suppressor functions 
of the FA pathway has never been reported.  

Through sequence similarity searching from 
NCBI, we found a 60 bp longer version of FANCD2 
coding cDNA, encoding a protein carrying more than 
95% of homology with the known “FANCD2” protein. 
We named the newly recognized version of FANCD2, 
−“FANCD2-V2”−(V2)， and −“FANCD2-V1”− (V1) 
for the long- known form. As this distinction has not been 
previously described, many of the reported functions of 
FANCD2 could reflect the properties of either V1, V2, or 
both. In this study, we are among the first to report an 
overlooked representative of the FA signaling pathway, 
which we termed FANCD2-V2. Our data show that this 
variant of FANCD2 exhibits greater association with non-

malignant cells compared to malignant cells and properties 
of a potent tumor suppressor. Most importantly, we found 
that PAS plays a critical role in regulating the expression 
of different variants of FANCD2.

RESULTS

The overlooked FANCD2 variant (FANCD2-V2) 
appears to be a more potent tumor suppressor 
than the long-known one (FANCD2-V1)

Considering the importance of FANCD2 in the 
FA pathway, we investigated its potential homologs and 
found that, besides the long-known form of FANCD2 
(NCBI RefSeq accession# NM_001018115.2 and 
NM_001319984.1, which code the same FANCD2 
protein), there is an overlooked alternative variant (NCBI 
RefSeq accession# NM_033084.4). This newly discovered 
variant, which we named FANCD2-V2, has not been 
previously characterized. Henceforth, in order to both 
recognize and distinguish the two variants we have named 
the long-known form of FANCD2, FANCD2-V1. As 
shown in Figure 1A, the cDNA of V1 encodes 1451 amino 
acids (AAs), compared to V2, which encodes 1471 AAs. 
Additionally, both these variants share a large common 
region of 1427 AAs at the amino terminal. Next, we 
conducted RT-PCR to determine the V2-expression, using 
two sets of primers designed to detect specific regions 
of V2 and V1 respectively. In three sets of matched lung 
tissue samples (malignant versus adjacent non-malignant), 
we found that V2 is relatively, highly expressed compared 
to V1 in non-malignant tissues (Figure 1B), noting that the 
ratio of V2 over V1 (V2/V1) is higher in matched normal 
lung tissue samples compared to corresponding malignant 
tissue samples (Figure 1B). Similar results were also 
obtained in cell lines tested (Figure 1C), which suggest 
that V2 may possess more potent tumor suppressor 
capabilities than V1.

RNA polymerase II is much less interactive with 
the distal-PAS region of FANCD2 gene in non-
cancer cells compared to the cancer cells, and the 
usage of the distal-PAS defines V1 pre-mRNA 

To understand how FANCD2-V2 expression is 
regulated, we thoroughly analyzed the gene structure of 
FANCD2. Inspection of the FANCD2 gene showed two 
potential polyadenylation sites, a proximal or distal site, 
associated with V2 and V1 respectively (Figure 1A) [42]. 
Accordingly, the synthesis of pre-mRNA by RNA Pol II 
is terminated earlier for V2 transcript compared to V1, 
attributed to the alternative polyadenylation sites we have 
identified (Figure 1A). Despite this, the corresponding 
transcript for V2 generates a longer version of mRNA, 
compared to V1. This is because V1 has an intact last 
intron, carrying both 5ʹ donor and 3ʹ acceptor sequences, 
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Figure 1: Two variants of FANCD2: namely “FANCD2-V1 (V1)” for the long-known FANCD2 and “FANCD2-V2 
(V2)” for the overlooked one. V2 is relatively highly expressed in benign cells or tissues as compared to V1. (A) FANCD2 gene 
contains two potential polyadenylation signaling motifs, which result in two proteinic variants: V1 and V2 that have a large common amino 
terminal (1427 AAs) (green-colored) and a 24 or 44 unique AA at the C-terminal respectively (red/V1 or blue/V2) (Black arrowheads 
indicate the RT-PCR primers used for detecting V1 or V2 mRNA expression.).  (B) RT-PCR shows V1 or V2 relative expressions in 
malignant or matched non-malignant lung tissues.  V2 is relatively high expressed in non-malignant tissues as compared to V1 (t-test, 
**p  < 0.01). (C) RT-PCR shows V1 or V2 relative expressions in malignant or non-malignant human cell lines. V1 expression is relatively 
higher than V2 in malignant cells or transformed cells (PA-1, U2OS, HCT116, RKO, HT-29, LoVo and 293T) compared to non-malignant 
cells tested (CRL-1790, 293 and WI38) (t-test, **: p < 0.01).  (All bar graphs were plotted from ImageJ quantification of RT-PCR results.) 
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which is missing in the V2 transcript, and the resulting 
partial intron completely was processed into the last exon 
of V2 mRNA. Underlying this, the two FANCD2 variants 
appear to depend on the location of either the proximal or 
distal PAS. Thus, we hypothesized that RNA Polymerase 
II activity may cease at the proximal PAS region in order 
to generate V2 pre-mRNA, whereas the distal PAS is 
employed for the production of the long-known V1 
transcript [43, 44]. 

To test this, we performed RNA Pol II ChIP with 
two sets of ChIP PCR primers as illustrated in Figure 2A. 
Our data showed that DNA fragments at the distal PAS 
region pulled down by pol II antibodies was higher in 
malignant cells (RKO & HCT116) (Figure 2B, 2C), 
compared to non-malignant cells (CRL-1790 & HEK293). 
Accordingly, the binding between the DNA fragments at 
the distal PAS region and RNA pol II was reduced, and the 
low or high V2/V1 expression ratio was found respectively 
in these malignant or non-malignant cells (Figure 1C and 
Figure 2D). These results demonstrate that the alternative 
PAS plays an essential role in regulating the expression of 
V1 and V2, adding an additional level of complicity to the 
tumor suppressor roles of FA signaling. 

The interaction between U2 snRNPs and the last 
intron of V1 occurs more often in the same tested 
malignant cells as compared to the 
 non-malignant cells

As illustrated in Figure 3A, the last intron in 
the primary V1 RNA transcript, stopping at the distal 
PAS region, contains a set of 5ʹ donor and 3ʹ acceptor 
sequences (red color); while the V2 transcript ends at the 
proximal PAS region only carries the 5ʹ donor site in the 
same part of pre-mRNA. Based upon the identification 
of two FANCD2 pre-mRNA transcripts (Figure 1A), we 
designed primers bracketing the 3ʹ donor site specific 
to the last intron in the V1 pre-mRNA. Concurrently, as 
the 3ʹ donor site of the last intron in the V2 pre-mRNA 
is present in both variants, we also designed another set 
of primers to act as a control. These two sets of primers 
(as indicated in the Figure 3A, proximal or distal) were 
used to conduct U2 snRNP RNA immunoprecipitation 
(RIP) (see green arrows). Again, using the same sets of 
cells for performing RNA pol II ChIP (Figure 2), we used 
the antibodies against SF3A1, the core component of U2 
snRNP, to perform RNA immunoprecipitation followed 
by RT-qPCR-amplifying these two RNA fragments. Based 
upon observations, using the SF3A1 antibody to pull-
down fragments representing the last V1 intron, binding 
was greater in malignant cells compared to non-malignant 
cells. This suggests that in malignant cells there is higher 
prevalence of the V1 primary transcripts compared to V2. 
This finding is consistent with the expression levels of 
both the V1 and V2 transcripts detected in the same cell 
lines (Figure 1C and Figure 2D). So far, we have provided 

evidence at both the DNA and RNA levels that supports 
our theory that the alternative PAS participates in the 
regulation of FANCD2-V1/V2 expression in a cell context 
dependent manner.

FANCD2-V2 expression is present more in  
non-malignant tissues than in malignant ones

To establish the importance of this previously 
uncharacterized variant of FANCD2, V2, we aimed to 
validate its role as a tumor suppressor. To achieve this, 
we correlated its expression with the states of tested 
cells and tissues (non-malignant or malignant) shown 
in Figure 1B, 1C. Using publically available data sets, 
we analyzed specific sequence junctions of V1 and V2 
(Figure 4A) in 402 human bladder cancer samples (The 
raw data were downloaded from http://firebrowse.org/). 
The ratio of V2/V1 expression was higher in stage I, II 
and III tumors compared to stage IV tumors. Additionally, 
the V2/V1 ratio in stage IV tumors were significantly 
lower than that in lower-stage tumors, even when 
combined (Figure 4B). This suggests a lower level of 
V2 expression may contribute to the tumor malignancy.  
To further validate our findings, we conducted real-time 
qPCR analyses on 200 cDNA samples derived from 
human ovarian cancer [45–47]. We found that the relative 
expression of V2 and V1 was largely associated with the 
tumor stages or grades (Figure 4C). In lower stage tumors, 
the relative expression of V2 is significantly higher than 
V1, whereas in higher stage tumors this ratio was much 
lower. Therefore, due to the identification of FANCD2-V2 
our data indicate that V2 emerges to be a more potent 
tumor suppressor than V1. Furthermore, the V2/V1 ratio 
may serve as an effective biomarker in assisting the 
recognition of tumor malignancy.

DISCUSSION

Since 1971, FA signaling has been argued to be 
responsible for various tumor suppressor roles by Dr. Swift 
[26]. However, in patients without FA, these roles were 
only empirically demonstrated since 2010 by the work we 
conducted [48–52]. With the hidden identity of a more potent 
central player, the relatively shorter form of FANCD2, V1, 
has been, unfortunately, recognized as the only representative 
of the FA pathway for decades. Therefore much of this 
pathway still remains elusive. Based on our present study, the 
prominent long-known form of FANCD2 (V1) may in fact 
signify abnormality, in the context of tumor suppression, and 
has mistakenly been considered normal. Our results indicate 
that V1 exhibits greater association with malignant cells, 
compared to non-malignant cells, and that V2 exhibits greater 
relative expression in normal cells, compared to malignant 
(Figure 1B, 1C and Figure 4). Therefore, we emphasize the 
importance of the V2/V1 ratio to more accurately describe 
the relationship between FANCD2 with cancer and aging. 
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Figure 2: RNA polymerase II binds relatively more to the distal PAS region of FANCD2 gene in cancer cells as compared 
to the non-cancer cells. (A) Alternative Transcription Termination Site (TTS) follows alternative PAS, and RNA pol II dissociates from 
DNA template at TTS and stops transcription [43], upon which DNA fragments after TTS can be distinguished by the binding capacity of 
pol II antibodies. As green arrowheads indicated, proximal or distal primer-bracketed regions pulled down by pol II antibodies are able to 
define the frequency of usage for proximal or distal PAS during the transcription.  Therefore, the dash red line indicates the region where 
pol II is unable to binds when proximal-PAS is used. (B, C) Pol II antibodies pulled down relatively more DNA fragments located at the 
distal-PAS region in malignant cells (HCT116 or RKO) as compared to the non-malignant cells (CRL1790 or HEK293).  t-test, *p < 0.05; 
**p < 0.01. (The bar-graph was plotted from Real-time qPCR.). (D) The V1 or V2 mRNA expression in these cells used for ChIP or RIP 
(next figure): V1 expression is relatively higher in non-malignant cells compared to malignant cells.   



Oncotarget22495www.impactjournals.com/oncotarget

Surprisingly, this new revelation may indicate that the 
long-known form of FANCD2, V1, might be somewhat 
“oncogenic” owing to its relatively high expression levels in 
malignant cells/tissues, in conjunction with inefficient tumor 
suppressive activity compared to V2. This may provide a 
plausible explanation for the significant elevation observed 
in V1 expression in transformed cells. Thus, we question the 

validity of FANCD2-V1 as the orchestrator responsible for 
previously reports of FA signaling, given the possibility of an 
unnoticed system error.

In living cells, transcriptional variants, which 
differ in length and production are common, especially 
in human malignant cells. Importantly, intricate 
regulatory mechanisms underpin the diversity observed 

Figure 3: SF3A1 (the core component of U2 snRNP) RNA immunoprecipitation (RIP) shows that U2 snRNP interacts 
more with the last intron of V1 transcript in cancer cells as compared to the non-cancer cells.  (A) Schematic representation 
of the pre-mRNA splicing outline for  V1 and V2 variants: when the proximal PAS is used, the resulting V2 transcripts lacks the last 
intron (the curve dash blue line), shown in the V1 transcript.  The RIP-PCR primers were designed upon the regions marked with green 
arrowheads (distal or proximal primers were called accordingly for detecting relevant RNA fragments). RT-qPCR was used to detect RNA 
fragments pulled down by antibodies targeting SF3A1 (a key component of U2 snRNP). (B) The RT-qPCR product ratio, reflecting the 
relatively binding capacity between SF3A1 and the last intron of V1 or V2: U2 snRNPs interact relatively more with the last intron of  
V1-transcript in cancer cells as compared to the non-cancer cells. t-test, *p < 0.05; **p < 0.01. (C) Agarose gel images of resolved RT-qPCR 
products: those images show a good quality of RIP and validate the size of anticipated PCR products. 
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amongst these variants. At the DNA level, the local 
DNA structure, such as the B-B or A-A premeltons 
[53], a variety of DNA sequence islands including 
insulators [54] etc. Whereas, at the RNA level, exon 
skipping [55], lariat intron formation [56] and non-
sense-mediated mRNA decay (NMD) [57] are just 
a few of the many examples, which affect the length 
and production of RNA variants. In this study, we 
highlight the alternative PAS as an important factor in a 
previously unrecognized mechanism contributing to the 
expression of two alternate forms of FANCD2. Based 
on the amazing similarity between qPCR statistics 
derived from RNA pol II ChIP and the expression levels 
of V1 and V2 (Figure 2C and 2D), we believe that the 
alternative PAS is a dominant cause of determining V1 
or V2 expression in each given cell, and thus plays an 

essential role in the tumor suppressor function of FA 
signaling.  

Compared to genetic, epigenetic, and other processes 
in RNA processing, PAS influences a fate of a gene function 
was under-reported. However, PAS is shown here to be 
an essential factor in determining the tumor suppressor 
function of the FA pathway, because the newly recognized 
version of FANCD2 (V2) appears to have tumor-suppressor 
function more potent than the version we have known for 
decades (V1) (Figure 1B, 1C and 4). Owing to the high 
homology between V1 and V2 (Figure 1A), the most 
known function of FANCD2, unfortunately, is a mixture 
of both depending on the ratio of their expression. The 
exact function of each form remains largely undefined, 
and the known functions of FA signaling are, thereby, not 
demonstrated as clearly as we thought before.

Figure 4: The ratio of FANCD2-V2 / FANCD2-V1 (mRNA expression) is inversely associated with human tumor stage 
or grade. (A) By analyzing the specific exon junction sequence for V1 or V2 from the RNA sequence data set generated from human 
bladder cancer tissue samples (http://firebrowse.org/), we found the ratio of V2/V1 expression in stage IV tumors was lower than those in 
lower stag tumors. (B) The V2/V1 ratio in stage IV tumors is significantly lower than that in the combined stage I, II and III tumors. t-test, 
*p < 0.05. (C) The V2/V1 repression ratio is inversely associated with ovarian tumor stages (r = –0.206, p = 0.004) and grades (r = –0.226, 
p = 0.0027). Distribution of Wilcoxon scores was based upon two groups of 56 and 134 samples for tumor stage I&II, versus III&IV, 
respectively, to indicate the correlation between tumor stages and V2/V1 (left panel). Whereas two groups of 71 and 119 samples for tumor 
grade 1&2, versus 3 respectively were used for the score distribution to show the association between tumor grade and V2/V1 (right panel).
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MATERIALS AND METHODS

Cell lines

All cell lines were obtained from the American Type 
Culture Collection (ATCC). 

RT-PCR and RT-qPCR

Cellular RNA was extracted by TRIzol Reagent 
(Life technologies). Reverse Transcription was performed 
using the Bio-Rad iScript Reverse Transcription kit as per 
the manufacturer’s instruction.

Ovarian cancer tissue cDNA samples were provided 
by Dr. Herbert Yu [46, 47].  Real-time qPCR reactions 
were carried out with Power SYBR Green Master Mix 
(Thermo Fisher Scientific) by Applied Biosystems 
7900HT Fast Real-Time PCR.

The following PCR primer sequences were used: 
FANCD2 V1 F, GAT GGT GAA GAA GAC GA and 
FANCD2 V1 R, GGT CTA ATC AGA GTC ATC A; 
FANCD2 V2 F, GTA TCT CTA CAA AAC CCA C and 
FANCD2 V2 R, GCT GTT ATG GAG GGA ATG. 

Chromatin immunoprecipitation (ChIP) assay

A ChIP assay was performed as previously described 
[58]. The primer sets were designed to encompass 
the region after the Transcription End Site (TES) and 
around the Transcription Termination Site (TTS; distal or 
proximal) of the FANCD2 gene. The sequences of used 
primers are as follows: 

Distal forward primer: TGC CTC AGT TGC CTC 
ATT TAT, (reverse primer): GCA CCA GTC TCC ATA 
ATT TCT CT;

Proximal forward primer: GGC TCA CAC CTG 
TAA TCG TAG, (reverse primer): GTC TCG GGT TGG 
TCT TGA AA;

RNA Immunoprecipitation (RIP) assay

Cells were harvested using trypsin and suspended 
into well isolated and subsequently crosslinked with 1% 
formaldehyde at room temperature for 10 min. After the 
reaction was quenched with 125 mM Glycine, the cells 
were washed 3 times in PBS and then resuspended in 
buffer A (5 mM PIPES pH 8.0, 85 mM KCl, 0.5% NP40, 
1× complete protease inhibitor (Roche) and 50 µl/mL 
SUPERase In RNase inhibitor (Life technologies) and 
incubated on ice for 10 min. The pelleted crude nuclei 
fractions were centrifuged at 2500 g for 15 min at 4°C 
and then washed once in buffer A without NP40. The 
pellet was resuspended in RIP buffer (50 mM Tris-HCl 
pH 8.1, 150 mM NaCl, 0.1% SDS, 0.5% Deoxycholic 
Acid, 1% CHAPS, 5 mM EDTA, 1× complete protease 
inhibitor, and 50 µl/mL SUPERase In RNase inhibitor), 
and the solution was incubated on ice for 10 min. The 

lysate was sonicated in a Bioruptor Plus (Diagenode, 
SA), two times for 10 min each at high power while 
cycling for 30 seconds on and 30 seconds off. Following 
sonication, the lysate was pelleted via centrifugation at 
13,000 RPM for 10 min to remove insoluble debris. The 
supernatant was diluted in IP buffer (50 mM Tris-HCl 
pH 8.1, 50 mM NaCl, 0.1% CHAPS, 1.2 mM EDTA, 1x 
complete protease inhibitor, and 50 u/mL SUPERase In 
RNase inhibitor) at a 1:1 ratio. After the solution was IgG 
pre-cleaned, a 5% aliquot of each sample was preserved 
in 1 mL of TRIzol Reagent (Life technologies), and this 
aliquot was used as the input control. The rest of the 
lysate was divided into two equal parts to which 2 µg  
of the SF3A1 antibody (Novus Biologicals) or the 
control rabbit IgG (Sigma-Aldrich) was added. All tubes 
were rotated at 4°C overnight, and then 50 µl of rec-
Protein A-Sepharose 4B (Life Technologies) beads were 
added to each eppendorf tube, and then rotated for an 
additional 2 h at 4°C. The beads were washed 3 times 
using wash buffer (2 mM Tris-HCl [pH 8.1], 500 mM 
NaCl, 0.1% SDS, 1% CHAPS, and 50 u/mL SUPERase 
In RNase inhibitor), and then 1 mL of TRIzol Reagent 
was added to each tube. RNA was isolated from these 
samples, including the input controls, according to the 
manufacturer’s instructions. RT-qPCR was performed 
using a SensiFAST SYBR Hi-ROX One-Step Kit 
(Bioline) in a StepOnePlus Real-Time PCR System (Life 
Technologies). The primer sequences that were used in 
these experiments are listed below.

Proximal (forward primer): TGT GTA TCC TCT 
AGG AGC TGT AT, (reverse primer): CTT CGT CTT 
CTT CAC CAT CCT AA;

Distal (forward primer): TGC CTG TAA ACT CAA 
CCT TCT C, (reverse primer): GGG ACT TAA TCT CTT 
CAC CCT AAA T.

Statistics

Ovarian cancer RT-qPCR results were tested by 
Distribution of Wilcoxon Scores. The rest data were 
examined using two-tail student’s t-test. 

ACKNOWLEDGMENTS AND FUNDING

We thank a graduate student, Anna Pickering, for 
the help of setting up qPCR 96-well plates. This study was 
supported by NIH grant R01CA188251 to PF.

CONFLICTS OF INTEREST

None.

REFERENCES

1. Bagby GC Jr. Genetic basis of Fanconi anemia. Curr Opin 
Hematol. 2003; 10:68–76. 



Oncotarget22498www.impactjournals.com/oncotarget

 2. Taniguchi T, D’Andrea AD. Molecular pathogenesis of 
Fanconi anemia: recent progress. Blood. 2006; 107:4223–33.  
doi: 10.1182/blood-2005-10-4240.

 3. Huang TT, D’Andrea AD. Regulation of DNA repair by 
ubiquitylation. Nat Rev Mol Cell Biol. 2006; 7:323–34. doi: 
10.1038/nrm1908.

 4. Fei P, Yin J, Wang W. New advances in the DNA damage 
response network of Fanconi anemia and BRCA proteins. 
FAAP95 replaces BRCA2 as the true FANCB protein. Cell 
Cycle. 2005; 4:80–6. 

 5. Huang TT, Nijman SM, Mirchandani KD, Galardy PJ, 
Cohn MA, Haas W, Gygi SP, Ploegh HL, Bernards R, 
D’Andrea AD. Regulation of monoubiquitinated PCNA 
by DUB autocleavage. Nat Cell Biol. 2006; 8:339–47. doi: 
10.1038/ncb1378.

 6. Pickering A, Zhang J, Panneerselvam J, Fei P. Advances 
in the understanding of Fanconi anemia tumor suppressor 
pathway. Cancer Biol Ther. 2013; 14.

 7. D’Andrea AD. The Fanconi road to cancer. Genes Dev. 
2003; 17:1933–6. doi: 10.1101/gad.1128303.

 8. D’Andrea AD, Grompe M. The Fanconi anaemia/BRCA 
pathway. Nat Rev Cancer. 2003; 3:23–34. doi: 10.1038/nrc970.

 9. Hahn SA, Greenhalf B, Ellis I, Sina-Frey M, Rieder H, 
Korte B, Gerdes B, Kress R, Ziegler A, Raeburn JA, 
Campra D, Grutzmann R, Rehder H, et al. BRCA2 germline 
mutations in familial pancreatic carcinoma. J Natl Cancer 
Inst. 2003; 95:214–21. 

10. Meetei AR, Medhurst AL, Ling C, Xue Y, Singh TR, Bier P, 
Steltenpool J, Stone S, Dokal I, Mathew CG, Hoatlin M, 
Joenje H, de Winter JP, et al. A human ortholog of archaeal 
DNA repair protein Hef is defective in Fanconi anemia 
complementation group M. Nat Genet. 2005; 37:958–63. 
doi: 10.1038/ng1626.

11. Reid S SD, Hanenberg H, Barker K, Hanks S, Kalb R, 
Neveling K, Kelly P, Seal S, Freund M, Wurm M, 
Batish SD, Lach FP, Yetgin S, et al. Biallelic mutations in 
PALB2 cause Fanconi anemia subtype FA-N and predispose 
to childhood cancer. Nat Genet. 2007; 39:162–4.

12. Roest HP, Baarends WM, de Wit J, van Klaveren JW, 
Wassenaar E, Hoogerbrugge JW, van Cappellen WA, 
Hoeijmakers JH, Grootegoed JA. The ubiquitin-conjugating 
DNA repair enzyme HR6A is a maternal factor essential for 
early embryonic development in mice. Mol Cell Biol. 2004; 
24:5485–95. 

13. Xia B DJ, Ameziane N, de Vries Y, Rooimans MA, 
Sheng Q, Pals G, Errami A, Gluckman E, Llera J, Wang W, 
Livingston DM, Joenje H, de Winter JP. Fanconi anemia is 
associated with a defect in the BRCA2 partner PALB2. Nat 
Genet. 2007; 39:159–61.

14. Wang W. Emergence of a DNA-damage response network 
consisting of Fanconi aneamia and BRCA proteins. Nature 
reviews Genetics. 2007; 8:735–48. 

15. Deans AJ, West SC. DNA interstrand crosslink repair and cancer. 
Nat Rev Cancer. 2011; 11:467–80. doi: 10.1038/nrc3088.

16. Bogliolo M, Schuster B, Stoepker C, Derkunt B, Su Y, 
Raams A, Trujillo JP, Minguillon J, Ramirez MJ, Pujol R, 
Casado JA, Banos R, Rio P, et al. Mutations in ERCC4, 
encoding the DNA-repair endonuclease XPF, cause Fanconi 
anemia. Am J Hum Genet. 2013; 92:800–6. doi: 10.1016/j.
ajhg.2013.04.002.

17. Mamrak NE, Shimamura A, Howlett NG. Recent 
discoveries in the molecular pathogenesis of the inherited 
bone marrow failure syndrome Fanconi anemia. Blood Rev. 
2016. doi: 10.1016/j.blre.2016.10.002.

18. Park JY, Virts EL, Jankowska A, Wiek C, Othman M, 
Chakraborty SC, Vance GH, Alkuraya FS, Hanenberg H, 
Andreassen PR. Complementation of hypersensitivity to 
DNA interstrand crosslinking agents demonstrates that 
XRCC2 is a Fanconi anaemia gene. J Med Genet. 2016; 
53:672–80. doi: 10.1136/jmedgenet-2016-103847.

19. Bluteau D, Masliah-Planchon J, Clairmont C, Rousseau A, 
Ceccaldi R, Dubois d’Enghien C, Bluteau O, Cuccuini W, 
Gachet S, Peffault de Latour R, Leblanc T, Socie G, 
Baruchel A, et al. Biallelic inactivation of REV7 is 
associated with Fanconi anemia. J Clin Invest. 2016; 
126:3580–4. doi: 10.1172/JCI88010.

20. Sala-Trepat M, Rouillard D, Escarceller M, Laquerbe A, 
Moustacchi E, Papadopoulo D. Arrest of S-phase 
progression is impaired in Fanconi anemia cells. Exp Cell 
Res. 2000; 260:208–15. 

21. Grompe M. FANCL, as in ligase. Nature genetics. 2003;  
35:113–4. 

22. Rahman N SS, Thompson D, Kelly P, Renwick A, Elliott A, 
Reid S, Spanova K, Barfoot R, Chagtai T, Jayatilake H, 
McGuffog L, Hanks S, Evans DG, et al. PALB2, which 
encodes a BRCA2-interacting protein, is a breast cancer 
susceptibility gene. Nat Genet. 2007; 39:165–7.

23. Knudson AG Jr. Mutation and cancer: statistical study of 
retinoblastoma. Proc Natl Acad Sci U S A. 1971; 68:820–3.  

24. Hwang WW, Venkatasubrahmanyam S, Ianculescu AG, 
Tong A, Boone C, Madhani HD. A conserved RING finger 
protein required for histone H2B monoubiquitination and 
cell size control. Mol Cell. 2003; 11:261–6. 

25. Levitus M, Waisfisz Q, Godthelp BC, de Vries Y, Hussain S, 
Wiegant WW, Elghalbzouri-Maghrani E, Steltenpool J, 
Rooimans MA, Pals G, Arwert F, Mathew CG, Zdzienicka MZ, 
et al. The DNA helicase BRIP1 is defective in Fanconi anemia 
complementation group J. Nat Genet. 2005; 37:934–5. 

26. Swift M. Fanconi’s anaemia in the genetics of neoplasia. 
Nature. 1971; 230:370–3.  

27. Wang W. Emergence of a DNA-damage response network 
consisting of Fanconi anaemia and BRCA proteins. Nat Rev 
Genet. 2007; 8:735–48. doi: 10.1038/nrg2159.

28. Howlett NG, Taniguchi T, Olson S, Cox B, Waisfisz Q, De 
Die-Smulders C, Persky N, Grompe M, Joenje H, Pals G, 
Ikeda H, Fox EA, D’Andrea AD. Biallelic inactivation of 
BRCA2 in Fanconi anemia. Science. 2002; 297:606–9. doi: 
10.1126/science.1073834.



Oncotarget22499www.impactjournals.com/oncotarget

29. Xia B, Sheng Q, Nakanishi K, Ohashi A, Wu J, Christ N, 
Liu X, Jasin M, Couch FJ, Livingston DM. Control of 
BRCA2 cellular and clinical functions by a nuclear partner, 
PALB2. Mol Cell. 2006; 22:719–29. 

30. Litman R, Peng M, Jin Z, Zhang F, Zhang J, Powell S, 
Andreassen PR, Cantor SB. BACH1 is critical for homologous 
recombination and appears to be the Fanconi anemia gene 
product FANCJ. Cancer Cell. 2005; 8:255–65. 

31. Panneerselvam J, Shen Y, Che R, Fei P. Fanconi Anemia 
Group D2 Protein Participates in Replication Origin Firing. 
Chemotherapy (Los Angel). 2016; 5. doi: 10.4172/2167–
7700.1000206.

32. Cukras S, Lee E, Palumbo E, Benavidez P, Moldovan GL, 
Kee Y. The USP1-UAF1 complex interacts with RAD51AP1 
to promote homologous recombination repair. Cell Cycle. 
2016; 15:2636–46. doi: 10.1080/15384101.2016.1209613.

33. Jang SW, Jung JK, Kim JM. Replication Protein A 
(RPA) deficiency activates the Fanconi anemia DNA 
repair pathway. Cell Cycle. 2016; 15:2336–45. doi: 
10.1080/15384101.2016.1201621.

34. Fu D, Dudimah FD, Zhang J, Pickering A, Paneerselvam J, 
Palrasu M, Wang H, Fei P. Recruitment of DNA polymerase 
eta by FANCD2 in the early response to DNA damage. Cell 
Cycle. 2013; 12:803–9. 

35. Zhang J, Zhao D, Wang H, Lin CJ, Fei P. FANCD2 
monoubiquitination provides a link between the HHR6 and 
FA-BRCA pathways. Cell Cycle. 2008; 7:407–13. 

36. Fidaleo M, Svetoni F, Volpe E, Minana B, Caporossi D, 
Paronetto MP. Genotoxic stress inhibits Ewing sarcoma cell 
growth by modulating alternative pre-mRNA processing of 
the RNA helicase DHX9. Oncotarget. 2015; 6:31740–57. 
doi: 10.18632/oncotarget.5033.

37. Xargay-Torrent S, Lopez-Guerra M, Rosich L, 
Montraveta A, Roldan J, Rodriguez V, Villamor N, 
Aymerich M, Lagisetti C, Webb TR, Lopez-Otin C, 
Campo E, Colomer D. The splicing modulator sudemycin 
induces a specific antitumor response and cooperates with 
ibrutinib in chronic lymphocytic leukemia. Oncotarget. 
2015; 6:22734–49. doi: 10.18632/oncotarget.4212.

38. Wang L, Hu X, Wang P, Shao ZM. The 3′UTR signature 
defines a highly metastatic subgroup of triple-negative breast 
cancer. Oncotarget. 2016; 7:59834–59844. doi: 10.18632/
oncotarget.10975.

39. Frischmeyer PA, van Hoof A, O’Donnell K, Guerrerio AL, 
Parker R, Dietz HC. An mRNA surveillance mechanism that 
eliminates transcripts lacking termination codons. Science. 
2002; 295:2258–61. doi: 10.1126/science.1067338.

40. Tian B, Hu J, Zhang H, Lutz CS. A large-scale analysis 
of mRNA polyadenylation of human and mouse genes. 
Nucleic Acids Res. 2005; 33:201–12. doi: 10.1093/nar/
gki158.

41. Takagaki Y, Seipelt RL, Peterson ML, Manley JL. The 
polyadenylation factor CstF-64 regulates alternative 
processing of IgM heavy chain pre-mRNA during B cell 
differentiation. Cell. 1996; 87:941–52. 

42. Shi Y. Alternative polyadenylation: new insights from 
global analyses. RNA. 2012; 18:2105–17. doi: 10.1261/
rna.035899.112.

43. Connelly S, Manley JL. A functional mRNA 
polyadenylation signal is required for transcription 
termination by RNA polymerase II. Genes Dev. 1988; 
2: 440–52. 

44. Gruber AR, Martin G, Keller W, Zavolan M. Means to 
an end: mechanisms of alternative polyadenylation of 
messenger RNA precursors. Wiley Interdiscip Rev RNA. 
2014; 5:183–96. doi: 10.1002/wrna.1206.

45. Smith S, Su D, Rigault de la Longrais IA, Schwartz P, 
Puopolo M, Rutherford TJ, Mor G, Yu H, Katsaros D. 
ERCC1 genotype and phenotype in epithelial ovarian 
cancer identify patients likely to benefit from paclitaxel 
treatment in addition to platinum-based therapy. J Clin 
Oncol. 2007; 25:5172–9. doi: 10.1200/JCO.2007.11.8547.

46. Lu L, Katsaros D, de la Longrais IA, Sochirca O, Yu H. 
Hypermethylation of let-7a-3 in epithelial ovarian cancer is 
associated with low insulin-like growth factor-II expression 
and favorable prognosis. Cancer Res. 2007; 67:10117–22. 
doi: 10.1158/0008-5472.CAN-07-2544.

47. Lu L, Katsaros D, Shaverdashvili K, Qian B, Wu Y, de la 
Longrais IA, Preti M, Menato G, Yu H. Pluripotent factor 
lin-28 and its homologue lin-28b in epithelial ovarian cancer 
and their associations with disease outcomes and expression 
of let-7a and IGF-II. Eur J Cancer. 2009; 45:2212–8. doi: 
10.1016/j.ejca.2009.05.003.

48. Zhang J, Zhao D, Park HK, Wang H, Dyer RB, Liu W, 
Klee GG, McNiven MA, Tindall DJ, Molina JR, Fei P. 
FAVL elevation in human tumors disrupts Fanconi anemia 
pathway signaling and promotes genomic instability and 
tumor growth. J Clin Invest. 2010; 120:1524–34. doi: 
10.1172/JCI40908.

49. Panneerselvam J, Park HK, Zhang J, Dudimah FD, Zhang P, 
Wang H, Fei P. FAVL impairment of the Fanconi anemia 
pathway promotes the development of human bladder 
cancer. Cell Cycle. 2012; 11:2947–55. doi: 10.4161/
cc.21400.

50. Panneerselvam J, Xie G, Che R, Su M, Zhang J, Jia W, 
Fei P. Distinct Metabolic Signature of Human Bladder 
Cancer Cells Carrying an Impaired Fanconi Anemia Tumor-
Suppressor Signaling Pathway. J Proteome Res. 2016; 
15:1333–41. doi: 10.1021/acs.jproteome.6b00076.

51. Shen Y, Lee YH, Panneerselvam J, Zhang J, Loo LW, Fei P. 
Mutated Fanconi anemia pathway in non-Fanconi anemia 
cancers. Oncotarget. 2015; 6:20396–403. doi: 10.18632/
oncotarget.4056.

52. Shen Y, Zhang J, Yu H, Fei P. Advances in the understanding 
of Fanconi Anemia Complementation Group D2 Protein 
(FANCD2) in human cancer. Cancer Cell Microenviron. 
2015; 2. doi: 10.14800/ccm.986.

53. Sobell HM. Premeltons in DNA. J Struct Funct Genomics. 
2016; 17:17–31. doi: 10.1007/s10969-016-9202-4.



Oncotarget22500www.impactjournals.com/oncotarget

54. Yang H, Das P, Yu Y, Mao W, Wang Y, Baggerly K, 
Wang Y, Marquez RT, Bedi A, Liu J, Fishman D, Lu Z, 
Bast RC Jr. NDN is an imprinted tumor suppressor gene 
that is downregulated in ovarian cancers through genetic 
and epigenetic mechanisms. Oncotarget. 2016; 7:3018–32. 
doi: 10.18632/oncotarget.6576.

55. Zhang Z, Zhou N, Huang J, Ho TT, Zhu Z, Qiu Z, Zhou X, 
Bai C, Wu F, Xu M, Mo YY. Regulation of androgen 
receptor splice variant AR3 by PCGEM1. Oncotarget. 2016; 
7:15481–91. doi: 10.18632/oncotarget.7139.

56. Lemaire M, Prime J, Ducommun B, Bugler B. Evolutionary 
conservation of a novel splice variant of the Cds1/CHK2 
checkpoint kinase restricted to its regulatory domain. Cell 
Cycle. 2004; 3:1267–70. doi: 10.4161/cc.3.10.1154.

57. Perez-Ortin JE, Alepuz P, Chavez S, Choder M. Eukaryotic 
mRNA decay: methodologies, pathways, and links to other 
stages of gene expression. J Mol Biol. 2013; 425:3750–75. 
doi: 10.1016/j.jmb.2013.02.029.

58. Fei P, Wang W, Kim SH, Wang S, Burns TF, Sax JK, 
Buzzai M, Dicker DT, McKenna WG, Bernhard EJ,  
El-Deiry WS. Bnip3L is induced by p53 under hypoxia, and 
its knockdown promotes tumor growth. Cancer Cell. 2004; 
6:597–609. doi: 10.1016/j.ccr.2004.10.012.


