
 

 

Introduction 
 
Cancer development is driven by alterations in 
cellular pathways leading to the evasion from 
mechanisms that normally restrict growth, mi-
gration and invasion [1]. Tumorigenesis is asso-
ciated with changes in gene expression and the 
progression of cell transformation from normal 
to tumor cells [2, 3]. Altered gene expression 
can elicit cancer development, and may also 
occur as the result of downstream signaling 
from pathways deregulated during cancer pro-
gression [4]. These changes in expression have 
been linked to specific phases of cancer devel-
opment often reflecting either the type or the 

stage of cancer progression. To this end, gene 
expression profiling has greatly contributed to 
our understanding of cancer progression, and 
the identification of key genes and pathways 
which when deregulated promote cancer devel-
opment [3].  
 
RanBPM (Ran-binding protein M, also called 
RanBP9) is a ubiquitous nucleo-cytoplasmic 
protein. RanBPM was initially identified as a 
binding partner for the Ran GTPase that local-
ized to the microtubule-organizing center 
(MTOC) [5], although both of these observations 
were later dismissed [6]. Several roles for 
RanBPM have subsequently been proposed in 
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cellular processes including the regulation of 
cell morphology [7-9], cell adhesion [10-12], cell 
cycle progression [13] and regulation of neuro-
logical functions [13-15]. Most of these func-
tions result from interaction of RanBPM with 
various proteins, which have been reported to 
occur both in the cytoplasm and the nucleus. In 
the cytoplasm, RanBPM has been suggested to 
function as a scaffold for receptor signaling 
pathways through interactions with the neuronal 
cell adhesion molecule L1 [11], the Met recep-
tor (Met proto-oncogene, also called Hepatocyte 
growth factor receptor) [16], and tropomyosin 
related kinase (Trk) TrkA [17] and TrkB [14] re-
ceptors. The interaction of RanBPM with these 
receptors is believed to regulate the activation 
of downstream signaling pathways including the 
extra-cellular signal regulated kinase 1/2 
(ERK1/2) [11, 16], Akt [14], and nuclear factor-
kappa B (NF-κB) pathways [18]. In addition, 
RanBPM was suggested to modulate the stabil-
ity of proteins, such as the pro-apoptotic tran-
scription factor p73 [19]. In the nucleus, 
RanBPM has been shown to interact with the 
transcriptional regulator TAF4 (TBP-associated 
factor 4) [15] and the viral early-immediate tran-
scriptional regulator Rta [20]. RanBPM has also 
been reported to modulate the transcriptional 
activity of the androgen receptor (AR) [21], the 
glucocorticoid receptor (GR) [21], and the thy-
roid hormone receptor (TR) [22]. These data 
suggest that RanBPM could have wide ranging 
and important influences on gene expression, 
either directly through interaction with transcrip-
tional regulators, or indirectly through the modu-
lation of intracellular signaling pathways.  
 
We previously established that RanBPM func-
tions to promote apoptosis in response to DNA 
damage [23]. We showed that down-regulation 
of RanBPM in Hela and HCT116 cells prevented 
the activation of the mitochondrial apoptotic 
pathway and promoted cell survival in response 
to ionizing radiation (IR) treatment. Therefore in 
the present study, we sought to gain further 
insight into the pathways and cellular functions 
that are regulated by RanBPM. Using microarray 
analyses that compared RanBPM down-
regulated cells to those in which RanBPM is 
expressed at physiological levels, global 
changes in gene expression elicited by RanBPM 
down-regulation were investigated. Our analyses 
reveal that RanBPM causes wide spread pertur-
bances in gene expression that indicate it may 
be an important mediator in the control of many 
tumorigenic processes.  

Materials and methods 
 
Cell culture  
 
Hela and HCT116 control shRNA and RanBPM 
shRNA stable cell lines were previously gener-
ated [23]. Cells were cultured in high glucose 
Dulbecco’s Modified Eagle Medium (DMEM) 
(Life Technologies, Burlington, ON) supple-
mented with 10% fetal bovine serum (FBS) 
(Wisent Bioproducts, St. Bruno, QC), 2mM L-
Glutamine, and 1mM Sodium Pyruvate (Life 
Technologies) at 37°C in 5% CO2. Control 
shRNA and RanBPM shRNA stable cell lines 
were maintained in media supplemented with 
0.35 mg/ml G418 (Geneticin, Bioshop Canada, 
Burlington, ON).  
 
Plasmid expression constructs and transfection 
assays 
 
The pCMV-RanBPM shRNA mutant expression 
construct (RanBPM si-mt) has been previously 
described [23]. Transfection assays were car-
ried out using ExGen 500TM (Thermo Scientific, 
Fermentas, Burlington, ON) as per the manufac-
turer's instructions. 
 
Western blotting 
 
Whole cell extracts were prepared as previously 
described [23]. Briefly, cells were collected in 
ice-cold PBS and lysed in buffer containing 
150mM NaCl, 1mM EDTA, 50mM HEPES (pH 
7.4), 10% Glycerol, 0.5% NP40, and supple-
mented with 1mM PMSF, 1mM DTT, 1µg/ml 
Leupeptin, 10µg/ml Aprotinin, 1µg/ml Pep-
statin, 2mM Sodium fluoride, and 2mM Sodium 
orthovanadate. For western blot analysis, 20µg 
of protein extracts were resolved on 10% SDS-
PAGE, transferred onto PVDF membranes (Bio-
Rad, Burlington, ON), and blots were hybridized 
with antibodies against RanBPM (5M, BioAcade-
mia, Japan) and β-actin (I-19, Santa Cruz Bio-
technology, Santa Cruz, CA). 
 
RNA extraction, quantitative reverse-
transcriptase PCR and statistical analysis 
 
Total RNA was isolated from Hela and HCT116 
control shRNA, RanBPM shRNA, and RanBPM 
shRNA re-expressing RanBPM si-mt cells using 
the Qiagen RNeasy RNA isolation kit (Qiagen, 
Mississauga, ON). For quantitative reverse-
transcriptase PCR (RT-qPCR) analyses, cDNA 
was prepared from 2.5µg of total RNA using the 
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Superscript II Reverse Transcriptase kit (Life 
Technologies), and gene expression was deter-
mined using 10-100ng of cDNA incubated with 
primers described in Supplementary Table S1, 
using SYBR green (Bio-Rad) and the BioRad 
MyiQ single-color real-time PCR detection sys-
tem. Relative gene expression was quantified 
via the ΔΔC(t) method with candidate gene val-
ues normalized to that of controls. Statistical 
significance was analyzed using a student's t-
test, with a P < 0.05 indicating significant re-
sults. 
 
RNA quality assessment, probe preparation and 
genechip hybridization  
 
All sample labeling and GeneChip processing 
was performed at the London Regional Genom-
ics Centre (Robarts Research Institute, London, 
ON; http://www.lrgc.ca). 
 
RNA quality was assessed using the Agilent 
2100 Bioanalyzer (Agilent Technologies Inc., 
Palo Alto, CA) and the RNA 6000 Nano kit 
(Caliper Life Sciences, Mountain View, CA). 
 
Single stranded complementary DNA (sscDNA) 
was prepared from 200ng of total RNA as per 
the Ambion WT Expression Kit for Affymetrix 
GeneChip Whole Transcript WT Expression Ar-
rays (http://www.ambion.com/techlib/prot/
fm_4411973.pdf, Applied Biosystems, Carls-
bad, CA) and the Affymetrix GeneChip WT Termi-
nal Labeling kit and Hybridization User Manual 
(h t tp ://media.a f f ymetr ix .com/suppor t/
downloads/ manuals/ wt_term_ label_ ambion_ 
user_ manual.pdf, Affymetrix, Santa Clara, CA). 
Total RNA was first converted to cDNA, followed 
by in vitro transcription to make cRNA. 5.5 µg of 
single stranded cDNA was synthesized, end la-
beled, and hybridized, for 16 hours at 45°C to 
Human Gene 1.0 ST arrays. 
 
All liquid handling steps were performed by a 
GeneChip Fluidics Station 450 and GeneChips 
were scanned with the GeneChip Scanner 3000 
7G (Affymetrix) using Command Console v1.1. 
 
Bioinformatics and data analysis  
 
Probe level (.CEL file) data was generated using 
Affymetrix Command Console v1.1. Probes were 
summarized to gene level data, background 
subtraction was performed, and expression val-
ues were normalized to log base-2 in Partek 

Genomics Suite v6.6 (Partek, St. Louis, MO) 
using the Robust Multiarray Averaging (RMA) 
algorithm [24]. Partek was used to determine 
gene level ANalysis Of VAriance (ANOVA) p-
values, fold-changes, and Gene Ontology (GO) 
enrichment, using a Chi-square test. Partek 
Pathway was also used to find enriched KEGG 
(Kyoto Encyclopedia of Genes and Genomes) 
pathways, using a Fisher’s exact test. 
 
For bioinformatics analyses, a list of genes ex-
hibiting a minimum of 1.2-fold increase or de-
crease in expression in RanBPM shRNA cell 
lines compared to control shRNA cell lines was 
first generated (target gene list). Analysis of 
genes differentially expressed in RanBPM 
shRNA cells was performed using Ingenuity 
Pathway Analysis (IPA) (Ingenuity® Systems, 
www.ingenuity.com) and the Protein Analysis 
Through Evolutionary Relationships (PANTHER) 
database [25]. For IPA, the target gene list was 
uploaded alongside the respective HUGO 
(HUman Genome Organization) gene symbols 
and fold-change values, and analyzed using 
Ingenuity Pathway Core Analysis, which gener-
ated a list of focus genes. IPA Functional Analy-
sis of this gene list was performed to identify 
top biological processes affected by decreased 
RanBPM expression, based upon GO terms and 
curator-defined ontology terms (Ingenuity® Sys-
tems, www.ingenuity.com). IPA was also used to 
generate cellular networks affected by RanBPM 
down-regulation. Significance of identified cellu-
lar networks was determined by assigning a 
score to each network. A score is assigned 
based upon a p-value calculation that calculates 
the likelihood that genes appear within a given 
network by random chance, and is the negative 
exponent of the right-tailed Fisher's exact test 
result (Ingenuity® Systems, www.ingenuity.com). 
A score of ≥3 is considered significant, as it indi-
cates a 1/1000 chance that genes appear 
within a network by chance. 
 
The PANTHER database uses protein sequences 
to group proteins into functional families and 
subfamilies, and uses ontology terms to classify 
proteins according to molecular functions, bio-
logical processes, and protein classes. For PAN-
THER analyses, the target gene list and HUGO 
gene symbols were uploaded to the PANTHER 
website and the top biological processes, mo-
lecular functions, and protein classes affected 
in response to RanBPM down-regulation were 
identified. 
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The oPOSSUM analysis system was utilized to 
identify over-represented Transcription Factor 
Binding Sites (TFBS) in the list of genes affected 
by RanBPM down-regulation. Briefly, oPOSSUM 
compares the occurrence of TFBS within a set 
of co-expressed genes (target gene list) to a pre-
determined background set of genes, in order to 
identify over-represented sites in the target list 
[26]. The significance of any identified binding 
sites is calculated using a Z-score and Fisher 
score, with a Z-score of ≥10 indicating a signifi-
cantly over-represented TFBS, in agreement 
with database publisher's recommendations 
[27]. 
 
Results 
 
Identification of gene targets regulated by 
RanBPM expression 
 
We have previously generated clonal stable cell 
lines in Hela and HCT116 cells expressing ei-
ther a control or RanBPM shRNA 
(Supplementary Figure 1S) [23]. To identify 
gene targets that are regulated by RanBPM ex-
pression, RNA samples were prepared in tripli-
cate from normally proliferating Hela control 
shRNA and RanBPM shRNA (clone 2-7) cells, 
and gene expression profiling was performed 
using Affymetrix human gene expression arrays. 
The mean fold-change in gene expression in 
RanBPM shRNA (2-7) cells compared to control 
shRNA cells was calculated, and using a 1.2-
fold change cut-off, we identified 2621 genes 
for which expression was altered by RanBPM 
down-regulation. To minimize the potential that 
the observed changes in gene expression arose 
from the derivation of clonal cell lines, RNA 
samples were prepared in triplicate from a sec-
ond Hela RanBPM shRNA cell line  [denoted 
RanBPM shRNA (clone 2-6)]. Gene expression 
was quantified using the parameters outlined 
above, and we identified 3952 genes differen-
tially expressed in RanBPM shRNA (2-6) cells 
compared to control shRNA cells. Comparison of 
the list of differentially expressed genes in the 
two Hela RanBPM shRNA cell lines identified 
1719 genes common to both cell lines 
(Supplementary Figure 1S). Further, to limit pos-
sible cell-type specific effects of RanBPM down-
regulation on gene expression patterns, RNA 
samples were also prepared in triplicate from 
HCT116 cells expressing either a control or 
RanBPM shRNA [denoted HCT116 RanBPM 
shRNA (clone 2-8)]. The mean fold-change in 

expression was calculated, and using a 1.2-fold 
change cut-off we identified 2226 genes with 
altered expression in response to RanBPM 
down-regulation. Combining the list of differen-
tially expressed genes obtained for each cell 
line we identified a total 187 genes common to 
all three cell lines, for which expression was 
changed by RanBPM down-regulation 
(Supplementary Figure 1S and Supplementary 
Table S2). Of these, 167 were annotated genes, 
with 74 genes down-regulated and 93 genes up
-regulated upon RanBPM down-regulation. Our 
analysis also confirmed a strong decrease in 
RanBPM expression in all three RanBPM shRNA 
cell lines, as we observed a 2.46-fold decrease 
in Hela RanBPM shRNA (2-6), 2.92-fold de-
crease in Hela RanBPM shRNA (2-7), and 2.76-
fold decrease in HCT116 RanBPM shRNA (2-8) 
cells respectively (Supplementary Table S2). 
 
IPA and PANTHER analyses 
 
To gain insight into the functional and biological 
consequences associated with decreased 
RanBPM expression, we performed Ingenuity 
Pathway Analysis on the 167 genes identified 
above. IPA is a web-based tool that utilizes infor-
mation from the literature to analyze data ob-
tained from gene expression arrays. This analy-
sis allows for modeling biological interactions 
and building networks of cellular processes to 
determine the effects of a given experimental 
treatment. IPA Functional Analysis of genes that 
were differentially expressed in RanBPM shRNA 
cells revealed that down-regulation of RanBPM 
expression most significantly affects cellular 
processes associated with cancer, tissue devel-
opment, and cellular function and maintenance 
(Table 1). Notably, over one-third of the 167 
genes analyzed were associated with cancer, 
suggesting a potentially important role for 
RanBPM in regulating cellular processes associ-
ated with tumorigenesis. To characterize path-
ways that are affected by down-regulation of 
RanBPM, we next performed Network Analyses 
in IPA. This analysis uses a given gene list to 
build networks of cellular processes, and as-
signs a score based upon the number of genes 
from that list that are found within a particular 
cellular network. Using the gene list from above 
and a cut-off score of 3 (see methods) we iden-
tified seven cellular networks that were signifi-
cantly affected by the decrease in RanBPM ex-
pression. These networks encompass cellular 
processes such as organ development, tissue 
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morphology, cancer, cell motility, cell signaling, 
RNA modification, protein synthesis, and mo-
lecular transport (Table 2). ERK1/2 was a com-
ponent of the top two cellular networks affected 
by the down-regulation of RanBPM expression. 
Additionally, phosphoinositide-3 kinase (PI3K)/
Akt, Notch, and NF-κB signaling were compo-
nents of the most highly affected cellular net-
works in RanBPM shRNA cells. Together these 
analyses reveal that down-regulation of 
RanBPM leads to gene expression changes that 
affect regulation of cell, tissue, and organ devel-
opment and morphology, as well as biological 
processes implicated in tumorigenesis. 
 
To corroborate the findings from IPA, and fur-
ther characterize the molecular processes that 
are altered in cells with decreased RanBPM 
expression, we analyzed our list of differentially 
expressed genes using the PANTHER database 
[25]. Similarly to IPA, PANTHER allows for func-
tional analysis of data gathered from gene ex-
pression profiling by using curator-defined 
groupings of protein sequences to build protein 
families. These protein families can then be 

used to identify biological processes, molecular 
functions, pathways, and protein classes to 
which groups of genes may be assigned. We 
first identified the most highly affected biologi-
cal processes and molecular functions associ-
ated with reduced expression of RanBPM 
(Figures 1A and 1B). We determined that in 
RanBPM down-regulated cells, the most highly 
affected biological processes include cell com-
munication, tissue development, and cellular 
metabolism; and the most highly affected mo-
lecular functions include receptor and protein 
binding, enzyme catalysis, and transcriptional 
regulation. PANTHER also allows for the classifi-
cation of protein classes to which genes from a 
given gene list may belong. Using the protein 
class analyses, the expression of transcription 
factors, receptors, cell adhesion proteins, and 
cytoskeletal proteins were all found to be af-
fected by the down-regulation of RanBPM ex-
pression (Figure 1C). Our analyses using PAN-
THER verify our findings with IPA and indicate 
that decreased RanBPM expression leads to 
changes in gene expression patterns that affect 
cellular processes involved in both development 

Table 1. Identification of top biological functions altered in RanBPM shRNA cells using IPA. 
Diseases and Disorders 

Name p-value # of molecules 

Cancer 2.43E-04 - 3.79E-02 57 

Reproductive System and Disease 2.43E-04 - 2.86E-02 19 

Gastrointestinal Disease 5.43E-04 - 3.79E-02 16 

Organismal Injury and Abnormalities 5.43E-04 - 3.79E-02 10 

Inflammatory Response 1.34E-03 - 3.79E-02 19 

Molecular and Cellular Functions 

Name p-value # of molecules 

Cellular Function and Maintenance 2.60E-04 - 3.79E-02 22 

Cell Morphology 2.73E-04 - 3.14E-02 12 

Cellular Assembly and Organization 2.73E-04 - 3.79E-02 10 

Lipid Metabolism 9.00E-04 - 3.79E-02 10 

Small Molecule Biochemistry 9.00E-04 - 3.79E-02 20 

Physiological System Development and Function 

Name p-value # of molecules 

Tissue Development 7.03E-04 - 3.79E-02 42 

Hematological System Development and Function 2.60E-04 - 3.79E-02 22 

Organ Morphology 9.00E-04 - 3.79E-02 10 

Reproductive System Development and Function 9.00E-04 - 3.79E-02 9 

Connective Tissue Development and Function 1.02E-03 - 3.79E-02 23 
Top biological function in each category is bolded. 

 



Gene expression regulation by RanBPM  

 
 
554                                                                                                            Am J Cancer Res 2012;2(5):549-565 

and cancer. 
 
Validation of selected gene targets 
 
To validate the expression data obtained from 
our gene arrays, we selected 11 candidate 
genes which had previously been linked to tu-
morigenesis and performed RT-qPCR using RNA 
extracts from control shRNA and RanBPM 
shRNA Hela and HCT116 cells (Figures 2A and 
2B). For 10 of the candidate genes selected, we 
confirmed the change in expression observed in 
the gene arrays in both the Hela and HCT116 
cell lines (Figure 2B). However MFAP5 
(microfibrillar associated protein 5, also known 
as MAGP2) mRNA expression levels were too 
low to be reliably measured in HCT116 cells, 
and therefore the change in expression of 

MFAP5 was only successfully confirmed in Hela 
cells. As might be expected we found that for 
the majority of candidate genes selected, the 
fold-change in gene expression as determined 
by RT-qPCR was greater than that observed us-
ing the gene arrays [28, 29]. To evaluate the 
direct contribution of RanBPM down-regulation 
to the changes in gene expression observed, we 
ectopically re-expressed RanBPM in Hela and 
HCT116 RanBPM shRNA cell lines. This was 
achieved by transiently expressing a RanBPM 
cDNA containing a point mutation in the siRNA 
recognition sequence (RanBPM si-mt) in these 
cells, allowing for restoration of RanBPM expres-
sion to near endogenous levels (Figure 2A). RNA 
extracts were prepared 48h post-transfection 
from both Hela and HCT116 cells, and gene 
expression for the 11 candidate genes outlined 

Table 2. IPA analysis of cellular networks affected by RanBPM down-regulation. 
  Genes Score Function 
1 ADRBK2, CBLB, CREB, EDAR, EGLN3, ELF3, ERK1/2, FBXO32, 

IFNγ, IgG1, IL12, IL18, Interferon α, JNK, L1CAM, MFGE8, p38 
MAPK, PDGF BB, PDGFC, PI3K, PLA2G4A, PMAIP1, PTGS2, 
SCN9A, SDC4, SERPINB9, SQLE, SSH1, ST6GAL1, SYK/ZAP, 
TCIRG1, TCR, TLR3, USP18, VEGF 

37 Cardiovascular System Develop-
ment and Function, Organ Develop-

ment, Organismal Development 

2 ADD3, AKT, ARL6IP5, ATP1B3, CD93, DHRS3, EMP1, ERAP1, 
ERK1/2, ER, FJX1, FSH, GBP1, GCA, hCG, Histone H3, Histone 
H4, IFITM3, IgG, JAG1, KDM5B, Lh, MAN1A1, MST1R, NF-κB, 
NPR3, NR0B1, OAS3, PLCB3, PPAP2B, RNF40, RUNX2, SACS, 
TANK, TGM2 

28 Protein Synthesis, Cell Signaling, 
Cancer 

3 ALDOC, APP, Arginase, ATP7A, CCND1, CEBPA, ELMO1, FBXO4, 
FXR2, GABRE, GBP1, HNF1A, HNF4A, HNMT, HOXB5, KIF5C, 
KLC2, KRT10, LEP, LIPA, MNS1, MST1, NCAPH, NPM1, NPR2, 
PADI4, PERP, ROCK2, SERPINE2, SLC7A11, TIMP3, TLE1, 
TMSB15A, TP53, ULK2 

24 Cell Morphology, Hepatic System 
Development and Function, Cellular 

Response to Therapeutics 

4 Actin, AHR, ANXA3, C9orf3, CAMSAP2, CDC25B, CDK2, 
CDKN1B, CDKN2C, Cyclin E, EHD1, EMILIN1, FBLN5, FURIN, 
IGF1R, JAG1, MATN2, MEIS2, mir-34, NCOA3, NPDC1, PITPNC1, 
PRKCDBP, RDM1, RNA Pol II, SATB2, SCG2, SDC4, SLC20A1, 
STARD3, TGFβ1, TIMP3, TIMP2, TWIST1, ZFP36 

22 Cellular Movement, Cancer, Cardio-
vascular System Development and 

Function 

5 AMY2A, DLL1, ERBB2, EZH2, FAM107B, FOXC2, GALNT3, 
GNAI1, GNG, HES1, HOXB6, HSD3B7, IL11, MAML3, MARCKS, 
MFAP5, MIB1, MSLN, NOTCH1, NOTCH2, NOTCH3, NOTCH4, 
NPC2, PAX7, PPARγ, PRICKLE1, PRSS23, PSEN1, RAB34, 
RAB27B, RAP1GAP, RETNLA, SLC4A11, TAL1, TFAP2A 

20 Tissue Morphology, Cellular Devel-
opment, Embryonic Development 

6 ADD2, ALDH1A3, ANK3, AR, ASAP1, BCAR3, CA2, CAST, DAPK2, 
DICER1, DOCK1, FOS, FOXH1, GM2A, GPR125, GRHPR, IRS1, 
KIF5B, LAMA3, LHFP, MRAS, NTS, PDYN, PLK2, PRKAR2B, 
PRKRA, PTPLAD2, RANBP9, RAP1GAP, SOS, TARBP2, TBL1X, 
TCOF1, TNNC1, TNNT2 

13 RNA Modification, Skeletal and Mus-
cular Development and Function, 

Tissue Morphology 

7 ALDH1A2, CASP1, CASP4, CBLB, CCL11, CD274, CHN2, CSF3, 
CTSK, CX3CR1, CXCL1, GZMB, IGE, IgG1, IL1, IL2, IL13, IL25, 
IL27, IL33, IL18, IL23A, IRF4, ITGAL, JAG1, LAMB3, MYD88, 
NAV3, NFATC1, PANX1, PDCD1, PSTPIP2, SLPI, TRB, ZBTB32 

9 Cell-Cell Signaling and Interaction, 
Hematological System Development 

and Function, Immunological Dis-
ease 

Genes marked in red indicate down-regulated genes, genes marked in green indicate up-regulated genes. ERK1/2 is bolded. 

 



Gene expression regulation by RanBPM  

 
 
555                                                                                                            Am J Cancer Res 2012;2(5):549-565 

 

Figure 1. PANTHER analysis of cellular processes altered by RanBPM down-regulation. A and B. Gene Ontology (GO) 
analyses of top biological processes (A) and molecular functions (B) affected by RanBPM down-regulation. The num-
ber of genes in target gene list that are annotated to a given function are plotted, with percentages indicating the 
number of genes that appear in selected gene list divided by the total number of genes assigned to that function. C. 
Protein classes for which expression is most significantly affected in RanBPM shRNA cells. Data is represented as in 
A and B. 
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above was quantified using RT-qPCR. Interest-
ingly, our analyses revealed two categories of 
genes. The first category comprised genes for 
which re-expression of RanBPM significantly 
restored mRNA expression close to levels ob-
served in control cells. These genes, grouped 
together to the left of the axis break in Figure 
2B,C included ELF3 (E74-like factor 3, also 
known as ESE-1), RON [recepteur d’origine nan-
tais/macrophage stimulating receptor 1 
(MST1R)], ALDH1A3 (aldehyde dehydrogenase 
1 isoform A3), Rab27B (Rab 27B member Ras 
oncogene family), and L1CAM (L1 cell adhesion 

molecule). MSLN1 (mesothelin 1) showed a 
statistically significant change upon RanBPM re-
expression in Hela cells, but not in HCT116 
cells. The second category of genes, grouped 
together to the right of the axis break in Figure 
2B,C comprised genes for which expression was 
not significantly altered upon restoration of 
RanBPM expression. Included in this category 
were TG2 (transglutaminase 2, also called 
TGM2), PHD3 (prolyl hyrdoxylase 3, also called 
EGLN3), LAMB3 (laminin β3), and CHN1 
(chimerin 1). Similarly, MFAP5 expression was 
not affected by restoration of RanBPM expres-

Figure 2. Validation of selected 
gene targets identified in mi-
croarray analyses. A. RanBPM 
shRNA Hela (left panel) and 
HCT116 (right panel) cells were 
transfected with pCMV-RanBPM 
si-mt construct. Forty-eight 
hours post-transfection, whole 
cell extracts were prepared and 
analyzed by western blotting, 
alongside control and untrans-
fected RanBPM shRNA extracts. 
Restoration of RanBPM expres-
sion was verified by hybridizing 
with a RanBPM antibody. B. 
cDNA from control shRNA, 
RanBPM shRNA, and RanBPM 
shRNA +RanBPM si-mt Hela 
(top panel) and HCT116 
(bottom panel) was analyzed by 
RT-qPCR analyses using prim-
ers specific to the indicated 
genes. Fold gene expression 
was normalized to control 
shRNA cells. Genes appearing 
to the left of x-axis break are 
genes whose expression was 
responsive to restoration of 
RanBPM expression, while 
genes appearing to the right of 
axis break were not responsive 
to restored RanBPM expres-
sion. Data represents the mean 
of a minimum of three inde-
pendent experiments with error 
bars indicating SE, * P < 0.05, 
** P < 0.005.  
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sion in Hela cells. 
 
Identification of over-represented transcription 
factor binding sites 
 
The PANTHER analyses outlined above identi-
fied transcriptional regulation and transcription 
factors as one of the most highly affected mo-
lecular functions and protein classes altered by 
the down-regulation of RanBPM. To expand 
upon this finding we sought to determine 
whether decreased RanBPM expression affects 
the expression of subsets of genes regulated by 
specific classes or families of transcription fac-
tors. To test this, we utilized oPOSSUM, a web-
based tool that allows for the identification of 
over-represented TFBS in the promoters of sets 
of co-expressed genes [27]. Analysis of the 167 
genes differentially expressed in RanBPM 
shRNA cells using oPOSSUM identified 20 tran-
scription factors which contain significantly over
-represented TFBS within the promoters of 
these genes (Table 3). We found that the most 
over-represented TFBS in our gene list was 
HOXA5 (homeobox A5), a member of the Ho-
meobox family of transcription factors. Of the 
167 genes analyzed, 134 contained binding 

sites for HOXA5 within their promoters. We also 
identified six members of the Forkhead box 
(FOX) family of transcription factors, four addi-
tional members of the Homeobox family, and 
four members of the High Mobility Group (HMG) 
family of transcription factors, all of which con-
tained over-represented TFBS in the promoters 
of our differentially expressed genes.  
 
Discussion 
 
RanBPM has been implicated in the control of a 
multitude of cellular processes including regula-
tion of development [7, 8], cell motility [16], 
transcription [15, 20-22], and apoptosis [19, 
23, 30-32]. However, a common modality for 
the function of this protein remains unclear. The 
aim of the present study was to utilize gene ex-
pression profiling to gain further insight into the 
cellular functions of RanBPM, by characterizing 
the impact of RanBPM down-regulation on 
global cellular signaling events. To identify the 
functional consequences associated with de-
creased RanBPM expression we generated a list 
of genes whose expression was altered in 
RanBPM shRNA cells, and identified the most 
highly affected biological processes and cellular 

Table 3. oPOSSUM analysis of over-represented transcription factor binding sites. 
Transcription Factor Family Target Genes Z-Score 
Class: Winged Helix-Turn-Helix 
  FOXI1 

FOXO3 
FOXD1 
Foxa2 
FOXA1 
Foxd3 
SPI1 

Forkhead 
Forkhead 
Forkhead 
Forkhead 
Forkhead 
Forkhead 
ETS 

103 
112 
108 
102 
105 
97 

130 

30.93 
29.9 
23.8 

22.82 
21.82 
21.76 
17.32 

Class: Helix-Turn-Helix 
  Nkx2-5 

HOXA5 
Pdx1 
Prrx2 
Nobox 
ARID3A 

Homeo 
Homeo 
Homeo 
Homeo 
Homeo 
Arid 

129 
134 
122 
117 
113 
130 

31.21 
29.04 
25.42 
24.24 
23.05 
28.3 

Class: Other Alpha-Helix 
  SRY 

SOX5 
Sox17 
SOX9 

HMG 
HMG 
HMG 
HMG 

116 
111 
110 
110 

35 
22.42 
20.15 
18.86 

Class: Zinc-Coordinating 
  Gata1 

Gfi 
GATA 
ββα-zinc finger 

117 
118 

25.85 
18.11 

Class: Leucine Zipper 

  CEBPA Zipper-type 109 17.2 
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networks in these cells. Down-regulation of 
RanBPM expression was found to significantly 
affect the expression of factors associated with 
embryonic, cellular, and tissue development, as 
well as those involved in cancer development 
and progression.  
 
Implications in development 
 
Our analyses revealed several components of 
the Notch and Wnt signaling pathways whose 
expression was altered upon RanBPM down-
regulation. These include JAG1 (Jagged 1), 
which is a ligand for Notch receptors [33]; 
RUNX2 (runt-related transcription factor 2), 
which integrates signals from Notch, Wnt, and 
TGFβ (transforming growth factor β) to regulate 
bone development and differentiation [34], and 
RON/MST1R, a receptor tyrosine kinase known 
to promote phosphorylation and nuclear accu-
mulation of β-catenin in breast and colon tu-
mors [35]. Moreover, Notch signaling was found 
to be a major component of one of the top cellu-
lar networks affected by RanBPM down-
regulation. It is well established that signaling 
pathways such as the Notch/Wnt/Hedgehog 
pathway, which normally regulate embryonic 
development, can become deregulated in can-
cer. For example, Notch signaling normally me-
diates cell-cell communication in embryogene-
sis, as well as cell proliferation, differentiation, 
and apoptosis [33, 36]. Deregulated Notch sig-
naling has been linked to tumor development in 
the lung, ovaries, breast, and colon, and to en-
hanced epithelial-to-mesenchymal transition 
(EMT) of cancer cells [33, 37, 38]. Induction of 
Wnt signaling occurs upon the binding of Wnt 
proteins to cell surface receptors, leading to the 
stabilization and nuclear accumulation of β-
catenin [39]. Within the nucleus, β-catenin me-
diates the expression of Wnt target genes that 
regulate embryonic signaling events such as 
proliferation, morphogenesis, and differentia-
tion [34, 39]. Similarly to Notch, Wnt signaling is 
deregulated in many cancers and in certain 
cases, such as in colorectal tumors, deregu-
lated Wnt signaling can initiate tumor develop-
ment [33, 39]. Several studies have also identi-
fied an important role for RanBPM in develop-
ment. RanBPM was found to be required in the 
Drosophila nervous system for larval behavior 
associated with feeding, growth, and locomotion 
[7]. Recent studies in RanBPM knockout mice 
revealed a critical role for this protein in normal 
gonad development and gametogenesis in both 

males and females [40]. Additionally, RanBPM 
has been linked to developmental processes 
occurring through Notch-dependent signaling. 
For example it was shown to regulate the size, 
shape, and organization of the germline stem 
cell (GSC) niche in female Drosophila [8]. The 
development, and capacity of this niche for 
stem cells, is known to be regulated through 
Notch expression and signaling [8, 15]. 
RanBPM was found to regulate neuronal differ-
entiation in Drosophila by interacting with TAF4, 
a transcriptional co-activator that binds tran-
scription factors downstream of Notch signaling 
to regulate neural stem cell fate and differentia-
tion [15]. Our gene expression data indicate 
that RanBPM regulates the expression of sev-
eral factors involved in Notch signaling, further 
suggesting a possible role for RanBPM in the 
regulation of Notch-mediated signaling during 
development. 
 
In addition to factors involved in Notch/Wnt 
signaling, we also identified several other differ-
entially expressed genes for which a function in 
both development and cancer has been demon-
strated. These include GBP1 (guanylate binding 
protein 1), a cytokine-activated small GTPase 
normally involved in cellular proliferation and 
angiogenesis [41], which is over-expressed in 
ovarian and oral tumors [42, 43]. Another exam-
ple is NR0B1 (nuclear receptor subfamily 0 
Group B member 1) that acts a transcriptional 
co-repressor in embryonic stem cell develop-
ment, pluoripotency, and differentiation [44], 
and is over-expressed in several tumors [44, 
45]. Finally, we also identified L1CAM, which is 
involved in neurite outgrowth and axon guid-
ance in normal cells [46], and is over-expressed 
in numerous cancers, including melanoma, 
lung, and thyroid cancer [46, 47]. Thus, these 
findings suggest a complex role for RanBPM in 
both the regulation of normal cellular processes 
associated with development, as well as in the 
progression of diseased states such as cancer. 
 
Implications in signaling 
 
RanBPM has previously been demonstrated to 
regulate several receptor-mediated signaling 
pathways, including the ERK1/2 and NF-κB 
pathways. As such, it was hypothesized to have 
potential functions in tumorigenesis, although 
the outcome of RanBPM function in this process 
remains controversial due to differing findings 
regarding its role in activation of signaling cas-
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cades such as ERK1/2. While some reports 
indicate that RanBPM expression promotes acti-
vation of ERK1/2 signaling and would therefore 
enhance cellular transformation [14, 16, 17], 
other groups including ours (Atabakhsh and 
Schild-Poulter, in revision) have characterized 
RanBPM as a repressor of ERK1/2 activation 
and suggest a tumor-suppressor role for this 
protein [11]. Our gene expression data indi-
cated that several signaling pathways are af-
fected by decreased RanBPM expression, in-
cluding the ERK1/2 and the PI3K/Akt pathways, 
both of which were components of the top two 
cellular networks affected by down-regulation of 
RanBPM. These pathways are known to play 
critical functions in cancer development.  
ERK1/2 signaling regulates many cellular proc-
esses including cell cycle progression, cell prolif-
eration, differentiation, migration, and adhesion 
[48], and aberrant ERK1/2 signaling has been 
observed in many diseased states including 
cardiovascular disease and cancer [48, 49]. 
PI3K signaling is activated by cell-surface recep-
tors and converges upon Akt, which phosphory-
lates various cellular targets involved in cell 
growth, survival, metabolism, and autophagy 
[50]. Similarly to ERK1/2, both PI3K and Akt are 
often found to be mutated and/or deregulated 
in cancer [51]. Our data indicate that while gene 
expression of ERK1/2, PI3K, and Akt is not af-
fected by RanBPM down-regulation, the expres-
sion of several factors that regulate these sig-
naling pathways is altered by decreased 
RanBPM expression, suggesting a tumor-
suppressor function for RanBPM. For example, 
L1CAM and IL-18 have been found to promote 
ERK1/2 activation and enhance ERK-target 
gene expression, and are often over-expressed 
in tumor samples [46, 52, 53]. Our gene expres-
sion data reveal that down-regulation of 
RanBPM leads to increased L1CAM and IL-18 
expression, indicating a potential link between 
the expression of these genes and deregulated 
ERK1/2 signaling in RanBPM shRNA cells. Simi-
larly, gene expression of the tyrosine kinase 
RON was up-regulated in cells with decreased 
RanBPM expression. Over-expression of RON 
has been observed in multiple tumors, and is 
associated with enhanced ERK1/2 and Akt acti-
vation and signaling [54-56]. Collectively, these 
findings suggest a role for RanBPM in the regu-
lation of signaling pathways that are associated 
with both normal cellular function and diseased 
states, and further implicate a potential role for 
RanBPM as a tumor suppressor. 

Implications in transcriptional regulation 
 
In addition to its roles in development and re-
ceptor signaling, RanBPM has been proposed to 
be directly involved in regulation of gene tran-
scription. RanBPM was reported to function as a 
transcriptional co-activator for AR, GR, and TR, 
and to mediate their ligand-dependent nuclear 
translocation [21, 22]. RanBPM was also shown 
to enhance the sumoylation and transactivation 
of the early-immediate Epstein-Barr Virus (EBV) 
protein Rta [20], and to interact with the TAF4 
subunit of TFIID (transcription factor IID, also 
known as TBP) [15, 57]. As our data revealed a 
wide range of gene targets affected by RanBPM 
expression, we sought to identify potential tran-
scription factors through which RanBPM may 
mediate its effects on gene expression. Analysis 
of the over-represented TFBS in our list of differ-
entially expressed genes revealed that the FOX, 
Homeobox, and HMG families of transcription 
factors contain the greatest number of binding 
sites within the promoters of genes affected by 
RanBPM down-regulation.  
 
FOX proteins comprise a large family of tran-
scriptional regulators that are divided into sub-
classes according to their function in modifying 
chromatin structure. The FOXA subclass (FOXA 
1, 2, and 3) plays an important role in develop-
ment, organogenesis, metabolism, and stem 
cell differentiation [57]. FOXA proteins have 
been reported to be over-expressed or amplified 
in human tumors, especially in breast, prostate, 
thyroid, lung, and esophageal cancers [57, 58]. 
The FOXO subclass (FOXO1, 3a, 4, and 6) is 
involved in insulin and growth factor mediated 
signaling through PI3K/Akt, and is a down-
stream target of activated Akt [57, 59]. FOXOs 
regulate differentiation, metabolism, cell cycle 
arrest, cell death, and tumor suppression [57]. 
Overall, we identified six FOX family transcrip-
tion factors with over-represented binding sites 
in our list of differentially expressed genes, in-
cluding FOXA1, FOXA2, and FOXO3. Interest-
ingly, deregulation of FOXA proteins has been 
linked to hormone-sensitive malignancies, and 
is suggested to mediate tumorigenesis through 
regulation of steroid hormone receptors [58]. As 
RanBPM has been reported to function as a co-
activator of AR, it is tempting to hypothesize 
that it may function to regulate target gene ex-
pression through an AR/FOXA1-dependent proc-
ess. Additionally, FOXA1 has been reported to 
mediate chromatin opening and enhance the 
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DNA binding of the GR at the mouse mammary 
tumor virus (MMTV) promoter [60]. RanBPM 
was also reported to enhance the transcrip-
tional activity of GR [21], further suggesting a 
potential link between RanBPM and FOXA1 in 
the regulation of steroid receptor-mediated 
gene expression.  
 
Our oPOSSUM analyses identified five members 
of the Homeobox family of transcription factors 
as being over-represented in the promoters of 
our differentially expressed genes. Homeobox 
transcription factors play a pivotal role in the 
regulation of embryonic development [61], regu-
late homeostasis, cell differentiation, and organ 
function in adult tissues [62-64] and their ex-
pression is often deregulated in cancer [65-68]. 
One such example is HOXA5, which during de-
velopment regulates organogenesis in lung, 
mammary, and tracheal tissues, and in adult 
tissues regulates mammary gland development 
and function [64, 69]. HOXA5 is also believed to 
function as a tumor suppressor by transactivat-
ing p53 to promote p53-dependent and p53-
independent apoptotic signaling [65]. Conse-
quently, HOXA5 expression is decreased in tu-
mors of the breast, colon, and lung, and this 
expression is believed to be regulated at least in 
part through epigenetic modifications of the 
HOXA5 gene in these tumors [65, 68]. HOXA5 
binding sites are the most highly over-
represented in our list of genes, as they are 
found in the promoters of 134 of 167 genes 
analyzed. The HMG protein family consists of a 
unique group of transcription factors that bind 
to the minor groove of DNA and regulate gene 
expression through modifications of the DNA 
structure and through interaction with other 
factors [70]. Analyses in oPOSSUM identified 
four members of the HMG family with over-
represented TFBS in our gene list including SRY 
(sex-determining region on Y-chromosome), and 
the SOX (SRY-related HMG Box) proteins SOX5, 
SOX9, and SOX17. HMG proteins are critical in 
cell lineage specification and cell maturation 
during development, and the SOX proteins in 
particular have been proposed to function in 
determining stem cell identity, fate, and mainte-
nance in multiple tissues [70, 71]. SOX proteins 
were reported to enhance the DNA-binding affin-
ity of steroid hormone receptors such as AR, 
and this has implications in both development 
and cancer. Deregulated expression of SOX9 
has been observed in prostate cancer, and is 
linked to prostate cancer progression [72, 73]. 

The binding sites of SOX5, SOX9, and SOX17 
are significantly over-represented in our list of 
genes affected by decreased RanBPM expres-
sion. Collectively, our analyses of the over-
represented TFBS in our list of differentially ex-
pressed genes identified several transcription 
factors which regulate key processes in devel-
opment, and whose function is often deregu-
lated in cancer. These findings further implicate 
a role for RanBPM in the regulation of pathways 
that govern the critical balance between devel-
opment and tumorigenesis. 
 
All of the candidate genes selected for valida-
tion by quantitative RT-qPCR confirmed the ini-
tial results obtained in the microarray analyses. 
All nine genes up-regulated in RanBPM shRNA 
cells have previously been reported to be over-
expressed in various cancers and/or tumors. 
For instance, over-expression of RON has been 
linked to human cancers such as breast, pros-
tate, colorectal, and ovarian carcinomas [35, 
55, 74, 75]. RON hyperactivity has been shown 
to lead to increased cell proliferation, motility, 
and transformation, and to the inhibition of 
apoptosis and anoikis [76]. Similarly, ELF3 over-
expression has been detected in breast, pros-
tate, colon, and cervical tumors, and is associ-
ated with cell transformation [77, 78]. ELF3 is 
believed to promote tumorigenesis through 
transcriptional regulation of several known on-
cogenes, including TGFβ [78]. Abnormal expres-
sion of L1CAM has also been observed in vari-
ous cancer types and linked to cell proliferation, 
migration, invasion, and metastasis of cancer 
cells [47]; and Rab27B [79], ALDH1A3 [80], 
MSLN1 [38], LAMB3 [81], PHD3 [82], and 
MFAP5 [83] levels have all been reported to be 
increased in various cancer types. Further, both 
TG2 and CHN1, which expression is strongly 
down-regulated in RanBPM shRNA cells, have 
been linked to tumorigenesis, and CHN1 has 
been proposed to function as a tumor suppres-
sor [84, 85]. Overall, these findings suggest that 
RanBPM functions to prevent aberrant gene 
expression that may lead to oncogenesis. This 
reinforces the notion that has previously been 
inferred in several studies, that RanBPM may 
function as a tumor suppressor [10, 19, 23]. 
 
Potential implications in epigenetic regulation 
 
RT-qPCR analysis of target gene expression fol-
lowing re-expression of RanBPM in Hela and 
HCT116 RanBPM shRNA cells revealed two 
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categories of genes. The first group comprises 
genes which responded to RanBPM re-
expression, and consists of RON, ELF3, 
Rab27B, L1CAM, and ALDH1A3. For these 
genes, re-expression of RanBPM reversed the 
effect observed upon RanBPM down-regulation, 
at least partially. Analysis of the promoters of 
these genes using oPOSSUM did not reveal any 
common TFBS. While we cannot rule out a di-
rect effect of RanBPM at these gene promoters, 
an alternate possibility is that RanBPM modu-
lates signaling pathways that regulate the ex-
pression of these genes. The second group 
comprises genes which did not show a tran-
scriptional response to restoration of RanBPM 
expression. This group consists of LAMB3, 
PHD3, TG2, CHN1, and MFAP5. Analysis of sam-
ples prepared 72h post-transfection showed 
identical results (data not shown). This suggests 
the possibility that RanBPM down-regulation 
establishes long-term changes in gene expres-
sion programs, such as epigenetic modifica-
tions, that cannot be reversed by transient re-
expression of RanBPM. Interestingly several 
candidate genes and transcription factors iden-
tified by oPOSSUM analysis that are affected in 
response to down-regulation of RanBPM are 
known to be regulated through epigenetic modi-
fications. For example, LAMB3 expression, 
which is up-regulated in gastric cancer cells, 
was shown to be regulated by demethylation of 
its promoter [86]. Down-regulation of TG2 ex-
pression is linked to several types of cancer 
[84], and has been shown to result from aber-
rant hypermethylation of the TG2 promoter in 
brain and breast tumors [87, 88]. Additionally, 
expression of the HOXA5, SOX9, and SOX17 
transcription factors is regulated through epige-
netic mechanisms. As discussed above, HOXA5 
promoters are hypermethylated in breast and 
lung cancers which results in silencing of 
HOXA5 expression, and may correlate with de-
creased p53 activation and decreased apop-
tosis in breast tumors [68]. SOX9 has been re-
ported to be hypermethylated in mantle cell 
lymphoma (MCL), and this hypermethylation is 
associated with decreased SOX9 expression in 
these tumors [89]. Hypermethylation of SOX9 in 
MCL tumors also correlated with higher prolif-
eration, increased chromosomal abnormalities, 
and reduced overall patient survival [89]. The 
promoter region of SOX17 is hypermethylated in 
mammary, gastric, and hepatocellular carcino-
mas, thereby silencing SOX17 and leading to 
aberrant activation of Wnt signaling [90, 91]. 

These findings suggest that RanBPM may have 
broad effects on gene transcription, and may 
function both directly on gene promoters, and 
indirectly through modification of epigenetic 
programs, to regulate gene expression. 
 
Overall, the results of this study indicate that 
alterations in the expression of RanBPM has 
profound and wide ranging effects on genes 
and pathways that play important roles in the 
regulation of developmental programs, and are 
linked to tumorigenesis when deregulated. 
RanBPM may therefore have a central role in 
controlling the activity of several signaling path-
ways that function to coordinate cell prolifera-
tion and differentiation during mammalian de-
velopment and that are tightly regulated in adult 
tissues to maintain homeostatic regulations and 
prevent tumorigenesis. 
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Supplementary Figure 1. Analysis of Hela and HCT116 stable cell lines. Top panel. Whole
cell extracts from Hela control shRNA, RanBPM shRNA (2-6), and RanBPM shRNA (2-7); and HCT
control shRNA and RanBPM shRNA (2-8) were analyzed by western blotting and decreased
RanBPM expression was verified by hybridizing with a RanBPM antibody. The fold decrease in
mRNA expression for each cell line is indicated below the respective western blot for that cell line.
Bottom panel. Venn diagram of differentially expressed genes in RanBPM shRNA cell lines. The
total number of differentially expressed genes for each cell line is indicated in square brackets, and
the number of genes with altered expression common between cell lines is denoted within
overlapping regions of circles.
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Supplementary Table 1.  Primers for candidate gene validation by RT-qPCR 
Gene Forward Primer Reverse Primer 
RON (MST1R) 5’ AGGGTGTGGAGCGCTGTTGTG 3’ 5’ CTTCCAGGCCAGGCGGGTTG 3’ 
ELF3 (ESE-1) 5’ AGAAGAGCAAGCACGCGCCC 3’ 5’ AGCCTCGGAGCGCAGGAAC 3’ 
MSLN1 5’ AGGCTCAGCGCCACGCACTC 3’ 5’ CCAGGGAGGGAGGCACCGTG 3’ 
ALDH1A3 5’ AGGCGGAGCGTGGAGTATGC 3’ 5’ ACTGCTTTTGATCAATCTGAGGCCC 3’ 
CHN1 5’ TTCAAGGTGCATACATTCAGAGGGC 3’ 5’ ACCACAATCTGCACATTTCACTCCC 3’ 
LAMB3 5’ CCATTGCAGCCAGGCTCCCC 3’ 5’ GCTCGGCTCCTGGCTTCCTC 3’ 
TG2 (TGM2) 5’ ACCTCATCAAGGTGCGGGCC 3’ 5’ TGGGCTCCCCAAGGATCCGG 3’ 
L1CAM 5’ CGCAGCAAGGGCGGCAAATAC 3’ 5’ TCTCCAGGGACCTGTACTCGC 3’ 
PHD3 (EGLN3) 5’ GCCACGTGGACAACCCCAACG 3’ 5’ CAGGATCCCACCATGTAGCTTGGC 3’ 
MFAP5 (MAGP2) 5’ TCAGCAGCCAAAGGACTCGGTG 3’ 5’ CCCCAGGGGTATCCAGTCAGAGG 3’ 
RAB27B 5’ CGGGACAAGAGCGGTTCCGG 3’ 5’ GCTTGCAGTTGGCTCATCCAGT 3’ 
RON, recepteur d'origine nantais/macrophage stimulating receptor 1 (MST1R); ELF3, E74-like factor 
3 (ESE-1); MSLN1, mesothelin 1; ALDH1A3, aldehyde dehydrogenase 1 isoform A3; CHN1, chimerin 
1; LAMB3, lamininβ 3; TG2, transglutaminase 2 (TGM2); L1CAM, L1 cell adhesion molecule; PHD3, 
prolyl hydroxylase 3 (EGLN3); MFAP5, microfibrillar associated protein 5 (MAGP2); RAB27B, RAB27B 
member Ras oncogene family. 
 



Supplementary Table 2. List of genes affected by RanBPM down-regulation

Gene Symbol Accession No. p-value Fold Change p-value Fold Change p-value Fold Change

MLLT11 NM_006818 1.21E-05 -1.94805 0.000178 -1.65798 0.007683 -1.42647
PLA2G4A NM_024420 0.000994 -1.98148 0.024978 -1.50694 0.103914 -1.38663
CAMSAP1L1 NM_203459 0.000186 -1.28092 0.000756 -1.23381 0.000425 -1.2971
C1orf71 NM_152609 0.000365 -1.26617 5.95E-06 -1.43517 0.0055 -1.20895
PTGS2 NM_000963 0.001552 -2.23247 7.75E-05 -3.13005 0.414784 -1.21651
KDM5B NM_006618 0.238379 -1.20273 0.236682 -1.20358 0.099806 -1.35748
ADD3 NM_016824 0.143779 -1.20664 0.000316 -1.7965 0.173044 -1.22262
KLC2 NM_022822 7.57E-06 -1.45389 0.000219 -1.30358 0.008601 -1.20564
PANX1 NM_015368 0.016856 -1.28365 0.064952 -1.20168 0.101339 -1.20387
TARBP2 NM_134323 1.36E-07 -1.49385 1.64E-07 -1.48434 0.001023 -1.20971
NAV3 NM_014903 0.035093 -1.25264 0.004963 -1.38175 5.98E-07 -2.70703
ISCU NM_014301 1.11E-07 -1.56273 6.43E-08 -1.59608 1.68E-05 -1.38687
RERG NM_032918 0.079681 -1.38315 0.011972 -1.64535 0.022004 -1.66901
SSH1 NM_001161330 0.016604 -1.2583 0.019562 -1.24929 6.79E-05 -1.74098
GNG2 NM_053064 0.000117 -1.56726 0.010662 -1.28025 0.076577 -1.20227
ADAM21 NM_003813 0.23321 -1.23904 0.248423 -1.23016 0.364157 -1.20459
ADAM21 NM_003813 0.00646 -1.49927 0.007953 -1.47916 0.053203 -1.35929
ATPBD4 NM_080650 0.004968 -1.38728 0.027314 -1.27256 0.125026 -1.20153
MNS1 NM_018365 0.00212 -1.24488 0.004023 -1.22116 0.010258 -1.21957
MFGE8 NM_005928 0.000291 -2.09135 0.003832 -1.69699 0.303244 -1.20496
FGF11 NM_004112 0.146057 -1.30058 0.212872 -1.24941 0.302136 -1.23479
STARD3 NM_006804 1.64E-06 -1.32588 2.20E-06 -1.31601 0.000174 -1.22799
PITPNC1 NM_181671 7.03E-05 -2.5873 2.73E-06 -3.68728 0.038723 -1.55431
FXR2 NM_004860 1.81E-05 -1.24529 3.34E-05 -1.22921 0.000213 -1.21627
ALDOC NM_005165 0.047679 -1.53452 0.08642 -1.43808 0.297333 -1.27832
GPR125 NM_145290 0.002301 -1.27392 0.001747 -1.28586 0.020897 -1.21458
MRPL34 NM_023937 1.87E-07 -1.58934 4.04E-08 -1.69516 2.88E-05 -1.39995
OLFM2 NM_058164 0.005177 -1.79105 0.017936 -1.60066 0.152458 -1.35655
ZNF585B NM_152279 0.061216 -1.31428 0.007418 -1.52573 1.61E-05 -2.78181
TANK NM_004180 0.031553 -1.23583 0.040896 -1.22079 5.57E-05 -1.81299
CHN1 NM_001822 0.032715 -1.23527 0.005214 -1.34482 0.000319 -1.6401
SATB2 NM_015265 7.03E-05 -1.53953 0.002165 -1.33286 0.004687 -1.34527
SCG2 NM_003469 0.158392 -1.3339 0.004688 -1.92649 0.122777 -1.44325
SERPINE2 NM_001136529 0.004115 -1.94032 0.353875 -1.20136 0.415976 -1.20337
SPTLC3 NM_018327 3.38E-07 -2.4565 2.13E-06 -2.14408 0.078923 -1.23241
JAG1 NM_000214 0.002957 -1.98526 0.262645 -1.24633 0.048062 -1.60611
GGT7 NM_178026 0.023076 -1.2819 0.023451 -1.28085 0.066558 -1.24981
TGM2 (TG2) NM_004613 0.000265 -1.8711 0.000145 -1.95422 0.013533 -1.51768
ADRBK2 NM_005160 2.26E-07 -1.89169 6.79E-06 -1.59868 0.00937 -1.25698
MRAS NM_012219 7.07E-06 -2.08349 6.24E-05 -1.80706 0.10427 -1.22871
ST6GAL1 NM_173216 0.032866 -1.25882 0.07527 -1.20493 0.002218 -1.52625
TBC1D5 NM_014744 1.17E-08 -2.1308 2.04E-07 -1.81176 0.002122 -1.30354
TNNC1 NM_003280 0.001453 -1.47697 2.47E-05 -1.85436 0.012205 -1.38503

Down-regulated Genes

Hela RanBPM sh (2-6) Hela RanBPM sh (2-7) HCT RanBPM sh (2-8)



CBLB NM_170662 0.007236 -1.42617 0.002102 -1.5327 0.084496 -1.27219
METT5D1 NM_001113528 0.00128 -1.24527 0.003228 -1.2131 0.011145 -1.20096
B3GALNT1 NM_001038628 0.000834 -1.51373 0.01342 -1.31586 0.057748 -1.2595
DCUN1D1 NM_020640 0.000928 -1.42207 0.036882 -1.21187 0.074415 -1.20334
TBC1D19 NM_018317 0.032104 -1.20661 0.009704 -1.26742 1.95E-06 -2.0792
SLC7A11 NM_014331 0.082537 -1.39848 0.198453 -1.27329 0.35226 -1.21972
MAML3 NM_018717 0.000345 -4.52242 0.154621 -1.60779 0.480286 -1.30168
PDGFC NM_016205 0.0048 -1.70882 0.033856 -1.45408 0.10861 -1.36899
C5orf23 BC022250 0.000247 -1.92466 0.138662 -1.22998 0.223455 -1.21372
PCDHB16 NM_020957 1.73E-06 -2.43184 0.000753 -1.60758 0.163017 -1.20361
RUNX2 NM_001024630 0.017366 -1.36279 0.002717 -1.52094 0.000885 -1.75488
DCBLD1 NM_173674 0.000158 -1.97271 0.016803 -1.42643 0.032132 -1.43175
C6orf211 BC011348 0.001046 -1.53886 0.000473 -1.60851 0.027219 -1.34316
SERPINB9 NM_004155 0.029804 -1.41724 0.04754 -1.36721 0.24506 -1.22258
RANBP9 (RANBPM) NM_005493 1.21E-09 -2.46026 1.37E-10 -2.92317 1.62E-09 -2.76113
POPDC3 NM_022361 1.20E-07 -3.88063 2.63E-06 -2.80793 0.09013 -1.3191
MAN1A1 NM_005907 0.288781 -1.44414 0.000247 -5.24997 0.22326 -1.63354
CHN2 NM_004067 0.001171 -1.33711 0.006346 -1.25631 2.55E-06 -1.8985
GNAI1 NM_002069 0.001221 -1.30292 0.000605 -1.33507 0.001019 -1.36712
ANKIB1 NM_019004 2.15E-09 -1.99628 3.42E-09 -1.94551 1.09E-05 -1.46284
FLJ30064 AK054626 0.01189 -1.23465 0.012042 -1.23407 0.043007 -1.20536
PRKAR2B NM_002736 0.000345 -1.51304 0.00927 -1.30104 0.008693 -1.35962
ELMO1 NM_014800 3.04E-10 -5.47252 2.36E-09 -4.22104 0.062438 -1.26619
JHDM1D NM_030647 0.302832 -1.22543 0.224297 -1.2735 0.007075 -2.01056
SQLE NM_003129 0.020406 -1.36587 0.05015 -1.29043 0.024161 -1.41606
IMPAD1 NM_017813 0.000616 -1.37208 0.004268 -1.27602 0.001434 -1.38843
FBXO32 NM_058229 0.167727 -1.43967 0.185763 -1.41688 0.474234 -1.23644
NR0B1 NM_000475 9.24E-05 -1.35907 0.002862 -1.22408 0.009061 -1.21559
TMSB15A NM_021992 0.002399 -1.50078 0.005968 -1.42557 0.024515 -1.37353
CAPN6 NM_014289 0.016089 -1.44132 0.001392 -1.70707 8.87E-07 -3.77299
CLIC2 NM_001289 0.00057 -2.21894 0.03483 -1.5143 0.233111 -1.28961

TMEM56 NM_152487 1.54E-05 1.58243 0.00012 1.45086 0.008575 1.27857
AMY2A NM_000699 0.000197 1.89055 0.002425 1.59469 0.088113 1.30332
DNM3 NM_015569 3.70E-05 2.27619 0.055299 1.32742 0.218419 1.22254
ELF3 (ESE-1) NM_001114309 8.38E-10 5.40777 1.61E-08 3.76364 0.603446 1.20112
DUSP5P NR_002834 0.00013 1.85352 0.000592 1.68014 0.116147 1.25092
DUSP5P AK055963 0.000346 1.71938 0.025532 1.32929 0.127985 1.23605
DHRS3 NM_004753 0.00122 4.07971 0.240084 1.52307 0.39393 1.41615
PPAP2B NM_003713 1.56E-05 1.6272 0.000849 1.37031 0.035165 1.21952
GBP1 NM_002053 3.57E-06 1.89229 4.01E-05 1.65635 0.02618 1.2726
LAMB3 NM_001017402 0.009577 1.46725 0.000151 1.94691 0.152389 1.24829
TSPAN15 NM_012339 8.49E-08 2.99291 2.66E-06 2.24679 0.066734 1.26809
C10orf116 NM_006829 0.0553 1.31188 0.128643 1.23276 0.209614 1.2172
FAM107B BC072452 0.00045 1.36372 0.007201 1.23625 0.002459 1.33376
FAM111B NM_198947 0.001288 1.47392 0.003448 1.403 0.005367 1.44156
PLCB3 NM_000932 1.73E-06 1.23013 3.31E-06 1.21553 9.54E-06 1.22635

Up-regulated Genes



TCIRG1 NM_006019 3.70E-06 1.42594 6.37E-05 1.30811 0.00066 1.26936
PRSS23 NM_007173 0.085484 1.21509 0.072644 1.22687 0.015928 1.39761
GLB1L2 NM_138342 0.000199 1.29167 0.000331 1.27335 0.004537 1.21882
IFITM3 NM_021034 0.001053 1.52729 0.038999 1.2609 0.138539 1.20209
PRKCDBP NM_145040 0.014525 1.2689 0.012701 1.27643 0.007472 1.36171
IL18 NM_001562 0.014599 1.47751 0.0954 1.28318 0.178973 1.2554
EMP1 NM_001423 0.00031 2.03037 0.028562 1.43137 0.112893 1.33105
SRGAP1 NM_020762 0.010734 1.2594 0.028893 1.20969 7.36E-06 1.89828
MFAP5 (MAGP2) NM_003480 5.91E-08 3.81188 2.38E-06 2.63256 0.18677 1.21632
PRICKLE1 NM_153026 0.000865 2.53978 0.262914 1.28881 0.097997 1.56251
PCOTH NM_001014442 0.12575 1.22419 0.00932 1.45778 0.141202 1.25062
LHFP NM_005780 7.48E-06 2.2658 0.000544 1.68312 0.00088 1.76235
THTPA NM_024328 1.22E-06 1.24314 7.77E-06 1.20133 1.37E-05 1.22202
PLEKHG3 NM_015549 1.15E-06 1.64696 1.93E-06 1.6097 0.005157 1.25555
LOC388022 AK131040 0.006072 1.35422 0.000188 1.61103 0.000306 1.68425
AP1G2 NM_003917 5.58E-05 1.33624 0.00045 1.25886 0.003594 1.22432
DHRS1 NM_001136050 3.93E-05 1.78477 0.001618 1.45926 0.074394 1.23808
EGLN3 (PHD3) NM_022073 0.000231 1.62416 0.000185 1.64412 0.069996 1.24591
FBLN5 NM_006329 0.000478 2.09136 0.021841 1.51535 0.330412 1.20486
ALDH1A3 NM_000693 6.93E-06 2.48605 0.00035 1.83368 0.057367 1.35584
MEIS2 NM_172316 0.000981 1.25657 0.000674 1.2704 0.000562 1.32651
MSLN NM_005823 0.000596 1.90214 0.033952 1.40282 0.085631 1.35907
TMC5 NM_001105248 0.00043 1.96946 0.097664 1.29488 0.101966 1.34208
HSD3B7 NM_025193 1.63E-06 1.53082 8.75E-05 1.33532 0.000159 1.36754
C16orf93 NM_001014979 0.002815 1.25639 0.009185 1.20921 0.008974 1.24636
CDRT1 NM_006382 0.000198 1.73327 0.048062 1.26431 0.005323 1.51366
CDRT1 NM_006382 0.000479 1.62109 0.005343 1.41757 0.022817 1.36553
ULK2 NM_014683 9.18E-05 1.42662 8.44E-05 1.43116 0.000574 1.39582
RDM1 NM_145654 0.03303 1.24351 0.059623 1.20757 0.077494 1.22423
HOXB5 NM_002147 0.000807 1.57366 0.025996 1.30036 0.019123 1.38102
HOXB6 NM_018952 0.000211 1.85847 0.010196 1.44224 0.046166 1.36399
SCARNA17 NR_003003 0.000681 1.33125 0.002274 1.27697 0.022463 1.21306
RAB27B NM_004163 0.000319 2.14986 0.041343 1.42978 0.098696 1.38312
PMAIP1 NM_021127 0.000322 1.33759 0.001166 1.28228 1.17E-05 1.60819
PSTPIP2 NM_024430 1.83E-06 1.63595 5.71E-05 1.42369 0.000187 1.43202
ALPK2 NM_052947 8.31E-06 3.5668 0.001725 2.02592 0.365885 1.21451
ZNF91 NM_003430 0.000298 1.72095 0.039344 1.28992 0.000316 1.86383
HNMT NM_006895 0.009081 1.33786 0.063227 1.21293 0.024468 1.32208
DKFZp434H1419 AK125369 0.007618 1.3181 0.007735 1.31719 0.02096 1.30412
EDAR NM_022336 0.011451 1.28525 0.049452 1.20299 0.028749 1.27402
GALNT3 NM_004482 5.55E-07 2.28147 8.67E-07 2.20981 0.003337 1.45717
SCN9A NM_002977 6.71E-05 2.68432 0.000236 2.36665 0.129245 1.37881
SLC4A11 NM_032034 4.11E-05 1.3121 0.000118 1.2752 2.28E-05 1.39485
CTD-2514C3.1 NR_004846 0.001103 1.61351 0.029639 1.32356 0.037102 1.36039
SDC4 NM_002999 0.022647 1.27084 0.016157 1.29191 0.081838 1.22376
USP18 NM_017414 0.000457 1.70765 0.006157 1.45632 0.11388 1.25282
MST1R (RON) NM_002447 0.000175 1.59982 1.30E-05 1.84799 0.003403 1.45303



FRAS1 NM_025074 0.000163 1.88825 0.018941 1.38504 0.20981 1.20351
ANXA3 NM_005139 0.002405 1.30439 0.004907 1.27043 0.029267 1.22156
CCDC109B NM_017918 0.008208 1.40159 0.004979 1.44161 0.006451 1.50005
TLR3 NM_003265 2.85E-07 2.40756 1.99E-05 1.81232 0.060818 1.24193
FBXO4 NM_012176 0.020975 1.422 0.024873 1.40495 0.229073 1.21585
SH3RF2 NM_152550 0.012417 1.53236 0.028012 1.43895 0.049957 1.44378
ERAP1 NM_001040458 1.38E-06 1.63246 1.48E-05 1.48083 0.000436 1.37218
MRAP2 NM_138409 2.00E-05 2.13295 7.38E-06 2.30291 0.036684 1.36787
PLEKHG1 NM_001029884 0.007218 1.67107 0.041213 1.4414 0.168728 1.31205
MBOAT1 NM_001080480 7.64E-07 1.71621 1.40E-05 1.51059 0.006264 1.2591
C6orf132 ENST000003418 2.99E-07 2.60787 1.76E-06 2.26832 0.012001 1.4013
COBL NM_015198 0.045209 1.33178 0.075382 1.28395 0.100709 1.30195
MATN2 NM_002380 0.000963 1.50342 0.00361 1.4057 0.03654 1.29524
RHPN1 NM_052924 0.000123 1.29147 0.000374 1.25316 0.004867 1.20379
C8orf51 NR_026785 8.67E-07 1.27628 5.59E-06 1.22846 8.06E-05 1.20001
C8orf73 NM_001100878 0.010437 1.37454 0.068042 1.23581 0.010284 1.44525
NPR2 NM_003995 1.58E-05 1.46282 6.67E-05 1.38947 0.008633 1.22615
GRHPR NM_012203 0.002375 1.2851 0.015994 1.20268 0.028042 1.20965
FAM189A2 NM_004816 0.026802 1.46127 0.002051 1.79215 0.138782 1.31887
C9orf3 AF043897 1.69E-05 1.48498 2.18E-05 1.47055 2.43E-06 1.73043
NIPSNAP3A NM_015469 1.28E-05 1.44175 0.002957 1.21701 0.009713 1.20717
ARRDC1 NM_152285 4.09E-07 1.74846 5.70E-07 1.72052 0.00451 1.26792
PTPLAD2 NM_001010915 2.21E-07 2.42495 3.35E-06 2.00393 0.032532 1.28292
TLE1 NM_005077 7.80E-05 1.98957 0.000676 1.71392 0.148742 1.24041
HDHD3 NM_031219 0.027341 1.21184 0.001792 1.35297 0.022021 1.26123
PTRH1 NM_001002913 0.008474 1.25899 0.023049 1.211 0.005872 1.32616
NPDC1 NM_015392 0.000595 1.43109 0.001549 1.37363 0.05301 1.21613
SCML1 NM_001037540 3.55E-05 1.47592 3.27E-06 1.63206 0.000495 1.40074
FAM156A NM_014138 0.009974 1.21367 0.000506 1.34309 0.008815 1.25655
GABRE NM_004961 6.66E-05 1.81362 0.002293 1.47851 0.004392 1.5082
GABRE U92285 0.000259 2.57423 0.041728 1.53774 0.33932 1.24385
L1CAM NM_000425 0.008882 1.31114 0.002745 1.38376 0.032139 1.27652
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