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Gene regulatory network analysis of
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van IJzendoorn DGP, Szuhai K, Kuijjer ML, Bovée JVMG.



154 Chapter 8

8.1 Abstract

The vascular tumors epithelioid hemangioma (typical and atypical) and pseudomyogenic
hemangioendothelioma are driven by translocations involving FOS family members (FOS
and FOSB). FOS or FOSB, together with JUN family members form the AP-1 transcrip-
tion factor complex that is involved in important pathways such as cell growth, differ-
entiation and survival. Likely, the translocations involving FOS family members lead to
prolonged and high activation of the AP-1 transcription factor.

Human Umbilical Vein Endothelial Cells with lentiviral transduced FOS or FOSB
expression vectors were used as a model system. The transcriptome sequencing data were
used to reconstruct the regulatory networks.

It was confirmed that AP-1 transcription factor activation is important in the early
response of wild-type Human Umbilical Vein Endothelial Cells. Regulatory network re-
construction identified important regulatory proteins and a potential link to the HIPPO
signaling pathway. The potential link with the HIPPO signaling pathway could explain
the overlap with other vascular tumors that harbor translocations involving members of
the HIPPO signaling pathway. Moreover, potential new candidate drugs for targeted
therapies were identified based on the regulatory network.

8.2 Introduction

Many vascular tumors harbor recurrent translocations that potentially drive their tumori-
genesis (1). This study focuses on the fusions involving members of the AP-1 transcription
factor complex found in three entities: typical epithelioid hemangioma which harbors fu-
sions involving FOS with different fusion partners, atypical epithelioid hemangioma which
is characterized by a ZFP36-FOSB fusion and pseudomyogenic hemangioendotheliomas
harboring either a SERPINE1-FOSB or a ACTB-FOSB translocation (2–7). As the fu-
sions are the only known recurrent genetic alterations in these entities it is likely that
their tumorigenesis is driven by these fusion genes. All three entities are very rare, and
diagnosis by pathologists based on only the morphology is difficult. Correct diagnosis is
however important, as the prognosis and treatment vary between the entities.

The AP-1 transcription factor consists of a FOS family member (such as FOS or
FOSB) forming a heterodimer with JUN family members. AP-1 transcription factor ac-
tivation is known to be involved in cell growth, differentiation and survival among other
important regulatory pathways (8). For atypical epithelioid hemangioma a translocation
between ZFP36 and FOSB has been described (3). While for conventional epithelioid he-
mangioma FOS has been found with a number of different fusion partners which all result
in an early termination, somewhere near the C-terminal, of the FOS protein (2, 9). We
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showed that this early termination of the FOS protein renders the FOS protein insensitive
to ubiquitin independent degradation by the proteasome, resulting in a prolonged lifespan
and therefore higher activity of the FOS protein (8). Pseudomyogenic hemangioendothe-
lioma is driven by a translocation between SERPINE1 or ACTB with FOSB (4). This
translocation leads to FOSB losing its first 48 amino acids, and attaches to the SERPINE1
or ACTB promotor driving the expression. It is likely that this translocation leads to
an upregulation of the FOSB protein (10). As both FOS and FOSB are members of the
FOS family it is likely that AP-1 transcription factor activation plays an important role
in the tumorigenesis as seen in epithelioid hemangioma, atypical epithelioid hemangioma
and pseudomyogenic hemangioendothelioma.

In this study, we aimed to understand the tumorigenesis of the translocations that
are found in epithelioid hemangioma, atypical epithelioid hemangioma and pseudomyo-
genic hemangioendothelioma. In this study it was assumed that these tumors originate
somewhere in the differentiation lineage towards endothelial cells, evidence for this is that
the tumor cells express CD31, ERG and FLI1, amongst other endothelial markers (1).
To model the different translocations, the different genes involved in the translocations
(truncated FOS and FOSB) were transduced in Human Umbilical Vein Endothelial Cells
(HUVECs) using lentiviral expression vectors. Thereafter, the HUVECs transcriptome
was sequenced at different timepoints after serum stimulation. We used the transcrip-
tome data to build gene regulatory networks using the analysis tool Expression2Kinase.
Expression2Kinase integrates chromatin immune-precipitation, position weight matrices,
protein-protein interactions and kinase-substrate phosphorylation reactions to identify
upstream regulators (11). The resulting network was matched with data from the Con-
nectivity Map, containing data on gene expression in response to stimulation with small
molecules, to identify potential new effective therapies (12).

8.3 Materials and Methods

8.3.1 Cell culture

Human umbilical vein endothelial cells (HUVECs) were cultured in EGM-2 medium
(Lonza) on gelatin coated plates (0.2% gelatin in PBS for 30 minutes at 37°C). Cells were
tested for mycoplasma. Serum starvation was performed by culturing the cells overnight
in M199 medium (Thermo-Fisher). Thereafter EGM-2 medium was added to serum stim-
ulate the HUVECs (for 0, 0.5 and 48 hours).
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8.3.2 Gene overexpression

HUVECs were transduced with lentiviral expression vectors for FOS, deletion mutant
FOS (where the last 95 amino acids are missing from the C-terminal) (8) and FOSB.
Genes for overexpression were cloned into a PLV backbone and lentivirus was produced for
transduction experiments as previously described by our group (8). As a negative control,
HUVECs were transduced with empty vectors (PLV). HUVECs were serum starved and
stimulated. Cells were harvested before stimulation, 30 minutes and 48 hours after serum
stimulation. Transcriptome sequencing experiments were performed as single experiments.

8.3.3 RNA isolation and sequencing

RNA was isolated from the HUVECs using the Direct-zol RNA kit (Zymo Research)
according to the manufacturers protocol. RIN values of the RNA were verified using
the Bioanalyzer (Agilent). Next Generation Sequencing was performed on the HiSeq2500
(Illumina) at ServiceXS (Leiden, The Netherlands).

8.3.4 Gene expression normalization and analysis

Raw read counts were aligned using TopHat2 (13) to the reference genome (hg19). Fea-
tureCounts (14) was used to determine the gene counts. First genes were removed where
the median read count was zero. Next, Limma (v3.6) R package (15) was used to normal-
ize the read counts. Normalization was done using the weight trimmed mean of M-values.
Last, the log2 fold change was determined for each gene. PCA analysis was performed
using the Prcomp R package with default settings.

8.3.5 Regulatory network reconstruction

The gene expression data were used to reconstruct the regulatory network using the
Expression2Kinase pipeline with the default settings (11).

8.3.6 Statistical software and figures

R statistical software (v3.4.4) was used for all statistical tests (16). Chord diagrams were
generated with GOplot (v1.0.2) (17). All further graphs were generated with R package
ggplot2 (v2.2.1).
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8.4 Results and discussion

8.4.1 Expression vectors dictate global gene expression more than

time after serum stimulation

Transcriptome sequencing data was studied for the full length FOS gene, deletion mutant
FOS (hereafter referred to as FOS∆), FOSB and a negative control (2, 8, 10) at three
timepoints after serum stimulation (0, 0.5 and 48 hours). All gene expression data were
normalized together. Histogram analysis of the gene expression showed that the samples
were comparable for further analysis (figure 8.1a). PCA cluster analysis reveals groups
of HUVEC samples which associated with the different expression vectors. Interestingly,
the time after serum stimulation did not seem to influence the clusters as much as the ex-
pression of the different AP-1 transcription factor family members. These results indicate
that the expression vectors lead to a larger global difference in gene expression compared
to the time after serum stimulation.

8.4.2 Serum stimulation leads to upregulation of AP-1 factors in

normal HUVECs

To study the effect of serum stimulation on normal HUVECs we analyzed the gene expres-
sion of the control cells (with empty PLV vector) that were isolated at different timepoints
(0, 0.5 and 48 hours). Gene expression data for the control cells showed that both FOS and
FOSB (respectively 5.9 and 5.56 log2 fold change at 0.5 hours vs the other PLV samples,
adjusted P value < 0.001) are in the top ten upregulated genes 30 minutes after serum
stimulation (figure 8.2a). However, at 48 hours after serum stimulation the expression of
FOS and FOSB is only slightly higher compared to the unstimulated cells (respectively
unstimulated -3.5 and -3.4 log2 fold change and -2.4 and -2.2 log2 fold change at 48 hours
or 0 hours vs the other PLV samples, adjusted P value < 0.001). Among the other up-
regulated genes are transcriptional regulators EGR1, EGR2 and EGR3. Early Growth
Response (EGR) genes are described to be an important modulators of AP-1, EGR up-
regulation likely stimulates AP-1 upregulation (18). This shows that AP-1 transcription
factors play a central role in the first response to serum stimulation in endothelial cells.
AP-1 has previously already been described as one of the main early response genes after
cellular signals (19).

It is likely that the translocations which are found in epithelioid hemangioma, atypi-
cal epithelioid hemangioma and pseudomyogenic hemangioendothelioma lead to sustained
high expression of FOS∆ and FOSB. This would likely result in gene expression compa-
rable to the early response as we found in the HUVECs. Signature genes for the early
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Figure 8.1: Cluster analysis of HUVEC gene expression data. (a) Transcriptome sequenc-
ing data was collected for HUVECs expressing FOS, FOS∆, FOSB and an empty control
plasmid. Expression data was harvested at different timepoint (0, 0.5 and 48 hours) after
serum stimulation. All expression data was normalized together using Limma. The figure
shows a histogram of the gene expression after normalization showing that the samples
are comparable. (b) PCA analysis of the gene expression data shows different clusters.
The clusters generally correlate with the expression vector that is used in the HUVECs.
Time after serum stimulation did not affect the clusters.
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response in the control endothelial cells were further analyzed for significant pathways
in a GO term analysis (figure 8.2b). Some of the top pathways included endoderm for-
mation (adjusted P value < 0.0001), formation of primary germ layer (adjusted P value
< 0.0001), skeletal muscle cell differentiation (adjusted P value < 0.0001), angiogenesis
(adjusted P value < 0.001) and regulation of vascular development (adjusted P value <
0.001).

8.4.3 Regulatory network for FOS∆ and FOSB overexpression

FOS∆ is found in epithelioid hemangioma while high FOSB expression is found in atyp-
ical epithelioid hemangioma and pseudomyogenic hemangioendothelioma resulting from
different translocations. Signature genes were identified for FOS∆ and FOSB using a dif-
ferential expression analysis, comparing either FOS∆ or FOSB to the control cells (in all
timepoints) and identifying genes with a log2 fold change larger than 1. For FOS∆ 1907
signature genes were identified and for FOSB 1111 genes were found. 655 genes showed
to be signature genes for both FOS∆ and FOSB. As these overlapping genes are probably
regulated by both fusion genes they could be an important common factor in the tumori-
genesis of epithelioid hemangioma, atypical epithelioid hemangioma and pseudomyogenic
hemangioendothelioma and were therefore used for further analysis (figure 8.3a). Using
the Expression2Kinase analysis tool, we constructed a regulatory network (11). This tool
uses gene expression datasets as input and imputes the likely regulatory transcription
factors and proteins by integrating data from chromatin immune-precipitation, position
weight matrices, protein-protein interactions and kinase-substrate phosphorylation reac-
tions. The advantage of this method is that transcription factors and proteins can be
identified whose role in the tumorigenesis may not necessarily be directly detected in the
transcriptome sequencing data. The regulatory network reconstruction revealed impor-
tant transcription factors and other proteins that are likely master regulators based on the
input signature genes. Notably YAP1, part of the HIPPO signaling pathway is regulated
by the AP-1 transcription factors (figure 8.3b). As reported in the DECODE database
(SABioscience) the top transcription factor binding sites in the promoter of YAP1 are
for AP-1, indicating a direct regulatory role. Of note, identified proteins also include
HDAC enzymes (HDAC1, HDAC2, HDAC3 and HDAC4), indicating a role for histone
deacetylase in the tumorigenesis (figure 3b). Moreover, many SMAD proteins were also
identified pointing to a potential role for TGF-β signaling (20).
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Figure 8.2: AP-1 transcription factors play an important role in the early response. (a)
The heatmap shows the top ten signature genes for the control HUVECs harvested at
different timepoint. The color indicates the log2 fold change compared to the other PLV
samples. (b) The signature genes from the early response (30 minute) timepoint were
used to identify GO terms. GO terms are shown in a Chord diagram on the right, with
the associated genes on the left (sorted and colored according to log2 fold change in
descending order).
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Figure 8.3: FOS∆ and FOSB regulatory network analysis. (a) The signature genes for
FOS∆ and FOSB are shown in a Venn diagram. FOS∆ has 1907 signature genes and
FOSB 1111. 655 signature genes overlap between FOS∆ and FOSB. (b) Using the Expres-
sion2Kinase analysis tool the gene regulatory network was reconstructed for the overlap-
ping signature genes from FOS∆ and FOSB. The network plot shows the most important
upstream regulatory proteins reconstructed from the signature genes. Important identi-
fied transcription factors are shown in red squares while regulated proteins are shown in
blue circles.
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8.4.4 Targeted therapies based on the FOS∆ and FOSB regula-

tory network

The proteins identified in the regulatory network were used to identify potential targeted
therapies for AP-1 driven vascular tumors, with the HUVECs with FOS∆ and FOSB
expression vectors as a model system, using the CMAP dataset (figure 8.4). Trichostatin
A and vorinostat, two HDAC inhibitors, were identified as potential target drug for ther-
apy (with a coverage of 16 and only one conflicting gene for trichostatin A). This finding
is in line with the regulatory network, where we identified four HDAC family members
(HDAC1, HDAC2, HDAC3 and HDAC4) to be important upstream regulatory proteins
based on the signature genes. Other hits included irinotecan, a topoisomerase inhibitor
used for the treatment of colon and small cell lung cancer. Tanespimycin was also iden-
tified, which is a Hsp90 inhibitor that is in a trial for solid tumors.

In summary, we confirmed AP-1 is one of the main early response transcription fac-
tors in endothelial cells. It is likely that in epithelioid hemangioma, atypical epithelioid
hemangioma and pseudomyogenic hemangioendothelioma there is high activation of the
AP-1 transcription factors, either because the half-life of FOS is longer or because FOSB
becomes attached to another promoter. In our model system we showed this AP-1 tran-
scription factor activation results in activations of pathways related to vascular develop-
ment among other pathways.

Using gene regulatory network reconstruction, we identified likely important regula-
tory transcription factors and proteins which we consequently used to identify potential
targeted therapies. Based on data from the CMAP dataset therapies such as HDAC
inhibitors were identified, in line with the identified HDAC family members in the regu-
latory network. Other identified therapies such as irinotecan and tanespimycin, are more
difficult to understand at this point as they are generally used to target tumors with high
rates of cell-division (21, 22). YAP1 was found to be an important regulatory protein
which was also found to harbor AP-1 binding sites in its promoter, suggesting direct reg-
ulation from AP-1. YAP1 is part of the HIPPO signaling pathway which is likely involved
in other vascular tumors such as epithelioid hemangioendothelioma. Epithelioid heman-
gioendothelioma is driven by either WWTR1-CAMTA or YAP1-TFE3 (in a small subset)
fusions, both are important parts of the HIPPO signaling pathway (23–25). The direct
link between AP-1 and YAP1 could be a common denominator for a group of vascular tu-
mors with intermediate to low grade malignant behavior. The direct link with YAP1 also
suggests CA3, a new YAP1 inhibitor, could be used as targeted therapy for the vascular
tumors with translocations involving AP-1 transcription factor members (26), warranting
further studies.
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Figure 8.4: Targeted therapies identified from the FOS∆ and FOSB regulatory network.
Potential targeted therapies are identified based on the regulatory network for FOS∆
and FOSB. The Chord diagram shows the potential targeted therapies on the right with
the associated proteins on the left. The red gradient on the left reflects the number of
therapies associated with the respective protein.
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