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Amajor challenge in the development of a gene therapy for hemophilia
A is the selection of cell type- or tissue-specific promoters to ensure
factor VIII (FVIII) expression without eliciting an immune response.

As liver sinusoidal endothelial cells are the major FVIII source, understand-
ing the transcriptional F8 regulation in these cells would help to optimize the
minimal F8 promoter (pF8) to efficiently drive FVIII expression. In silico
analyses predicted several binding sites (BS) for the E26 transformation-spe-
cific (Ets) transcription factors Ets-1 and Ets-2 in the pF8. Reporter assays
demonstrated a significant up-regulation of pF8 activity by Ets-1 or Ets-
1/Est-2 combination, while Ets-2 alone was ineffective. Moreover, Ets-1/Ets-
2-DNA binding domain mutants (DBD) abolished promoter activation only
when the Ets-1 DBD was removed, suggesting that pF8 up-regulation may
occur through Ets-1/Ets-2 interaction with Ets-1 bound to DNA. pF8 carry-
ing Ets-BS deletions unveiled two Ets-BS essential for pF8 activity and
response to Ets overexpression. Lentivirus-mediated delivery of green fluo-
rescent protein (GFP) or FVIII cassettes driven by the shortened promoters,
led to GFP expression mainly in endothelial cells in the liver and to long-
term FVIII activity without inhibitor formation in HA mice. These data
strongly support the potential application of these promoters in hemophilia
A gene therapy.
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ABSTRACT

Introduction 

Hemophilia A (HA) is a recessive X-linked bleeding disorder caused by a number
of F8 gene mutations which associate with deficiencies of the coagulation factor
VIII (FVIII).1,2 As HA is a monogenic disease with a lifelong elevated bleeding risk
with no conclusive therapeutic options, it is an ideal candidate for gene therapy.3

In the last years many forward steps in the development of new therapeutic strate-
gies have been made, thus rapidly changing the therapeutic landscape of HA.  The
introduction of the extended half-life FVIII concentrates, of the bi-specific mono-
clonal antibody Emicizumab and the start of gene therapy clinical trials have
remarkably contributed to the improvement of patient care.4

The development of effective gene therapeutic approaches for HA, has seen lit-
tle progression when compared to hemophilia B5. This is due to the complexity
of FVIII synthesis, the size of the FVIII protein (2,351 amino acids) and its high
immunogenic properties, with the development of neutralizing antibodies in 25%
of patients when FVIII is exogenously administered.6,7 As it stands, the goal is to
provide a single dose therapy that is effective and offers a lasting cure with sus-
tained FVIII activity to HA patients.  



When considering gene therapy approaches aimed at
restoring and sustaining FVIII activity, the liver is consid-
ered the primary target organ, as it is the principal site of
FVIII synthesis and possesses the necessary tolerogenic
properties.8 The identity of liver cells capable of synthe-
sizing and releasing FVIII has generated an extensive
debate over the years.9 This has significantly influenced
the understanding of the regulatory elements involved in
promoting the preferential expression of FVIII in liver
cells. The F8 promoter (pF8), reported to be a 1.2 kb
region upstream of the F8 translation start site, was first
described in 1984.10 With hepatocytes originally consid-
ered the major source of FVIII,11,12 the first in vitro studies
aimed at elucidating the transcription factors (TF) respon-
sible for pF8 activation, were performed using hepato-
cyte-derived cell lines. In hepatocytes, Figueiredo and
McGlynn described the region from -279 and -64 to be
responsible for maximal promoter activity.13,14 They iden-
tified and confirmed the binding of several hepatic TF,
such as CCAAT/enhancer-binding proteins (C/EBPα and
C/EBPb), and hepatocyte nuclear factor 1 (HNF-1) and 4
(HNF-4). Other TF binding sites (TFBS) on pF8 were also
identified in this study, however, to date their involve-
ment has never been thoroughly investigated.  
While heavily debated, it has recently been demonstrat-

ed that liver FVIII production predominantly occurs in the
liver sinusoidal endothelial cells (LSEC),15–18 which repre-
sent a principal but not exclusive source.19–22 In fact, detec-
tion of FVIII mRNA in many tissues, suggests that a highly
complex and likely tissue-specific transcriptional regula-
tion exists. Recently, our group described pF8’s ability to
direct a specific and long-term FVIII expression in LSEC
after a lentiviral vector (LV)-delivery in HA mice.23
Importantly, this targeted restoration of FVIII did not trig-
ger an immune response, one of the major obstacles for
the successful treatment of HA patients. In the present
study, we used data from an in silico analysis of the pF8
region,23 to extrapolate and assess the role of the most rep-
resented endothelial-specific TFBS on F8 transcriptional
regulation. Understanding the stimuli and the TF required
for maximal promoter activity in endothelial cells (EC),
offers  an inportant forward step in the development of
gene therapeutic approaches for HA. To date, several clin-
ical trials using the adeno-associated viral vectors (AAV) to
delivery FVIII in HA patients have started. Despite the
promising results, some concerns have been raised, like
the vector dose, the variability of FVIII activity among the
different subjects and the decline of FVIII expression over-
time.24 Our optimization of the minimal pF8 size opens up
the possibility to explore new perspectives in the field the
HA gene therapy by introducing for the first time a pF8
suitable for vectors with a limited expression cassette, like
the AAV which, to date, are the only ones successfully
used in clinical trials for HA.

Methods  

Animal studies
Experiments, described in the Online Supplementary Appendix,

were performed according to an approved protocol by the
Animal Care and Use Committee of the University of Eastern
Piedmont  and the Italian Health Ministry, Italy (Project n.
DB064.5, date of approval n°492/2016-PR 17/05/2016).

Identification of putative endothelial transcription 
factors binding sites on the F8 promoter
In silico prediction of TFBS distribution on pF8 was retrieved

from a previous analysis performed by Merlin et al.23 using
PROMO 3.0.25 In order to identify potential endothelial TFBS,
two parameters were considered: the number of consensus sites
identified on pF8 using a stringent dissimilarity rate (<3) and the
expression and functional role of TF in EC.    

Generation of the constructs
The full-length human pF8 (1,175 basepairs [bp]) was excised

from a plasmid already available in our laboratory and cloned
with XhoI-HindIII into a promoterless pNL1.1 vector at the 5’ of
NanoLuc® luciferase reporter gene. Serial deletions of pF8 were
generated via polymerase chain reaction using diverse primer
sets carrying restriction sites, while E26 transformation-specific
(Ets)-core sequence (GGAA) deletions were performed using
site-directed mutagenesis, according to the manufacturer’s
instructions (Stratagene, San Diego, CA, USA). 
Human Ets-1 cDNA was obtained from Origene (#RC227466)

while Ets-2 cDNA expressing vector (CMV-Ets-2 in pCDNA 3.1)
was available in our laboratory. Ets-1 and Ets-2 DNA binding
domains were removed by mutagenesis according to the proto-
col described by Follo et al.26 All mutagenesis primers are listed
in the Online Supplementary Tables S2 to S4.
The single guide RNA (sgRNAF8.1, sgRNAF8.2 and the con-

trol sgRNAF7.5) were designed using ZiFit web tool, as
described by Pignani et al.27, scanning for the S. Pyogenes PAM
sequence (NGG) both in the sense and antisense strands. dCas9-
VPR was a gift from Dr George Church (Addgene plasmid #
63798). 

Transient transfection and luciferase assays
For the luciferase reporter assay, ECV-304 and HEK293T cells

were seeded in a 24-well plate at a density of 5x104 cells/well 24
hours (h) prior to transfection. Luciferase pF8 reporter plasmids
along with Ets-1 and/or Ets-2 expressing constructs, or dCas9-
VPR and gRNA, were transfected (1 mg) into cells using the
Lipofectamine 2000 transfection reagent (Thermo Fisher
Scientific), according to the manufacturer’s instructions. Firefly
luciferase vector pGL4.54 (TK-Firefly; #E5061, Promega) was
used as an internal control. In order to maintain the amount of
total DNA, the pUC19 vector was used to transfect cells. After
24 h, the cells were lysed, and luciferase activity assayed per-
formed using the Dual-Luciferase Reporter Assay System
(Promega). Both firefly and NanoLuc signals were measured at
562 nm using a Victor X microplate reader (PerkinElmer). Results
are expressed as mean ± standard deviation (SD) of the fold
change, calculated as the average of the ratio of stimulated to
non-stimulated promoter.

Statistical analysis
All data were continuous and expressed as an average ± SD.

Parametric analysis was used because the groups were balanced
with the same number of observations. One-way analysis of
variance  (ANOVA) was performed to compare changes in pro-
moter activity among promoter variants and to separately eval-
uate the difference in Ets-response of each promoter tested.
Two-way ANOVA was carried out to compare changing in FVIII
activity over time and among the mice groups. P-values less than
0.05 were considered statistically significant for the overall test
while Bonferroni’s adjustment was used for multiple compar-
isons. The statistical analyses were performed with GraphPad
Prism 5.0 (GraphPad Software).
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Results

In silico prediction of endothelial transcription factors
involved in F8 promotor regulation
By taking advantage of the in silico analysis on pF8 pre-

viously performed in our laboratory,23 we mapped all the
TFBS on pF8 recognized by TF expressed by endothelial
cells (Figure 1A). In total, we identified 16 TFBS which
interestingly all belonged to the Ets family. Further, each
was distributed in the first -600 bp of pF8 (Figure 1A). In
order to improve the accuracy of the analysis, we reduced
the dissimilarity rate parameter from 5 to 3, opting to

assess the role of these TF in pF8 regulation (Figure 1A,
black asterisk). Using this approach, we identified seven
endothelial BS, four recognized by Ets-1, two by Ets-2 and
one by Elk-1, with two of the Ets-1 sites overlapping those
of Ets-2 and Elk-1 (Figure 1B). 
Both Ets-1 and Ets-2 are well-known TF, being down-

stream effectors of the RAS/ERK signaling pathways and
regulating several genes involved in endothelial functions
including angiogenesis.28–31 Based on their redundant con-
tribution in crucial endothelial cell processes,28 we focused
our studies on the potential co-operative role of Ets-1 and
Ets-2 in regulating FVIII expression. 

R. Famà et al.
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Figure 1. F8 promoter showing several putative E26 transformation-specific (Ets) binding motifs for Ets-1 and Ets-2 transcription factors. (A) Table showing the
endothelial binding sites (BS) on F8 promoter (pF8) identified by in silico analysis. Black asterisks indicate BS with a dissimilarity score <3 selected to evaluate their
role in promoter regulation. (B) Schematic representation of the distribution of the selected Ets-BS on the proximal pF8 (-1,175 basepairs). (C) Reverse transcriptase
polymerase chain reaction (RT-PCR) analysis of factor VIII (FVIII), Ets-1 and Ets-2 expression in ECV-304 and HEK293T cell lines. Blood outgrowth endothelial cells
(BOEC), were used as positive control. Base pairs on the left indicate the expected PCR products size. (D) Western immunoblot analysis on ECV-304 and HEK293T
whole cell lysates using the anti-Ets-1 and anti-Ets-2 antibodies. Black arrows indicate the major Ets-1 isoforms p51 (51 kDa) and p42 (42 kDa). Black lines indicated
the expected weight of protein detected (for antibodies and reagents see the Online Supplentary Appendix). 
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Ets-1 and Ets-2 in vitro co-operation in F8 promotor
regulation 
In order to explore the role of Ets-1 and Ets-2 in pF8 reg-

ulation, the -1,175 bp region of pF8 was cloned into the
Nanoluc vector, and pF8 activity assessed in the presence
of Ets-1, Ets-2 or in combination. Two human cell lines
were transfected: ECV-304 and HEK293T. The ECV-304,
previously considered as spontaneously transformed
human umbilical endothelial cells,32 were selected as a
model expressing FVIII, Ets-1 and Ets-2 at the mRNA and
protein level, while HEK293T as cells expressing low lev-
els of Ets-1 and Ets-2 (Figure 1C and D). The luciferase
assays showed different but consistent results between
the two cell types tested. A 3- and 5-fold upregulation was
observed in ECV-304 upon co-transfection of pF8 with
Ets-1 and Ets-1/Ets-2, respectively (Figure 2A). No signifi-
cant effect was observed with Ets-2 alone. This data high-
lights that Ets-1 appears to play a major role on pF8 trans-
activation. In HEK293T cells where Ets-1 is expressed at

negligible levels, we observed a 7-fold up-regulation of
pF8 only in response to Ets-1 overexpression, with no fur-
ther increase observed in presence of Ets-2 (Figure 2B).
These results reinforce the central role of Ets-1 in regulat-
ing pF8 and highlight the presence of cell-specific regula-
tory mechanisms.
In order to elucidate whether the pF8 up-regulation

observed in ECV-304 in response to Ets-1 and Ets-2 is
mediated by a direct DNA binding of Ets, we generated
Ets mutants carrying an in-frame deletion of their DNA
binding domain (DBD) (Figure 2C). We evaluated their co-
operation with the wild-type (WT) counterparts in the
regulation of pF8 activity. Ets-1 without DBD failed to
upregulate the pF8, while Ets-1 co-expressed with the
Ets2-DBD mutant, preserved the 5-fold increase in pF8
activity, as observed with the WT proteins (Figure 2D).
These results suggest that in the regulation of pF8, Ets-1
may directly bind the DNA, while Ets-2 modulates pF8
through its interaction with Ets-1.33
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Figure 2. In vitro Ets-1 and Ets-2 co-operation in F8 promotor transactivation. (A and B) Histograms report the fold increase of luciferase activity after transfection
of F8 promotor (pF8) alone (set as 1) or in combination with Ets-1, Ets-2 or both in (A) ECV-304 or (B) HEK293T cell lines. (C) Schematic representation of Ets-1 and
Ets-2 protein structure, with highlighted amino acid position of the DNA binding domain (DBD). For both proteins, TAD indicates the transactivation domain while ID
indicates the inhibitory domain. (D) Histograms report the fold increase of luciferase activity after transfection of pF8-1175 alone (set as 1) or with the combination
of Ets-DBD with the non-mutated counterparts. Results are expressed as mean ± standard deviation from three independent experiments performed in triplicate.
*P<0.05.
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Identification of key Ets-responsive elements in the F8
proximal promoter region 
In order to decipher the importance of each Ets BS in

pF8 activity, we generated several pF8 mutants and tested
their impact. We adopted two different strategies. The

first aimed at eliminating progressively the Ets BS by per-
forming deletions of pF8 (Figure 3A and B). Using this
approach in ECV-304 cells, we observed that the basal
activity of the full-length promoter (pF8-1,175) was main-
tained in pF8-600 and pF8-446, where one Ets-2 BS was

R. Famà et al.
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Figure 3. Crucial E26 transformation-specific-responsive elements are localized in the first 342 bases of F8 promoter region. (A) Table summarizing the Ets-1 and
Ets-2 binding sites distributed across the F8 promotor (pF8) and scheme of mutagenesis strategies used to investigate the role of each E26 transformation-specific
binding site (Ets-BS). Ets-BS destroyed by mutagenesis are highlighted in black and are indicated with E followed by a number. Only Ets-BS with a dissimilarity score
<3 were disrupted by mutagenesis. (B) Schematic representation of mutagenesis strategies used to perform single or multiple deletions of Ets-BS on pF8. Colored
boxes highlight the Ets-BS which underwent to a single deletion. Colored scissors indicate the points on pF8 where it was cut to generate the shortened forms with
multiple ETS-BS deletions. (C and D) Histograms representing fold change in luciferase activity of shortened promoters at (C) basal level or after overexpression of
(D) Ets-1, Ets-2 or both. (E and F) Histograms showing changing in luciferase activity of Ets-BS single deleted promoters at (E) basal level or after overexpression of
(F) Ets-1, Ets-2 or both. All experiments were performed in ECV-304 cells. Results are expressed as mean ± standard deviation from three independent experiments
performed in triplicate. *P<0.05.
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eliminated. Further shortening of the promoter (pF8-342)
caused a minimal reduction of its activity with respect to
pF8-1175, while a significant reduction (<20-40% pF8-
1,175) was observed with the pF8-246 (Figure 3C).
Analysis of the shortened pF8 promoters in response to
Ets overexpression, confirmed that pF8-600 and pF8-446
maintain the same response as pF8-1175, demonstrating a
3- and 5-fold upregulation with Ets-1 and Ets-1/Ets-2 com-
bined (Figure 3D). Despite a clear reduction in its promot-
er activity, pF8-342 interestingly maintained a ~3- to 5-
fold activation with Ets-1 or Ets-1/Ets-2 combined, indi-
cating that a specific response is maintained despite the
elimination of one Ets-1 and one Ets-2 BS. When the pF8
was shortened further to 246 bp, a dramatic reduction in
promoter activity was observed and was sustained despite
Ets overexpression (Figure 3D). This was also validated in
HEK293T cells (Online Supplementary Figure S1A and B).
Overall, these results suggest that pF8 regulation may
depend on the number of available Ets BS.  
The second mutagenesis approach focused on the

importance of each Ets site identified using a dissimilarity
score <3. This approach selectively deleted the GGAA
core from E1, E2, E3, E4, E5 Ets-1 and Ets-2 BSs (Figure
3B). As the Ets BSs are in the first 600 bp of pF8, we used
pF8-600 to normalize the results as it preserves all the
identified endothelial TFBS. Using this approach, we iden-

tified two important BS: -189 to -198 (E1) and -217 to -223
(E2). The disruption of E1 drastically reduced pF8 basal
activity by approximately 60%, while the others failed to
alter its activation (Figure 3E; Online Supplementary Figures
S1C and S2A). Of note, the disruption of E1 site even pre-
serving a response to Ets-1 overexpression abrogated the
co-operative up-regulation mediated by Ets-1/2, thus
agreeing with the elimination of the only Ets-2 site over-
lapping that of Ets-1. On the other hand, disruption of the
E2 site decreased exclusively the pF8 up-regulation in
response to Ets overexpression (Figure 3F; Online
Supplementary Figures S1D and S2B). Overall, the E1 and E2
sites appear to be central to pF8 regulation with E2 main-
taining the basal pF8 activity in the absence of an Ets-
induced upregulation.

Enhancement of F8 promoter activity by delivery of
CRISPR/VPR activation system to E2 and E3 E26
transformation-specific binding sites 
CRISPR activation system (CRISPRa) is an emerging

tool that exploits deactivated Cas9, single guide RNA
(sgRNA) and transcription activators for gene activation.34
We have recently described the potential of the CRISPR
activation system in transactivating and upregulating pF8
activity by using two specific sgRNA targeting the first
300 bp of the promoter region.27 Based on our in silico
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Figure 4. Delivery of CRISPRa to E2 and
E3 E26 transformation-specific binding
sites induces a significant increase in F8
promoter activity. (A) Schematic repre-
sentation of the two single guide RNA
(sgRNA) guides used to drive the recruit-
ment of the CRISPR activation system
(CRISPRa) system to pF8. (B and C)
Graphs showing the transactivation
effects of the sgRNA F8.1 and F8.2 on
pF8-1175, pF8-600 and pF8-342 in (B)
ECV-304 and (C) HEK293T cells. Results
are expressed as mean ± standard devi-
ation from two independent experiments
performed in triplicate. *P<0.05 
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sanalysis, these sgRNA guides, F8.1 and F8.2, mediate the
recruitment of deactivated Cas9 fused to a tripartite tran-
scriptional activator (VPR)34 to the two promoter regions
encompassing E3 (-313 to -319) and E2 (-219 to -223) Ets-
1 BS, respectively (Figure 4A). In order to further demon-
strate the central role of E2 in the modulation of pF8 activ-
ity, we transfected both ECV-304 and HEK293T cells with
CRISPRa system using sgRNA F8.1 and F8.2 as reference

guides covering the essential E2 and the E3 Ets-1 BS. As a
negative control guide we performed the same experi-
ment using a sgRNA targeting coagulation Factor VII pro-
moter (pF7) (Online Supplementary Figure S3). By applying
this approach to pF8-1175, pF8-600 and pF8-446, we con-
firmed the ability of CRISPRa to upregulate the promoter
activity. Importantly, the efficiency of the system was
dependent on the cell type, the sgRNA used and the pro-
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Figure 5. F8 shortened promoters drive green fluorescent protein expression in hepatic endothelial cells. Immunofluorescence analyses of C57BL/6 livers 2 weeks
after lentiviral vector (LV) LV.pF8-600.GFP, LV.pF8-446.GFP or LV.pF8.342.GFP delivery, compared to the full length LV.pF8-1175.GFP. (A) Representative pictures of
liver sections stained for the endothelial marker (Lyve-1, in red) and the green fluorescent protein (GFP) using 400x magnification. (B) Liver of LV-injected mice dec-
orated with the macrophage marker F4/80 (red) in combination with GFP (green). Scale bars, 50 mM. Nuclei are stained with 4′,6-diamidino-2-phenylindole (DAPI)
(blue). n=3-5 (mice); sections=3-6 per mouse. (for antibodies specifications refers to the Online Supplementary Appendix).
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moter length. Specifically, in ECV-304, where Ets-1 is
expressed, we observed a 3- to 6-fold increase in activity
of each pF8 using the sgRNA F8.2, while no significant
changes were observed with the sgRNA F8.1 (Figure 4B).
In HEK293T cells, however, where Ets-1 is insignificant,
we observed an upregulation in pF8 activity, ranging from
a 20- to 40-fold, likely explained by the lack of competi-
tion for the BS involved (Figure 4C). Taken together, our
results, highlight a central role of the sgRNA F8.2 in pF8
transactivation confirming the powerful role of the E2 site
in promoter regulation.

In vivo maintenance of high endothelial specificity by
shortened promoters 
In order to assess the activity and specificity of the

newly identified shortened pF8 sequences in vivo, we gen-
erated LV expressing GFP under the control of pF8-600,
pF8-446 or pF8-342, and we administrated 5x108 TU to
C57BL/6 mice. pF8-1175 was used as a control. Two
weeks after injection, hepatic GFP expression was detect-
ed primarily in endothelial Lyve-1+ cells in all mice (Figure
5A), with rare F4/80+ macrophages GFP positive (GFP+)
seen with the pF8-446 promoter (Figure 5B). Co-staining

Regulation of F8 promoter activity
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Figure 6. Green fluorescent protein expression in spleens under the control of pF8 shortened promoter sequences. Representative immunofluorescence images
from mice spleens, 2 weeks following the delivery of lentiviral vector (LV) carrying different promoters. In red the endothelial marker CD31 (left side) or the
macrophage marker F4/80 (right side) with green fluorescent protein (GFP) (green). Nuclei are stained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). Scale bars,
100 mM. n=3-5 (mice); sections=5-7 per mouse.



with Lyve-1 was still visible 1 month post-injection, with
a few F4/80+GFP+ cells appearing in the pF8-1175 and pF8-
600 injected mice (Online Supplementary Figure S4A and B). 
As previously observed for pF8-117523 in the spleen at 2

weeks, all pF8 short forms resulted in very low co-staining
with the putative endothelial marker CD31 (Figure 6, left
panel), while pF8-1,175, pF8-600 and pF8-446 showed a
partial GFP expression in F4/80+ cells (Figure 6, right panel).
Interestingly, in these mice several GFP+ cells were evident
around the germinal centers (GC), resembling the EC lining
in the marginal sinus of the spleen GC.35 Unlike other pro-
moters, the spleens of mice receiving the LV.pF8-342,
showed a higher percentage of F4/80+/GFP+ cells (Figure 6,
right panel) 2 weeks after the LV injection. The same GFP
distribution pattern, but with a reduced expression, was
confirmed in all treated mice at 1 and 2 months post LV-
delivery. In particular, the LV.pF8-342.GFP-injected mice
showed the most relevant reduction of GFP expression in
F4/80+ cells over time (Online Supplementary Figures S5 and
S6). Taken together, these results demonstrate that a signif-
icant reduction in pF8 size does not compromise its activi-
ty or specificity, suggesting that pF8-342 is enough for
maintaining an endothelial-specific expression.

In vivo long-term recovery of factor VIII activity in a
hemophilia A mouse model using the shortened F8
promotor
One of the major obstacles in HA gene therapy is repre-

sented by the large size of the FVIII expression cassette. As
such, the choice of a suitable promoter to drive its expres-
sion is fundamental for success. In order to explore the
ability of our new shortened promoters in rescuing FVIII
expression in vivo, we generated LV carrying FVIII under
their control and injected 1x109 TU in B6/129 HA mice
(n=4-6). pF8-1175 was used as a control. The FVIII activity
promoted by pF8-600, pF8-446 resulted in a long-term (28
weeks) therapeutic correction (~10%), with no differences
seen among them, and with respect to pF8-1175 (Figure
7A). Unexpectedly, despite the reduced response to Ets
showed by luciferase assays, also the pF8-342 resulted in
long-term therapeutic correction comparable to the other
promoters tested. Importantly, independent of the size of
the promoter used in the transfer construct, no anti-FVIII
antibodies were detected in all treated mice, indicating the
maintenance of specificity and, then, of an immunological
profile similar to those observed for pF8-117523 (Figure 7B).
High levels of anti-FVIII antibodies were instead detected
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Figure 7. In vivo long-term correction of factor VIII activity with no immune response by F8 shortened promoters. (A) Graphic representation of factor VIII (FVIII) activ-
ity of B6/129 HA mice injected with lentiviral vecor (LV) LV.pF8-600.FVIII (grey square, n=6), LV.pF8-446.FVIII (light blue rhombus, n=4) or LV.pF8-342.FVIII (green tri-
angle, n=4). pF8-1175.FVIII (black circle, n=4) were used as a control, while untreated hemophilia A (HA) mice were used as the negative control (violet X, n=3). No
statistical differences in FVIII activity levels were observed among the four LV-injected experimental groups. (B) Enzyme-linked immunosorbent assay showing the
absence of anti-FVIII antibodies in plasma of HA mice after LV delivery. Anti-FVIII positive HA mice injected with LV.PGK-FVIII served as positive control, while untreated
HA mice were used as the negative control. Plasma dilution 1:2,000. Color bars were maintained according to the color scale used for FVIII activity graph. 
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in HA mice receiving FVIII under the control of the ubiq-
uitous 3-phosphoglycerate kinase promoter, reinforcing
the importance of a targeted expression of FVIII to avoid a
specific immune response.    

Discussion

One of the major challenges in the design of gene trans-
fer vectors over the years, has involved the selection of cell
type- or tissue-specific promoters suitable for restoring
transgene expression in a defined disease setting. In gene
therapy, transcriptional targeting represents a way to
restrict mRNA and protein expression to a specific cell
type, even if transduction of viral vectors is likely to occur
in multiple cell types.36 In the context of F8 gene transfer,
several attempts have been made to achieve a selective
and stable gene expression in various cell types. This has
been challenging due to the complexity of FVIII synthesis,
its size and immunogenic behavior, therefore highlighting
the need for novel approaches. Using previous in silico
analyses performed on the native pF8,23 we investigated in
the present study the profile of TF potentially involved in
promoting the expression of FVIII in EC. We identified
and demonstrated in vitro that the Ets family of TF plays a
fundamental role in the modulation of pF8 activity, offer-
ing regulatory elements that can be explored to promote
FVIII expression in a targeted manner. Further, we defined
a minimal pF8 required to efficiently drive FVIII expres-
sion in vivo, potentially overcoming a number of the cur-
rent obstacles associated with F8 gene delivery.37
With LSEC now accepted as the main FVIII producing

cells,15–18 understanding the key EC FVIII-specific regulato-
ry elements is essential in promoting FVIII expression. The
Ets-family of TF met our restricted criteria, with Ets-1 and
-2 having the greatest number of BS across the pF8. More
importantly, they are known to have essential roles in
embryonic endothelial cell survival and in adult angiogen-
esis.28 In adults the expression of Ets-1 is maintained at
very low levels in the resting endothelium and is induced
after specific stimuli. In particular, Ets-1 is reported to be
up-regulated in response to pro-angiogenic and pro-
inflammatory stimuli such as TNF-α, hepatocyte growth
factor and platelet-derived growth factor.38 In addition,
hypoxia has been demonstrated to regulate Ets-1 expres-
sion through the hypoxia inducible factor-1.29 Further,
LSEC are known to be physiologically exposed to decreas-
ing oxygen pressure along the liver lobule.39
In our case, by overexpressing Ets-1 and Ets-2, both

independently and collectively, we clearly demonstrate
the involvement of Ets-1 in the regulation of pF8 activity.
Interestingly, the transactivation efficiency of Ets-1
appeared to be potentiated by the presence of Ets-2, likely
via protein-protein interactions. Co-operation between
Ets-1 and -2 has been shown to be involved in the reacti-
vation of the TERT gene in cancer.40 In this context, the co-
operative interaction of Ets-1 and Ets-2 promotes the
recruitment of p52 to a mutant form of the TERT promot-
er enhancing TERT expression when the non-canonical
NF-κB signaling is activated. In our case, we observed this
phenomenon in ECV-304 but not in HEK293T cells, sug-
gesting the existence of cell-specific regulation with
respect to F8 expression. Both Ets-1 and Ets-2 are tightly
regulated transcription factors,41 and it might be that in
specific cells, like HEK293T, the forced expression of one

is able to bypass the establishment of a co-operative inter-
action. A similar regulation is not surprising for F8 due to
the necessity of a tight control, since it has been demon-
strated that high expression of FVIII can cause cellular
stress and increased immunogenicity.42
In order to clarify the relevance of the Ets-BS for the reg-

ulation of pF8, we opted to generate several reduced sized
pF8 progressively removing single or multiple Ets sites.
This approach demonstrated that the -342 bp region, in
which three Ets-1 and one Ets-2 sites were maintained,
represented a minimal functional promoter in vitro. Further
reduction of the pF8 to 246 bp, which excluded an addi-
tional Ets-BS, caused a strong suppression of basal pF8
activity and preserved a minimal response to Ets-1 and
Ets-2 overexpression. Of note, we identified that the -223
to -217 Ets-1 (E2) site is the most relevant regulatory ele-
ment needed to achieve the maximal up-regulation of pF8
activity. In recent years, several mutations targeting the
nucleotide positions ranging from -218 to -221, encom-
passing the E2 site, have been described to be responsible
for different degrees of HA.43 It has been clearly shown
that these nucleotides are part of a highly conserved
region where any change compromises the functionality
of the pF8. Our in vitro studies highlight the importance of
the -218 to -221 sequence, identifying it as the most essen-
tial Ets-1 responsive element on pF8. The use of a
CRISPRa system to transactivate pF8, reinforces this find-
ing, highlighting the E2 site as being essential for pF8 reg-
ulation. While only a modest up-regulation of pF8 was
detectable in ECV-304, it is likely that the physiological
expression of Ets-1 hampers the efficient binding of the
sgRNA to the E2 site. The use of CRISPRa also supports
the concept of the binding of Ets to the E2 site. 
The in vivo delivery of LV expressing the GFP or FVIII

transgene under the control of each described shortened
promoter, reinforces the results obtained in vitro. All LV-
treated mice displayed GFP expression in liver Lyve-1+
cells, most likely LSEC,44 resembling the pattern detectable
using pF8-1175. Nevertheless, a few F4/80+ macrophages
expressed GFP, especially with respects to the two longer
pF8. This is not surprising because we previously
described that the complete absence of macrophage tar-
geting using an endothelial promoter, was only obtained
by inserting a multiple miRNA target (mirT) sequence rec-
ognized by the hematopoietic-specific miRNA 142-3p
(mirT-142-3p).45
F8 gene transfer in HA mice confirmed the power of

each tested promoter to drive long-term and stable FVIII
expression without the appearance of inhibitors.
Importantly, therapeutic levels of FVIII activity were
detectable in all treated mice at similar levels to those
observed in mice delivered with the control pF8-1,175
promoter. Such results are encouraging with respect to the
current obstacles associated with the achievement of an
efficient F8 gene delivery. 
There are some limitations in our study. While Ets TF

seem to be involved in pF8 regulation, the direct binding
of Ets-1 and Ets-2 to pF8, and their specific role in LSEC
remains to be confirmed. Further, the difficulty to isolate
and maintain primary LSEC for extended periods in cul-
ture,46 limits the use of luciferase assays. 
Taken together, our in vitro and in vivo results have iden-

tified the region from 0 to -342 as a minimal pF8 which
preserves its activity and Ets-response and is comparable
to the full-length pF8. Evidence for a role of Ets-1 and the
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Ets-2 in pF8 regulation offers a new insight into the molec-
ular mechanisms promoting FVIII expression in specific
cell types. To date, F8 has not been reported to be
amongst the large number of genes shown to be direct tar-
gets of Ets-1 and Ets-2 regulation, such as KDR, FLT1,
ANGPT2, TEK, VWF47 and CDH5.48 Interestingly, all these
genes are normally expressed at different stages in EC,
suggesting a common regulation with FVIII. 
Establishing the minimal promoter sequence required

for the maintenance of a regulated FVIII expression
restricted to LSEC, offers new perspectives for developing
novel approaches to cure HA. For example, it provides the
possibility of inserting a pF8 into an AAV-FVIII construct.
Currently, these classes of vectors are the safest and most
extensively used for HA gene therapy,49 however, they are
limited by the size of the expression cassette, making it
impossible to introduce both F8 and its full-length pro-
moter. The efficient pF8 size reduction (~70%) described
herein, opens up the possibility of engineering shortened
chimeric pF8 by including sequences enriched in TFBS
(like Ets-1) which can enhance the pF8 activity, as has
been described for the transthyretin promoter in hepato-
cytes.50
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