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The proliferative expansion of cardiac fibroblasts (CF) contributes towards cardiac fibrosis, which results in
myocardial stiffening, cardiac dysfunction, and heart failure. CF sense and respond to increased stiffness of their
local extracellular matrix, modulating their phenotype towards increased collagen synthesis and higher prolif-

lsyil(fglfizﬁon eration, leading potentially to a vicious circle of positive feedback.
Nuclear factor-Y subunit alpha Here we describe a novel mechanism that mediates increased CF proliferation in response to a pathologically
Fibrosis stiff Exteracellular matrix (ECM). The mechanism we describe is independent of the well-characterised mechano-

sensitive transcript factors, YAP-TEAD and MKL1-SRF, which our data indicate are only responsible for part of
the genes induced by stiffened ECM. Instead, our data identify Nuclear Factor-Y (NF-Y) as a novel mechano-
sensitive transcription factor, which mediates enhanced CF proliferation in response to a stiff ECM. We show that
levels of NF-YA protein, the major regulatory subunit of NF-Y, and NF-Y transcriptional activity, are increased by
a stiff ECM. Indeed, NF-Y activity drives the expression of multiple cell-cycle genes. Furthermore, NF-YA protein
levels are dependent on FAK signalling suggesting a mechanistic link to ECM composition. Consistent with its
role as a mechano-sensor, inhibition of NF-Y using siRNA or dominant negative mutant blocks CF proliferation on
plastic in vitro, which models a stiff ECM, whereas ectopic expression of NF-YA increases the proliferation of cells
interacting under conditions that model a physiologically soft ECM.

In summary, our data demonstrate that NF-Y is a biomechanically sensitive transcription factor that promotes
CF proliferation in a model of pathologically stiffened ECM.

important role in the deposition and maintenance of the myocardial
(ECM) and myocardial homeostasis [6]. In a healthy myocardium, CF

1. Introduction

Cardiac fibrosis, the pathophysiological remodelling of the myocar-
dial extracellular matrix, contributes towards the development of heart
failure, which affects 26 million people globally [1]. Some treatments
targeting risk factors are available for some conditions that lead to
fibrosis, such as volume or pressure overload [2]. These may help limit
fibrotic progression. However, new therapeutic strategies are needed
that directly target the mechanisms leading to fibrosis, particularly in
patients where risk factor management is ineffective.

CF represent a major non-myocyte cell type resident in the
myocardium [4] that perform several important functions. In addition to
functioning as mechano-electric transducers [5], CF also play an
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typically display low rates of proliferation and maintain a slow basal
turnover of ECM proteins. However, in response to cardiac injury or
overload, CF can trans-differentiate into a myofibroblast phenotype.
This is characterised by an increase in their proliferation rate, elevated
collagen synthesis and upregulation of the cytoskeletal protein smooth
muscle alpha-actin (SMA) expression [7].

The adoption of a myofibroblast phenotype by CF plays an important
role in myocardial healing after cardiac injury [8]. Myofibroblasts
synthesise increased amount of collagen following myocardial infarc-
tion, which is essential for scar formation and structural stabilisation of
the infarcted area. However, excessive production of collagen, ECM
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components and increased myofibroblast proliferation have all been
implicated in the development of maladaptive fibrosis. This alters the
mechanical properties of the myocardium, increasing its stiffness, which
impairs cardiac function and accelerates the development of heart fail-
ure [9]. Increased CF proliferation expands the population of collagen-
secreting cells, thus creating a feed-forward cycle of fibrosis [10].
Therefore, a better understanding of the mechanisms that control CF
behaviour is essential for the future development of therapies to limit
maladaptive fibrosis and prevent heart failure.

An important consequence of myocardial fibrosis is increased tissue
stiffness [11]. Normal heart tissue has a diastolic Young’s Modulus of
approximately 2 kPa [12], whereas the stiffness of fibrotic myocardium
increases tenfold to between 20 and 100 kPa [13,14]. In addition to
disrupting normal systolic and diastolic cardiac contraction/relaxation,
this increase in stiffness activates intracellular signalling mechanisms
that promote further myofibroblast differentiation [15], proliferation,
migration and increased ECM production, thus creating a vicious cycle
of fibrosis that is both a cause and a consequence of CF activation.
Considerable effort has been made to characterise the biomechanical
signalling mechanisms that control cell proliferation in response to
changes in local tissue stiffness [16]. This research has highlighted
important roles for some key transcription factors and their associated
co-factors. For example, the transcription factors SRF and TEAD and
their respective co-factors MKL1/MKL2 and YAP/TAZ, respectively, are
the best-characterised mechanosensitive factors that control gene
expression and cell replication in response to local mechanical signals
[17,18]. Consistent with this, genetic knockout of MKL1 reduces fibrosis
and scar formation after MI [19]. Recent studies have also implicated
YAP/TAZ in fibrotic remodelling post cardiac injury [20-23]. However,
it is likely that other mechanosensitive factors are also involved. Here
we analysed the mechanosensitive transcriptome in CF using tran-
scription factor binding site enrichment analysis to identify novel tran-
scriptional regulators that control cardiac fibroblast proliferation in
response to changes in ECM stiffness. We identified the Nuclear Factor-Y
(NF-Y) transcription factor as a novel mechanosensitive factor that
promotes CF proliferation in response to pathologically stiffened ECM.

2. Methods
2.1. Reagents

All chemicals were obtained from Sigma unless otherwise stated.
Antibodies against NF-YA and NF-YB were from Santa Cruz. Antibody to
GAPDH (MAB374) was from Merck Millipore. Antibody against Histone-
H3 was from Cell Signalling Technologies.

2.2. Cardiac fibroblast culture

Sprague Dawley rats were killed by inhalation of CO» in accordance
with schedule 1 of the U.K. Animals (Scientific Procedures) Act 1986 and
Directive 2010/63/EU of the European Parliament and with the
approval of the University of Bristol. Hearts were removed and flushed
with PBS before chopping into 2mm? pieces and digestion with 2 mg/ml
collagenase (Worthington Biochemical Corporation) overnight. The cell
suspension was pelleted and resuspended in Advanced DMEM/F12
supplemented with 10 % foetal bovine serum, 100 U/ml penicillin/
streptomycin and 2.5 mM t-glutamine. Cells were allowed to adhere to
tissue culture plastic for 72 h and non-adherent myocytes washed away.
Cultures were expanded by serial passage and used in experiments be-
tween passage 4 to 10. Where indicated, cells were cultured on Soft-
well® collagen coated polyacrylamide hydrogels, purchased from Cell
Guidance Systems. Unless otherwise stated, 1 kPa hydrogels were used
for soft ECM and 50 kPa gels were used for stiff ECM. Reported substrate
stiffness is as described by the manufacturer.
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2.3. RNA extraction, quantitative real time PCR and RNAseq

Total RNA was prepared using Qiagen RNeasy mini columns ac-
cording to the manufacturer’s instructions. For RNAseq, RNA was pu-
rified with the inclusion of an on column DNAse treatment to ensure
removal of all traces of genomic DNA contamination. RNA was quanti-
fied by reading the ODy6¢ using a nanodrop spectrophotometer and
RNAseq samples were assess for integrity using an Agilent Bioanalyzer.
RIN scores were all >9. For qPCR, equal amounts of RNA were converted
to cDNA using a Qiagen QuantiTect first strand cDNA synthesis kit with
random hexamer priming. Quantitative Real Time PCR was performed
using KappaFAST SYBR Green using a Qiagen Roto-Gene Q PCR ma-
chine (15@95 °C;15@62 °C;5@72 °C). Primers sequences are
described in Supplement Fig. 1. Data were normalised to total amount of
RNA. RNAseq was performed at Source Biosciences (Cambridge, U.K.).
Briefly, libraries were prepared using an Illumina Stranded mRNA Prep
kit and 150 bp-paired-end read sequenced using a NovaSeq 6000.

2.4. Western blotting

Total cell lysates were prepared in 1x reducing Laemmli sample
buffer (2 % SDS, 10 glycerol, 50 mM Tris pH 6.8, 2.5 % (-mercaptoe-
thanol, 0.002 % bromophenol blue). Proteins were denatured by heating
to 95 °C for 5 min before electrophoresis using Bio-Rad 4-15 % poly-
acrylamide mini-TGX gels in a Mini-Protean II electrophoresis appa-
ratus. Proteins were transferred to TransBlot PVDF membrane (BioRad)
using a semi-dry Turbo blotter system (Bio-Rad). Membranes were
blocked for 1 h at room temperature in 5 % low-fat milk powder in Tris
buffered saline (50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 2 mM KCI)
containing 0.2 % Tween20 (1xTBS.T) before incubation with primary
antibody overnight at 4 °C. Blots were extensively washed in 1xTBS.T
before incubation with HRP-conjugated secondary antibodies (Sigma)
for 1 h at room temperature. Specific proteins were detected using
Immobilon ECL reagent and a ChemiDoc-MP digital imaging system
(Bio-Rad).

2.5. Plasmids, siRNA and adenoviral vectors

Replication deficient adenoviral vector expressing a previously
characterised dominant negative mutant of NF-YA [24] was generated
by RT-PCR. The resulting NF-YA cDNA was cloned into the multiple
cloning sites of the pDC515 adenovirus shuttle vector (Microbix) as
previously described [25-27]. Recombinant adenoviruses were gener-
ated by co-transfection of HEK293 cells with the pDC515 expression
vector and the adenoviral genome vector pBGHfrt, as previously
described [28]. Clones of replication-deficient adenoviruses were
amplified by infection of four 150 cm? flasks of HEK293 cells and the
resulting adenovirus was purified using AdEasy adenovirus purification
kit (Agilent). Purified adenoviral stocks were titrated by end-point
dilution plaque assay in HEK293 cells.

Plasmid NF-Y-sNLUC expressing a secreted version of nanoluciferase
was generated by cloning five copies of a consensus NF-Y binding
element (CCAAT) upstream of a minimal promoter in reporter plasmid
pNL3.3[secNluc/minP] (Promega). Plasmid minP-LUC, containing the
Troponin-T minimal promoter was generated by digesting 8xGTIIC-
luciferase plasmid (Addgene #34615) with Kpnl and BglI to remove
the TEAD elements, followed by blunt end re-ligation. Reporter plasmid
driven by a 400 bp fragment of the wild-type or NF-Y element mutated
proximal human CCNA2 promoter was generated by PCR from genomic
DNA and cloned into reporter plasmid pNL2.3 [secNLUC]. A wild type or
mutant (with two NF-Y elements mutated) 800 bp fragment of the
human CCNB1 proximal promoter was synthesized by Invitrogen Life
Technologies and cloned into reporter plasmid pNL2.3 [secNLUC].
Synthetic Silencer Select siRNAs targeting YAP, TAZ, RUNX2 and NF-YA
were purchased from Invitrogen Life Technologies. Wild-type-NF-YA
expression vector was constructed by amplifying the NF-YA ¢cDNA by
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RT-PCR and cloning with an N-terminal Myc tag into plasmid pRK-Myc.

2.6. Transient transfection and reporter gene assays

NF-Y reporter gene activity was determined by quantifying secreted
nanoluciferase from cells transiently transfected with NF-Y-sNLUC re-
porter plasmids. Plasmid transfection was performed by electroporation
of 1 x 106 cells with a total of 5 g of plasmid DNA using a Nucleofector-
1.5 electroporation device (Lonza) set to program A-024. For gene
silencing, cells were transfected with 100 pmoles of siRNA (Silencer
Select siRNA; Life Technologies) targeting NF-YA, NF-YB and NF-YC, as
indicated. Twenty-four hours post transfection, media were removed
from cells, cells washed in PBS and new media conditioned for 4 h.
Secreted nanoluciferase activity was assayed in cell conditioned media
using the NanoGlo activity assay (Promega) and a Glomax Discover
luminometer (Promega) according to the manufacturer’s instructions.

2.7. Cell proliferation assays

Cell proliferation was quantified using EAU incorporation and
counting total cell number/mm?. Unless otherwise stated, all experi-
ments were conducted using asynchronously proliferating cells cultured
in Advanced DMEM/F12 supplemented with 5 % foetal bovine serum,
100 U/ml penicillin/streptomycin and 2.5 mM t-glutamine. For EAU
labelling assays, cells were treated as indicated and incubated with 10
uM EdU for 4 h. Cells were fixed in 70 % ethanol and EdU incorporation
detected using the EdU-CLICK-488 assay kit (SIGMA). Nuclei were
counter stained with DAPI and EdU positive and total nuclei numbers
manually counted using ImageJ software. For total cell numbers, cells
were fixed in 70 % ethanol, —24, —48- and — 72-h post treatment and
nuclei stained with DAPL Nuclei were counted using Cell Profiler soft-
ware and expressed as cells/mm?.

2.8. Data and statistical analysis

Raw experimental data were collated and graphed using Microsoft
Excel, with final figures constructed using Microsoft Powerpoint. Sta-
tistical analysis was performed using Graphpad Instat software (htt
ps://www.graphpad.com/scientific-software/instat/). ~ Reported n
numbers indicate the number of independent experiments performed
using different preparations of CF. Each cell preparation was derived
from pooled myocardial tissue derived from two adult rats. Gene
Ontology (GO) analysis was performed using the GO tool at the Gene
Ontology Consortium website (https://geneontology.org/) [29]. Tran-
scription factor binding site enrichment analysis was performed using
the oPOSSUM3 application ([29]https://github.com/wassermanlab
/oPOSSUM3). Data are presented as means + standard error of the
mean. After testing for normal distribution, data were analysed either
using one-way ANOVA with Student Newman Keuls post-test, or where
appropriate student’s t-test, as indicated.

3. Results
3.1. CF proliferation is dependent on ECM-stiffness

We initially confirmed that the proliferation rate of CF is dependent
on the stiffness of the ECM. Asynchronously proliferating CF were
seeded onto collagen functionalised polyacrylamide hydrogels of
increasing stiffness, within the physiological to pathological range. 24 h
post cell seeding, cell proliferation was determined by incubation for 4 h
with EdU. Proliferation of cells on a soft ECM was low, with only 7.02 +
0.77 % of cells positively labelled with EAU on the softest ECM, despite
the presence of abundant serum mitogens (Fig. 1). However, the per-
centage of cells incorporating EAU increased as ECM stiffness increased.
This data confirms that CF proliferation is dependent on ECM stiffness.
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Fig. 1. ECM-stiffness dependent proliferation of CF

CF were seeded onto collagen coated polyacrylamide hydrogels of the indicated
stiffness. After 24 h, cells were labelled with 10 pM Edu for 4 h and Edu
incorporation quantified. Data is mean + SEM. n = 3; * indicates p < 0.05; ***
indicates p < 0.001. One-way ANOVA with student Newman Keuls post-
hoc test.

3.2. Characterisation of the ECM-stiffness dependent transcriptome in CF

To characterise the ECM-stiffness-dependent transcriptome in CF
and to identify novel underlying mechano-sensitive mechanisms, we
cultured CF on soft (1 kPa) or stiff (50 kPa) collagen functionalised
acrylamide hydrogels and extracted total RNA 24 h post cell seeding.
RNA-seq analysis identified 1446 genes significantly upregulated (>1.1
fold increase) and 2568 genes significantly down regulated (>1.1 fold
decrease) in cells cultured on stiff ECM compared to cells on a soft ECM
(Fig. 2A). The transcriptional co-factors YAP/TAZ [17] and MKL1/2
[31] have previously been implicated in mediating biomechanical
regulation of gene expression. We therefore analysed RNA extracted
from cells where either YAP/TAZ or MKL1/2 had been silenced by
transient transfection with siRNA and cultured on soft or stiff ECM.
Efficient silencing of YAP, TAZ, MKL1 and MKL2 protein was confirmed
by western blotting (Supplement Fig. 2). Silencing of YAP/TAZ in cells
on a stiff ECM significantly repressed expression of 221 genes, including
the well characterised YAP/TAZ target gene CCN1 [32,33]. Silencing of
MKL1/2 resulted in repression of 269 genes, including the previously
characterised MKL1/2 target genes, CCN1, ZYX, MYL9 and ACTA2 [34].
We then compared these transcriptomic changes and found that only
52.5 % and 42 % of the YAP/TAZ and MKL1/2 dependent genes,
respectively, were induced by a stiff ECM (Fig. 2A). Moreover, the YAP/
TAZ and MKL1/2 dependent genes, together, only represented 15 % of
the stiff ECM-induced genes (Fig. 2A). Gene ontology analysis of the
stift-ECM induced genes that were YAP/TAZ and MKL1/2 independent
identified significant enrichment of numerous GO-terms associated with
cell cell-cycle progression (Fig. 2C). Taken together, these data implicate
the involvement of transcriptional regulators, other than YAP/TAZ or
MKL1/2, in the expression of genes associated with cell-cycle progres-
sion in response to increased ECM-stiffness.
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Fig. 2. CF ECM-stiffness dependent transcriptome

A

ECM Stiffness induced
genes

BBA - Molecular Cell Research 1871 (2024) 119640

1.00E-42
B i Cdc42ep2 Tagh

1.00E-36

1.00E-33 4

1.00E-30 Hbegf

YAP/TAZ-dependent g 1.00E27 e
genes = 1ooE2 .o |*
> 2
Ay e LOC103694867
1.OOE-18
.
: :::f Rnfl 13al (’fﬂ
- \' .
1.00E-09 . )
P |<: | Scara3
MKLI1/2-dependent genes 1LO0E-03 .
1.OOE+00
-30 -2 10 0 10 20 30
Fold change
Expected
" " Number of Fold
GO biological process complete GO_TERM |, ur? °r O humber of it P-value FDR
hit' genes | |, . Enrichment

'hit' genes
mitotic cell cycle phase GO:0098763 65 16.77 3.88 7.23E-18 | 3.10E-15
cell cycle phase G0:0022403 65 16.77 3.88 7.23E-18 | 3.02E-15
cell cycle phase transition GO:0044770 64 18.44 347 1.31E-15 | 4.50E-13
mitotic M phase GO:0000087 41 10.62 3.86 1.01E-11 | 1.75E-09
regulation of G2/M transition of mitotic cell cycle [GO:0010389 43 123 315 5.02E-11 | 7.59E-09
G2/M transition of mitotic cell cycle GO:0000086 33 8.76 3.77 1.76E-09 | 2.25E-07
G1/S transition of mitotic cell cycle GO:0000082 29 8.01 3.62 3.58E-08 | 3.30E-06
cell cycle G1/S phase transition GO0:0044843 29 8.14 3.56 4.78E-08 | 4.26E-06
mitotic interphase GO:0051329 19 491 3.87 3.40E-06 | 2.06E-04
S phase GO:0051320 17 4.04 421 426E-06 | 2.51E-04
DNA strand elongation involved in DNA replication [GO:0006271 8 1.18 6.78 1.09E-04 | 4.47E-03
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(50 kPa) or soft (1 kPa) ECM and total RNA analysed by RNAseq 24 h later. Venn diagram of overlap between stiff ECM induced genes and genes repressed by siYAP/
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Fig. 3. Transcription factor binding site Enrichment of NF-Y-dependent genes in stiff-ECM DEGs

Transcription factor binding site enrichment analysis of promoter regions of stiff (50 kPa vs 1 kPa) ECM induced by YAP/TAZ and MKL1/2 independent genes (A). Pie
chart of proportion of stiff ECM by YAP/TAZ and MKL1/2 independent genes containing a consensus NF-Y binding element within -5kbp of the TSS (B). Gene set
enrichment analysis of ENCODE NF-YA-ChiP-seq gene set within the stiff ECM regulated genes (C). Gene set enrichment analysis of molecular signatures gene sets

within the stiff ECM regulated genes (D).
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3.3. NF-Y-binding elements are enriched in the promoter regions of
stiffness-induced genes

We performed transcription factor binding site enrichment analysis
of the promoter regions of YAP/TAZ and MKL1/2 independent genes,
that were upregulated in cells cultured on a stiff ECM, using o0POSSUM3
[301, to identify novel bio-mechanically sensitive transcription factors
(Fig. 3A). This analysis identified significant enrichment of binding el-
ements for multiple transcription factors. Many of the high scoring
factors, including Elk4, Myc and Klf4 are downstream targets of path-
ways e.g., MAPK pathway, which have already been demonstrated to be
biomechanically sensitive. There is currently no literature on the bio-
mechanical regulation of GABPA or NF-Y. To investigate this, we con-
structed GABPA and NF-Y reporter gene plasmids and quantified their
activity in CF interacting with 1 kPa or 50 kPa substrates. Both reporters
demonstrated stiffness dependent activity, with NF-Y displaying the
greater increase in activity on stiff compared to soft substrates (Sup-
plement Fig. 3). We therefore focussed on characterising the regulation
and function of NF-Y in CF. We were able to identify at least one
consensus NF-Y binding sequence (CCAAT) within the 5000 bp up-
stream of the transcriptional start site in 31.8 % of the stiff-ECM induced
genes (Fig. 3B), suggesting that NF-Y may be functionally important in a
large proportion of the genes induced in cells on a stiff substrate. Using
gene set enrichment analysis, we detected a significant enrichment of an
ENCODE NF-YA-ChIP gene set (Fig. 3C) in the stiff substrate induced
genes, demonstrating an association between NF-Y binding and induc-
tion by a stiff substrate. Analysis of the Broad Institute Molecular sig-
natures gene sets of regulatory transcription factor targets (C3
transcription factor targets; Molecular Signatures Database) by GSEA,
identified enrichment of E2F, SRF, NF-Y and TEAD target genes in the
stiff-ECM induced genes (Fig. 3D). This is consistent with the increased
proliferation of cells on stiff substrates and involvement of these factors

B
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in mechano-sensing. Together, these data suggest that the NF-Y tran-
scription factor is enriched in the promoter regions of stiff-ECM induced
genes and hence may play a functional role in regulating their expres-
sion in response to changes in ECM compliance.

3.4. Identification of substrate-stiffness sensitive NF-Y target genes

We constructed a recombinant adenoviral vector expressing a pre-
viously characterised (mutant YA29) dominant-negative mutant of NF-
YA [24], which disrupts the DNA binding ability of the NF-Y complex
(referred to as DN-NF-Y hereafter). Infection of CF with adenoviral
vector expressing dominant-negative NF-Y (Ad:DN-NF-Y) resulted in
overexpression of the mutant NF-YA protein, detected by western blot-
ting (Fig. 4A,; inset). Expression of DN-NF-Y also completely suppressed
activity of an NF-Y-sNLUC reporter gene, without affecting the activity
of a control promoter reporter lacking NF-Y binding elements (Fig. 4A).
To characterise the NF-Y-dependent transcriptome in CF, cells were
infected with either a control adenovirus (Ad:Control) or dominant-
negative NF-Y (Ad:DN-NF-Y) adenovirus and total RNA extracted 24 h
later and analysed by RNA-sequencing. We identified 8504 unique genes
as significantly upregulated by >1.25-fold and 3725 unique genes
significantly down regulated by >1.25-fold in cells expressing DN-NF-Y
compared to controls (Supplement Fig. 4). We focussed on the repressed
genes as these are likely to be dependent on endogenous NF-Y activity
for their expression. Gene Ontology analysis of these repressed genes
identified significant enrichment of GO-terms associated with cell-cycle
progression (Fig. 4B). Of the 3725 DN-NF-Y repressed genes, 256 were
also found to be induced in cells cultured on a stiff substrate in our
earlier RNA-seq dataset (Fig. 4C). Gene Ontology analysis of these 256
genes also identified significant enrichment of GO-terms associated with
cell-cycle progression (Fig. 4D). We focussed on the 37 genes contrib-
uting towards enrichment of the GO-term GO:0051726 (Regulation of
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cycle GO:1902099 7 1.18 5.92 2.68E-04
spindle assembly GO:0051225 7 1.2 5.86 2.85E-04
mitotic cell cycle checkpoint signaling GO:0007093 8 1.6 5.01 2.90E-04
cellular response to transforming growth factor beta

stimulus GO:0071560 9 1.81 4.97 1.29E-04
cell cycle checkpoint signaling GO:0000075 9 1.97 4.56 2.39E-04
Regulation of cell cycle GO:0051726 37 14.11 2.62 1.29E-07
cell division GO:0051301 27 6.39 4.23 7.57E-10
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Fig. 4. Analysis of the NF-Y-dependent transcriptome in CF

CF were seeded onto tissue culture plastic and infected with either a control adenoviral vector or an adenovirus expressing dominant-negative NF-YA. NF-Y reporter
gene activity (n = 3; A) and protein levels (A;inset) were quantified. Total RNA was extracted 24 h later and analysed by RNA-seq. Gene ontology analysis of DN-NF-
YA repressed genes (B). Overlap of stiff ECM induced genes and DN-NF-YA repressed genes (C). Gene ontology analysis of the 256 stiff ECM induced NF-Y-dependent

genes (D).
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cell-cycle). To refine this set of genes further and identify those genes
most likely to represent direct NF-Y-target genes, we searched the 5000
bp upstream of the transcription start sites for consensus NF-Y binding
elements (CCAAT). This identified 14 genes containing one or more NF-
Y binding elements within their promoter regions (Fig. 5A). Interest-
ingly, those genes associated with a promoter NF-Y-binding element
displayed a greater fold inhibition by DN-NF-Y than those lacking NF-Y
elements within their promoters (Fig. 5A), indicating that these genes
may represent direct NF-Y-targets. We next sought to validate the NF-Y-
dependence of a subset of these 14 genes using RT-qPCR. We focussed on
CCNB, ECT2, SPDL1, DDX11 and CDC7. We also included the previously
characterised NF-Y-target CCNA2 [35]. CCNA2 was significantly
repressed by DN-NF-Y in our RNA-seq dataset but did not quite reach
significance when comparing stiff vs soft substrates. Quantitative PCR
analysis detected a strong downregulation of CCNA2, CCNB, ECT2,
SPDL1, DDX11 and CDC7 mRNAs by DN-NF-Y, with only minimal
changes in the housekeeping genes 36B4 and UBC (Fig. 5B), thus con-
firming our RNA-seq data. We also tested if the mRNA levels of these
genes were elevated in cells interacting with stiff compared to soft
substrates. Consistent with our earlier data, we detected significantly
higher levels of all putative NF-Y-target gene mRNA in cells interacting
with stiff compared to soft substates (Fig. 5C). To gain an insight into
whether any of these genes are direct targets for NF-Y, we constructed
nano-luciferases reporter plasmids under then control of either wild type
CCNA2 or CCNB1 promoter regions, or promoters containing mutated
NF-Y binding elements. In cells cultured on tissue culture plastic, mu-
tation of the NF-Y binding element(s) in either promoter significantly
reduced promoter activity (Fig. 5D and E).
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3.5. ECM-stiffness modulates NF-YA protein levels, activity and target
gene expression

The NF-Y transcription factor comprises three subunits, NF-YA, NF-
YB and NF-YC [36]. We focussed on NF-YA since this is the major reg-
ulatory subunit of the NF-Y transcription factor complex [37]. Levels of
NF-YA proteins were significantly higher in cells interacting with a stiff
compared to soft substrate (Fig. 6A). This was associated with a
concomitant increase in the levels of the myofibroblast differentiation
marker alpha-SMA (Fig. 6A). Dual immunofluorescent staining indi-
cated that essentially 100 % of cells interacting with a stiff substrate co-
expressed NF-YA and aSMA protein (Supplement Fig. 5). Protein levels
gradually increased with ECM-stiffness between 0.1, 1, 4 and 25 kPa
(Fig. 6B). To quantify changes in NF-Y transcriptional activity, we
constructed a secreted nanoluciferase reporter vector under the control
of a synthetic promoter containing five copies of a consensus NF-Y
binding element (5’-CCAAT-3"). Cells transfected with NF-Y-sNLUC but
not a control reporter lacking NF-Y elements, displayed significantly
higher NF-Y activity when interacting with a stiff ECM, compared to a
soft ECM (Fig. 6C), with activity gradually increasing with ECM-stiffness
between 0.1 kPa and 12 kPa (Fig. 6E). Activity of the control reporter
vector, under a minimal promoter lacking any NF-Y elements, was not
affected by changes in ECM stiffness (Fig. 6E). Consistent with these
changes in NF-YA protein levels and NF-Y activity, we detected a sig-
nificant increase in the mRNA levels of previously characterised NF-Y-
target gene mRNAs CCNA2 (Fig. 6F) and CCNB (Fig. 6G) in cells inter-
acting with stiff compared to soft substrates. As a positive control, we
also analysed expression of the classical YAP/TAZ-TEAD target genes,
CTGF and CCN1, which displayed a similar ECM stiffness dependent
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Fig. 5. NF-Y-dependent regulation of proliferation related genes

Table of DN-NF-Y repressed genes tagged with the GO-term “regulation of cell cycle” (A). Levels of mRNAs of indicated genes was quantified by qRT-PCR (n = 4; B).
CF were seeded onto soft (1 kPa) or stiff ECM (50 kPa) as indicated and mRNA levels of indicated genes was quantified by qRT-PCR (n = 5; C). CF were transfected
with a reporter gene plasmid under the control of wild-type CCNA2 (n = 4; D) or CCNB1 (n = 3; E) promoter regions or promoter regions containing mutated NF-Y
elements. Data is mean + SEM. One-way ANOVA with student Newman Keuls post-hoc test (B and C) or paired student’s t-test (D and E). * Indicates p < 0.05.
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Fig. 6. Pathologically stiff ECM induces NF-YA protein, activity and target gene expression. CF were seeded onto stiff (50 kPa) or soft (1 kPa) substrates and total cell
lysate analysed for NF-YA, aSMA and Histone H3 protein levels by western blotting (n = 3; A). Cells were seeded onto hydrogels of indicated stiffness and NF-YA and
Histone-H3 protein levels determined by western blotting (n = 3; B). Cells were transfected with a NF-Y-reporter plasmid (C) or a reporter regulated by a minimal
promoter (lacking NF-Y elements; D). After transfection, cells were seeded onto stiff or soft substrates (n = 3; C and D) or substrates of indicated stiffness (n = 7; E)
and secreted reporter gene activity quantified. Cells were seeded onto substrates of indicated stiffness and total RNA analysed for mRNA levels of the NF-Y-target
genes, CCNA2 (n = 6; F), CCNB1 (n = 6; G) or the classical YAP/TAZ and MKL1/2 target gene mRNAs CTGF (n = 6; H) or CCN1 (n = 6; I). Data is mean + SEM.
Student t-test (A, C, D). One-way ANOVA with Student Newman Keuls post-hoc test (B, E-I). * Indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001 vs

control value.

regulation, in terms of magnitude and stiffness sensitivity (Fig. 6H and
D). Together, these data demonstrate that ECM-stiffness enhanced NF-YA
protein levels, NF-Y transcriptional activity and NF-Y-dependent
expression of cell-cycle regulatory genes.

3.6. NF-YA protein levels are dependent on actin cytoskeleton integrity
and focal adhesion kinase activity

Bio-mechanical signals are typically transmitted into the cell via
focal adhesion signalling proteins to actin stress fibres [38,39]. Focal
adhesion maturation is dependent on tensional forces generated in the
actin stress fibres, indicating a complex interplay between actin and
focal adhesion signalling proteins. We therefore asked whether NF-YA
protein levels were dependent on actin polymerisation and activity of
Focal Adhesion Kinase (FAK). To test the functional importance of FAK,
cells were treated with the pharmacological FAK inhibitors Defactinib
[40] or PF573228 [41]. Efficient inhibition of FAK activity was assessed
by monitoring levels of FAK phosphorylation at the Y397 autophos-
phorylation site (Supplement Fig. 6). Treatment with either of these
inhibitors significantly reduced NF-YA protein levels (Fig. 7A and B)
without affecting levels of the housekeeping protein histone-H3. To
further confirm the importance of FAK signalling in NF-YA regulation,
we over expressed the endogenous FAK inhibitor, FRNK [18]. Over-
expression of FRNK also significantly reduced NF-YA protein levels
(Fig. 7C), supporting the conclusion that NF-YA protein levels in CF are
dependent on FAK activity. Moreover, FAK inhibition, using Defactinib,
significantly reduced NF-Y-reporter gene activity (Fig. 7D) consistent
with our observed reductions in NF-YA protein in response to FAK

inhibition. Furthermore, the mRNA levels of the NF-Y-target genes,
CCNA2 and CCNBI1, were also strongly down regulated in response to
FAK inhibition by Defactinib treatment for 8 or 18 h (Fig. 7E). We next
tested if NF-YA levels are dependent on actin cytoskeleton integrity and
actin polymerisation. We treated cells with low doses of the actin
binding drug latrunculin-B [42] and quantified NF-YA levels.
Latrunculin-B treatment dose dependently (from 0.05 to 0.25 pg/ml)
inhibited NF-YA protein levels (Fig. 7F and G) without affecting histone-
H3 levels. Consistent with this reduction in NF-YA protein levels,
latrunculin-B also significantly reduced NF-Y reporter gene activity
(Fig. 7H) and reduced the mRNA levels of CCNA2 and CCNB1 (Fig. 7 I).
Taken together, these data demonstrate that the levels of NF-YA protein
and NF-Y activity are dependent on actin-cytoskeleton integrity and
signalling via FAK.

3.7. NF-Y activity is required for CF proliferation

Since our RNAseq data demonstrated that NF-Y-dependent genes
display an enrichment of GO-terms associated with cell-cycle progres-
sion, we asked if NF-Y activity is required for CF proliferation. We
initially used DN-NF-Y to block NF-Y function and quantify effects on
cell replication and cell cycle progression. Cells infected with a control
adenovirus lacking a transgene (Ad:Control)) increased in cell number
over the 72 h post infection (Fig. 8A). However, cells expressing DN-NF-
Y did not increase in cell number and total cell number 48 and 72 h post
infection were significantly lower than Ad:Control infected cells
(Fig. 8A). To gain an insight into how NF-Y activity is involved in cell
cycle progression, we analysed propidium iodide-stained cells by flow
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Fig. 7. FAK and actin cytoskeleton dependent regulation of NF-YA protein levels and activity

CF were seeded onto tissue culture plastic and treated with 10 pM Defactinib (n = 3; A), 10 pM PF573228 (n = 3; B) or infected with either Ad:Control or Ad:FRNK (n
= 4; C). Total cell lysates were analysed for NF-YA and Histone-H3 protein levels by western blotting (A-C). Cells were transfected with NF-Y reporter plasmid and
treated with 10 pM Defactinib for 8 or 18 h as indicated, and NF-Y reporter activity was quantified after 18 h (D) and CCNA2 and CCNB1 mRNA analysed after 8 and
18 h (n = 4; E). CF seeded on plastic were treated with the indicated concentrations of latrunculin-B (LatB) for 18 h (F and G). NF-YA and Histone H-3 protein levels
were quantified by western blotting (n = 7; F and G). NF-Y reporter gene activity was quantified after 18 h (n = 3; H). Cells were treated with 0.25 pg/ml latrunculin-
B (n = 4; ) for 8 or 18 h. Total RNA was analysed for CCNA2 and CCNB1 mRNA by qRT-PCR. Data is mean + SEM. Students paired t-test (A-D, H). One-way ANOVA

with Student Newman Keuls post-hoc test (E,G,I).

cytometry. We found that expression of DN-NF-Y increased the per-
centage of cells in S-phase of the cell cycle (Fig. 8 B and C), even though
total cell numbers were reduced after 48 h. This may indicate that cells
are arresting in mid to late S-phase. To test this, we labelled cells with
EdU, to quantify the percentage of cells actively progressing through S-
phase and synthesising new DNA. This demonstrated that cells infected
with DN-NF-Y adenovirus displayed significantly reduced EAU incor-
poration (Fig. 8D). To specifically test if DN-NF-Y was causing cells to
arrest within S-phase, and hence reduce the numbers of cells reaching
late-S phase, we quantified only those cells staining brightly with EdU,
after a 4 h labelling period (half the typical time to complete S phase
[43]). These EdU bright cells will have progressed through early and mid
S-phase and hence have incorporated high levels of EAU. This analysis
demonstrated a significant reduction in EAU bright cells (i.e., less cells
reaching late S-phase cells) in response to DN-NF-Y adenovirus. This
reduction in the percentage of cells reaching late-S phase was more
robust than the reduction in the total percentage of EAU positive cells.
Taken together, these data indicate the NF-Y activity is required for
cardiac fibroblast proliferation and specifically required for efficient
progression through S-phase.

We next sought to further confirm the importance of NF-Y for CF
proliferation, this time employing siRNA-mediated silencing of the three
NF-Y subunits, NF-YA, NF-YB and NF-YC (referred to as siNF-Y).
Transfection of cells with siNF-Y resulted in a significant partial reduc-
tion in the protein levels of NF-YA and NF-YB (n = 3; Fig. 7F and G). We
were unable to validate the efficacy of NF-YC silencing due to the lack of
a good quality commercial antibody. However, siNF-Y transfection
partially but significantly reduced the activity of an NF-Y-dependent

reporter gene compared to siNEG transfected cells (Fig. 8H), confirm-
ing a functional reduction of NF-Y activity. Cells transfected with a non-
targeting control siRNA (siNEG) increased in cell number between 24
and 48 h and 48 to 72 h post transfection (Fig. 8I). Cells transfected with
siNF-Y increased in cell numbers between 24 and 48 h but not between
48 and 72 h post transfection. This resulted in the total cell number of
siNF-Y transfected cells being significantly lower than siNEG cell at the
72-h timepoint (Fig. 8I). Analysis of cell cycle phase by flow cytometry
revealed that NF-Y silencing significantly increased the percentage of
cells in G1 phase and reduced the percentage in S-phase (Fig. 8J and K).
We next tested if NF-Y silencing reduced the percentage of cells actively
progressing through S-phase by quantifying EAU incorporation. NF-Y
silencing significantly reduced the percentage of cells positively
labelled for EdU incorporation (Fig. 8L). Quantification of cells pro-
gressing into late S-phase during the labelled period (i.e., EAU-bright)
demonstrated a more pronounced reduction in siNF-Y cells compared
to siNEG transfected cells (Fig. 8M).

3.8. NF-Y mediates ECM stiffness-dependent proliferation of CF

To test if NF-Y is responsible for mechano-sensitive proliferation of
CF, we attempted to rescue the proliferation of cells interacting with a
soft ECM by ectopic expression of NF-YA. In cells transiently transfected
with a control plasmid, endogenous NF-YA levels were significantly
elevated by interaction with a stiff ECM (Fig. 9A). Ectopic expression of
wild-type NF-YA in cells grown on a soft ECM increased total NF-YA
protein to levels equal to that present in control cells cultured on a
stiff ECM (Fig. 9A). Culture of NF-YA plasmid transfected cells on a stiff
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Fig. 8. CF proliferation is NF-Y-dependent.

CF cultured on plastic were infected with either Ad:Control or Ad:DN-NF-Y. Total cell number was determined by manual cell counting after 24, 28 or 72 h (n = 9; A).
CF were infected with either Ad:Control or Ad:DN-NF-Y. Cells were PI labelled and analysed for cell cycle phase by flow cytometry (n = 4; B and C). Cells were Edu
labelled for 4 h, 20 h post-infection. Percentage Edu positive (n = 5; D) and percentage of Edu bright (late S-phase) cells (n = 5; E) was quantified. CF were
transfected with siNEG or siNF-Y. Protein levels of NF-YA, NF-YB and GAPDH were quantified by western blotting (n = 3; F and G). Cells were transfected with either
siNEG or siNF-Y together with and NF-Y-reporter gene plasmid (H). NF-Y reporter activity was quantified (H) and total cell number counted after 24, 48 and 72 h (n
= 6; I). Cells were transfected with either siNEG or siNF-Y and analysed for cell cycle phase by PI staining and flow cytometry (n = 3; J and K). Cells were Edu labelled
for 4 h. Percentage Edu positive (n = 6; L) and percentage Edu bright (n = 4; M) was quantified. One-way ANOVA with student Newman Keuls post-test (A, I) or
Student’s t-test (C-F, H, K-M). * Indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001.

ECM resulted in a further increase in NF-YA protein levels. This shows
that exogenously expressed NF-YA protein is also subject to ECM-
stiffness dependent regulation and that exogenous expression of NF-
YA can reverse the reduction in endogenous NF-YA levels in response

to a soft ECM. A similar pattern was observed when quantifying NF-Y
reporter gene activity (Fig. 9B). Activity was significantly elevated in
control plasmid transfected cells on a stiff compared to a soft ECM.
Overexpression of NF-YA increased reporter activity in cells on a soft
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CF were transfected with either control plasmid or plasmid expressing wild-type NF-YA and seeded onto soft or stiff ECM. Total cell lysates were analysed by western
blotting for NF-YA and Histone-H3 protein levels (n = 3; A). Cells were co-transfected with NF-Y-reporter plasmid together with either control plasmid or plasmid
expressing wild-type NF-YA and seeded onto soft or stiff ECM. NF-Y reporter activity was quantified 24 h later (n = 6; B). Cells were transfected with either control
plasmid or wild-type NF-YA plasmid (n = 4; C) or infected with either control or dominant-negative-NF-Y adenovirus (n = 4;D) and Edu labelled for 4 h. * Indicates p
< 0.05; ** indicates p < 0.01; One-way ANOVA with student Newman Keuls post-test.

able to fully rescue NF-Y activity (Fig. 9B). Analysis of EAU incorpora-
tion demonstrated that proliferation of control plasmid cells was
significantly greater in cells interacting with a stiff, compared to a soft
ECM (Fig. 9C), consistent with our earlier data (Fig. 1A). Importantly,
overexpression of NF-YA significantly increased proliferation of cells on
a soft ECM to levels not statistically different from that observed in
control cells cultured on stiff ECM (Fig. 9C). Proliferation of NF-YA
plasmid transfected cells on a stiff ECM was further increased and
significantly higher than NF-YA plasmid transfected cells on a soft ECM.
Finally, we tested in expression of DN-NF-Y can prevent the induction of
proliferation in response to an increase in ECM stiffness. Proliferation of
Ad:Control virus infected cells was significantly increased by a stiff ECM,
but proliferation of Ad:DN-NF-Y infected cells on a soft ECM was
significantly lower than Ad:Control cells (Fig. 9D). Furthermore, an in-
crease in ECM stiffness had no effect on the proliferation on Ad:DN-NF-Y
infected cells in contrast to control infected cells.

4. Discussion

Here we demonstrate for the first time that the level of NF-YA, the
regulatory component of the NF-Y transcription factor, is increased in

10

response to greater stiffness of the extracellular matrix surrounding CFs.
The resulting increased NF-Y activity is responsible for 23 % the ECM-
stiffness induced transcriptome in CF, independently of known
mechano-sensitive factors YAP/TAZ and SRF/MKL1/2. NF-Y stimulates
expression of several cell cycle genes and promotes CF proliferation in
response to a stiffened ECM.

The stiffness of the myocardium is increased in patients with cardiac
fibrosis [79]. This results from greater deposition of a collagen-rich
ECM, enhanced collagen crosslinking via the activity of enzymes such
as LOX [44] and PLOD [45], and a proliferative expansion of the CF
population. CF proliferation is important as this increases the number of
collagen producing cells. In humans, healthy diastolic human myocar-
dium has been reported to have a stiffness of 1.7 kPa [46]. This increases
in fibrotic myocardium to stiffnesses measurements in the range of
20-100 kPa. CF resident within the myocardium sense and respond to
this increased stiffness of their local ECM by differentiating into acti-
vated myofibroblasts [47], characterised by elevated expression of
a-SMA and increased proliferation. Here we show that levels of NF-YA
are associated with expression of aSMA, a marker of a myofibroblast
phenotype, implying that NF-YA levels increase during myofibroblast
differentiation and contribute towards their increased proliferation.

Many adhesion dependent cell types display increased proliferation
rates in response to stiffening of the ECM [48-51], although the effects
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on CF have not been extensively characterised. For example, Herum
et al. reported that static mechanical stretching, but not increased ECM
stiffness, promoted CF proliferation [15]. This contrasts with the data
that we present here showing an increase in proliferation when CF
interact with a pathologically stiff, compared to a physiologically soft,
ECM. This may simply reflect the different cell type studied (embryonic
heart compared to adult heart used here) or differences in the compli-
ance of the tissue studied. Importantly, increased proliferation of CFs
occurs in vivo in regions of fibrosis [52,53], consistent with the para-
digm of enhanced proliferation in regions of increased stiffness. As CF
are the primary source of interstitial matrix in the heart, it follows that
proliferative expansion of CF population will further enhance ECM
synthesis, thus contributing towards the creation of a positive feedback
loop, driving progression of fibrosis [54,55]. However, the mechanisms
involved in transducing tissue stiffness into changes in CF proliferation
are poorly understood.

Several mechanisms have been demonstrated to play a role in
transducing extracellular bio-mechanical signals into the nucleus and
hence gene transcription. One of the best characterised is the Hippo
pathway, centred around the core Hippo kinases, LATS and MST, which
when activated, phosphorylate and inactivate the transcriptional co-
factors YAP and TAZ [17]. In their hypo-phosphorylated state YAP
and TAZ translocate into the nucleus where they interact with TEAD-
family transcription factors to mediate a transcriptional response.
Other transcriptional co-factors, including MKL1 and MKL2 have also
been implicated in mechano-transduction [56]. Biomechanical signals
that promote actin polymerisation induce nuclear translocation of MKL1
and MKL2, where they activate SRF-dependent gene expression [57].
Here we show that although these pathways do mediate changes in gene
expression in response to an increase in ECM stiffness in CF, together
they are only responsible for a relatively small part (8 % each) of the
ECM-stiffness induced transcriptome. For example, we identified 1466
genes as being induced by culture on a stiff compared to a soft ECM.
However, only 116 and 113 were dependent on YAP/TAZ or MKL1/2,
respectively (9 genes were dependent on both YAP/TAZ and MKL1/2).
The implication is that remaining 1246 genes in CF are regulated by at
least one additional mechano-sensitive transcription factor/co-factor.
Our data presented here identified NF-Y as another important mecha-
nosensitive factor. We found that NF-Y binding elements are signifi-
cantly enriched in the promoters of stiffness induced genes.
Furthermore, NF-YA concentration and NF-Y transcriptional activity is
enhanced in CF interacting with a pathologically stiff ECM. To our
knowledge, this is the first demonstration that the NF-Y transcription
factor participates in ECM-stiffness-dependent gene expression. Consis-
tently, however, a previous study demonstrated that NF-Y elements in
the promoter of the pro-collagen-al and pro-collagen-a2 genes mediate
high levels of expression and are responsible for the induction of
collagen expression in response to cyclic strain, supporting a role for NF-
Y as a regulator of mechanically sensitive transcription [58]. Further-
more, published data on NF-Y-dependent regulation of collagen
expression taken together with our data on NF-Y-dependent CF prolif-
eration support a role for NF-Y in fibrotic disease [59,60]. Also consis-
tent with this, reduction in the protein levels of NF-YA has been shown
to mediate the anti-fibrotic effects of branched chain amino acids in
hepatic fibrosis [61].

Very little is currently understood regarding the mechanisms regu-
lating NF-YA protein levels. Lindahl demonstrated that NF-Y DNA
binding is increased by TGFp stimulation [60]. Another study demon-
strated that levels of NF-YA are regulated post translationally by ubiq-
uitination and acetylation, which control the stability of the NF-YA
protein [37]. Here we demonstrate a role for focal adhesion kinase
(FAK) signalling. FAK inhibition using two different pharmacological
inhibitors, or overexpression of the endogenous FAK inhibitor, FRNK,
reduced NF-YA protein levels and activity in CF. We also show that NF-
YA protein levels are dependent on the integrity of the actin cytoskel-
eton. Treatment of cells with the actin binding drug, Latrunculin-B
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significantly reduced NF-YA protein levels, activity and target gene
expression. Previous studies have demonstrated that FAK is recruited to
and activated at focal adhesions in cells interacting with stiff substrates
[62]. These develop and mature in a stiffness dependent manner, in part
via the tensional forces generated in actin stress fibres, which connect
with these focal adhesions. In cells cultured on soft substrates, stress
fibre tensional forces are diminished, due to the compliance of the
substrate, and hence FAK activity is also lower in these cells. Future
studies should investigate further how FAK, actin cytoskeleton remod-
elling and bio-mechanical signals control NF-YA protein levels.

Our RNA-seq analysis of NF-Y-dependent genes, highlights a clear
association with genes involved in cell proliferation. Out of the 1246
genes induced by a stiff ECM, independently of YAP/TAZ or MKL1/2,
256 were found to be NF-Y. Gene ontology analysis of these 256 genes
demonstrated enrichment of multiple gene ontology terms linked to cell
proliferation. Interestingly, no enrichment of GO-terms related to ECM
deposition or organisation were found, implying that stiff-substrate
induced, NF-Y-dependent genes regulate cell proliferation but not
ECM remodelling. As our approach to identify NF-Y dependent genes
was to express a dominant-negative mutant of NF-YA for 24 h it is
possible that some of the genes we identified are not direct NF-Y targets.
However, approximately half of the genes with the GO term tag “regu-
lation of cell cycle” had a consensus NF-Y binding element (CCAAT) in
the 5000 bp promoter region upstream of the transcriptional start.
Furthermore, those genes with a NF-Y promoter element displayed the
largest fold inhibition by dominant-negative NF-Y. Furthermore, muta-
tion of the NF-Y binding elements in two examples of these genes
(CCNA2 and CCNB1) inhibited promoter-reporter gene activity. Taken
together, this implies that at least some of the proliferation related genes
are direct targets of NF-Y. Importantly, the mRNA levels of a shortlist of
these putative NF-Y-dependent target genes also displayed sensitivity to
the stiffness of the ECM. The implication is that ECM-remodelling, which
results in an increase in stiffness, activates NF-Y. This, in turn, promotes
expression of genes required for cell proliferation. Consistent with this,
we found that NF-Y activity to be essential for maximal proliferation of
CF. Inhibition of NF-Y using a dominant-negative mutant, which dis-
rupts NF-Y DNA binding, reduced total cell number and reduced DNA
synthesis. Our data demonstrates an important role for NF-Y in regu-
lating CF proliferation and adds to growing evidence that supports a role
for NF-Y-dependent transcription in the regulation of cell cycle pro-
gression and proliferation of other cells. For example, NF-Y has been
reported to regulate the expression of multiple cell cycle genes,
including E2F1, CCNA, CCNB1, CDK1, CHK2, CDKN1C, and CDC25A
[63-65] and to regulate the proliferation of colorectal cancer cells [66],
cervical cancer cells [67] and stem cells [68,69]. Our new data, dem-
onstrates for the first time, that NF-Y activation is both necessary and
sufficient for the maximal stimulatory effects of a pathologically stiff-
ened ECM on the proliferation of CF. Consistent with this, over-
expression of NF-YA alone in CF interacting with a physiologically soft
ECM increased NF-Y activity to levels equal to that in cells interacting
with a stiff ECM and significantly restores their proliferation. Given that
this experiment is conducted with a plasmid transfection efficiency of
approximately 50 %, our measure of the rescue of proliferation is likely
to be a minimum estimate.

In conclusion, we demonstrate that the NF-Y transcription factor is a
novel bio-mechanically sensitive transcription factor, which plays an
important role in the regulation of CF proliferation in response to an
increase in the stiffness of the local ECM. Targeting the NF-Y complex
may represent a viable target for future therapies designed to limit the
progression of fibrotic diseases, such as cardiac fibrosis.
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