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Abstract:

The SIN3A-HDAC complex is a master transcriptional repressor, required for development
but often deregulated in disease. Here, we report that the recently identified new component
of this complex, SINHCAF/FAMG0A, links the SIN3A-HDAC co-repressor complex
function to the hypoxia response. SSINHCAF Chromatin |mmunopreci pitati on-sequencing and
gene expression analysis reveal a signature associated with the activation of the hypoxia
response. We show that SINHCAF specifically repress HIF 2o mRNA and protein expression
resulting in functional cellular changes in in-vitro angiogenesis, and proliferation. Analysis of
patient datasets demonstrates that SINHCAF and HIF 200 mRNA levels are inversely
correlated and predict contrasting outcomes for patient survival in both colon and lung
cancer. This relationship is also observed in a mouse model of colon cancer, indicating an
evolutionary conserved mechanism. Our analysis reveals an unexpected link between
SINHCAF and cancer cell signalling via regulation of the hypoxia response that is predictive
of poor patient outcome.

Keywords: ChlP-seq, GSEA, Hypoxia, HIF-2a, FAMG60A, SINHCAF, SIN3A-HDAC,
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| ntroduction:

SINHCAF/FAMG0A is a poorly characterised protein that has been shown to be part
of the SIN3A repressor complex by two independent studies (Munoz et a., 2012; Smith et
al., 2012). SIN3A is a multi-protein complex with function in developmental processes such
as stem cell function (Saunders et al., 2017) but also in pathological processes such as cancer
(Kadamb et al., 2013). It controls cellular metabolism, cell cycle and cell survival (Kadamb et
al., 2013). More recently, it a single nucleotide polymorphism on SINHCAF has been
associated with Type |1 diabetes in a cohort of Japanese patients (Imamura et al., 2016).
Finally, it has been associated with esophageal cancer, by an integrative analysis of copy
number (Dong et al., 2017).

Solid tumours are often characterised by the presence of low oxygen or hypoxia
(Moniz et al., 2014). Adaptation and survival to such environment is mediated by a family of
transcription factors called Hypoxia Inducible Factors (HIFs). Transcriptional target genes
that are controlled by the HIFs, code for proteins that are involved in important cellular
processes including energy homeostasis, migration, and differentiation (Keith and Simon,
2007; Rocha, 2007; Schofield and Ratcliffe, 2004). Deregulation of the HIF system has been
shown to be important in the development of multiple disease processes including cancer
progression and stem cell differentiation (Semenza, 2008, 2012).

HIF is a heterodimeric transcription factor that consists of a constitutively expressed
HIF 1B subunit and an O,-regulated HIF-o. subunit (Wang et al., 1995). Three isoforms of
HIF o have been identified (HIF 1o, 20, and 3o). The HIF-o isoforms are all characterized
by the presence of bHLH (basic helix-oop-helix)-PAS (Per/ARNT/Sim), and ODD
(oxygen-dependent degradation) domains. Both HIF-1o. and HIF 20 have important cellular
functions as transcription factors with some redundancy in their targets (Carroll and Ashcroft,
2006; Hu et a., 2006). HIF-2o protein shares sequence similarity and functional overlap with
HIF-1a, but its distribution is restricted to certain cell types, and in some cases, it mediates
distinct biological functions (Patel and Simon, 2008).

The regulation of the HIF o subunits is best understood at the post-transcriptional
level, and is mediated by hydroxylation-dependent proteasomal degradation. In well-
oxygenated cells, HIF-a is hydroxylated in its ODD. This proline hydroxylation is catalysed
by a class of dioxygenase enzymes called prolyl hydroxylases (PHDs). PHDs require Fe**
and o-ketoglutarate (o-KG) as co-factors for their catalytic activity and have an absolute
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requirement for molecular oxygen as a co-substrate, making their activity reduced in hypoxia
(Bruegge et al., 2007; Epstein et al., 2001; Fandrey et al., 2006; Frede et al., 2006). Prolyl-
hydroxylation of HIF o attracts the von Hippel-Lindau (vHL) tumor suppressor protein,
which recruits the Elongin C-Elongin B-Cullin 2-E3-ubiquitin-ligase complex, leading to the
Lys48-linked poly-ubiquitination and proteasomal degradation of HIF o (Ivan et al., 2001,
Jaakkola et a., 2001; Yu et a., 2001). In hypoxia, HIF o is stabilized, can form a
heterodimer with HIF 1B in the nucleus and bind to the consensus cis-acting hypoxia
response element (HRE) nucleotide sequence 5 -RCGTG-3', which is present within the
enhancers and/or promoters of HIF target genes (Pugh et al., 1991; Schodel et al., 2011;
Semenza et a., 1996). HIF o stabilisation therefore allows the cell to enact a transcriptional
programme that is appropriate to the hypoxic environment (Kaelin and Ratcliffe, 2008).

In contrast to the post-translation regulation of HIF, the factors that regulate the basal
expression of the HIF a isoforms are only now being investigated. Deregulation of HIF basal
expression has been linked to the development of solid tumours (Kazi et a., 2014). The
transcriptional regulator NF-xB is a direct modulator of HIF-1oo expression, in basal and
hypoxic conditions, as well as in response to inflammatory stimulus (Belaiba et a., 2007;
Bonello et al., 2007; Frede et al., 2006; Rius et al., 2008; van Uden et al., 2008). NF-kB also
directly regulates HIF-13 mRNA and protein levels, resulting in modulation of HIF 20
protein levels by preventing protein degradation(Bandarra et al., 2014; van Uden et a., 2011).
Additional studies have also shown that SP1/3 and Egr-1 transcription factors and the STAT3
transcriptional activator can all regulate expression of HIF 1o RNA (Biswas et al., 2013;
Koshikawa et al., 2009; Lafleur et al., 2014; Niu et al., 2008; Oh et al., 2008; Patel and Kalra,
2010). HIF 20 is regulated by SP1/3 (Wada et al., 2006) and during cell progression by E2F1
(Moniz et a., 2015). Interestingly, HIF 2o has recently been shown to be sensitive to Histone
Deacetylase (HDAC) inhibition in soft tissue sarcomas (Nakazawa et al., 2016). HDACs are
components of several transcriptional repressor complexes, including the SIN3A complex
(Kadamb et a., 2013). SINHCAF (SIN3A-HDAC associated factor/FAMG60A) is arelatively
new component of the SIN3SA-HDAC complex (Munoz et a., 2012; Smith et al., 2012;
Streubel et al., 2017). It has been associated with regulation if Cyclin D1 (Munoz et al.,
2012), TGF-B signalling (Smith et al., 2012) and more recently stem cell maintenance
(Streubel et al., 2017).

Here, we show that SINHCAF links SIN3A function to hypoxia signalling. ChlP-
sequencing analysis for SINHCAF and integrative analysis for SIN3A, identify a hypoxia
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specific gene signature. SINHCAF targets the HIF 200 promoter, resulting in histone
deacetylation and gene silencing. Analysis of cancer transcript datasets reveals that
SINHCAF and HIF 200 expression is inversely correlated and predicts contrasting patient
survival outcomes in colon and lung cancers, an effect also observed in a mouse model of
colon cancer. Thus, SINHCAF links SIN3A and hypoxia signalling and is associated with

poor patient survival outcome.
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Results:

ChlP-sequencing analysis of SINHCAF reveals its function as a transcriptional
regulator

SINHCAF has been identified as a component of the SIN3A/HDAC complex (Munoz
et a., 2012; Smith et al., 2012), and to contribute to transcriptional control of Cyclin D1
(Munoz et a., 2012). Microarray analysis of SINHCAF and SIN3A regulated genes in A549
cells has identified co-regulated genes within the TGF-$ signalling pathway (Smith et al.,
2012). However, it is currently unknown if and how SINHCAF correlates with SIN3A
functionaly. To identify direct targets of SINHCAF, we performed ChlP-sequencing analysis
for endogenous SINHCAF, using two different cellular backgrounds, HelLa a human cervical
carcinoma cell line and DLD-1 a human colorectal carcinoma cell line. Analysis of the
sequencing data revedled a significant overlap between the peaks observed in Hela and
DLD-1 cells, with around 60% of the peaks being identified in both cellular backgrounds
(Figure 1A). Mapping of the sequencing reads to the genome architecture revealed that 93%
of the identified peaks in both HeLa and DLD-1 cells were present within 3000 bp of
transcriptional start sites (Figure 1B, Sup. Figure S1A), with the remaining being located in
the gene body (3%) and in intergenic regions (4%). This suggests that SINHCAF is a
transcriptional regulator. To further characterise the location of SINHCAF across the
genome, we plotted all the shared peaks with respect to the transcriptiona start site (TSS).
This analysis demonstrated that SINHCAF is mainly located at the TSS (Figure 1C; Sup.
Figure S1B), further suggesting its role as atranscriptional regulator.

Given SINHCAF's known association with SIN3A, we investigated how SINHCAF
location overlapped with published ChlP-sequencing datasets for SIN3A (Figure 1D). We
analysed 4 distinct SIN3A ChlP-sequencing datasets across 4 different cellular backgrounds.
Percentage of overlap varied across cell lines as expected, from the lowest 20.8% to the
highest of 65.1% (Figure 1D). This variation was due to the intrinsic nature of the number of
peaks called in each of the cell types analysed. Interestingly, when we created a list of SIN3A
peaks observed across al cellular backgrounds and datasets, the overlap with SINHCAF
peaks rose to aminimal of 94%, demonstrating that indeed, SINHCAF is part of the core and
conserved function of SIN3A complex across cell types (Figure 1D). Furthermore, this data

demonstrated that SIN3A function is cell type specific, since only 0.8 to maximum 29.7% of
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al identified SIN3A occupied genes are conserved across different cellular backgrounds
(Figure 1D).

To investigate the function of SINHCAF in transcriptiona regulation at these bound
sites we made use of published data generated in the lung adenocarcinoma cell line A549
(Smith et al., 2012). We performed gene set enrichment analysis (GSEA) (Subramanian et al.,
2005) on the overlap on the genes that are both regulated at the transcript level by loss of
SINHCAF and bound by SINHCAF and SIN3A in ChlP-sequencing datasets (Figure 1E,
Sup. Table 1). While we did find an enrichment for TGF-3 signalling genes in this analysis,
the top hallmark signalling pathways were “Hypoxia’ and “TNF-o. signalling via NF-kB”
(Figure 1E). While HDAC function has been associated with both hypoxia and inflammation,
no association of SIN3A function has been reported with both Hypoxia or NF-xB mediated
signalling pathways. However, we had previously demonstrated that hypoxia and NF-xB are
part of an intricate crosstalk (Biddlestone et a., 2015; D'Ignazio et al., 2016; D'Ignazio et al.,
2017).

SINHCAF isarepressor of HIF 2a

Analysis of the hypoxia related genes identified by GSEA in Figure 1E, revealed that
HIF 200 (gene name EPASL) is a gene repressed by both SINHCAF and SIN3A (Figure 2A-
B). Very little is known about the regulation of the HIF 2o gene, apart that it can be
regulated by E2F1 (Moniz et al., 2015), its promoter can be methylated (Cruzeiro et a., 2017,
Cui et a., 2016), and that HDACs can repress both HIF 2o. and HIF 1o genes (Nakazawa et
al., 2016).

To determine if SINHCAF is anovel regulator of HIF 2a,, A549 and Hel a cells were
transfected with control or two SINHCAF siRNA oligonucleotides in order to examine the
effect of SINHCAF knockdown on the expression of the HIF isoforms (Figure 2C).
Knockdown of SINHCAF resulted in an increase in HIF 2q, but not HIF 1o or HIF 1
protein expression following exposure to hypoxia for 24 hours. Similar results were also
observed when SIN3A was depleted by siRNA, with elevated levels of HIF 2o, occurring in
both HelLa and A549 cells (Figure 2D). To determine the penetrance of this effect similar
experiments were performed in multiple cell lines. Loss of SINHCAF resulted in significant
increases in HIF 2a with little or no change to HIF-1a protein following exposure to hypoxia
in breast cancer cells (MDA-MB-231), and two colorectal (SW480, DLD-1) cell lines (Figure

2E). In addition, overexpression of control or SINHCAF DNA plasmids in cells was
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performed to determine if gain of function experiments would lead to the opposite effect on
HIF 20 levels. Overexpression of SINHCAF resulted in a significant decrease in HIF 2a
protein following exposure to hypoxia for 24 hours in both HeLa and MDA-MB-231 cells
confirming that the sSIRNA results are not a technical artefact but also the responsiveness of

the system (Figure 2F).

SINHCAF regulates the HIF 2a promoter directly and is important for HDAC1
recruitment

The study of the regulation HIF o proteins has been mainly characterised by a control
at the post-transcriptional level. However, given the proposed function of SINHCAF within
the SIN3A repressor complex, we determined if the increases in HIF 2o protein we observed
following SINHCAF depletion were observed at the mRNA level. Here, we analysed levels
of HIF 1o and HIF 2o mRNA by gPCR in normoxia following SINHCAF depletion (Figure
3A). This analysis indicated that loss of SINHCAF resulted in a significant increase in HIF
20 RNA, but not HIF 1o (Figure 3A; Sup. Figure S2A). Similar results were also observed
when SIN3A was depleted (Figure 3A). Given that the SIN3A is part of a repressor complex
containing HDACs, we also extended our analysis to HDACL. Here, we could confirm that
both HIF 1o and HIF 200 mRNA levels were increased upon depletion of HDAC1 (Figure
3B), an effect that was also observed at the protein level (Figure 3B). Similar results were
also obtained when cells were treated with the class | and 11 HDAC inhibitor trichostatin A
(TSA) (Sup. Figure S2B-C). These results suggest that SIN3A/SINHCAF provide specificity
in targeting HIF o isoforms.

To determine if the HIF 20 promoter was being specifically regulated by
SINHCAF/SIN3A/ HDAC1 complex, we analysed HIF 20 promoter constructs in the
presence or absence of SINHCAF. HelLa and U20S cells, stably expressing a renilla
luciferase-HIF 2gpromoter construct, were transfected with control or one of two SINHCAF
sIRNA oligonucleotides (Figure 3D). In accordance with our previous results investigating
HIF 200 mRNA levels, SINHCAF knockdown resulted in a significant increase in renilla
luciferase activity, suggesting that the HIF 20, promoter is regulated by SINHCAF. A
decrease in promoter activity was also observed when SINHCAF was overexpressed (Sup.
Figure S2D).

To test if SINHCAF can control the HIF 20 promoter directly, as predicted by the
ChiIP-sequencing results, ChiP for SINHCAF and gPCR analysis using primers directed
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towards the HIF 2a. promoter was performed. This analysis revealed a significant enrichment
of SINHCAF present at the HIF 200 promoter (Figure 3E). To investigate if SINHCAF is
important for the recruitment of HDACL to the HIF 2o promoter, and the functional
consequences of this, we determined the levels of HDAC1 and AcH3 in the presence or
absence of SINHCAF (Figure 3F-G). This analysis revealed that SINHCAF depletion
resulted in a decreased in the levels of HDACL1 detected at the HIF 2o promoter (Figure 3F)
with a correspondent increase in histone acetylation (Figure 3G) consistent with the proposed
mechanism of SINSA/HDACL1 recruitment to the HIF 2o promoter. Taken together, these
results demonstrate that SINHCAF is important for HDACL1 recruitment to the HIF 2q

promoter, controlling transcription of the HIF 2o gene.

SINHCAF controls HIF 2a activity in cells

HIF transcription factors have important functions in tumour progression, such as
controlling proliferation and angiogenesis (Ceradini et al., 2004; Gordan et a., 2007; Koshiji
et al., 2004; Maltepe et al., 1997; Semenza, 2009). To determine the importance of SINHCAF
mediated control of HIF 2o functions in cancer, in vitro cellular assays analysis of
angiogenesis were performed. Human umbilical vein endothelial cell (HUVEC) tube
formation is analogous to angiogenesis in-vivo. Conditioned media from DLD-1 tumour cells
that had been treated with single or double siRNA knockdown of control, SINHCAF and HIF
20 and treated with hypoxia for 24 hours were collected. HUVECs were encouraged to form
tubes in the presence of conditioned media for 24 hours. Loss of SINHCAF resulted in a
significant increase in total tube length following treatment with conditioned media, loss of
HIF 2a resulted in a significant reduction of the same parameter, and combined depletion
recovered the effects observed with individual SINHCAF and HIF 2o depletions (Figure 4A).

An important cellular function deregulated in cancer is proliferation. To determine
how SINHCAF control over HIF 20 alters cell proliferation, HeLa and DLD-1 cells were
transfected with control, SINHCAF, HIF 2a, or SINHCAF and HIF 20 ssiRNA’s, and cell
proliferation was analysed using colony-forming assays. This anaysis reveded that
SINHCAF depletion resulted in decreased number of colonies, while HIF 2a depletion
significantly increased colony formation in both cell types (Figure 4B). Importantly, the
effect of SINHCAF depletion on colony numbers was shown to be dependent on HIF 2o
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(Figure 4B), demonstrating the importance of SINHCAF control over HIF 20 levels and

function.

SINHCAF mRNA levels are elevated in human cancer and they areinversely correlated
with HIF 2a

Analysis of the publically available datasets on Oncomine found SINHCAF to be
frequently upregulated in colorectal cancer but also other cancer types such as Leukemia and
Lung cancer (Figure 5A), interestingly, levels of HIF 200 mRNA are often reduced in a
variety of cancer such as colorectal and lung (Figure 5A). To understand if there is any
biological significance to the elevated level of SINHCAF and decreased level of HIF 2o
mMRNA, we analysed publicly available patient datasets for correlation of the levels of these
genes and patient survival (Figure 5B-C). We used KM plot (Gyorffy et al., 2013) for lung
cancer dataset and prognoscan for colorectal cancer (Mizuno et a., 2009). This analysis
reveaed that high levels of SINHCAF correlated with poor patient survival with a Hazzard
Ratio of 1.78 in lung and 2.14 in colorectal cancer. On the other hand, high levels of HIF 20
correlated with increased patient survival in both types of cancer (figure 5B-C).

To validate our bioinformatics analysis, fresh samples of 45 colorectal cancers with
paired normal controls were procured from the Tayside Tissue Bank. Stratification of
colorectal cancer according to the Duke's staging system was performed and RNA was
extracted from a total of 90 samples (45 cancer / 45 normal). The patient demographics are
summarised in Table 1. RNA extracted from these cancers was examined by gPCR for
expression of the inflammatory cytokine IL-8 (Figure 5D), as its expression can be predictive
of colorectal cancer stage (Rubie et al., 2007. A significant increase in IL-8 was observed
when tumour tissue was compared to normal match control tissue. Interestingly, a significant
increase in HIF 1a mRNA but no significant different in HIF 1 mRNA was observed in
these patients (Figure 5D). HIF 1o RNA can be induced at late stages of the disease
{Yoshimura, 2004 #212). Importantly expression of SINHCAF mRNA was found to be
significantly higher in this patient cohort with a correspondent reduced level of HIF 2o and
itstarget Cited-2 (Figure 5E).

We extended our analysis of SINHCAF and HIF 2o regulation to a mouse model of
colon cancer (Ritchie et al., 2009). Here, APC (Min/+) mice with a simultaneous deletion of
glutathione transferase Pi Gstpl/p2(-/-), develop colorectal tumours which are characterised

by increased inflammation, closely mimicking the human colon cancer situation { Ritchie).
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Tumours and normal matched control tissue from the colon of these mice were anaysed for
the mRNA levels of HIF 20, HIF 1o and SINHCAF (Figure 5F). As observed using the
human patient material, levels of HIF 1o were higher in the tumour than in normal tissue.
Conversely, and as predicted from analysis of the human data, HIF 20 levels were reduced
while levels of SINHCAF were significantly elevated in the mouse tumour samples.

Taken together, these results indicate that SINHCAF is a putative biomarker for
colorectal and lung cancer. Furthermore, our data indicates that control of HIF 2a is an

important factor determining cancer progression in these types of tumours.
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Discussion:

In this study, we have used genome-wide approaches and an integrative analysis of
publicly available datasets to identify the biological functions of SINHCAF, a relatively
unknown protein. We have found that SINHCAF function correlates with a hypoxic and
inflammatory signature in cancer cells. We further describe a novel mechanism controlling
HIF 20 levels and function with important implications for human cancer. We found that
SINHCAF acts to epigenetically silence expression of the HIF 20 gene through recruitment
of the class | SIN3-HDAC co-repressor factor. SINHCAF expression is linked to functional
cellular changes in angiogenesis (tube formation), and proliferation in-vitro. Importantly,
SINHCAF and HIF 20 levels inversely correlate with patient survival in both lung and
colorectal cancer. Finaly, this inverse correlation in expression is also observed in a genetic
mouse model for colon cancer.

Our study has also reveadled that SIN3A occupancy across the genome is cell type
specific, with only a subset of genes are occupied by SIN3A (which we called core/conserved
SIN3A regulated genes) in all the cell backgrounds we analysed. While preparing this
manuscript, an interesting study was published concerning the function of SINHCAF in
mouse stem cells. There, SINHCAF was shown to be required for maintaining SIN3A
function in a subset of genes, and preventing unnecessary differentiation { Streubel, 2017} .
This study has suggested that SINHCAF and SIN3A incorporate at 1:1 stoichiometry only in
ES stems, but not in differentiated cells. Our data are in agreement with this possibility, as
our ChiP-seq analysis revealed that only the core function of SIN3A across cell types is
shared with SINHCAF at a rate of 94% overlap, while cell type differences in gene
expression vary from 28-60% overlap between these two factors.

Evidence is emerging to suggest that control of the basal expression of the HIF system
is as important as its hypoxia-responsive post-translational degradation (Kuschel et al., 2012).
Changes in basal expression of the HIF o isoforms are important in determining tissue-
specific, hypoxia-inducible gene expression and are also important in the progression of
multiple types of disease including cancer (Bandarra et al., 2014; Blouin et a., 2004;
Gorlach, 2009; Kenneth et al., 2009; Kuschel et al., 2012; Page et al., 2002; van Uden et al.,
2008; van Uden et al., 2011). Basa HIF expression appears to be regulated by a
transcriptional rheostat that is designed to allow an organism to respond in a heterogeneous

manner to changes in oxygen supply and demand through space and time. The HIF system is
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set differently in different cells, in a manner that is appropriate for the physiological control
of oxygen homeostasis (Rosenberger et al., 2002). Our own laboratory has demonstrated the
importance of regulation of the expression of HIF 1o previously. We demonstrated that the
ATP-dependent chromatin remodeling complex SWI/SNF directly affects both the expression
of HIF 1a, and its ability to transactivate target genes (Kenneth et al., 2009).

The specific nature of the mechanism involving SINHCAF would allow selective
repression of HIF 2a. This proposed mechanism of transcriptional regulation by chromatin
modification is one established mechanism for the heritable control of transcription that
would be capable of specifically controlling the temporal and spatial transcription of HIF 2,
a phenomenon already seen in severa cell types. SINHCAF repression was shown to be
specific for HIF 2a, while HDACL repression is seen for both HIF 20 and HIF 1a. SINHCAF
thus acts as a specificity factor for HDAC-mediated control of the HIF genes.

SINHCAF importance is exemplified by the level of deregulation in human cancer.
Analysis of publicly available datasets present on oncomine, demonstrated that in colorectal
cancer, over 40% of datasets have overexpressed SINHCAF. In addition, cancers such as
lung, aso have a significant level of SINHCAF overexpression. Furthermore, SINHCAF
were shown to be predictive of patient survival for both colon and lung cancer, further
demonstrating the importance of this protein. Our own analysis, demonstrated a correlation
between levels of SINHCAF and colorectal cancer disease appearance. HIF 2a repression has
also been shown to be important for progression of the disease (Rawluszko-Wieczorek et al.,
2014), and Cited-2 loss has been shown to increase colon cancer cell invasiveness through
induction of MMP-13 in an HDAC-dependent mechanism (Bai and Merchant, 2007). This
reciprocal relationship between SINHCAF and HIF 20, was maintained in patient samples we
analysed, and both SINHCAF, HIF 2a and the HIF 2a-target gene Cited-2 were identified as
biomarkers with potential use for the early diagnosis of colorectal cancer.

In-vitro analysis of SINHCAF and HIF 2a regulated cellular responses demonstrated
their co-dependency. Our results demonstrate that indeed, SINHCAF depletion prevents
colony formation, while HIF 20, depletion induced a significant increase of colonies formed.
Again, these responses were reversed upon co-depletion. Furthermore, SINHCAF was seen to
repress tube formation via HIF 2a with total recovery achieved following co-depletion. This
implies that SINHCAF depletion results in an increased quality of blood vessels, an important
aspect required for tumour suppression (Semenza, 2013). HIF 2a repression can drive tumour
progression indirectly through loss of expression of HIF 20 dependent tumour suppressors. In

support of these proposals, HIF 20, but not HIF 1o deletion has been shown to increase
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tumour growth and progression secondary to loss of the tumor suppressor secretoglobin 3al
protein in a KRAS driven lung tumour model (Krop et al., 2005; Mazumdar et a., 2010).

In colorectal cancer, we observed increased expression of HIF 1a in keeping with
work by others that has identified HIF 1o expression as prognostically poor in terms of
disease outcome (Baba et al., 2010; Saigusa et al., 2012; Yoshimura et a., 2004). Given the
increase observed in IL-8, it is possible that HIF 1o RNA increases via a NF-xB dependent
mechanism (van Uden et al., 2008). However, further work is necessary to investigate these
possibilities.

The mechanism for the epigenetic regulation of HIF 20 by SINHCAF described in
this manuscript represents an exciting and potentially druggable future therapeutic target for
the treatment of colorectal cancer. In the physiological environment, these mechanisms may
play a more important role in the tissue specific expression and kinetic response of the HIF a
isoforms than is currently understood. Selective inhibition of a specific HIF a isoform in the
context of cancer is an attractive proposal because it would allow enhanced specificity and
targeting of therapy. Appropriate focus on the development of small molecule inhibitors of
SINHCAF would provide an important therapy to reverse the effects of this protein whose
deregulation is implicated in multiple disease processes. It might also be useful in predicting
which patients might respond to HDAC inhibitors, which are already developed but have
received conflicting resultsin clinical trials (Nervi et al., 2015).

Importantly, these findings are not restricted in application to a cancer model. We
have demonstrated SINHCAF as an important protein in the control of pathological responses
associated with hypoxia and inflammation, and shown that SINHCAF is a specific epigenetic
regulator of HIF 20 These features make the mechanism described relevant to multiple
physiological and pathological processes that involve hypoxia and inflammation and

therefore have wide importance across a range of human diseases.
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M ethods:

Cdll Cultureand Transfection

All cdl lines were maintained for no more than 30 passages and grown in Dulbecco’s
modified Eagle’s medium or Roswell Park Memorial Institute medium containing 1%
penicillin and streptomycin, supplemented with 10% fetal bovine serum (FBS). Hypoxic
treatments were 1% O2 unless otherwise stated and delivered using a Baker-Ruskinn InVivo2
300 hypoxia chamber. All expression plasmids and siRNA oligonucleotides are shown in the
Supplemental Experimental Procedures. SsSRNA transfections were performed using Interferin
(Peglab), and DNA transfections using TurboFect (Thermo). All reagents were used

according to manufacturer’ s instructions.

SINHCAF ChlP-sequencing and analysis.

DNA from each ChIP sample and corresponding input (three replicates per condition) were
used in paired end DNA library construction and sequenced on a HiSeq 2000 platform
(Illuminad) at the University of Dundee Tayside Centre for Genomic Analysis. Fastq data files
were passed through the quality control tool FASTQC and aligned to the human genome
annotation hgl9 73 using Bowtie 2 (Langmead et al., 2009). The data was then converted to
bam (individual replicates and merged) and subsequently converted to BED and bigwig file
formats containing mapped and unmapped read count information using R Bioconductor
packages GenomicRanges (Lawrence et a., 2013), Repitools (Statham et al., 2010) and
rtracklayer (Lawrence et al., 2009). Peaks for individual replicates and merged bam files were
called using the MACS2 software in narrow peak mode with input bam files as controls and a
FDR cut off of 0.005. Peaks called in only 1 out of 3 replicates were discarded from analysis.
R Bioconductor packages were used for overlapping peaks (ChlPpeakAnno) (Zhu et al.,
2010), identification of the nearest gene for each peak (bioMart) (Durinck et al., 2009),
(ChiPseeker) (Yu et al., 2015)), peak genomic annotation assignment (ChlPseeker),
generation of library size normalised peak read counts vs transcription start site figures
(CoverageView) and peak coverage track images (Gvis) (Hahne and lvanek, 2016). For
genomic annotation assignment, a promoter is defined as between 3kb upstream and
downstream of a TSS and an intergenic region is defined as greater than 3kb downstream of
the nearest TES and greater than 3kb upstream of the nearest TSS. The following ChIP
sequencing datasets from the encode project (Consortium, 2012; Sloan et a., 2016) were
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downloaded from the NCBI GEO database, Hela S3 H3K9ac (GSM733756), Hela S3 Pol2
(GSM733759), hESC SIN3A (GSM935289), MCF7 SIN3A (GSM1010862), A549 SIN3A
(GSM1010882), HCT116 SIN3A (GSM1010905).

I ntegrative analysis using public datasets

Analysis of A549 microarray (Smith et al., 2012) was performed using GEOZ2R tool on the
GEO website. Analysis of hallmark gene signatures was performed using the MSigDB from
Gene Set Enrichment Analysis software (Mootha et al., 2003; Subramanian et al., 2005).
Analysis of lung patient datasets for the prognostic value of SINHCAF and HIF 20 was done
using KM plot tool (Gyorffy et al., 2013). Prognostic value for SINHCAF and HIF 2o in
colorectal cancer patient datasets was performed using the Prognoscan database (Mizuno et
a., 2009) based on the published data (Freeman et a., 2012; Smith et al., 2010). In addition,
levels of SINHCAF and HIF 200 in cancer were obtained analyzing the Oncomine database.

gRT-PCR, siRNA, L uciferase assay, Western Blots and | mmunopr ecipitations
Additional experimental procedures, such as immunoprecipitations and luciferase assays,
have been described previously (Kenneth et al., 2013).

ChIP-PCR assays
ChlP assays were performed as described previously (Schumm et al., 2006).

Tube Formation Assay
Tube formation assays were performed using HUVECs and p-slides (i-Bidi) as described in
(Bandarra et a., 2015).

Colony Formation Assay

HelLa and DLD-1 cells were transfected with control or SINHCAF, HIF 2o or a combination
of the two siRNAs for 24 h prior to trypsination. Cells were counted and plates on two 6 well
plates at the density of 5000 or 10000 cells per well. Cells were alowed to grow for 6 days
prior to staining with Crystal Violet. Plates were imaged and colonies counted using Image J.

Patient Cohort
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We obtained fresh frozen tumour specimens of colorectal cancer patients, which were
histopathologically diagnosed in the Department of Pathology, Ninewells Hospital, Dundee,
Scotland. All tumours were primary and were untreated before surgery. The corresponding
survival status was confirmed by means of patient or family contact. The overall survival
duration was defined from the date of surgical resection to death or last known date alive.
After giving written consent, demographic and clinical data were collected in the hospitals
using a standard interviewer administered questionnaire and/or medical records. Surgery-
removed samples of all cases were collected. This study was approved by the Tayside tissue
bank, Ninewells Hospital, Dundee, Scotland. Informed consent was obtained from all

subjects or their relatives.

Animals.

Experiments were undertaken in accordance with the Animals (Scientific Procedures)
Act of 1986. The animal study plan was developed after ethical approval was granted (Project
Licence 60/5986), and was further approved by the Named Veterinary Surgeon and the
Director of Biological Services of the University of Dundee. Apc(Min/+) Gstpl/p2(-/-) mice
on a C56BL/6 background (initially obtained from Dr Colin Henderson and Professor C.
Roland Wolf, University of Dundee) were bred and maintained in the Medical School
Resource Unit of the University of Dundee on a 12-h light/ 12-h dark cycle and 35%
humidity. Throughout the study, the animals had free access to water and pelleted RM 1 diet
(SDS Ltd., Witham, Essex, UK). The animals were monitored regularly for symptoms of
intestinal neoplasiaand general ill health throughout the study.

M ouse tissue and RNA extraction.

Male Apc(Min/+) Gstpl/p2(-/-) mice [Gstp-null Apc""™ were sacrificed at 20 weeks of age
by CO, asphyxiation. Colon tissue was dissected on ice and flushed with ice-cold PBS. Colon
tumours and surrounding normal tissue were excised and flash-frozen in liquid N, followed
by storage at -80 °C. Tumour and matched norma samples were processed for RNA
extraction using RNAesy Kit from Qiagen.

Statistical Analysis
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Data analysis was performed using SigmaPlot v12.0 (Systat Software Inc., Cdlifornia,
U.S.A.). One-way analysis of variance (ANOVA) with Holm-Sidak pairwise comparison was
used to compare results between groups, data are presented as category mean +/- standard
error of the mean unless otherwise stated. All statistical tests were two sided and statistical
significance denoted as follows: * p <0.05, ** p<0.01, *** p < 0.001.
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Table 1: Colorectal Cancer Patient Demographics: Distribution of several demographics
for patients whose fresh tissue was used to extract RNA for analysis of the contribution of
SINHCAF/HIF-2a to colorectal cancer. Controls were paired samples of healthy tissue from

same patients. Data shown are in format mean +/ S.D.
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Figure L egends:

Figure 1. SINHCAF is associated with gene promoters and links SIN3A function to
Hypoxia and Inflammation. (A) Venn diagram depicting number of peak overlap between
SINHCAF ChIP-sequencing analysis in two distinct cellular backgrounds, HeLa and DLD-1.
(B) Genomic distribution for SINHCAF shared peaks between HeLa and DLD-1. (C)
Annotation of HeLa SINHCAF ChiP-sequencing peaks in reference to the TSS. (D) Analysis
of SINHCAF ChIP-sequening peak overlap with published datasets for SIN3A ChiP-
sequencing across different cellular backgrounds. (E) Molecular signature analysis using
GSEA for the overlap between shared SINHCAF/SIN3A genes and A540 microarray
following SINHCAF depletion. See also Figure S1.

Figure 2: SINHCAF is a Repressor of HIF 2a in Multiple Cell Lines. (A) Microarray
analysis levels for HIF 2. following SINHCAF and SDS3 in A549 cells (top panel). gPCR
validation using A549 cells, and independent sets of SIRNA oligonucleotides for SINHCAF
and SIN3A (lower panel). Graphs depict mean + SEM. * P < 0.05, ** P<0.01, *** P <
0.001. (B) Genetrack analysis of SINHCAF ChlP-sequencing in HeLa and DLD-1 cells, with
overlap with SIN3A ChlP-sequencing in A549 cells. Pol 11 and H3K4me3 peaks for HeLa are
also shown. (C) Control or one of two SINHCAF [1/2] siRNA oligonucleotides were
transfected to A549 and Hel a cells cultured in the presence of hypoxia for 24 hours. Lysed
samples were analysed by immunoblot for expression of HIF system isoforms and
SINHCAF. (D) Control or SIN3A siRNA oligonucleotides were transfected to A549 and
HelLa cells cultured in normoxia or hypoxia for 24 hours. Lysed samples were analysed by
immunoblot for expression of HIF system isoforms and SIN3A. (E) Expression of HIF 2
following knockdown of SINHCAF and exposure to hypoxia for 24 hours was determined in
breast MDA-MB-231 and two colorectal (SW480, DLD-1) cancer cell lines. (D) SINHCAF
was overexpressed in HeLa and MDA-MB-231 cells with or without exposure to hypoxia for
24 hours. Lysed samples were analysed by immunoblot for expresson of HIF system

isoforms and SINHCAF. Representative images from at least three experiments are shown.

Figure 3: SAINHCAF, but not HDAC1, is a specific repressor of HIF 2o promoter. (A)
Hel a cells were transfected with Control, SINHCAF or SIN3A siRNA oligonucleotides for
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48 hours prior to RNA extraction. RNA expression of the HIF-a isoforms was determined by
gPCR. (B) HDAC1 or non-targeting SSIRNA oligonucleotides were transfected to HelLa cells
prior to RNA extraction. RNA expression of the HIF-o isoforms was determined by gPCR.
(C) HDAC1 or non-targeting siIRNA oligonucleotides were transfected to Hel a cells cultured
in the presence or absence of hypoxia for 24 hours. Lysed samples were anaysed by
immunoblot for expression of HIF system isoforms and HDACL. Graphs depict mean +
SEM.* P<0.05, ** P<0.01, *** P< 0.001. (D) HeLa and U20S cells stably expressing
an HIF 20 promoter-renilla luciferase reporter construct, were transfected with control or one
of two SINHCAF [1/2] siRNA oligonucleotides and luciferase activity was measured. Graphs
depict mean + SE.M. * P<0.05, ** P<0.01, *** P <0.001. (E) ChIP for SINHCAF were
performed in HelLa cells and HIF 200 promoter occupancy was analysed by gPCR. (F) ChIP
for HDAC1 were performed in HelLa cells that had been transfected with Control or
SINHCAF siRNA oligonucleotides. An assessment of HIF 200 promoter occupancy was
performed by gPCR. (G) Change in histone H3 acetylation at the HIF 20, promoter was
analysed following SINHCAF knockdown by qPCR. N=3. Graphs depict mean + SE.M. * P
<0.05, ** P<0.01, *** P< 0.001. See aso Figure S2.

Figure 4: Functional Significance of SSNHCAF-Mediated HIF 2a Repression: (A) Tube
Formation: Conditioned media was collected from DLD-1 cells treated with single or double
knockdown of control, SINHCAF or HIF 2a, and cultured in hypoxia for 24 hours. HUVEC
were cultured in the presence of recombinant basement membrane and conditioned media for
24 hours. Tota tube length was measured by Image J macros, representative images are
shown . N=3. Graphs depict mean + SE.M. * P < 0.05, ** P < 0.01, *** P < 0.001. (B)
Colony Formation: HeLa and DLD-1 cells were seeded for colony formation following
SIRNA transfection. Representative images are displayed. Relative colony number at day 7
for each cell lineis shown. N=3. Graphs depict mean + SEM. * P<0.05, ** P<0.01, *** P
< 0.001.

Figure 5: SSINHCAF and HIF 2a levels are inversely correlated in cancer and have
conver se prognostic value. (A) Cancer summary for mRNA levels of SINHCAF and HIF 2a
across different cancer types based on publish datasets in Oncomine. (B) Kaplan-Mayer plot
for SINHCAF and HIF 200 mRNA in lung cancer HR-Hazzard Ratio. (C) Kaplan-Mayer plot
for SINHCAF and HIF 2o. mRNA in colorectal cancer HR-Hazzard Ratio. (D) RNA was
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extracted from fresh frozen tissue taken from 45 patients suffering from colorectal cancer of
known stage and expression of IL-8, HIF-1a, and HIF-1j was determined by gPCR. (E) asin
D, but levels of SINHCAF, HIF 20 and Cited 2 mRNA were determined by qPCR. Paired
samples of healthy tissue from each patient were used as control. Scatter = Mean +/- SE.M. *
P<0.05 ** P<0.01, *** P<0.001. F. RNA was extracted from fresh frozen tissue taken
from 10 individual Apc(Min/+) Gstpl/p2(-/-) mice, levels of SINHCAF, HIF 1a, and HIF 23
were determined by gPCR. Scatter = Mean +/- SE.M. * P<0.05, ** P<0.01, *** P<0.001.
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Table 1

Sex Male Female Total
Number 21 (47%) 24 (53%) 45 (100%)
Anatomical Site Caecum Ascending Transverse Descending Sigmoid Rectum
Inc. Hepatic Inc. Splenic
Flexure Flexure
Incidence 9 (21%) 10 (22%) 1(2%) 1(2%) 13 (29%) 11 (24%)
Duke’s Stage Adenoma A B C D Combined
Age at Diagnosis 70.1+/- 10.6 70.8+/-7.2 73.8+/-7.2 71.9+/-10.8 59.7 +/-11.2 69.3+/-11.4
(Years)
Tumour Grade N/A M9 M5 P4 M8 P1 M6 P3 M28 (78%)
P8 (22%)
5 Year Survival 100% 100% 100% 12.5% 28.6% 65.7%
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