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Abstract

Background & Aims: Development of hepatocellular carcinoma (HCC) is associated with
alterations in the transforming growth factor beta (TGFp) signaling pathway, which regulates liver
inflammation and can have tumor suppressor or promoter activities. Little is known about the roles
of specific members of this pathway at specific of HCC development. We took an integrated
approach to identify and validate the effects of changes in this pathway in HCC and identify
therapeutic targets.

Methods: We performed transcriptome analyses for a total of 488 HCCs that include data from
The Cancer Genome Atlas. We also screened 301 HCCs reported in the Catalogue of Somatic
Mutations in Cancer and 202 from Cancer Genome Atlas for mutations in genome sequences. We
expressed mutant forms of spectrin beta, non-erythrocytic 1 (SPTBN1) in HepG2, SNU398, and
SNUA475 cells and measured phosphorylation, nuclear translocation, and transcriptional activity of
SMAD family member 3 (SMAD3).

Results: We found somatic mutations in at least 1 gene whose product is a member of TGFp
signaling pathway in 38% of HCC samples. SPTBNI was mutated in the largest proportion of
samples (12/202, 6%). Unsupervised clustering of transcriptome data identified a group of HCCs
with activation of the TGF signaling pathway (increased transcription of genes in the pathway)
and a group of HCCs with inactivation of TGFp signaling (reduced expression of genes in this
pathway). Patients with tumors with inactivation of TGFp signaling had shorter survival times than
patients with tumors with activation of TGF signaling (P=.0129). Patterns of TGFp signaling
correlated with activation of the DNA damage response and sirtuin signaling pathways. HepG2,
SNU398, SNU475 cells that expressed the D1089Y mutant or with knockdown of SPTBN1 had
increased sensitivity to DNA crosslinking agents and reduced survival compared to cells that
expressed normal SPTBN1 (controls).
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Conclusions: In genome and transcriptome analyses of HCC samples, we found mutations in
genes in the TGFp signaling pathway in almost 40% of samples. These correlated with changes in
expression of genes in the pathways; upregulation of genes in this pathway would contribute to
inflammation and fibrosis whereas downregulation would indicate loss of TGFf tumor suppressor
activity. Our findings indicate that therapeutic agents for HCCs can be effective, based on genetic
features of the TGFp pathway; agents that block TGFp should be used only in patients with
specific types of HCCs.

Keywords
liver cancer; genetics; immune response; gene regulation; COSMIC

Hepatocellular cancer (HCC) continues to rise at an alarming rate in the United States, and
is the second leading cause of cancer deaths worldwide.l: 2 The trend is reflective of a cohort
infected by Hepatitis B and C (HBV and HCV) between the 1950s and 1980s, and
prevalence is therefore likely to rise for at least the next decade.3 Yet, current
chemotherapeutic regimens for the treatment of HCC are only partially effective. Curative
therapies, including liver transplantation, surgical resection and radio frequency ablation are
limited to only 10-20% of patients.* Drug resistance is one of the causal factors for therapy
failure, and is associated with the existence of tumor-like stem cells. Multiple studies have
revealed etiological patterns and multiple genes/pathways signifying initiation and
progression of HCC, including TERT, WNT-B-catenin, Tp53, HGF/c-Met, and VEGF/
angiogenic signaling.>~’. Yet, patterns of mutations defining etiological factors (HBV, HCV,
alcohol and others) 8 have yet to be definitively validated in a large cohort. Moreover,
despite many advances in cancer genetics, we have not reached an integrated view of genetic
mutations, copy number changes, driver pathways, and animal models that support effective
targeted therapies HCC. Here, we analyze data from The Cancer Genome Atlas (TCGA) and
combine the results with functional studies to dissect the components that identify specific
temporal events that reflect the complexity of the TGF-p signaling pathway.

The TGF-B pathway is known to play a complex role in liver disease and liver cancer, where
it exerts fibrogenic/pro-inflammatory, tumor suppressive, or pro-metastatic effects.4 9-11
Mouse models provide important evidence for the dual roles of TGF-f during
carcinogenesis. For example, animal models of mammary gland tumorigenesis support a
pro-tumorigenic role for TGF- signaling,12 while mouse models of gastrointestinal cancers
such as colorectal cancer,13 HCC,14-17 and pancreatic cancer!! indicate a primarily tumor
suppressive role for this signaling pathway. We recently discovered that our mouse models,
which disrupts TGF-p signaling through combined partial loss of the SMAD adaptor Sptbnl
and Smad3 (Sptbnl*~/Smad3*/~)on a C57B6 background, phenocopies a human stem cell
disorder, Beckwith-Wiedemann syndrome (BWS), associated with up to an 800-fold
increased risk of tumorigenesis. In addition, up to 40% of TGF-p-deficient older mice
spontaneously develop HCC.1#4 18. 19 patients with BWS can develop multiple tumor types
within the same organ simultaneously, an example is the co-occurrence of a mesenchymal
hamartoma, capillary hemangioma hepatoblastoma, and cholangiocarcinoma within the liver
of a single patient.20 These events are suggestive of the multi-potentiality of neoplastic
transformation and imply dysfunctional processes as stem cells differentiate into mature
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adult cell types.2! Yet, mechanistic insight into downstream effector pathways that lead to
stem cell transformation, and an integrated analysis from mouse models to human disease
for BWS and associated cancers remain ill-defined. The TGF-B-deficient Sptbni*/~/
Smad3*/~ model suggests a potential “driver” role for the TGF-B pathway in suppressing
HCC. However, such novel driver events are difficult to identify in human populations, since
they occur in rare individual groups, raising challenges to drug development and the design
of clinical trials.22 We present here the integrative analyses of a large number of open-access
and new HCC cases, and provide new insights into the critical role of the TGF-p pathway in
HCC development. Our analyses, which apprise a new approach analyzing cross talk
between TGF-p pathway, pro-inflammatory pathway and DNA repair pathway, provide
clinical significance and functional insight into the context-dependent role of TGF-B
signaling in inflammation, cancer and genomic integrity.

Materials and Methods

Patient Samples

Hierarchical clustering was performed in TCGA transcriptome sequencing database of 147
HCC cases. TGF-p signatures were validated with the following cohorts: 1) Additional 53
HCC cases from TCGA,; 2) cohort GSE 14520 (225 HCC samples and 220 normal liver
samples); 3) cohort GSE 14323 (55 HCC samples and 20 normal liver samples) from
NCBI’s Gene Expression Omnibus (GEO); 4) transcriptome sequencing of four pairs of
matched normal liver tissue and HCC samples obtained from the U.S. National Institute of
Allergy and Infectious Diseases (NIAID) (9194-N/T, 9401-N/T, 9195-N/T, and 9128-N/T),
and four human HCC tumor samples (TP2, TP3, TO301, TP504) obtained from Georgetown
University School of Medicine (GUSM).

We screened for mutations in whole-exome/genome sequencing of 202 HCC TCGA cases
and 301 HCC cases reported in the COSMIC. The study was approved by the Office of
Human Subjects Research of the NIH, GUSM and MDACC, and all samples were de-
identified. Whole-genome sequencing was performed by Complete Genomics and analyzed
at MDACC DNA core facility. TCGA liver hepatocellular carcinoma (LIHC) mutation and
transcriptome RNA sequencing (bam files) and their related clinical data were obtained from
the Cancer Genomics Hub (CGHub, https://cghub.ucsc.edu/) and TCGA Data Portal (https://
tcga-data.nci.nih.gov/tcga/). The paired-end FASTQ files for each sample were extracted
from bam files using bam2fastq (http://www.hudsonalpha.org/gsl/information/software/
bam2fastq). Detailed methods of whole genome sequencing, characterization of TGF-B
signaling in HCC, identification, and functional validation of SP7BNI mutation is in
supplementary information and available online.
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Results

TCGA Analysis of HCC Patients Reveals Distinct Clusters Within the TGF-B Signaling
Pathway; Inactivation of the TGF-p Pathway at the Transcriptomic Level is Associated with
Poor Outcome

Previous reports demonstrate alterations of several TGF-p members and their target genes in
liver and biliary cancers.10: 14. 23. 24 We studied the effect of disruption of the TGF-p
pathway in HCC, both at the transcriptomic as well as the genomic level and validated our
findings. We analyzed RNA sequencing data for the first group of 147 human LIHC patient
samples, and 50 normal adjacent liver samples (Supplementary Tables 1 and 2, respectively)
and found that genes directly associated with the TGF-B family were recurrently
dysregulated (i.e. either elevated or suppressed compared to normal, 7GFB1 (30%), SMAD3
(54%), SMAD4 (41%), the SMAD3 adaptor, SPTBN1 (27%) (Figure 1A).14 Whereas
normal hepatocytes do not express 7GFBI1, many HCCs and their surrounding stromal cells
do, implying that TGF-p signature presented in our study may reflect both primary liver
tumors as well as the tumor microenvironment.

Unsupervised hierarchical clustering of the data revealed four distinct TGF-p pathway
clusters (“A” to “D”) (Figure 1A). Each cluster had a unique signature. Cluster “A”
exhibited highly elevated levels of the 18 genes, indicating a highly activated TGF-g
pathway. Clusters “B” also expressed elevated levels but to a lesser extent than cluster “A”,
whereas we observed elevated levels of fewest genes in cluster “C” similar to normal
samples, indicating gradual gradation in the activation level of the pathway from cluster “A”
to cluster “C”. Cluster “D” was particularly interesting because it exhibited suppression of
most of the genes, indicating a suppressed TGF-B pathway. Figure 1B depicts box plots of
the overall TGF-B pathway activation levels for the four clusters compared to the normal
samples, further clarifying their inter-relationships.

Interestingly, Kaplan-Meier survival curves (Figure 1C) identified patients in the inactivated
cluster “D” displaying the poorest overall survival (OS), suggesting that patients with
suppressed TGF-p pathway activity have poor prognosis, most likely due to the loss of the
TGF-p tumor suppressor function. Furthermore, there was a tendency for patients in cluster
“C”, the cluster with the least disruption of the TGF-p pathway, to do better than the other
clusters, suggesting that nondisruption of the TGF-p pathway is probably better than either
activation or inactivation of the pathway. Next, to directly compare activated vs. inactivated
clusters, we assembled the 2 activated clusters A and B into one group (named the
“activated” cluster), and compared its outcome with the inactivated cluster D (named the
“inactivated” cluster). We observed a statistically significant difference in outcome between
the “activated” vs. the “inactivated” group (Hazard Ratio (HR) = 2.586, log-rank test P-value
=0.0129) (Figure 1D). To elucidate the survival effects from other clinical characteristics of
the patients in TCGA cohort, we parsed the TCGA data set with clinical characteristics
including stage, adjacent hepatic inflammation, patient AFP levels, resection status, etiology,
age, gender and race. Univariate analyses were performed to assess the association between
TGF-p signature and OS for all patients and within each subgroup of patients defined by the
demographic or clinical factor sub-categories (Table 1). The data suggest that the subgroup
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of patients with the TGF- inactivated signature had a shorter OS than patients with TGF-g
activated signature.

Next we validated the signatures of the 4 clusters in three independent cohorts: (1) an
independent set of 53 samples from TCGA (Supplementary Figure 1A); (2) cohort GSE
14520 from NCBI’s GEO website containing 225 HCC samples and 220 normal liver
samples 25 (Supplementary Figure 1B): (3) cohort GSE 14323 from GEO with 55 HCC
samples and 20 normal liver samples 26 (Supplementary Figure 1C). Hierarchical clustering
was performed on all three validation sets and we observed a similar signature of
“activated”/”normal”/ “inactivated” clusters (Supplementary Figure 1) in all data sets.

Finally, we identified a signature for “activated” and “inactivated” clusters and applied it to a
fourth validation set consisting of a small cohort of 8 HCC samples (Supplementary Tables
3, 4), which we subsequently used for functional validation studies. The 8 samples also
illustrate the “activated” vs. “inactivated” signatures (Supplementary Figure 1D). To date,
we were able to validate our “activated”/”inactivated” groups in 4 independent cohorts
consisting of a total of 341 HCC samples, with whole genome sequencing in a total of 206
HCC samples (Supplementary Figure 2).

Disruption of the TGF-g Pathway is Associated with Dysregulation of Several Potentially
Targetable Oncogenes

We also investigated the relationship of various well-known oncogenic genes in HCC with
the two signature groups of the TGF-f pathway (Figure 2A; Supplementary Data 2). The
majority of these, including KRAS, MDMZ, MTOR, IGF2and VEGFA are highly expressed
in the “activated” signature, suggesting association with tumor-promoting function of TGF-p
signaling-potentially through active inflammation and/or EMT, and may reflect future
targets in this context. In addition, the “activated” signature in TCGA data are consistent
with a recent study demonstrating inhibition of TGF- signaling either through
overexpression of SMAD7 or SMADZ2/3/4 knockdown and promotes HCC in the context of
loss of p53. We observe that MDMZ levels (negative regulator of p53) are raised in the
“activated” TGF- signature (Figure 2A, p=0.0337).2 Interestingly, we found that a few
oncogenic genes such as GDF15, HSPB1, HRAS and KEAPI were significantly elevated in
the “inactivated” signature. KEAP1 is well known as a negative regulator of nuclear factor
erythroid-2-related factor 2 (NRF2), a transcriptional factor that protects liver from oxidative
stress induced liver injury.28 Elevated KEAP1 in TGF-B inactivated signature may promote
HCC progression through suppression of cellular anti-oxidant defense by inhibiting NRF2-
mediated liver protective genes.28 2% Our TCGA data supports these dual effects of TGF-
signaling in HCC in a context-dependent manner. While the biological mechanisms of these
associations are likely complex, these nine oncogenic genes could be potential targets in the
context of disrupted TGF- signaling in HCC (Figure 2A).

TGF-p Pathway is Associated with Hepatic Fibrosis/Immune/Tumor Microenvironment-
Associated Genes as well as the Sirtuin and Histone Deacetylases (HDAC) Family Genes

We further investigated any potential correlation between the dysregulated TGF-p
superfamily genes and genes associated with hepatic fibrosis, cirrhosis, inflammation and
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cancer including p53/cell cycle genes as well as sirtuins and HDACS. We performed
supervised clustering on 53 genes related to hepatic fibrosis/immune/tumor
microenvironment as determined by Ingenuity Pathway Analysis in the cohort of 147 TCGA
HCCs with “activated” and “inactivated” groups of the TGF-p pathway (Figure 2B). We
found that elevated levels of genes regulating collagen synthesis (COL1A1/2), growth
factors (EGFR, PDGF), cytokines (/L16, /L6ST), and matrix metalloproteases correlated
significantly with the “activated” signature of the TGF-p family, suggesting that the
“activated” signature reflected a response from hepatic tumor immune/microenvironment
and fibrotic systems (overall correlation coefficient (ORC) = 0.42 and ~£=0.0001)
(Supplementary Data 2 shows P-values for individual genes).

Analyses of the transcriptome of TCGA HCC patients also revealed a strong correlation
between aberrant sirtuin and HDAC expression levels with abnormalities in the TGF-B
pathway (Figure 2C). sirtuins such as Sirt6 and Sirt are NAD+-dependent histone
deacetylases that act as chromatin silencers to regulate gene expression, DNA
recombination, genomic stability, and aging and have previously been linked to liver
diseases and HCC.30: 31 |_jver-specific SirtZ knockout mice develop hepatic steatosis and
hepatic inflammation, and we found that SirtZ expression tightly correlated with the activity
of the TGF-B pathway (P=4.96e-05) (Figure 2C). We next analyzed Sirt1-6 expression in
our TGF-p mutant cells to verify the link between “inactivated” TGF-f signature and
dysregulation of sirtuins. Surprisingly, we observed significantly decreased levels of SIRT1
protein but not mRNA levels in Sptbnl and/or Smad3 deficient MEFs and liver cancer cells
(Supplementary Figure 3A-D), suggesting a post-transcriptional regulation of SirtZ by TGF-
B. Sirt3-6transcript levels are decreased in Smad3*/~Sptbn1*/~ MEF cells (Supplementary
Figure 3A). Interestingly, SIRT6 RNA and protein levels are also decreased in cells with
TGF- deficiency (Supplementary Figure 3A, 3E). Moreover, Sirf67~ mice develop chronic
liver inflammation at an early age and eventually develop HCC (Supplementary Figure 4).
Additionally, inspection of cBioPortal cancer genomics data reveal a correlation of poor
prognosis with reduced Overall Survival (OS) for patients with decreased S/RT1, SIRTZ,
SIRT3or SIRT6together with loss of SPTBNI (Supplementary Figure 5). Taken together,
these results suggest that sirtuins and TGF-p pathway members may synergistically interact
to suppress the multiple phases of HCC.

Disruption of the TGF-g Pathway is Associated with DNA Repair Pathways Both at the
Transcriptomic Level and the Genomic Level

Perhaps the most striking correlation we observed in the TCGA data was between TGF-p
signaling and DNA repair pathways, including the Fanconi anemia genes (Figure 3). The
TGF-p “inactivated” signature was significantly associated with loss of tumor suppressor
genes such as ATM, BRCA1 and FANCF that are involved in DNA damage repair (Figure
3A) (ORC =0.58 and A= 0.0001) (Supplementary Data 2). The same correlations were also
observed in the other four cohorts (Supplementary Figure 1), further strengthening our
results.

To determine whether the association between TGF-p pathway genes and DNA repair
pathway genes also occurred at the genomic level, we used somatic mutation data from a
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cohort of 202 TCGA samples for our analysis (Figure 3B; Supplementary Figure 6;
Supplementary Table 5). We observed a maximum incidence of somatic mutations (9-10 %)
in the FANCM and FANCDZ parallel to the mutations in TGF-B pathway genes. Overall, 77
of the 202 samples (38%) showed somatic mutations in at least one of the 32 TGF-p
pathway genes studied, highlighting the prevalence of genomic aberrations of this pathway
in HCCs. SPTBN1 was the single most mutated gene at 6% (12 out of 202 samples).
Interestingly, mutations in several of the DNA repair pathway genes (ATR, FANCDZ,
TP53BFP1I) were found to be significantly associated with mutations in at least one of the
TGF-p pathway genes (Figure 3B) (P < 0.05). However, we were unable to discern any
statistically significant correlation between the mRNA expression and somatic mutations
within the DNA repair pathway and the TGF-p pathway genes (Supplementary figure 7).
Mutations of both TGF-f pathway genes and DNA repair genes do not always result in
inhibition of mMRNA levels, and may lead to increased expression, and potentially new and
complex oncogenic function.

Consistent with the association that we observed for the mutations in genes of TGF-B
pathway and DNA repair pathway, SMAD3 and SMAD4 have previously been identified as
regulators of Fanconi genes.32: 33 Similarly, SPTBN1, by virtue of its involvement in
SMAD3/4 localization and subsequent activation of SMAD3/4, regulates FANCDZ2 as well.
34 |oss of SPTBNL1 leads to decreased FANCDZ levels and SPTBN1-deficient cells are
hypersensitive to DNA crosslinking agents that can be rescued by ectopic FANCDZ2
expression. Taken together, these studies implicate a critical role of TGF-p signaling in
maintaining genomic stability potentially through modulation of the Fanconi anaemia
pathway at interstrand cross links and prevent DNA damage from environmental agents such
as alcohol .34

We further analyzed TCGA HCC for mutations and transcriptomic signature of TGF-p
signaling that would validate previous studies on HCC etiology factors (Table 1 and
Supplementary Table 1, Figure 3A).8 As with the main TCGA analyses we were unable to
link transcriptomic signatures to HBV, HCV, alcohol or other HCC risk factors (Figure 3B;
Table 1; Supplementary Figures 6 and 8).

The Role of SPTBN1 (D1089Y) in HCC

We previously established a genetic model of liver malignancy with loss of TGF- signaling,
the SPTBN1 heterozygous null mouse, in which more than 40% of the animals
spontaneously develop HCC.14: 16. 19 |n view of the high frequency of SPTBNI mutations
(6%) in human HCC (Figure 3B) and the mouse genetic data revealing its tumor suppressor
role as a SMAD3 adaptor in HCC, we focused on somatic mutations in SPTBNI and its
functional validation. Whole genome sequencing was performed on our own cohort of 4
additional samples: 9194-N/T, 9401-N/T, 9195-N/T, and 9128-N/T, three of which were
associated with HCV infection and one with both HCV and elevated alcohol consumption
(Supplementary Figure 9; Supplementary Table 4; Supplementary Data 3-7). All four
samples revealed mutations in at least one of the TGF-p pathway genes (Figure 4A-C;
Supplementary Data 3-7). A novel somatic heterozygous missense mutation, D1089Y, in
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SPTBN1 (Figure 4A-C) was observed in the sample associated with both HCV infection and
heavy alcohol intake, 9194-N/T.

An unbiased analysis of cases reported in the COSMIC indicates that somatic mutations
occur in SPTBNI in multiple human cancers (Figure 4D; Supplementary Tables 5-6;
Supplementary Data 7-8). In total we identified 12 mutations in SPTBN1 from TCGA, the 2
mutations from COSMIC, and 1 mutation from our own set for liver cancers (Figure 4D)
(D1089Y). Interestingly, the 9194-N/T tumor sample harboring SPTBN1-D1089Y mutation
bore more aberrations of DNA copy numbers than the other three tumor samples (Figure
4E). These aberrations included gain of copy number in many oncogenic genes, such as
MYCand TERT as well as loss of heterozygosity in tumor suppressors such as 7P53 (Figure
4F).

Further analysis included homology-based structural modeling was performed to predict the
functional consequence of these mutations. We generated a 3D homology model for spectrin
repeat 8 that contains the D1089Y mutation. Interestingly, comparison of sequences of all 17
spectrin repeats in human SPTBN1, revealed that the sequence 1083-TAIASEDM-1090 in
the repeat 8 is unique. The molecular surfaces of energy minimized models generated are
depicted in Figure 4G-H (see supplementary methods) for mutant D1089Y (Figure 4H) and
wild type (wt) D1089 (Figure 4G) for SPTBNL1 repeat 8. Molecular surfaces are color-coded
based on the electrostatic potential (red: negative, blue: positive and white: neutral). With the
D1089Y mutation, the molecular surface of the mutant is more positive compared to wt
because of the loss of negatively charged amino acid (D). In addition, the side chain of
D1089 in wt makes a strong salt bridge with K1099 and a favorable hydrogen bond with
Q1103. These interactions render this region of the structure rigid. In the D1089Y mutant,
these interactions are lost and could lead to a more flexible structure. We predict that the
surface presented by the D1089Y mutant is electrostatically different and less rigid,
therefore, potentially destabilizing the protein-protein interactions. We further analyze other
SPTBNL1 somatic mutations with high DNA copy number alterations such as G562C and
A1220V which locates in different spectrin repeat domains. However, no significant
structural alterations were predicted by structural modeling studies on these mutants
(Supplementary Figures 10-11; Supplementary Table 7). We, therefore, proceeded with
further biological validation of D1089Y mutant.

SPTBN1 Somatic Mutation D1089Y Leads to Disruption of TGF-B/ SMAD3
Signaling in HCC

Previously we have demonstrated that SPTBN1 co-localized with SMAD3 in HepG2 cell
nuclei after TGF-p treatment (Figure 5A) and both full-length SPTBN1 (Figure 5B) and
SPTBN1 middle fragment (SPTBN1-Mid-wt) (residues 687aa-1543aa) bound to SMAD3
(Figure 5C). Here we observe that ectopic expression of the SPTBN1-Mid-wt, but not the
middle fragment of the D1089Y variant (SPTBN1-Mid-D1089Y) or the N-/C-terminal of
SPTBN1, restored TGF-B-induced SMAD3 nuclear translocation and transcriptional activity
in these cells (Figure 5D, E; Supplementary Figure 12). Interestingly, even though the
SPTBN1-Mid-D1089Y mutant translocated into the cell nucleus after TGF-p treatment, it
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could not induce SMAD3 nuclear translocation or TGF-f target gene activation (Figure 5D,
bottom panels), suggesting that this mutation altered SMAD3 binding to SPTBN1 with loss
of activity. Indeed, we found that the D1089Y mutation prevented SPTBN1 interaction with
SMADS3 (Figure 5F). We also measured TGF-p—dependent phosphorylation of SMADS3.
Expression of SPTBNI-Mid-wt augmented TGF-B-dependent phosphorylation, while
SPTBN1-Mid-D1089Y expression attenuated such effect (Figure 5G). Our results suggest
that SPTBNL1, particularly the D1089 was important for the SMADS3 response to TGF-f
signaling and downstream transcriptional activity (Figure 5H).

Somatic Mutation D1089Y Leads to Loss of SPTBN1 Tumor Suppressor Function

Our previous findings (Figure 2C and 3A) suggested that TGF-B superfamily genes may
play a critical role in DNA damage response. To determine the function of SPTBN1 mutant
in DNA damage repair, SPTBN1 reconstitution experiments were performed in SNU398
cells followed by cell viability assay upon DNA crosslinking agents Mitomycin C (MMC),
Cisplatin or ionizing irradiation (-yIR). Ectopic expression, SPTBN1-Mid-D1089Y but not
SPTBN1-Mid-wt, dramatically increased SNU398 cells sensitivity to MMC and Cisplatin-
induced cell death (Figure 6A). Likewise, depletion of SPTBN1 by shRNA in HepG2 cells
led to increased sensitivity to MMC, Cisplatin or IR (Figure 6B). Similar results were
observed in Hep3B, SNU475 or SNU398 cells (Figure 6C).

To determine if the observed hypersensitivity to DNA damage was a repercussion from
defective DNA repair pathway, foci formation was performed using phospho-Chk?2 as a
marker of DNA damage response.3> We found that Sptbn1~~ MEFs treated with IR had
higher residual phospho-Chk2 foci (Figure 6D), suggesting a critical role of SPTBNL1in
DNA damage repair that we have reported previously. Consistently, ectopic expression of
SPTBN1-Mid-wt but not the mutant (SPTBN1-Mid-D1089Y) significantly decreased the
expression levels of phospho-Chk2 in SNU398 cells (Figure 6E). Furthermore, SPTBN1-
Mid-wt but not SPTBN1-Mid-D1089Y mutant inhibits colony formation capability of
SNUA475 cells in soft-agar assay (Figure 6F). The data demonstrate that the D1089Y mutant
leads to loss of TGF-R/SPTBN1 tumor suppressor function possibly through modulation of
DNA damage response.34 Taken together, our results indicated that genes of the TGF-f
superfamily, including SPTBN1, were suppressed both transcriptionally and by somatic
mutations in a significant proportion of HCCs, highlighting the importance of these
alterations as potential drivers of liver carcinogenesis.

Discussion

Our integrative analyses of a large number of open-access and the new HCC cases provide
new insights into the critical role of the TGF-f pathway in HCC development. We found that
TGF-p signaling is not only pivotal for regulation of hepatocyte proliferation and
extracellular matrix deposition in the liver, as previously described, but also that it could be
involved in maintenance of genomic stability in the context of genotoxic injury.34 36. 37 Our
studies extend beyond our previous study38 providing an in depth and comprehensive
pathway specific, as well as functional analysis in the TCGA HCC cohort. We show that
frequent aberrations of TGF-p signaling occur in HCCs at both the transcriptomic level and
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the genomic level. A recent study supports multiple aspects of our TCGA analyses,
particularly the larger cluster of the ‘activated’ signature, where activated TGF- signaling
through Snail leads to tumor progression in HCC.27 This recent study also indicates TGF-f
tumor suppression occurs in the context of p53 deficiency. However, these latter findings are
not supported by other studies demonstrating that TGF-B and p53 pathways are independent
of each other, warranting further investigation.39 40

We found a strong correlation between DNA damage repair genes and aberrations in TGF-$
superfamily at both the transcriptomic level and the genomic level in HCC. 38% of TCGA
HCC samples had somatic mutations in TGF-B pathway that were associated with mutations
in several of the DNA repair pathway genes, such as ATR, FANCDZ2, FANCM, FAN1,
RADS51, and TP53BP1. TGF- signaling has previously been proposed to function as an
extracellular sensor of ionizing radiation-induced cell damage or injury.14 41 Keratinocytes
isolated from TGFR1-null mice exhibit marked genomic instability that could accelerate
tumor progression.* Genomic alteration in 7TGFBR1, TGFBR2, ACVR2A, ACVR1B,
SMADZ, SMAD3and SMAD4 occur in 87% of the hypermutated colorectal cancers with
microsatellite instability.42 This observation suggests that TGF-B signaling may directly
affect DNA repair and genomic stability more prominently than previously considered. Our
functional studies demonstrate that this SP7TBNI mutation results in HCC cells that are more
sensitive to DNA crosslinking agents Mitomycin C and Cisplatin, suggesting that TGF-p/
SPTBN1 may directly regulate DNA damage repair-associated genes, specifically those
involved in double stranded DNA interstrand cross-link repair.

An emerging theme in cancer, stem cells and aging research is that chromatin silencers,
influenced by the sirtuin genes, appear to regulate longevity as well as cancer across living
systems from yeast to mammals.#3 The mammalian sirtuin family consists of seven NAD*-
dependent protein deacetylases that regulate a wide range of intracellular process.3% 31 The
incidence of human malignancies increases exponentially as a function of aging, suggesting
a mechanistic connection between aging (longevity) and carcinogenesis.4 4> Mouse models
with loss of function of sirtuin genes have been shown to contribute to a tumor permissive
phenotype.#4 SIRT2-deficient mice develop gender-specific tumorigenesis: females develop
mammary tumors, and males predominantly develop HCC.%6 Human breast cancers and
HCC samples exhibit reduced SIRT2 levels compared with normal tissues. Also, mouse
embryonic fibroblasts (MEFs) from SIRT3-deficient mice exhibit abnormal mitochondrial
physiology as well as increases in stress-induced superoxide levels and genomic instability.
SIRT3-deficient mice develop ER/PR-positive mammary tumors and older mice suffer from
HCC.4’ SIRT1 associates with SMAD3, deacetylates SMAD3 and increases TGF-p/
SMAD3 target gene activation in cancer.#8 The surprising observations that SIRT6 mouse
mutants develop HCCs, and that alterations in SIRT6 and TGF- members could portend a
poor prognosis, provide new clues to HCCs, and lend further significance to integrating
TCGA based genomics with mouse models.

Major risk factors for HCC include HBV and HCV infection, alcoholic liver disease,
cigarette smoking, food contaminants, hemochromatosis, and non-alcoholic fatty liver
disease. An interesting finding from the TCGA analyses has been that etiological sources do
not specify any particular mutational or transcriptomic pattern/signature, such as telomerase
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specific mutations for HBV, and B-catenin for HCV. The pathogenesis of liver cancer is a
multistep process that begins with the development of damage from hepatic inflammation,
and subsequent fibrosis, a process that may favor the acquisition and accumulation of
genetic alterations. The two TGF-p signatures that we identified here may facilitate our
understanding of the underlying molecular mechanisms of TGF-p signaling associated with
HCC initiation and progression. Our studies show raised TGF-B levels in 35% of HCCs, and
are further supported by the recent Phase 2 clinical trial targeting TGF-p, that resulted in a
marked increase in overall survival of up to 21 months specifically in patients with high
TGF-p and alpha-fetoprotein levels, compared to a current 9-11 months for advanced HCC.
49 The clusters also provide a logical approach towards targeting HCC. For instance,
targeting VEGF may prove to be efficacious only in the “activated” cluster, whereas
targeting FGFs may prove to be important in the “inactivated” cluster. Future biomarker
driven targeted therapeutic approaches to HCC, could also include the DNA repair pathway,
and together could alter the course of this lethal cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Disruption of TGF-p signaling and major signal transduction pathways in HCCs. (A)

Clustering of transcriptomic data from 147 HCC samples from TCGA reveals 4 clusters.
Clusters A and B demonstrate upregulation of TGF-p pathway genes (activated) to varying
extents, whereas cluster D shows downregulations of the pathway genes (inactivated) and
cluster C exhibit least disruption of the TGF-f pathway. The percentage of patients in which
a gene is elevated or suppressed is given, showing the high frequency with which the TGF-g
pathway is disrupted. (B) Box plot showing the TGF-p pathway activity scores for each
sample in the four clusters and for normal liver samples. The plot shows that clusters “A”,
“B” and “C” have varying extents of activation of the pathway compared to normal, whereas
cluster “D” has inactivation of the pathway with a lower than normal score. (C) Kaplan-
Meier survival curves for the four clusters indicates the “inactivated” cluster leads to a poor
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outcome. (D) Assembling the 2 clusters A and B into one group (the “activated” cluster) and
comparing against the “inactivated” group (the inactivated cluster D) shows statistically
significant survival differences (HR = 2.586, 2= 0.0129).
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Disruption of the TGF-p pathway is associated with potentially targetable genes. (B) TGF-p
pathway is associated with hepatic fibrosis/immune/tumor microenvironment-associated
genes and DNA repair genes. We applied GSEA to compare enriched expression of hepatic
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TGF-p inactivated signature versus other clusters, based on t-tests with Banjamini-Hochberg
(BH) corrections for multiple hypotheses testing.

Gastroenterology. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chen et al. Page 20

A
si;E:tt?ra “Activated” “Normal” “Inactivated”
Purity P = 415
Ploidy P = 327 vl atims =4.99-14 Enriched DNA Repair Genes
= 1.360-12
=1.82e-10 »
16509
=1.65e-3 « f‘NESﬂ 720
=349e9 _ NOM p-val=0.0105
@ =3.0308 FDR q-val=0.0013
e = 3.750-8
[ =1.03e7
o =23Te7  » | ‘ ” |
il P=379-7
o P=gase-T W M
a P=1.1806
E FP=141e6
< P=5470-6 « T T
3 s - -x
P= 00006 = TGF-B TGF-B
P= 0002 decreased increased
P=.0003
¥ wiig C 0 O £ 000 *
- " Illll‘l-l e mm e — TP53 P=.008 .
B Standardized FPKM s
Gene  Mutation % P value TCGA patient samples (n = 202)
SPTENT (5.9%) =
SMAD1 0.5%)
SMAD2 (1.5%)
SMAD3 {2:5%) | Somate
SMADS (2.0%) mutation
SMADS 0.5%)
SMADT (1.4%) I
SMADS (2.0%)
TGFB1 0.5%)
TGFE2 (2.0%) |
TGFB3 (1.5%) :
TGFBR1 (2.5%) |
TGFBR2 (0.5%) -
TGFER3 (1.0%) o
ACVRI {2.0%) 111 m
ACVRIB (2.0%) [ g
ACVRIC {0.5%) o
ACVREA (4.5%) J i 5
ACVRZE (2.0%) 11 H
ACVRL1 2:0%) 1= 1 il £
BMP1 1.0%) | |
BMP10 (0.5%) |
BMP15 (1.0%) |
BMP2 (1.5%) | |
BMP2K 2.0%) | |
BMP3 (2.7%) |
BMPS (2.5%) |
BMPT (2.0%) |
BMPER (4.0%) | | 11T 11
BMPRIA 0.5%)
BMPRIB (1.0%)
BMPR2 (4.5%) =
ATR 69%) P=.01 b I 9 29
FANCD2 ©@4%)  P<.001 r || [ | |I B2
FANGM (104%) P=03 I [ I |1 | | 5 >
FAN1 4.5%) P=.009 —3 a:
RADS1 (3.5%) P=.01 = 3
TP53BP1 @5%) P=.029 || | I =8
AMIT 5%  P=.013 [ [ 1 | - &0
3 | nes |'|lI i m ||-—-|
Alcohol
S v [lH11 W f]
=
=
w I
Figure 3.

Association of somatic mutations of TGF-f genes with DNA damage repair genes. (A)
Disruption of the TGF-p pathway is associated with DNA repair pathway genes. \We applied
GSEA to compare enriched expression of DNA repair genes (41 genes) with signatures
(right panels). (B) Landscape of somatic mutations and HCC etiologic factors in the TGF-p
pathway genes in 202 TCGA HCC samples. The percentages of samples with mutations in a
given gene are shown. Purity and ploidy do not show a statistically significant association
with the clusters (p value is based on t-tests without BH corrections).
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Figure 4.

Identification of a novel and potential cancer driver mutation of SPTBN1 in HCC. (A)
Circos plots of HCC sample 9194-N/T. Circos plot was drawn using the data generated from
the paired (normal-tumor) samples. The chromosomes are presented in circular arrangement
demarcated by megabase (Mb), scale on the outer ring are in a clockwise direction. The
different tracks (from outside to inside): Gene symbols for impacted genes; density plot of
somatic variants (blue); the called levels for the copy number variation (CNV) (grey); the
lesser allele fraction (LAF) used to determine the CNV (light green); loss of heterozygosity
(green dots); density of heterozygous SNPs (orange); density of homozygous SNPs (blue);
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inter-chromosomal translocation (orange). (B) Identification of a novel somatic mutation of
SPTBNI (c.G3219T; p.D1089Y) in an alcohol- and HCV-associated HCC. (C) All 4 HCC
samples demonstrate somatic mutations in TGF-p pathway genes including a mutation in
SPTBNI1 gene. (D) Plot of all the mutations observed in SPTBNI gene from TCGA,
COSMIC and one of our own samples. Most of the mutations, including D1089Y, occur in
the spectrin repeat domain. (E) The aberrations of DNA copy numbers of four of the HCCs.
(F) Representative amplified genes and loss of heterozygosity genes in case 9194-N/T, 9128-
N/T, 9195-N/T and 9401-N/T. (G-H) Electrostatic based colored molecular surface of the
D1089Y mutant (G) and wt (H) of the spectrin repeat 8. Molecular surfaces are color-coded
based on the electrostatic potential (red: negative, blue: positive and white: neutral).
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(Ser423/425)
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Y N A ST T
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Disruption of TGF-R/ SMAD3 signaling in HCC by somatic mutation D1089Y of SPTBN1.
(A) TGF-B induced co-localization of SPTBN1 and SMAD3 in the HepG2 cell nucleus.
HepG2 cells were treated with or without 200pM TGF- for 2 hours. Immunofluorescent
labeling detects endogenous SPTBN1 and SMAD3. Scale bars, 20 um. (B-C) SMAD3
interacts with ectopic full-length SPTBN1 (B) and central domain of SPTBN1(C). HepG2
cells were co-transfected with the indicated plasmids. Cell lysates were immunoprecipitated
with an anti-Flag antibody and immunoblotted with an anti-V5 antibody. Schematic diagram
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shows the point mutation D1089Y in SPTBN1(C). (D) Overexpression of wt SPTBN1, but
not SPTBN1-D1089Y mutant, rescued TGF-R-induced SMAD3 nuclear translocation in
SNU398 cells. The cells were transfected with Myc-SPTBN1-Mid-wt or Myc-SPTBN1-
Mid-D1089Y for 24 hours, then treated with TGF-f for 2 hours. Scale bars, 20 um. (E) Wt
SPTBNL1, but not the SPTBN1-D1089Y mutant, activated SMAD3 transcriptional activity in
a TGF-p-dependent manner. A luciferase reporter containing SBE (4xSBE) was transfected
with indicated plasmids into SNU398 cells (*~< 0.01, one-way ANOVA). (F) SPTBN1
bearing D1089Y mutation does not bind to SMAD3 in HepG2 cells co-transfected with
indicated plasmids. (G) The SPTBN1-D1089Y mutation decreased the phosphorylation of
SMAD3 upon TGF-p treatment in HepG2. (H) Proposed model of the critical role of
SPTBN1 for SMAD3 activity responding to TGF-p.
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Figure 6.

Somatic mutation D1089Y leads to loss of SPTBN1 tumor suppressor function. (A)
Overexpression of wt SPTBN1, but not mutant SPTBN1-D1089Y, in SNU398 cells
conferred resistance to MMC (left panel) or to Cisplatin (middle panel). Anti-HA antibody
was used for the Western blot to check the expression of infected SPTBNL1 (right panel). (B)
HepG2-shRNA-SPTBNL cells with SPTBN1 knockdown are significantly more sensitive to
MMC (left panel), Cisplatin (middle panel) or IR-induced toxicity (right panel) than HepG2-
ShRNA-Ctrl cells. (C) Hep3B (left panel), SNU475 (middle panel), or SNU398 (right panel)
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cells with SPTBN1 knockdown by shRNA are significantly more sensitive to MMC than
shRNA-Ctrl cells, representatively. Data presented as “mean + SD” in A-C were obtained
from three independent experiments performed in triplicate (* £< 0.05, one-way ANOVA).
(D) Impaired DNA damage response (DDR) in the absence of SPTBN1. Phospho-Chk2 foci
(pChk2) were analyzed at different time points in primary MEF cells after exposure to 10
Gy IR. IR induced significantly more pChk2 foci in Sptbn/** cells than Sptbni** cells.
Data presented as “mean + SD” from 3 independent experiments analyzed by student t-test
(*P<0.01). (E) Overexpression of wt SPTBN1, but not mutant SPTBN1-D1089Y, in
SNU398 cells led to altered DDR and decreased p-Chk?2 levels. Total Chk2 was used for
density normalization. (F) Overexpression of wt SPTBN1but not SPTBN1-D1089Y mutant
inhibits colony formation capability of SNU475 cells in soft-agar assay.
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