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Abstract

Background
Gastric cancer is a heterogeneous disease with poorly understood genetic and microenvironmental
factors. Mutations in collagen genes are associated with genetic diseases that compromise tissue
integrity, but their role in tumor progression has not been extensively reported. In contrast, aberrant
collagen expression has been long associated with malignant tumor growth, invasion, chemoresistance,
and patient outcomes. We hypothesized that somatic mutations in collagens could functionally alter the
tumor microenvironment, including the extracellular matrix.

Methods
We used publicly available datasets including the Tumor Cancer Genome Atlas (TCGA) to interrogate
somatic mutations in collagens in stomach adenocarcinomas. To demonstrate that collagens were
signi�cantly mutated above background mutation rates, we used a moderated Kolmogorov-Smirnov test
along with combination analysis with a bootstrap approach to de�ne the background. Association
between mutations and clinicopathological features was evaluated by Fisher or chi-squared tests.
Association with overall survival was assessed by Kaplan-Meier and the Cox-Proportional Hazards Model.
Gene Set Enrichment Analysis was used to interrogate pathways. Immunohistochemistry and in situ
hybridization tested expression of COL7A1 in stomach tumors.

Results
In stomach adenocarcinomas, we identi�ed individual collagen genes and sets of collagen genes
harboring somatic mutations at a high frequency compared to background in both microsatellite stable,
and microsatellite instable tumors in The Cancer Genome Atlas (TCGA). Many of the missense mutations
resemble the same types of loss of function mutations in collagenopathies that disrupt tissue formation
and destabilize cells providing guidance to interpret the somatic mutations. We identi�ed combinations
of somatic mutations in collagens associated with overall survival, with a distinctive tumor
microenvironment marked by lower matrisome expression and immune cell signatures. Truncation
mutations were strongly associated with improved outcomes suggesting that loss of expression of tumor
cell secreted collagens have large impacts on tumor progression and treatment response.

Conclusions
These observations highlight that many minor collagens, expressed in non-physiologically relevant
conditions in tumors, secreted from tumor cells, harbor impactful somatic mutations in tumors,
suggesting new approaches for classi�cation and therapy development in stomach cancer. In sum, these
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�ndings demonstrate how classi�cation of tumors by collagen mutations identi�ed strong links between
speci�c genotypes and the tumor environment.

Background
Collagens are the most abundant proteins in extracellular matrix and are critical components and
regulators of the tumor microenvironment (1, 2). Increased collagen expression in many solid tumors has
been associated with poor outcomes and resistance in multiple settings (3), likely through increased
epithelial-to-mesenchymal transitions (EMT) and drug resistance (4). The 28 members of the collagen
family are expressed by 43 genes and de�ned by the common triple helix motif. Collagens are classi�ed
into families including �brillar collagens (i.e. Collagen type I, II, III, V, XI, XIV), network collagens (i.e.
Collagen type IV), membrane (i.e. type XVII) and other (type VII, XXVIII) (5). Although most studies have
focused on the most abundant collagen, collagen type I, and the major basement membrane collagen,
type IV, there is increasing awareness of the role of many minor collagens in cancer such as types X and
XI (6, 7). The breadth of mechanisms by which collagens mediate tumor progression is not yet
understood and collagens could have context dependent functions in tumors (4). In fact, it is not always
clear which cells even express collagen in tumors as both cancer and stroma cells are known to secrete
collagens as indicated both by in situ hybridization studies (8, 9) and recent proteomic studies also
suggest tumor cells secrete collagens (10). Much of the �brillar collagen is thought to originate from
�broblasts in stomach adenocarcinoma (STAD) (4).

Worldwide, gastric cancer remains one of the top deadliest malignancies (11). Advanced gastric tumors
are treated with surgery and chemotherapy with 5-year survival rates above 50% if the disease has not
spread, and < 10% if metastasis has occurred (12). The connections between therapy outcomes, the
stroma, and collagens remains uncertain in stomach cancer. Physical properties of collagen �bers have
been associated with outcomes in gastric cancer (GC) and these observations are likely driven by the
most abundant collagen, type I (13). Collagen type I expression has been associated with metastasis in
early onset gastric cancer (14).

Towards understanding the function of minor collagens in cancer, we hypothesized that collagens are
signi�cantly mutated in tumors and that these mutations impact disease progression, therapy response,
and patient outcomes. We further hypothesized that somatic mutations in collagens would resemble
mutations observed in many collagenopathies, providing insights to function of collagens expressed and
secreted from cancer cells. (15, 16). Patients with collagenopathies have both missense and truncation
mutations that can be either dominant or recessive and demonstrate a range of penetrance depending on
the mutation and collagen (17–20).

Collagens have not been previously reported to be signi�cantly mutated in cancer. To our knowledge, only
one formal report of recurring mutations in a collagen, COL2A1 in chondrosarcoma, has been published
(21). Screening by MutSig2CV across 27 cancers identi�ed COL11A1, COL13A1, COL19A1, COL1A2, and
COL4A4 as borderline signi�cantly mutated (22), and 2 collagens were signi�cant in the TCGA STAD
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(Table S1). Functional studies of these variants were not pursued in larger -omic screens in part due to
“technical limitations”, as stated by the authors (22). COL14A1 was reported to have a nonsynonymous
mutation rate of 4.4% in Microsatellite Stable (MSS) gastric tumors, but no further characterization was
pursued (23). Grouping genes either by network methods (24) or by careful examination of speci�c gene
families and mutation has provided insights into splicing regulators (25), TGF-β signaling (26), and
complement genes (27), for example. Because there is some redundancy and overlap in function of
collagens, we applied this approach to consider the collagens as a group, and to identify sets of
collagens that may be signi�cantly mutated and impactful in stomach cancer.

In this article, we use bioinformatics to elucidate how collagen mutations affect gastric tumor outcomes.
First, we �nd that many expressed collagens harbor somatic missense and truncation mutations, at a
higher rate than expected compared to the background mutation rate. Next, we show that collagen genes
and combinations of these genes associate with differential patient outcomes. We further investigate
how collagen mutations correlate with tumor hallmarks, extracellular matrix components, and immune
in�ltration. Together, these �ndings suggest that collagen mutations impact stomach tumors via distinct
tumor microenvironments, and that many minor collagens, in particular, have unexpected novel functions
in stomach tumors.

Results

Collagen mutations are prevalent in STAD
We evaluated the frequency of somatic mutations in the 43 human collagen genes. We observed a clear
bias in the distribution of the frequency of mutations in collagens compared to other genes (p < 1e-16,
Wilcoxon Rank test) (Fig. 1A). Five individual collagen genes are mutated at frequencies larger than 8%
(Fig. 1B). Frequently mutated genes include COL12A1, COL11A1, COL6A2, and COL7A1, representing a
range of collagen families and functions. To account for the range of mutation rates in stomach tumors,
we evaluated the MSS and MSIH types separately and found frequent somatic mutations in collagens in
both MSIH and MSS tumors (Fig. 1C). Some collagens such as COL12A1 and COL4A1 showed high
mutation rates in both MSIH and MSS tumors, while others such as COL7A1 were frequently mutated in
MSIH, but not MSS tumors. Every MSIH tumor has at least one mutation in a collagen gene. In MSS
tumors, COL12A1 was the most frequently mutated at 8% with only 20 tumors harboring any collagen
truncation mutation.

Because collagen somatic variants are relatively rare and have not previously been identi�ed as
signi�cantly mutated by standard algorithms, we evaluated if collagen genes were signi�cantly mutated
relative to the background mutation rate using multiple approaches. By MutSigCV2, only 2 collagen
genes were signi�cantly mutated in the TCGA gastric cancer cohort while 2 other collagens had
borderline q-values (Table S1). To determine the signi�cance of somatic mutations in collagens relative
to other genes, accounting for mutation rate, we applied a modi�ed Kolmogorov-Smirnov (KS) test (27).
KS test analysis revealed that as a group, mutation rate of collagens occurred signi�cantly above
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background (Fig. 1D). Because some GC tumors are MSIH with high mutation rates compared to MSS
tumors, we determined that collagens and subsets of collagen genes had signi�cantly higher mutation
rates in these more speci�c cohorts as well (Fig. 1D).

Collagens are mutated at similar rates in other datasets.

We examined independent datasets to assess if other GC cohorts harbor similar mutations rates of
collagens. 52% of tumors have at least one somatic mutation in a collagen in the P�zer/Hong Kong
whole genome sequencing dataset in 100 cases collected in Hong Kong, including a 19% rate of
truncation mutations (28), but patient survival data is not available. The Asian Cancer Research Group
(ACRG) performed targeted sequencing of 251 gastric tumors including a selection of collagens including
COL11A1, COL12A1, COL21A1, COL22A1, COL4A1, COL5A1, COL5A3, COL6A3, and COL6A5 (29).
Recurrent variants of the collagen genes tested were reported at frequencies slightly lower than observed
in TCGA (Figure S1). Tumors harboring at least one mutation in COL11A1, COL5A1, COL5A3, COL6A3,
COL6A5, or COL4A1 were moderately associated with improved outcomes (Figure S2B). Major
differences in the studies included that ACRG only sequenced patients of Asian ethnicity compared to
TCGA including mostly Caucasians. Patients in the ACRG cohort had a longer overall survival (OS) than
the TCGA patients (< 50% survival vs. >60% survival at 5 years), and the MSI cases in the ACRG cohort
showed a stronger association with improved outcomes compared to the TCGA cohort (Figure S2B).

Collagen Mutations Associated With Clinicopathological
Characteristics
Collagen mutations classify STAD tumors independently of clinicopathological characteristics including
stage and grade (Table 1). Age at diagnosis was associated with missense mutations and the overall
mutation rate, consistent with MSIH tumors’ known association with older patients (30). Previous STAD
classi�cation identi�es 4 major groups: EBV, High Mutation (HM), GS, and chromosome instability (CIN).
Almost every tumor in HM, characterized by high mutation rates, has at least one mutation in a collagen
gene, but also, 56% of the CIN and 36% of the GS groups have collagen mutations even though the
mutation rates are much lower in these groups. Neither EBV nor H. Pylori status was associated with
collagen mutations, or COL7A1 mutations (Table 1). These TCGA de�ned classi�cations were not
associated with patient outcomes.

Collagen Mutations Associated With Patient Survival
We evaluated the association of tumors harboring a somatic nonsynonymous missense or truncation
mutation in any collagen with OS by Kaplan-Meier analysis in the TCGA STAD dataset (Fig. 2A). Tumors
with at least one mutation in any collagen were not associated with OS, but tumors with at least one
truncation mutation in any collagen were signi�cantly associated with longer OS (Fig. 2A). Only COL5A2,
COL11A1, and COL19A1 were signi�cantly associated with longer OS when considered as individual
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genes (Figure S1). COL23A1 was associated with shorter survival but is mutated in only 4 cases and is
not signi�cantly expressed in STAD (Table S2).

To address the potential redundancy of collagen functions and since many collagens were not mutated
in su�cient number of cases for survival analysis, we undertook a combinatorics approach to identify
sets of tumors with mutated collagen genes associated with OS more signi�cantly than a bootstrap
de�ned background accounting for number of patients, mutation rate and number of genes (Figs. 2B).
We evaluated all combinations of tumors with at least one mutation in 2 or 3 expressed collagen genes
(Table S3) and tested their association with OS. The combinatorics approach identi�ed collagen gene
sets associated with OS and was sensitive to both the association with OS and the distribution of the
mutations across the cohort at q ≤ 0.05 (Fig. 2). COL5A2, COL4A1, COL11A1, COL15A1, and COL16A1
were the most frequently included collagen genes in the combinations (Figure S3A), and each at least
trended with longer OS on their own (Figure S2A). Truncation mutations were particularly strongly
associated with OS with no combinations identi�ed associated with shorter OS at these thresholds
(Fig. 2A). Of the 104 tumors with at least one truncation mutation, 65% were in MSIH tumors (Table 1).
We identi�ed combinations of 2 or 3 collagen genes with truncation mutations strongly associated with
OS and COL12A1 was the most collagen gene most frequently included in signi�cant sets (Fig. 2C, Table
S3).

Collagen Genes Classify Msih Tumors By Overall Survival
Because the large majority of collagen mutations were in MSIH cases, and because of the differences in
MSIH and MSS stomach tumors in treatment response, we evaluated each of these groups separately.
For simplicity and to observe differences between MSIH and MSS differences more clearly, we removed
the MSIL annotated tumors to avoid complications from these tumors with moderate mutation burden
that are clinically treated as MSS tumors. Even in just MSIH cases, most truncation mutations in
collagens were associated with longer survival including in COL1A1, COL5A2, COL11A1, and COL15A1
(Fig. 2D. A few combination collagens were associated with shorter survival; including most notably,
COL5A3. All patients with either a COL1A1 or COL5A2 truncation in MSIH tumors were associated with
longer OS (Fig. 2D). In MSS tumors, COL5A3, COL6A2, COL11A1, and COL24A1 were associated with
longer OS (Figure S3C).

Combining the top truncation variants identi�ed by combinatorics identi�ed tumors strongly associated
with longer OS in MSS and MSIH tumors (Figures S3E and S4). These observations suggest that loss of
expression of many collagens, especially those involved in collagen type I expression and formation,
from cancer cells was associated with increased OS in both MSS and MSIH tumors. These �ndings
suggest that loss of function of some collagens is detrimental to patients with MSIH tumors as
highlighted by COL5A3 and COL14A1. These two collagens are negative regulators of �ber size, and LOF
mutations in these collagens lead to gain of function of collagen type I. COL14A1 is a Fibril Associated
Collagens with Interrupted Triple helices (FACIT) collagen that regulates collagen �brillogenesis such that



Page 7/24

absence of COL14A1 leads to larger �bers in mice (31–33). Collagen �ber width has been associated
with poor outcomes in stomach cancer (13). These observations suggest that regulation of COL1A1 and
�brillogenesis, when unchecked, leads to even worse survival in MSIH cases. Analogous to the
observations in stomach tumors, mutations of collagen α3(V) chains have phenotypes distinct from
collagen α1(V) and α2(V) chains in mice (34). Germline mutations in COL5A1 and COL5A2 cause Ehlers-
Danlos-like phenotypes, while mutations in COL5A3 affect adiposity (34). On the other hand, LOF
mutations in other regulators of �ber formation such as COL11A1 (35) were associated with longer OS
(Figure S2).

Many collagen gene combinations’ associations with OS was speci�c for MSIH or MSS tumors (Table S3,
Figure S4, Fig. 3). Representative sets were associated with OS in either MSIH or MSS tumor, but not both
(Fig. 3). In particular, even though COL5A3 and COL14A1 were mutated at similar levels, these collagens
showed MSI status dependent associations with OS.

We applied the cox proportional hazards model to test the relationship of collagen mutations with other
common survival associated characteristics including age and stage. Multivariate analysis showed that
collagen mutations were independent predictors of OS compared to other clinicopathological
characteristics including stage (Table 2). Neither mutation rate nor MSI status were associated with OS,
despite including many collagen mutations. These �ndings suggest that tumors with collagen mutations
speci�cally de�ne a class of tumors with distinct properties and treatment responses.

Collagen mutations impact on stomach tumors
To gain insight into how collagens could be affecting STAD tumors, we used pre-ranked Gene Set
Enrichment Analysis (GSEA) of TCGA normalized RSEM scores to identify biological processes
associated with tumors that harbor a collagen mutation compared to tumors without collagen mutations.
We �rst evaluated the 50 MSigDB hallmark gene sets (36) (Fig. 4). There was high similarity of the
impact of collagen mutations on expression of cancer hallmarks highlighted by the higher expression of
cell cycle drivers including E2F targets and MYC gene sets (Fig. 4A, B). On the other hand, EMT, KRAS and
myogenesis gene sets were expressed higher in wild-type compared to collagen mutant tumors (Fig. 4A,
B). Lower expression of the EMT hallmark in tumors with collagen mutations is consistent with reduced
collagen function and an altered ECM that leads to more epithelial features in these tumors (37).

To test if the ECM was different in tumors with collagen mutations, we evaluated the NABA ECM gene
sets. All the NABA gene sets were expressed lower in tumors with mutations compared to wild-type
tumors when considering the full TCGA STAD cohort, consistent with a disrupted ECM in the collagen
mutated tumors relative to the wild-type tumors (Fig. 4B). Total collagen expression has been associated
with patient outcomes in many cancers (38). Although collagens as a group were expressed lower in
mutant tumors, only rarely was the expression directly associated with mutation within that collagen
gene (Table S4). This may be because many of the collagens are expressed from both cancer and stroma
cells, obscuring the relationship between collagen mutation and expression in bulk RNAseq data.
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Collagen Mutations Associated With Distinct Tumor
Microenvironments
Collagens can mediate the migration and in�ltration of immune cells in tumors (39). To evaluate
association between collagen mutations and immune cell in�ltration, we evaluated immune cell
signatures (40) with pre-ranked GSEA. MSIH tumors have higher expression of most of the immune cell
expression signatures compared to MSS tumors, consistent with more immune cell in�ltration in MSIH
tumors (Figure S5). Together with lower expression of the NABA ECM gene sets in MSIH tumors (Figure
S5), these observations suggest that the MSIH and MSS tumors differ in their tumor microenvironments.
Immune cell gene expression signatures were expressed higher in MSIH tumors compared to MSS
tumors, consistent with a more in�ammatory environment and higher tumor mutation burden in MSIH
compared to MSS tumors. Because of these large differences in the tumor environments of MSS and
MSIH tumors, considering all the stomach tumors together may be obfuscating impacts. We therefore
evaluated the impact of collagen mutations in the whole cohort as well in MSIH and MSS tumors
separately.

Combinations of collagen mutations had a more consistent impact on the expression of ECM and
immune cell gene signature in MSS tumors, compared to more variable associations in MSIH tumors
(Fig. 4 and Figures S6-S10). Figure 4 shows representative combinations and pre-ranked GSEA of all
combinations listed in Table S3 are shown in Figures S6-S10. The consistent nature of the tumors with
collagen mutations suggests that changes in EMT, expression in basement membranes, and many
immune cells, are common features of tumors with collagen mutations in both MSS and MSIH tumors.
This consistency could be because we selected for tumors with collagen mutations associated with
overall survival and these tumors have similar mechanisms of impact in mediating EMT and expression
of the basement membrane.

In MSS tumors, tumors with collagen mutations had consistently lower expression of all the ECM NABA
and the majority of the immune cell gene sets (Fig. 4C). While in MSIH tumors, the ECM NABA and
immune cell signature gene sets were split into 2 groups (Fig. 4D). Notably, tumors with COL14A1 and
COL5A3 mutations were associated with higher expression of NABA gene sets in MSIH tumors and
shorter OS (Fig. 4D). On the other hand, other �bril associated collagens such as COL11A1 and COL5A2
were associated with longer OS (Figure S3, Table S4). COL11A1, COL5A1, and COL5A2 promote �bril
formation and loss of function mutations of these collagens have been associated with smaller collagen
type I �bers (34). Mutations in COL1A1, COL11A1, COL5A1, and COL5A2 were all associated with lower
expression of the EMT hallmark gene set compared to wild type in MSIH tumors, while mutations in
COL14A1 and COL5A3 were associated with higher expression of EMT expression signature in MSIH
tumors (Fig. 4D). These observations predict that tumors with mutations in collagen types XIV and Vα3
would have thicker �bers, promoting cell migration, and subsequent tumor cell escape. On the other hand,
tumors with in COL1A1, COL11A1, COL5A1, and COL5A2 are predicted to have thinner or fewer collagen
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type I �bers leading to less migration, lower mesenchymal properties, less metastasis, and higher
sensitivity to treatments.

Immunoenvironment
We used the immune cell gene sets reported by Tamborero et al. to evaluate the immunoenvironment by
pre-rank GSEA (40). Across the whole cohort, B and mast cells were lower in tumors with a variety of
mutant collagens, while T helper cells were modestly increased in some mutant collagen tumors
(Fig. 4A). In MSS tumors, Mast cells, macrophages, neutrophils were lower in mutant tumors associated
with longer survival, and higher in wildtype tumors (Fig. 4B). Mast cells and neutrophils have been
associated with short OS in STAD (41, 42). When considering just the MSIH tumors, neutrophils and mast
cells were lower in mutant tumors, but no other clear patterns emerged across the cohort.
Immunosuppressive cell types including macrophages and regulatory T cells are higher in many of the
shorter OS mutation combinations in both MSS and MSIH tumors. Tumors with COL14A1 mutations for
example had higher levels of macrophages, neutrophils and mast cells Mast cells have been associated
with shorter OS in stomach cancer (41). These observations, based on molecular signatures, suggest
changes to the immunoenvironment in tumors with collagen mutations.

COL7A1 mutations

We hypothesized that insight into the functional impact of mutations can be gained by comparing the
pattern and type of mutation to those observed in collagenopathies. As an example, we focused on
COL7A1 which is the mutational cause of Dystrophic Epidermolysis Bullosa (DEB) and had signi�cant
associations with patient outcomes in MSIH tumors (Fig. 2B). COL7A1 germline mutations were
downloaded from a DEB mutation database (43). The distribution of germline and stomach somatic
mutations were very similar (Figure S11B). A Kruskal-Wallis test (P = 0.3) suggested that the two
distributions were not signi�cantly different. COL7A1 mutations in STAD were slightly more biased
towards the N-terminus of the protein compared to DEB. The largest exon, exon 73, was most frequently
mutated in both the germline and cancer mutations. The recurring nonsense mutation at position 2029 is
the same hotspot observed in DEB patients (Figure S11A and B). The distribution of somatic mutations
resembled the distribution of DEB germline mutations suggesting that no unusual tumor speci�c
mutation pattern is prevalent in stomach tumors. Moreover, because the type of mutation is similar as
observed in DEB, we can infer the function of the somatic mutations in tumors.

Expression of COL7A1 in stomach tumors.

Many minor collagens have a high tissue speci�city including COL7A1 (44). Because COL7A1 is not
known to be expressed in normal stomach or anywhere in the gastrointestinal tract, we wanted to con�rm
that COL7A1 was actually expressed in stomach tumors, and importantly determine if COL7A1 was
expressed in cancer cells and not just in the stroma; a necessary requirement for COL7A1 mutations to be
meaningful. We evaluated COL7A1 protein expression by immunohistochemistry in a set of 10 stomach
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tumors from patients treated at Rhode Island Hospital (Figure S12). COL7A1 expression was expressed in
the stroma (4/10), in the epithelium (3/10) or was not detectable (3/10) (Table S5). In the epithelium,
COL7A1 was expressed in the cytoplasm. Expression from tumor cells was con�rmed by in situ
hybridization using RNAscope (Figure S12A). Larger studies are needed to evaluate any connection
between COL7A1 expression patterns and mutation status.

Discussion
This work demonstrates that collagen deposition by cancer cells is affected by a signi�cant mutation
rate, which is associated with myriad tumor features and patient outcomes. Other collagens have been
shown to be expressed in tumor cells by in situ hybridization such as collagen type IV (9). Hynes and
colleagues have suggested that matrisome components secreted from tumors cells in pancreatic tumors
are more impactful than those originating from the stroma (45). It is likely that cancer cells locally deposit
collagen, which could disproportionately affect other nearby cancer cells, relative to collagen secreted by
stromal or immune cells elsewhere in the tumor. Unexpectedly, truncation mutations in collagens had
strong association with longer OS suggesting that a reduction of collagen expression in cancer cells is
bene�cial to patients for many collagens. Truncation mutations were the most strongly associated with
outcomes. This is likely because truncation mutations are more uniform in their impact than missense
variants, which include both loss and gain of function phenotypes. Interpreting collagen mutations as
originating from cancer cells provides a new approach to interpret tumor cell secreted matrisome factors.
Insights from mutations could be applied to other ECM factors originating from both tumor and stroma
cells. Consistent with these reports, the observations reported here suggest that collagens secreted from
cancer cells are critical for tumor progress and response to treatment. These data strongly support the
concept that the collagens secreted from cancer cells are vital to shape the tumor environment.

We made discoveries on the role of myriad collagens in stomach cancer. COL12A1 was the collagen gene
with the highest truncation mutation frequency and most often strongly associated with OS in the
combinatorics analysis (Fig. 2). COL12A1 is a FACIT homotrimer collagen that mediates interactions
between collagen type I and the rest of the ECM. COL12A1 is reported to be expressed by both stroma
and tumor cells in STAD (46–49) and is expressed in gastric cancer cell lines (50). Together, these
observations suggest that COL12A1, originating from cancer cells, is a critical determinant of STAD
disease progression and therapy response.

The dysregulated expression of COL7A1 has not previously been reported in solid tumors. COL7A1 RNA
expression was not associated with outcome in TCGA (data not shown). This is likely because COL7A1
expression from either tumor or stroma cells could have distinct impacts on therapy response and patient
outcomes, as proposed by recent �ndings comparing secreted proteins from cancer and stroma cells
(45). Analysis of mutations distinguishes impacts of COL7A1 in tumors cells from those in stroma cells
that is not discernable from RNA expression data alone.
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Collagens form two of the major structures in the ECM: the basement membrane and the collagen type I
�ber network. Both of these ECM components are impacted by collagen mutations. The loss of integrity
of the basement membrane in tumors suggests a disorganized, more porous structure that could cause
increased in�ammation, analogous to COL7A1 mutations in DEB, or with collagen type IV and type VI
variants (16). Collagen type I, expressed by the COL1A1 and COL1A2 genes, plays a critical role in
forming the ECM and organizing cell-cell interactions and mechanical properties in tumors (51).
Increased collagen type I has been associated with worse outcomes in many cancers including stomach
(13, 52). Both COL1A1 and COL1A2 had modest mutation frequencies with only weak association with
OS in STAD (Fig. 1; Figure S2). However, truncation mutations of COL1A1 were associated with longer
survival and most truncation mutations of COL1A2 were also associated with longer survival except for 1
case, TCGA-HU-A4GQ-01, which was reported to have deceased at 0 months, and therefore may be
re�ecting other causes of death. Collagen type I missense variants were not associated with OS, perhaps
because the majority of collagen type I originates from the stroma and therefore any impact of a mutated
collagen type I originating from tumor cells may be diluted. Collagens that interact with collagen type I
and regulate �ber size and structure including all 3 collagen type V genes, COL11A1, COL12A1, and
COL14A1 have signi�cant mutation rates and association with OS. These observations further support
the concept that loss of collagen type I from the tumor cells, or dysregulation of the network that forms
collagen type I dependent structures affects patient outcomes.

Altogether, these observations suggest the regulation of collagen type I and the basement membrane by a
panoply of cancer cell secreted collagens are critical for tumor fate. Collagens, as one of the dominant
structural proteins in the ECM play myriad functions in regulating cancer hallmarks (53). Minor collagens
such as COL7A1 and COL12A1 form structural links between the collagen type I �ber network and/or the
basement membrane zone. These data support a model where a local ECM derived from components
secreted from the cancer cells, reshape the local ECM and are critical for tumor phenotypes, including
EMT, drug response, the immunoenvironment and overall disease progression (Fig. 5). In tumors with
wild-type collagens, EMT is higher, collagen type I �bers are wider, and higher expression of the
matrisome including the basement membrane compared to tumors with mutant collagens. On the other
hand, some mutant MSIH tumors, associated with shorter OS, exempli�ed by missense COL5A3 and
COL14A1 which regulate COL1A1, have higher expression of mesenchymal genes, wider collagen type I
�bers, and a different immune cell in�ltration pattern (Fig. 4D). Linking hallmarks and pathways to
dysregulated ECM caused by collagen mutations may lead to new opportunities to re�ne drug targeting
and development.

In conclusion, we �nd a high frequency of individual collagen genes and sets of collagen genes harboring
somatic mutations compared to background in both microsatellite stable (MSS), and microsatellite
instable (MSIH) stomach adenocarcinomas in TCGA and comparable datasets. Overall, combinations of
somatic mutations are predictive of patient survival, and truncation mutations associate with improved
survival. We further associate these combinations with distinctive tumor microenvironments based on
lower matrisome expression, cell cycle and EMT, as well as immune cell in�ltration. Interestingly, stomach
cells express COL7A1, normally associated with skin ECM, and somatic mutations in COL7A1 predict
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improved survival. It should be noted that this study is limited by the dependence on genotype-phenotype
correlations in patients so that there is risk in oversimplifying rare mutations. Some of this risk is
ameliorated by the combinatorial approach and the interpretation of the mutations based on similar
variants observed in collagenopathies. Nevertheless, many of these missense mutations resemble the
loss of function (LOF) mutations in collagenopathies, which may give some insight into their role in
tumor progression. Overall, this study suggests the further testing of collagen mutations in stomach
cancer is promising and collagen mutations could be incorporated into strategies to classify GC patients.
Such patterns of collagen mutations may be more widely applicable beyond stomach cancers to other
solid tumor types.

Methods
Data sources

The Cancer Genome Atlas (TCGA) Pan-Cancer RNA-seq V2 normalized gene expression and clinical data
was downloaded from Firebrowse in April 2018. TCGA somatic mutation data �le,
mc3.v0.2.8.PUBLIC.maf, was downloaded from the Genomic Data Commons (GDC) (55). Microsatellite
data was downloaded from Firebrowse (STAD.merged_only_auxillary_clin_format.txt). Immune gene sets
input into GSEA were de�ned by Tamborero et al. (40). Stroma scores, and overall mutation rates were
derived from Table S1 by Thorsson et al (56). Hallmark (57)and NABA (58)gene sets were downloaded
from MsigDB v7.0 (36). For the analysis of collagen mutations in the ACRG, collagen mutation data was
obtained from the supplemental data published by Cristescu et al. (29).

Software and statistical tests.

Analyses were performed using R and python custom scripts. GSEA version 2.4 was run on either a Unix
or MacOS system. Statistical tests were performed using the Lifelines v0.25.1 and SciPy v1.5.2

libraries in Python. Moderated Kolmogorov-Smirnov test was adopted from Olcina et al. to assess
signi�cance of collagen somatic mutations relative to other genes (27). Morpheus was used to generate
the heatmaps (54). Survival curves were generated using cBioPortal’s oncoprinter web app and matplotlib
v3.3.1.

Identifying collagen gene combinations.

We aimed to identify sets of collagen genes signi�cantly associated with overall survival, accounting for
gene size and mutation rate. To correct for multiple combinations occurring by chance, we calculated a q
value for a given subset of collagen genes. To determine background, genes were randomly chosen until
the expected number of mutations were within 5 of the number of observed mutations in collagen genes.
A survival analysis was performed on the subset of patients used in the collagen subset analysis where
the indicator variable was based on whether a patient has a mutation in the randomly chosen subset in at
least 5% of cases of the designated cohort. We considered subsets with collagen genes signi�cantly
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expressed with an average RSEM > 200. If a combination of 2 collagens was identi�ed, this combination
was not considered in combinations of 3 collagens. We then counted the frequency of each collagen
included in the subsets as an indication of the contribution of each collagen to overall survival risk and
exclusivity with the other collagens.

Case selection for immunohistochemistry

With institutional review board approval, IRB #1070389-9, 10 cases of gastric adenocarcinoma
diagnosed from 2010 to 2019 were retrieved from the archives of the Department of Pathology and
Laboratory Medicine at Lifespan Academic Medical Center (Providence, RI).

Immunohistochemistry

Immunohistochemistry staining for COL7A1 was performed on 4-µm para�n sections. After incubation
at 60 °C for 30 minutes, the sections were depara�nized and rehydrated with xylene and graded alcohols.
Antigen retrieval was performed with Ready-to-Use Proteinase K (Agilent, Santa Clara, CA) incubating at
37 °C for 10 minutes. The slides were then incubated with anti-COL7A1 antibody (1:5000) for overnight at
4 °C. The immunoreactivity was detected by using the DAKO Envision + Dual Link System and the DAKO
Liquid 3,3’-diaminobenzidine (DAB+) Substrate Chromagen System (Agilent, Santa Clara, CA).
Immunohistochemistry was assessed by 2 pathologists (MR and EW).

In situ hybridization

mRNA expression was determined using ISH with the RNAscope Assay (Advanced Cell Diagnostics,
Hayward, CA). The ISH staining for COL7A1 was performed on 4-µm para�n sections. After baking slides
at 60 °C for 1 hour and depara�nizing FFPE sections with xylene, RNAscope® 2.5 HD Reagent Kit was
used for the ISH assay. All the steps were done according to the kit protocol. After pre-treating the sample
with hydrogen peroxide solution, heat target retrieval and protease plus, COL7A1 probe was added for 2hr
at 40 °C, sequentially hybridize with AMP 1, AMP 2, AMP 3, AMP 4, AMP 5, and AMP 6 reagents, for 30,
15, 30, 15, 60, 15 min, respectively. ISH signal was detected by the application of a chromogenic
substrate. Tissue was counter-stained with haematoxylin. Scrambled negative control probes showed no
signal.

Antibody sources

Rabbit polyclonal anti-COL7A1 targeting the human LH7.2 domain was a kind gift from Alexander
Nystrom, University of Freiburg (59).
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Figures

Figure 1

Collagens are signi�cantly mutated in stomach adenocarcinoma in the TCGA dataset. A. Distribution of
alteration frequencies for collagen genes (orange) compared to all other genes (blue) in the TCGA STAD
cohort. P-value determined by Wilcoxon rank test comparing the distribution of collagen genes relative to
all other genes. B. Alteration frequencies for each collagen gene in all TCGA STAD cases. C. and in MSS,
MSIH, and MSIL STAD cases. D. Kolmogorov-Smirnov moderated tests suggest that collagen genes as a
group are signi�cantly mutated compared to gene sets of similar size and length in the whole TCGA
STAD cohort and in both MSS and MSIH tumors.
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Figure 2

Identi�cation of collagen genes mutations associated with overall survival. A. Patients with tumors that
harbor at least one mutation in a collagen gene, have signi�cantly better outcomes in the STAD TCGA
cohort. Patients with tumors with at least one collagen mutation of the type indicated in red. Wild-type
tumors in blue. Log-rank test p-values shown. Truncation mutations in any collagen gene were associated
with better outcomes while nonsynonymous missense mutations were not associated with overall
survival. Both missense and truncation mutations in COL5A2 were associated with longer overall
survival. B. Schematic of approach to identify tumors with combinations of mutated collagens
associated survival more signi�cantly relative to background accounting for mutation rate, gene size and
number of patients. C. Frequency of the inclusion of each collagen gene with a truncation mutation in a
combination signi�cantly associated with overall survival. A representative combination of collagen
genes strongly associated with overall survival curve and the oncoprint. D. Identi�cation of collagen
genes with truncation mutations in MSIH tumors most strongly associated with overall survival.
Frequency of the inclusion of each collagen in subsets consisting of 2 and 3 collagen genes with
truncation only mutations in MSIH tumors.
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Figure 3

Speci�c collagen mutation combinations have context dependent association with overall survival in
MSIH and MSS tumors. Kaplan-Meier survival analysis of representative collagen mutation combinations
with differing patterns of association with overall survival in MSIH and MSS tumors. P-values determined
by a log-rank test.

Figure 4

Tumors with collagen mutations have distinct expression of cancer hallmarks and tumor environments.
A. Representative enrichment plots from pre-rank GSEA suggest upregulation of E2F regulated transcripts
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and down-regulation of the expression of the matrisome in tumors with collagen mutations. TCGA
stomach tumors were classi�ed by collagen mutation status and pre-ranked GSEA revealed associations
with the indicated gene set. B. Heat map of normalized enrichment scores of the cancer hallmark,
immune cell, and NABA ECM gene sets. Red indicates higher expression in mutant tumors and blue
indicates higher expression in wild-type tumors. Nonsigni�cant and modest enrichment scores between
-1.5 and 1.5 are in white. In the full STAD TCGA cohort, tumors with any collagen mutation or with only
mutations in COL7A1 or COL11A1 showed similar patterns. C. Heatmap of gene sets in MSS only tumors.
D. Heatmaps of gene sets in MSIH only tumors reveal a more diverse pattern of enrichment. All heatmaps
generated in Morpheus (54).

Figure 5

Model of impact of cancer cell secreted collagens on tumors. Collagens originate from either the cancer
or stroma cells. Truncation and missense collagen mutants reorganize the tumor microenvironment
decreasing multiple processes that increase drug sensitivity and reduce metastasis risk including reduced
EMT, less local collagen around the cancer cells, a more disorganized collagen structure, and increased
in�ltration of cytotoxic immune cells and drugs.
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