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BACKGROUND: Colorectal cancer (CRC) develops through chromosomal instability (CIN) or microsatellite instability (MSI) due to
deficient mismatch-repair (dAMMR). We aimed to characterise novel cancer-associated genes that are downregulated upon
malignant transformation in microsatellite stable (MSS) CRCs, which typically exhibit CIN with proficient mismatch-repair (oMMR).
METHODS: Comprehensive screening was conducted on adenomas, MSI/MSS CRCs and cell lines, followed by copy number
analysis, and their genetic and prognostic relevance was confirmed in microarray and RNA-seq cohorts (n = 3262, in total).
Immunohistochemistry for SH2D4A was performed in 524 specimens of adenoma, carcinoma in situ and dMMR/pMMR CRC. The
functional role of SH2D4A was investigated using CRC cell lines.

RESULTS: A set of 11 genes, including SH2D4A, was downregulated during the adenoma-carcinoma sequence in MSS/CIN CRCs,
mainly due to chromosome 8p deletions, and their negative prognostic impact was validated in independent cohorts. All adenomas
were SH2D4A positive, but a subset of CRCs (5.3%) lacked SH2D4A immunohistochemical staining, correlating with poor prognosis
and scarce T cell infiltration. SH2D4A depletion did not affect cell proliferation or IL-6-induced STAT3 phosphorylation.
CONCLUSIONS: Our findings suggest that downregulation of multiple genes on chromosome 8p, including SH2D4A, cooperatively

contribute to tumorigenesis, resulting in the immune cold tumour microenvironment and poor prognosis.
British Journal of Cancer (2022) 126:917-926; https://doi.org/10.1038/s41416-021-01660-y

BACKGROUND

Colorectal cancer (CRC) remains one of the most common causes
of cancer-related death worldwide [1]. CRC is a highly hetero-
geneous disease with diverse clinical and biological behaviour;
however, the genomic basis of this heterogeneity remains poorly
understood. Colorectal carcinogenesis is driven by genomic
instability accompanying progressive accumulation of genetic
and epigenetic changes that activate oncogenes and inactivate
tumour-suppressor genes [2]. As an early event in the tumorigenic
process of CRC, genomic instability occurs in the form of either
microsatellite instability (MSI) caused by deficiency in the DNA
mismatch-repair (MMR) system or chromosomal instability (CIN),
each associated with distinct molecular pathways [3-5]. Most CRCs
arise from neoplastic precursor lesions (so-called adenoma), and
65-90% of CRCs develop through the adenoma-carcinoma
sequence, commonly accompanied by CIN, in which CIN exists
at the adenoma stage, becoming more prominent along with
tumour progression [3, 4, 6-8]. The CIN pathway is characterised
by structural and numerical chromosomal changes that result
in various types of somatic copy number alterations (SCNAs),

aneuploidy and loss of heterozygosity (LOH), whereas CIN tumours
are considered non-hypermutated and microsatellite stable (MSS)
with proficient MMR (pMMR) [4, 5]. CIN phenotypes are commonly
coupled with mutational inactivation of the tumour-suppressor
genes APC and TP53 and activating mutations in the KRAS
oncogene [6, 8]. By contrast, ~15% of CRCs are deficient MMR
(dMMR), exhibiting MSI and hypermutation but typically lacking
CIN [8, 9]. The Cancer Genome Atlas (TCGA) Network showed that
CRCs can be broadly categorised as hypermutated or non-
hypermutated [5]. A new classification system of CRC, comprising
4 consensus molecular subtypes (CMS1-4), has also been
proposed to encompass transcriptomic profiles that arise from
cancer cells as well as from the tumour microenvironment (TME)
[10]. Indeed, genomic instability crucially contributes to the
creation of distinct TME characteristics. It is well understood that
MSI CRCs exhibit the immune “hot” TME that are heavily infiltrated
by tumour-infiltrating lymphocytes (TILs) due to the recognition of
a high number of mutation-induced tumour neoantigens, along
with the expression of immune checkpoint molecules, thereby
patients with metastatic MSI CRC can benefit from immune
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checkpoint inhibitors (ICls) [9]. By contrast, it has become
increasingly clear that CIN also has multiple and diverse roles in
the recognition of cancer cells by the immune system. The
presence of arm-level and chromosome-level SCNAs, but not focal
SCNAs, was correlated with immune evasion, in which the
expression of cytotoxic infiltrating immune cell markers were
reduced [11, 12]. Specific SCNAs were also associated with altered
immune cell infiltration [13]. Besides, CIN appeared to be involved
in the crosstalk between cancer cells and their immune
microenvironment, for instance, as mediated through the cGAS-
STING pathway [14, 15]. However, as SCNAs can impact gene
dosage and gene expression of a larger number of neighboring
genes, it remains unknown whether any genes targeted by SCNAs
specifically promote tumour progression and generate the
immunosuppressive TME in CIN CRC.

In the current study, we aimed to identify novel cancer-
associated genes that are dysregulated through genomic dele-
tions upon malignant transformation particularly in MSS/CIN CRC.
Here we performed comprehensive multi-omics data analysis
using an extensive number of precancerous and cancerous
samples from multiple cohorts by combining with genomic and
clinical data sources. We then focused on a candidate tumour
suppressor gene SH2D4A on the short arm of chromosome 8 (8p)
that were deleted and downregulated in a subgroup of MSS/CIN
CRCs exhibiting poor survival outcomes and low levels of immune
infiltration.

METHODS

Multi-omics data analysis

All microarray data are publicly available from the Gene Expression
Omnibus (GEO) repository (http://www.ncbi.nlm.nih.gov/geo), and GEO
datasets used in this study were summarised in Supplementary Table 1. We
utilised the preprocessed values obtained from each microarray dataset. If
a gene is represented by multiple probe sets, only the probe with the
highest mean expression was used. For TCGA data analysis, genomic,
epigenomic, transcriptomic and clinical data, including somatic copy
number analysis (SNP6 Array-based data), lllumina RNA-seq analysis and
methylation array analysis (Infinium HumanMethylation450 BeadChip) for
both colon and rectal adenocarcinoma (COADREAD), were downloaded
through cBioPortal (http://www.cbioportal.org/) [5, 16]. MSI status,
molecular subtypes (CIN, GS, HM-SNV and MSI), CMS subtypes (CMS1-4)
and the tumour purity estimated by the ABSOLUTE algorithm were further
obtained as described previously [10, 17, 18]. We also used proteomic data
from the Clinical Proteomic Tumor Analysis Consortium (CPTAC), which
conducted mass spectrometry-based proteomic analysis of TCGA speci-
mens [19].

For genome-wide screening of genes, we initially used a dataset
GSE41258 that contained a large number of colorectal adenoma and
carcinoma samples with available clinical information on MSI status and
relapse-free survival (RFS) [20]. This was followed by analysis on a
microarray dataset of MSI and MSS CRC cell lines, GSE59857 [21], and
then SCNAs for each genes were examined by TCGA DNA copy number
analysis data for deep deletion. For validation purposes, additional
datasets were obtained from GEO, including GSE77953, GSE20916,
GSE37364, GSE4183, GSE71187, GSE39582, GSE26682, GSE33113,
GSE13294, GSE4554, GSE18088, GSE39084, GSE24551 and GSE42284 as
listed in Supplementary Table 1. They were discovered by carefully
searching the GEO database according to the availability of at least 15
adenomas or 15 MSI CRCs in each dataset. To build multi-gene
signatures, we computed signature scores by taking the mean expression
values for each sample. We defined the 11-gene signature based on the
expression of SH2D4A, CNOT7, PCM1, NUDT18, R3HCC1, XPO7, SLC25A37,
KCTD9, PPP2R2A, ELP3 and CCDC25. Immune infiltration was evaluated
using the 141-immune gene signature according to ESTIMATE [22]. For
survival analysis in gene expression datasets, patients were dichotomised
into high and low groups on the basis of the median expression values
for SH2D4A or the 11-gene within each cohort. For prognostic validation
of the expression of SH2D4A and the 11-gene, six independent GEO
datasets of CRC, including GSE39582, GSE24551, GSE30378, GSE33113,
GSE39084 and GSE17538 with RFS information, were aggregated as a
microarray meta-cohort (n=1111).

Gene enrichment analysis was performed using The Database for
Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics
Resources6.8 (http://david.abcc.ncifcrf.gov/home,jsp), as described else-
where [23].

Patient samples

We enrolled 20 patients with adenoma, 32 patients with carcinoma in situ
(Tis), and 472 consecutive patients with stage | to IV primary CRC who
underwent surgical resection at Fukushima Medical University hospital
between 2002 and 2013 without preoperative chemotherapy or radio-
therapy. Their available formalin-fixed paraffin-embedded (FFPE) whole
tissue sections were used for immunohistochemistry. Tumours were
classified according to the Japanese Classification of Colorectal, Appendi-
ceal and Anal Carcinoma [24]. Clinical and pathological information was
retrospectively obtained from medical records. For survival analysis, 256
patients with stage Il and Il CRC who underwent curative resection (R0)
were used for RFS, which was defined as time from the date of surgery to
the date of first relapse. The study was conducted in accordance with the
Declaration of Helsinki and was approved by the Institutional Review Board
of Fukushima Medical University.

Immunohistochemistry

Four-um-thick sections were deparaffinised in xylene and rehydrated in a
series of ethanol. Endogenous peroxidases were blocked with 0.3%
hydrogen peroxide in methanol. Antigens were retrieved by autoclave, and
slides were incubated with the following primary antibodies: SH2D4A
(Rabbit polyclonal; HPA001871; Prestige Antibodies® Powered by Atlas
Antibodies, Sigma-Aldrich; 1:200), CD4 (mouse; clone 4B12; M7310, Dako/
Agilent Technologies; 1:100), CD8 (mouse; clone C8/144B; M7103; Dako/
Agilent Technologies; 1:100), and Foxp3 (mouse; clone 236 A/E7; ab20034;
abcam; 1:200). Sections were subsequently incubated with horseradish
peroxidase (HRP)-coupled anti-mouse or anti-rabbit secondary antibodies
(Envision+System, K4003 or K4001; Dako/Agilent Technologies). Perox-
idase was visualised with DAB (Dojindo), and nuclei were counterstained
with Mayer's Hematoxylin Solution (131-09665; Wako/Fuijifilm). Negative
controls were done by replacing primary antibodies with PBS.

Assessment of staining

For SH2D4A staining, cytoplasmic SH2D4A immunoreactivity in tumour
cells was evaluated, and tumours were classified into two categories,
SH2DA4A negative and SH2D4A positive. SH2D4A negative was defined as
no staining of SH2D4A in tumour cells. Evaluation of CD4, CD8 and
Foxp3 staining was described previously [18]. Briefly, the invasive front
region of the tumour was reviewed in four independent areas, and
evaluated by counting the number of stained lymphocytes at a
magnification of x400. For Foxp3 staining, four independent hotspot
areas were selected at a magnification of x40, and then counted at a
magnification of x400, as described previously. The immunostains were
evaluated by two observers (K.S and T.M) who were blinded all of the
clinical data.

Determination of MSI/MMR status

For gene expression datasets, we defined MSI-high as MSI, and combined
MSI-low and microsatellite stable as MSS. For FFPE specimens, immuno-
histochemistry for MMR proteins (MLH1, MSH2, MSH6 and PMS2) was
performed as described previously [18]. Loss of at least one MMR protein
were defined as dMMR, and tumours with intact MMR protein expression
as pMMR.

Cell culture, siRNA transfection, qRT-PCR and western blotting
Thirteen short tandem repeat (STR)-authenticated human colorectal cancer
cell lines were used. Cell lines were purchased from ATCC (SW480, SW620
and RKO), RIKEN Cell bank (HCT116), JCRB Cell Bank (SW837, HT29 and
LoVo) and KCLB (SNU503, SNU81 and SNU407). These cell lines were STR-
authenticated and characterised by suppliers. LS180 and Colo205 were
obtained as previously described and authenticated by STR analysis
(Promega) [25]. Frozen aliquots were used in experiments within 6 months
after resuscitation. Cells were maintained with RPMI-1640 (ThermoFisher
Scientific) containing 10% fetal bovine serum (FBS) and penicillin/
streptomycin (100 IU/ml) (ThermoFisher Scientific) at 37 °C in a humidified
atmosphere of 5% CO2. Cells were stimulated with recombinant human IL-
6 protein (206-IL, R&D systems). Cell proliferation was measured using the
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Identification of 11 genes on chromosome 8p, including SH2D4A, that were downregulated through the adenoma-carcinoma

sequence particularly in microsatellite stable (MSS) colorectal cancer (CRC) compared to microsatellite unstable (MSI) CRC. a Heatmap
depicting the expression z-scores for the 11 genes in the analyses of adenomas vs CRCs, MSI CRCs vs MSS CRCs (Step 1, GSE41258) and MSI
cell lines vs MSS cell lines (Step 2, GSE59857), with the frequency (%) of deep deletions in the 11-gene loci (Step 3, TCGA). b Chromosomal
locations of the 11 genes spanning 8p21-22. ¢, d The levels of SH2D4A or the 11-gene signature in adenomas, primary CRCs (MSI or MSS)
and metastatic CRCs (Step 1, GSE41258). e, f The levels of SH2D4A or the 11-gene signature in MSI or MSS CRC cell lines (Step 2, GSE59857).
***%p < 0.0001, ***P < 0.001, **P < 0.01. g, h Kaplan-Meier curves illustrating relapse-free survival according to the expression of SH2D4A or
the 11-gene signature (n = 139, GSE41258). Patients were dichotomised as high or low based on the median expression of SH2D4A (g) and the

11-gene (h).

Cell Counting Kit-8 (CCK-8, DOJINDO) according to the manufacturer’s
instructions.

For knockdown of SH2D4A, cells were plated and transfected with 10
nmol/L of siRNA oligonucleotides for SH2D4A or scramble control (Silencer
Select; s34231, s34232 and negative control#1) using Lipofectamine
RNAIMAX Reagent (ThermoFisher Scientific) according to the manufac-
ture’s protocol.

Total RNA from cultured cells 72 h after transfection was isolated using
TRIzol Reagent (ThermoFisher Scientific) and 200 ng of total RNA was
reverse transcribed to cDNA using ReverTra Ace qPCR RT Master Mix with
gDNA Remover (TOYOBO) according to the manufacturer’s instruction.
gRT-PCR was conducted using Tagman assays (ThermoFisher Scientific),
including SH2D4A (Hs00222955_m1) and ACTB (Hs99999903_m1) with
PrimeTime Gene Expression Master Mix (Integrated DNA Technologies) on
the QuantStudio 3 (ThermoFisher Scientific) in triplicate. Relative expres-
sion levels were determined by the 22" method as described by
manufacturer’s instruction.

Total protein was extracted using Pierce RIPA Buffer (ThermoFisher
Scientific) supplemented with Halt Protease Inhibitor Cocktail (Thermo-
Fisher Scientific). The concentration of the protein lysates was measured
and the lysates were boiled in SDS-PAGE Sample Loading Buffer
(GBiosciences). Equal amount of protein was separated by 8-16% Tris-
Glycine Gel (ThermoFisher Scientific) and then transferred onto PVDF
membrane using iBlot2 Dry Blotting System (ThermoFisher Scientific).
The membrane was blocked with 5% nonfat dried skimmed milk (Cell
Signaling Technology), and incubated with primary antibodies, including
SH2D4A (Rabbit polyclonal; HPA001919; Prestige Antibodies® Powered
by Atlas Antibodies, Sigma-Aldrich; 1:1000), STAT3 (Rabbit; clone D1B2J;
#30835; Cell Signaling Technology; 1:1000), pSTAT3 (Rabbit; clone
Tyr705/D3A7; #9145; Cell Signaling Technology; 1:2000), PCNA (Rabbit
polyclonal; 10205-2-AP; Proteintech, Rosemont, IL, USA; 1:5000) and
B-actin (Mouse; clone AC-15; sc-69879; Santa Cruz Biotechnology;
1:5000). Then the membrane was incubated with goat anti-mouse or
anti-rabbit HRP secondary antibody (Cell Signaling Technology) and
developed with ECL Prime Western Blotting Detection Reagents (GE
Healthcare) using LAS4000 imager (GE Healthcare). For fractionation
assay, cytoplasmic and nuclear protein fractions were extracted using
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ProteoExtract® Subcellular Proteome Extraction Kit (539790, Merck)
according to the manufacturer’s protocol.

Statistical analysis

Fisher's exact test, x2 test, unpaired t-test with Welch's correction or
Mann-Whitney U test were used to determine differences between two
variables, where appropriate. For comparisons across multiple groups, one-
way analysis of variance (ANOVA) was performed. Correlations were
assessed using the Spearman’s coefficient. Cumulative survival was
estimated by the Kaplan-Meier method, and differences between two
groups were analysed by the log-rank test. Cox proportional hazards
regression were used to compute Univariate and multivariate models. All
statistical analyses were conducted using GraphPad Prism v6.04 (Graphpad
Software Inc.) or SPSS Statistics version 26 (IBM Corporation). All P-values
were two-sided, and P-values less than 0.05 were considered statistically
significant.

RESULTS

Identification of a set of genes that are downregulated in MSS
CRC

To identify cancer-associated genes that are downregulated
during the adenoma-carcinoma sequence through the CIN path-
way due to SCNAs in MSS CRCs, we first analysed comprehensive
gene expression profiles of pre-malignant and malignant color-
ectal epithelial tissues using an Affymetrix microarray dataset
(GSE41258) [20], in which colorectal adenomas and primary CRCs
with MSI status were deposited (Step 1, Fig. 1a and Supplementary
Fig. 1). This resulted in a total of 190 unique genes (225 probes)
that were not only significantly downregulated in primary CRCs
(n=186) compared to adenomas (n =49) but also significantly
decreased in MSS CRCs (n = 133) compared to those of MSI CRCs
(n=35). We then utilised a microarray dataset of CRC cell lines
based on lllumina platform (GSE59857) [21], showing that 68 of
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the 190 genes were significantly downregulated in MSS cell lines
compared to those of MSI cell lines (Step 2). We next adopted an
additional criterion to determine whether the downregulation of
those genes was potentially attributed to SCNAs. To this end, deep
deletions for those 68 genes were examined by means of TCGA
DNA copy number analysis data (n = 640) (Step 3). This led us to
identify a set of 11 genes, including SH2D4A, CNOT7, PCMT,
NUDT18, R3HCC1, XPO7, SLC25A37, KCTD9, PPP2R2A, ELP3 and
CCDC25, that exhibited recurrent deep deletions in more than 5%
of primary CRCs, among which the highest percentage of deep
deletions were SH2D4A (6.56%) (Fig. 1a). Intriguingly, all 11 genes
were found to be located on chromosome 8p.21-22 (Fig. 1a, b),
while the expression of 11 genes showed significant moderate to
strong correlations between one another with Spearman’s r
ranging from 0.206 to 0.746 (Supplementary Fig. 2). We then
focused on SH2D4A and we also developed the 11-gene signature
based on the expression of 11 genes (designated the 11-gene) for
further analysis. Figure 1c—f demonstrated the levels of SH2D4A
and the 11-gene in adenomas and primary CRCs with MSI status
(GSE41258, Fig. 1¢, d) and in CRC cell lines with MSI status
(GSE59857, Fig. 1e, f). We also found that the levels of SH2D4A and
the 11-gene in metastatic CRCs were significantly lower than those
of adenomas and primary CRCs (Fig. 1c, d), further suggesting the
potential contribution of downregulation of SH2D4A and the 11-
gene to tumour progression. As demonstrated in Fig. 1g, h, it is
also worth noting that decreased levels of SH2D4A expression and
the 11-gene were each significantly associated with poor RFS in
GSE41258 (n=139). In addition, the expression of SH2D4A and
the 11-gene remained prognostic, when the analysis was
restricted to MSS CRCs (Supplementary Fig. 3a, b).

SH2D4A was downregulated in MSS CRC

We next attempted to validate the downregulation of SH2D4A
and the 11-gene using multiple datasets that contained adenomas
and MSI/MSS CRGs. As shown in Fig. 2a, five microarray datasets
were used and SH2D4A expression was found to be decreased
significantly with the adenoma-to-carcinoma transition in most of
the analysis. Furthermore, 10 independent datasets of CRC
analysed on microarray or RNA-seq revealed that MSS CRCs had
significantly lower levels of SH2D4A expression than those of MSI
CRCs (Fig. 2b). Correspondingly, significantly decreased levels of
the 11-gene in CRCs compared to adenomas, as well as in MSS
CRCs compared MSI CRCs, were confirmed in all cohorts we
analysed (Supplementary Fig. 4). Although MSI CRCs frequently
carry BRAF mutations, SH2D4A expression was not specifically
altered by BRAF mutation status in both MSI and MSS CRCs
(Supplementary Fig. 5). These results further prompted us to
validate the prognostic impact of SH2D4A and the 11-gene in CRC.
For this purpose, we obtained two large cohorts of CRC, including
a meta-cohort (n = 1111) by combining 6 microarray datasets with
RFS data available (GSE39582, GSE24551, GSE30378, GSE33113,
GSE39084 and GSE17538) and the TCGA cohort based on RNA-seq
analysis (n = 588). Patients with lower expression of SH2D4A and
the 11-gene had significantly shorter RFS in the microarray meta-
cohort (Fig. 2c). The TCGA cohort further confirmed that
decreased levels of SH2D4A and the 11-gene were each
significantly associated with poor OS (Fig. 2d). Our finding
consistently indicates that SH2D4A and the 11-gene were
downregulated through the adenoma-carcinoma progression
particularly in MSS CRC, and that the downregulation of SH2D4A
and the 11-gene had negative prognostic impact in CRC.

SH2D4A downregulation through chromosome 8p deletion in
chromosomally unstable CRCs

We examined somatic mutations, SCNAs, genomic and transcrip-
tomic molecular subtypes and DNA hypermethylation, to more
clarify the genetic mechanisms responsible for the downregula-
tion of SH2D4A (Fig. 3a-i and Supplementary Fig. 6a-g). The TCGA

cohort demonstrated a strong positive correlation between
SH2D4A mRNA expression by RNA-seq and SH2D4A SCNAs,
including deep deletion (copy number, —2), shallow deletion (—1),
diploid (0), gain (1) and amplification (2) (Fig. 3a, Spearman’s r =
0.73). Likewise, in the CPTAC dataset, we confirmed the significant
correlation of SH2D4A protein expression by mass spectrometry
with SH2D4A SCNAs (Fig. 3b, r=0.50). Moreover, among 4
molecular subtypes [17], including MSI, HM-SNV, GS and CIN, CRCs
with CIN showed significantly decreased levels of SH2D4A
expression and the 11-gene, which were particularly remarkable
in tumours with genetic deletion of SH2D4A (Fig. 3c and
Supplementary Fig. 6a). On the other hand, low levels of SH2D4A
and the 11-gene were preferentially found in CMS2 and CMS4
tumours, both of which were characterised by high SCNA levels
(Fig. 3d and Supplementary Fig. 6b) [10]. Those findings were
confirmed in GSE39582 (Supplementary Fig. 6d-g). We also
noticed that SH2D4A levels varied considerably even within MSI
tumours, in which SH2D4A was not deleted, and that some MSI
tumours showed decreased levels of SH2D4A expression compar-
able to those of MSS tumours with SH2D4A deletions (Figs. 1c, 2b,
and 3c). As shown in Fig. 3e, both MSI tumours and MSS tumours
without deep deletion of SH2D4A demonstrated significant
inverse relationship between SH2D4A methylation and expression
(r=-0.59 and —0.51, respectively), which appeared to be much
stronger than that of MSS tumours exhibiting SH2D4A deep
deletion (r= —0.28). Those results indicate that SH2D4A down-
regulation was mostly attributed to SCNAs in CIN CRCs, whereas
DNA hypermethylation might also contribute to the silencing of
SH2D4A in a subset of MSI and MSS CRCs.

Since the 11 genes, including SH2D4A, on chromosome 8p were
significantly correlated with one another (Supplementary Fig. 2), it
is speculated that the expression of those 11 genes were
simultaneously regulated mainly through large-scale genomic
deletions but not resulted from focal SCNAs. Co-expression
analysis in the TCGA cohort identified 313 genes to be
significantly positively correlated with SH2D4A with Spearman'’s
r>0.3 and P < 1.00E-8 (Supplementary Table 2). DAVID bioinfor-
matics analysis revealed that the 313 SH2D4A-correlated genes
were strongly enriched for chromosome 8 as well as several
cytobands of chromosome 8p (Fig. 3f, terms with P < 1.00E-5 are
shown). Also, downregulation of SH2D4A and the 11-gene were
closely associated with loss of chromosome 8p (Fig. 3g and
Supplementary Fig. 6c), indicating that loss of 8p was the major
contributor to the concomitant downregulation of those 11 genes
on 8p, including SH2D4A, particularly in CIN tumours. Besides
chromosomal locations, DAVID also identified significantly
enriched keywords and terms that are particularly involved in
cellular metabolism, such as lipid metabolism, oxidoreductase,
endoplasmic reticulum and mitochondrion (Fig. 3f and Supple-
mentary Table 3). We also found that SH2D4A expression and the
11-gene were not affected by the levels of estimated tumour
purity (Supplementary Fig. 7a, b).

SH2D4A deletion was associated with poor prognosis and
immune suppression

We then asked whether deletions of SH2D4A and loss of 8p could
have prognostic roles in CRC. Strikingly, not only SH2D4A
deletions (deep and shallow deletions were combined) but also
loss of chromosome 8p were significantly associated with poor OS
(Fig. 3h, i), which was highly consistent with the negative
prognostic impact of the downregulation of SH2D4A and the
11-gene in multiple cohorts of CRC (Figs. 1g, h and 2c, d).
Analogous to our findings in CRC, previous studies reported that a
cluster of six genes on chromosome 8p, including SH2D4A, were
deleted and downregulated frequently in hepatocellular carci-
noma (HCC) and that lower expression of those genes were
associated with poorer prognosis in patients with HCC [26, 27].
Intriguingly, in HCC, SH2D4A was correlated with regulatory and
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Fig.2 Validation of clinical and prognostic association of SH2D4A and the 11-gene signature in multiple independent cohorts. a SH2D4A
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cytotoxic T cell infiltration [28]. We therefore sought to determine
whether there was any association between immune infiltration
and SH2D4A deletions in CRC. As shown in Fig. 3j, k, the levels of
CD8A expression (as a marker of CD8 + T cells) and an immune
infiltration signature based on immune ESTIMATE were signifi-
cantly lower in tumours with SH2D4A deletions, whereas the
expression of FOXP3 (regulatory T cells; Tregs) did not significantly
differ among tumours with and without SH2D4A deletions (Fig. 3I).

Loss of SH2D4A was associated with immune suppression and
poor prognosis

We conducted immunohistochemistry for SH2D4A using 524 sur-
gically resected specimens of adenoma (n = 20), carcinoma in situ
(Tis) (n=32) and stage |-IV primary CRC (n=472). Immunor-
eactivity for SH2D4A protein was typically seen in the epithelial
cell cytoplasm in both non-neoplastic colonic mucosa and tumour
tissues (Fig. 4a and Supplementary Fig. 8a). All adenomas (100.0%)
as well as the vast majority of Tis tumours (96.9%) and CRCs
(94.7%) were determined to be positive for SH2D4A staining
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(Fig. 4a-9g). By contrast, we found that only 25 CRCs (5.3%) lacked
SH2D4A staining (Fig. 4e—g). Supplementary Table 4 shows
clinicopathological characteristics of 472 CRCs according to
SH2DA4A staining. We found no significant association of SH2D4A
expression with common features, including age, sex, tumour
location, differentiation, tumour invasion, lymphatic/venous inva-
sion, lymph node metastasis, distant metastasis or disease stage.
Of 25 CRCs with negative SH2D4A expression, 23 (92.0%) were
PMMR, while only 2 (8.0%) were dMMR, however, there was no
significant association between SH2D4A expression and MMR
status. Strikingly, loss of SH2D4A immunostaining was significantly
associated with poorer RFS compared to those of SH2D4A
positive, in patients with stage Il and Il CRC (Fig. 4h). As shown
in Table 1, univariate and multivariate Cox analysis identified
SH2D4A negative as a significant prognostic factor for poor RFS
when adjusted for clinical covariates and MMR status (HR 3.65;
95% Cl 1.28-10.44; P =0.016). We also performed immunohisto-
chemistry for CD8, CD4 and Foxp3, to evaluate the association
between SH2D4A expression and T cell infiltration in the TME.
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SH2D4A-negative tumours showed significantly lesser number of
CD8 + and CD4 + T cell infiltration compared to those of SH2D4A
positive (Fig. 4i, j and Supplementary Fig. 8b). By contrast,
infiltration of Foxp3+ cells was not correlated with SH2D4A
expression (Fig. 4k). As dMMR tumours are known to be
immunologically hot and to exhibit dense T cell infiltration,
tumours were further stratified by SH2D4A expression and MMR
status. We found that significantly different levels of CD8 + and
CD4 + infiltrating cells between groups, displaying particularly
lesser number of CD8 and CD4 lymphocytes in SH2D4A-negative
tumours, irrespective of MMR status (Supplementary Fig. 9a-c).

The effect of SH2D4A depletion in CRC cell lines

In HCC, SH2D4A appeared to be a candidate tumour suppressor
that can inhibit IL-6-responsive STAT3 transcriptional activity [28].
Hence, the downregulation of SH2D4A could enhance IL-6/
STATS3 signaling and thus likely lead to promoting tumour cell
proliferation and repressing immune surveillance [28]. We there-
fore hypothesised that SH2D4A may have a tumour-suppressive
function in CRC via inhibition of endogenous STAT3 signaling. To
address this hypothesis, we utilised two CRC cell lines, including

HCT116 and SW480, harboring no deletion or mutation at the
SH2DA4A locus, with relatively higher SH2D4A protein expression
among 13 cell lines examined by western blotting (Supplemen-
tary Fig. 10). HCT116 and SW480 cells were transfected with
siRNAs targeting SH2D4A or scramble negative control and cells
were treated with IL-6 (Supplementary Fig. 11a—e). We found that
siRNA-mediated SH2D4A depletion had no clear effect on cell
proliferation (Supplementary Fig. 11c, d). In addition, IL-6
stimulated STAT3 phosphorylation in whole-cell lysates was not
altered by SH2D4A depletion (Supplementary Fig. 11e). In HCC, it
was shown that SH2D4A can directly interact with STAT3 to retain
it in the cytoplasm, leading to inhibition of nuclear translocation
of STAT3. We therefore extracted cytoplasmic and nuclear protein
fractions from siRNA-transfected cells, and STAT3 and phosphory-
lated STAT3 (pSTAT3) were analysed by western blotting. As
shown in Fig. 5a, b, although pSTAT3 was predominantly
detected in the nuclear extracts in response to IL-6 stimulation,
SH2D4A depletion did not significantly change the levels of
pSTAT3 in both cell lines. Also, total STAT3 levels in cytoplasmic
and nuclear fractions appeared to be unaffected by knockdown
of SH2D4A.
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DISCUSSION

In the present study, we demonstrated for the first time that
SH2D4A was downregulated during the adenoma-carcinoma
transition in MSS CRCs, which typically exhibited CIN, most likely
due to chromosome 8p loss or large deletions involving 8p.21-
22. Notably, decreased levels of SH2D4A mRNA expression were
significantly associated with poor clinical outcomes, not only in
the discovery dataset (n = 139), but also in two large validation
cohorts based on microarray (n =1111) and RNA-seq (n = 588).
Correspondingly, deletions of SH2D4A were also associated with
poor prognosis. This prognostic impact was further recapitu-
lated by an immunohistochemistry cohort (n =256), showing
that a subset of patients with CRCs lacking SH2D4A staining had
significant poorer RFS than those with positive SH2D4A staining.
Furthermore, low levels of the 11-gene signature based on
chromosome 8p genes, as well as loss of chromosome 8p itself
had significant poor prognostic impact. Those results showed a
phenotypic overlap between CRCs exhibiting chromosome 8p
loss, SH2D4A deletion, decreased SH2D4A mRNA expression and
loss of SH2D4A protein expression. It is worth noting that loss of
SH2D4A protein expression provided strong prognostic stratifi-
cation, independent of conventional clinical factors. Therefore,
although further validation studies are needed, immunohisto-
chemistry for SH2D4A with resected FFPE specimens might be
used as a practical assay for prognostic stratification of CRC.
Since the lack of SH2D4A immunostaining correlated with poor
RFS in stage Il and Ill patients after surgery, those “high-risk”
patients may benefit from intensive postoperative management,
including adjuvant chemotherapy, to reduce the likelihood of
disease recurrence.

In good agreement with the prognostic roles of chromosome
8p genes in CRC demonstrated in our study, Roessler S et al.
reported the association of poor outcomes in HCC with 6 genes on
chromosome 8p that were deleted and downregulated, in which 3
genes, including SH2D4A, ELP3 and CCDC25, overlapped with the
11 genes that we identified in CRC in this study [26]. Roessler S
et al. further demonstrated that SH2D4A can work as a tumour
suppressor that suppresses cell proliferation and inhibits IL-6-
induced nuclear STAT3 transcriptional activity in HCC cells by
directly interacting with STAT3 to retain it in the cytoplasm [28].
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Hence, downregulation of SH2D4A may enhance IL-6 responsive
STAT3 activation that can result in tumour cell proliferation. This
prompted us to determine the effect of SH2D4A inactivation in
CRC, using two CRC cell lines without SCNAs or mutations at the
SH2D4A locus. However, we found no clear impact of SH2D4A
depletion in cell proliferation, while total and phosphorylated
STAT3 levels, either in the nucleus or in the cytoplasm, were not
clearly affected by SH2D4A depletion. Therefore, functional roles
of SH2D4A in CRC remains inconclusive. Although we were not
able to explain this discrepancy of in vitro SH2D4A roles between
CRC and HCC, this study provided several important findings that
are consistent with previous studies. We found that CRCs with
SH2D4A deletions exhibited low levels of immune infiltration
signatures, and that tumours lacking SH2D4A protein expression
displayed poor prognosis and the immune cold TME with scarce
CD4 + and CD8 + T cell infiltration. Likewise, in HCC, CD4 + and
CD8 + T cell infiltration was significantly reduced in tumours with
low SH2D4A protein expression [28]. Moreover, across cancer
types, arm-level and chromosome-level SCNAs, but not focal
SCNAs, were significantly correlated with reduced immune
signatures, especially CD8 + T cells, and poor survival [11]. It is
also worth noting that chromosome 8p is one of the most
commonly deleted genomic regions in solid cancer [12, 29], and
that deletions of chromosome 8p were associated with poor
prognosis in HCC, breast cancer and prostate cancer [26, 30-33].
Taken together, these data suggest that highly aneuploid (i.e. CIN)
tumours exhibiting loss of chromosome 8p are characterised by
SH2D4A downregulation, reduced immune infiltration and poor
prognosis. Meanwhile, unlike the strong correlation between
SH2D4A expression and Foxp3+ cells in HCC tissues [28], we
found that SH2D4A expression was not associated with infiltrating
Foxp3+ cells in CRC. This discrepancy between HCC and CRC may
in part result from the different clinical and prognostic impact of
infiltrating Foxp3+ cells among cancer types [34-36].

Although 25% of the genome is known to be affected by arm-
level SCNAs [37], their functional consequences are still not fully
determined, as large SCNAs can exert widespread effects on gene
expression and function. Recurrent deletions of chromosome 8p
and its association with poor survival in human cancer suggest
that cancer-associated genes with tumour-suppressive properties
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Table 1. Univariate and multivariate Cox analysis for relapse-free survival in patients with stage Il and Ill colorectal cancer (n = 256).

Age

Continuous
Gender

Male (n = 160)

Female (n = 96)
Tumour location
Colon (n=169)
Rectum (n = 87)
Tumour differentiation
Well (n=109)
Moderately (n = 132)
Poorly (n=15)
Tumour invasion
T1-3 (n=168)
T4 (n =88)
Lymphatic invasion
Absent (n =42)
Present (n = 214)
Venous invasion
Absent (n = 27)
Present (n = 229)
Lymph node metastasis
Absent (n = 143)
Present (n =113)

Adjuvant chemotherapy

Absent (n = 149)
Present (n = 107)

MMR status
PMMR (n = 231)
dMMR (n = 25)

SH2D4A by immunohistochemistry

Positive (n = 248)
Negative (n =8)

Univariate

HR (95% CI)

1.021 (0.996-1.047)

Reference
1.175 (0.697-1.981)

Reference
1.239 (0.732-2.097)

Reference
1.749 (0.993-3.080)
2.221 (0.751-6.565)

Reference
2.480 (1.480-4.157)

Reference
1.887 (0.810-4.394)

Reference
3.675 (0.897-15.063)

Reference
2.635 (1.542-4.503)

Reference
1.348 (0.803-2.247)

Reference
0.304 (0.074-1.246)

Reference
3.299 (1.193-9.118)

Bold values indicate statistical significance p < 0.05.

Multivariate
P HR (95% Cl) P-value
0.101
0.546
0.424
Reference
0.053 1.956 (1.088-3.515) 0.025
0.149 2.274 (0.747-6.922) 0.148
Reference
0.001 2.326 (1.366-3.960) 0.002
0.141
Reference
0.071 2.238 (0.533-9.396) 0.271
Reference
<0.001 2.129 (1.230-3.683) 0.007
0.262
Reference
0.098 0.236 (0.057-0.974) 0.046
Reference
0.021 3.653 (1.278-10.442) 0.016

In the multivariate model, only variables with P < 0.1 in univariate analysis were included.
HR hazard ratio, 95% Cl 95% confidence interval, MMR DNA mismatch-repair, dMMR deficient MMR, pMMR proficient MMR

reside in this region. Despite several gene candidates located on
chromosome 8p that have been proposed, none of them fulfilled
the two-hit criteria for bona fide tumour suppressor genes [2, 30].
By contrast, Xue W et al. revealed that multiple genes on
chromosome 8p can cooperatively inhibit tumorigenesis and their
co-suppression can synergistically promote tumour growth using
a murine model with in vivo RNAi targeting [38]. Cai Y et al.
generated a human mammary epithelial cell model carrying
chromosome 8p hemizygous deletion, showing that large-scale 8p
deletions create phenotypes associated with lipid metabolism and
metastasis that fundamentally differ from those arising from loss
of a single gene [30]. Indeed, the present study revealed that a
large number of chromosome 8p genes were co-suppressed with
SH2D4A, which were involved in metabolic pathways, such as lipid
metabolism, oxidoreductase, endoplasmic reticulum and mito-
chondrion. Alternatively, arm-level SCNAs may concomitantly

require other specific SCNAs, as 8p deletion frequently co-occurs
with gains of chromosome 8q involving the MYC oncogene and
losses of the TP53 tumour suppressor gene on chromosome 17p
[31, 33, 38, 391. It is therefore plausible that although alterations of
single genes, such as SH2D4A, on chromosome 8p are often
insufficient to explain the phenotypic impact caused by large
deletions within 8p, multiple genes on chromosome 8p are
cooperatively responsible for tumorigenesis in CRC in a haploin-
sufficient manner, where the consequences of large deletions in
chromosome 8p are context-dependent.

This study has several limitations. First, the exact functions of
SH2D4A in CRC was not elucidated, and it remains unclear
whether SH2D4A downregulation alone can functionally affect
tumorigenesis. Second, although we used a large number of
samples from multiple public datasets, they were based on
exploratory and retrospective analysis, in which some cohorts
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lacked sufficient genomic or clinical information. Also, the
prognostic value of SH2D4A staining by immunohistochemistry
remains to be validated in independent FFPE cohorts. Thirdly,
only about 5% of CRCs exhibiting SH2D4A-negative protein by
immunohistochemistry appeared to be discrepant from the
incidence of SH2D4A deletions or loss of chromosome 8p, which
was found in up to 45% of CRCs. In addition, the proportion of
SH2D4A protein loss was not clearly different between pMMR
and dMMR tumours in our FFPE cohort, although statistical
power was limited. Those findings suggest that additional
epigenetic and post-translational mechanisms regulate the
expression of SH2D4A protein in CRC. Future studies would
need a large number of FFPE tissue cohorts, by combining
immunohistochemistry with genetic and epigenetic analysis.

In conclusion, we identified a subgroup of CRCs exhibiting
SH2D4A downregulation and arm-level deletion of chromosome
8p. Our findings suggest that downregulation of multiple genes
on chromosome 8p cooperatively contribute to tumorigenesis,
characterised by the immune cold tumour microenvironment and
poor prognosis.
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