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Single-cell transcriptomics reveal DHX9 in
mature B cell as a dynamic network biomarker
before lymph node metastasis in CRC
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Increasing evidence indicates that mature B cells in the adja-
cent tumor tissue, both as an intermediate state, are vital in
advanced colorectal cancer (CRC), which is associated with a
low survival rate. Developing predictive biomarkers that
detect the tipping point of mature B cells before lymph node
metastasis in CRC is critical to prevent irreversible deteriora-
tion. We analyzed B cells in the adjacent tissues of CRC
samples from different stages using the dynamic network
biomarker (DNB) method. Single-cell profiling of 725 CRC-
derived B cells revealed the emergence of a mature B cell sub-
type. Using the DNB method, we identified stage II as a critical
period before lymph node metastasis and that reversed differ-
ence genes triggered by DNBs were enriched in the Janus
kinase (JAK)-signal transducer and activator of transcription
(STAT) pathway involving B cell immune capability. DHX9
(DEAH-box helicase 9) was a specific para-cancerous tissue
DNB key gene. The dynamic expression levels of DHX9 and
its proximate network genes involved in B cell-related path-
ways were reversed at the network level from stage I to III
In summary, DHX9 in mature B cells of CRC-adjacent tissues
may serve as a predictable biomarker and a potential immune
target in CRC progression.

INTRODUCTION

Colorectal cancer (CRC) is the third most common cancer (6.1%
incidence) and fourth most fatal cancer (9.2% mortality) in the
world.! In next 10 years, CRC is expected to cause 2.2 billion new
cases and 1.1 billion additional deaths.” Despite the development
of imaging and surgical techniques and multimodal therapy, the
overall survival rate of patients with advanced CRC remains
low.™ The 5-year survival rate for CRC is significantly lower in
stages III and IV than in stages I and II.’ Para-cancerous tissue is
often used as a control in cancer research. However, it has been
theorized that cancer formation is a process involving gradual accu-
mulation of mutations. Paraneoplastic tissue, as an intermediate

state, is a group of cells that are morphologically normal before tu-
mor formation but have undergone alterations at the molecular
level.>” Transcriptomic studies have shown that large numbers of
molecular and cellular events occur in para-cancerous tissues,
including epithelial-mesenchymal transition (EMT), tumor necrosis
factor (TNF)-a and transforming growth factor (TGF)-f signaling,
and apoptosis.® In particular, the pro-inflammatory microenviron-
ment of para-cancerous tissues is favorable for CRC progression.’
The tumor immune microenvironment (TME) is considered to be
a mixture of tumor cells, stromal cells, differentiated cells from he-
matopoietic stem cells, and non-cellular components.”J Cross-talk in
TME plays an important facilitating and inhibiting role in the pro-
gression of CRC."" In the TME, the targeting cytotoxic T lymphocyte
antigen 4 (CTLA4) or programmed cell death 1 (PD1) pathway can
effectively improve patient survival.'>”'> The para-cancerous tissue
microenvironment is not only essential for the normal physiological
and biological behavior of an organ but is also critical in opposing
resistance to malignant cell growth.'® Our previous studies have
shown that microbiome dysbiosis is significant in the para-
cancerous tissue of CRC during metastasis.'” However, the role of
immune cells and others in the para-cancerous microenvironment
and the underlying mechanism in tumor progression are unclear.

B cells (bursal-derived lymphocytes) are the major population of im-
mune cells in the TME that execute the humoral immunity in cancer
metastasis.'® B cells mature in the bone marrow or lymph node."”
Mature B cells play a positive role in tumor immunity and home
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to sites of infection or inflammation.”* More importantly, mature B
cells can perform antigen presentation and then proliferate and
differentiate into plasma cells and memory cells with the assistance
of helper T cells.”' Thus, mature B cells are positively immune to
CRC through antigen presentation, development, and migration.
For instance, the Janus kinase (JAK)-signal transducer and activator
of transcription (STAT) signaling pathway, under the influence of
immune factors, plays an important role in B cell development,
and any changes in its activity can affect tumor progression.”>**
Many studies have shown that tumor-infiltrating B cells (TIL-Bs)
in the TME of CRC may be plausible tumor biomarkers and poten-
tial targets for CRC immunotherapy.”**> In addition, mature B cells
in adjacent tissues, under the action of chemokines (CCR2 and
CCR7), metastasize to tumor tissues to exercise their functions
such as induction in the lymph node and interaction with antigen-
presenting cells (APCs).”>”” At the same time, deficiency of mature
B cells has been shown to increase tumor growth in mouse models.*’
Therefore, dynamic changes in the immune activity of mature B cells
in para-cancerous tissues may influence tumor progression, espe-
cially during early stages of CRC.”® Thus, it is important to capture
this change in para-cancerous mature B cells at an early stage of
CRC (before lymph node metastasis) to prevent cancer progression
and uncover important biomarkers to provide new immune targets
and prognostic indicators.

B cell antigen presentation and B cell development during CRC pro-
gression are dynamic processes.”® The metastasis of CRC is preceded
by a transitional phase characterized by dramatic changes in the im-
mune activity of B cells, which play an important role in the metas-
tasis of CRC.*” To quantify this process, we applied dynamic network
biomarkers (DNBs)** " to predict the tipping point for CRC metas-
tasis. DNBs are a group of strongly correlated and fluctuating
molecules used for disease prediction or as an early warning. Unlike
differentially expressed genes (DEGs), which are molecular bio-
markers primarily used to detect disease status,”> DNBs are used
for detecting pre-mutation critical signals in disease and provide a
new perspective for accurately predicting CRC metastasis and uncov-
ering potential therapeutic targets.”” > Quantification of the dy-
namics of immunoreactivity of mature B cells in CRC progression
by the DNB method may allow prediction of the most critical time
points for early intervention and discovery of B cell-related immuno-
therapy targets and prognostic markers.

In this study, we used DNB analysis at the single-cell transcriptome
level to evaluate gene network changes in mature B cells from
CRC-adjacent tissues and predict the critical period of lymph node
metastasis before CRC stage II (the following stages are American
Joint Committee on Cancer [AJCC] tumor-lymph node-metastasis
[TNM] stages). We also explain the reasons for stage IT being a critical
period in terms of network level and immune function, especially the
JAK-STAT signaling pathway. We finally obtained DEAH-box heli-
case 9 (DHX9), a key DNB gene, as a biomarker in adjacent tissues
B cells that is indicative of pre-metastasis before lymph node metas-
tasis and could be used as a potential immunotherapy target.
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RESULTS

B cell atlas revealed a mature B cell subtype in CRC

We performed single-cell RNA sequencing (Smart-Seq2) on im-
mune cells (CD45%) isolated from eight paired CNP colorectal
adenocarcinoma samples. After removing low-quality cells, a total
of 5,345 CD45" cells were retained for subsequent analysis. In total,
725 B cells were investigated in the present study (Figure S1), gener-
ating an average of 11.26 million uniquely mapped reads per cell.
Based on this multi-regional map of the single-cell transcriptome,
we provide a more comprehensive landscape of the immune micro-
environment. More detailed information is discussed in our previ-
ous study.”

From the B cell immune atlas (Figure 1A), highly variable genes (Ta-
ble S1) were used to identify cellular subtypes. We found a mature B
cell subset that exhibited a CD74"MS4A1"BCL11A"CCR7" pheno-
type (Figures 1B and 1C). In detail, CCR7 of B cells is important in
the process of B cell transport to the lymph node and their matura-
tion. B cell lymphoma 11A (BCLII1A) is essential for B lymphoid
development.”” Furthermore, membrane spanning 4 domains Al
(MS4A1; CD20) is expressed on the surface of all B cells beginning
at the pro-B phase and progressively increasing in concentration
before B cell maturation. The maturation of B cells also requires the
involvement of dendritic cells and macrophages for major histocom-
patibility complex (MHC) antigen presentation. CD74 is expressed
on APCs such as macrophages, B cells, and dendritic cells. Once syn-
thesized, CD74 is associated with MHC class I1.°%*° CD74 is a cellular
receptor that is relevant for maintaining the survival of mature B
cells.*>* Tt is noteworthy that the expression of genes associated
with antibody production, such as IGHGI, IGHG4, IGHAI, and
IGHA2, was downregulated in these B cells (Table S1). Therefore,
we considered the cl1 class as a group of mature B cells with a CD74"
MS4A1"BCL11ATCCR7" phenotype rather than plasma cells. We
also observed a significant decrease in the number of these cells in tis-
sues in the later stages of the tumor as compared to that in para-
cancerous tissues. The cellular content of the para-cancerous tissue
did not significantly change between stage II and III (Figure 1D).

Detection of the tipping point of B cells before lymph node
metastasis in CRC

Para-cancerous tissues have a higher degree of disorder than does the
cancer tissue.’ Therefore, we hypothesized that the B cell immunity of
early para-cancerous tissues undergoes more dramatic immune
changes that may be useful as an early warning of CRC. Based on
this hypothesis, we analyzed mature B cells in para-cancerous tissues
using the DNB method (DNB analysis in Materials and methods) to
locate the process of CRC metastasis.*” The emergence of DNB indi-
cates the arrival of a critical time point for tumor metastasis. Using the
transcriptome atlas of CD74"CD20"BCL11A*CCR7" B cells in the
adjacent tissues of CRC at different stages of DNB analysis, we found
that the peak of DNB appeared in stage II, a critical period before
lymph node metastasis, where the gene network was in a period of
volatile change (Figure 2A). Our results from the heatmap of DNB
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Figure 1. Colorectal cancer (CRC) B cell atlas
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gene clustering at different stages (I-IV) indicated a different expres-
sion pattern and a group of genes with higher expression in stage II
than in other stages (Figure 2B). To further understand the dynamic
changes at the gene level during metastasis progression, we classified
all DNBs into four clusters using Mfuzz*’ and found that cluster 3 and
cluster 4 DNB genes have high expression in stage II. This observation
suggests that these genes had a vital role in stage II (Figure 2C). To
understand the immune function of DNB genes at different stages,
we used gene set variation analysis (GSVA) and found that most
DNB genes of mature B cells were enriched in plasmacytoid dendritic
cells (pDCs) and human leukocyte antigen (HLA), and they were
involved in immune presentation functions (Figure 2D). In addition,
the DNB genes were significantly enriched in the type 1 interferon
(IFN) signaling pathway (Figure S2) related to B cell activation and
antibody response.** Furthermore, we applied the DNB method to
the B cells from the cancer tissue and found that the DNB gene num-
ber in the cancer tissue was lower than that in the para-cancerous tis-
sue (Figure S3; Table S2). This result suggests that the para-cancerous
tissue had higher dysregulation than did the cancer tissue. In sum-
mary, stage II is a critical period in CRC progression during which
this subtype of B cells in the para-cancerous tissue performs essential
immune functions before lymph node metastasis.

DEGs triggered by DNBs enriched in the JAK-STAT pathway
involving B cell immune capability

To systematically investigate the roles of the genes overexpressed in
stage II CRC (Figure 2C), we constructed a protein-protein interac-
tion (PPI) network using the STRING database to artificially select

T

identifies a CD74*"MS4A1*BCL11A*CCR7* B cell
subtype

(A) Clustering diagram of six types of B cell subtypes after
dimensionality reduction by UMAP. The figure legends
represent six different types of B cells. (B) Differential
heatmap of CD74*MS4A1*BCL11A*CCR7* B cell sub-
types. The list of genes on the left represents six types of
cellular hypervariable genes, and the graph on the right is
annotated with cell types and gene expression. (C) Spe-
cific expression of MS4A1(CD20) in CD74"MS4A1*
BCL11A*CCR7* B cell subtypes. (D) Stacked histogram
shows cell content in different tissues (CNP) at different
stages.

the top 50 genes for our subsequent study.
EIF4A3, DHX9, EP300, STAT3, CCT2, and
other genes listed in the top 50 hits of the
PPI network were considered as core DNB
genes, suggestive of their important biological
functions in B cells from CRC (Figure S4; Ta-
ble S3). This was followed by a detailed study
of how the DNB genes affect the first-order
genes (Table S4). Thus, we used a soft clus-
tering algorithm to classify first-order genes ac-
cording to their expression trends and found
that the gene expression levels of the third and fourth clusters
were altered between stage II (the critical period identified by the
DNB method) and stage III, but not between stage I and II (Fig-
ure S5). From the “altered genes,” we selected reversed genes that
were not significantly differentially expressed between stage I and
II but showed significant differential expression between stage II
and III (Tables S5 and S6). As a result, 129 genes were considered
as reversed genes, which had variable expression over time at the
network level and played an important role in the function of the
identified B cell subtypes (Figure 3A; Table S7).

Stage
| stage |
| stage Il
1 stage Il
| stage IV

From the network formed by the DNB genes and its connected
reversed genes (Figure 3A), two groups of genes in the inner and outer
rings that were associated with the core DNB genes showed a very sig-
nificant change in expression levels between stage I and IIT but had
slight expression alterations in stage II. Seventeen of the DNB core
genes were linked to the reversed genes, including the eukaryotic initi-
ation factor (EIF) family of genes such as EIF4E, EIF4A3, and EIF3M
and transcription factors (TFs) such as STAT3, NDUFAI, HIFIA,
ENOI, and DHX9. The EIFs family and TFs are involved in the initi-
ation of translation and regulation of immune-related downstream
genes. These genes are involved in many immune functions such as
T helper 2 cell differentiation, antigen processing, presentation of
peptide antigens via MHC class I, regulation of innate immune
response, and the Fc receptor signaling pathway (Figure 3B; Table
1). In summary, from stage I to stage I, stage II emerged as a critical
transitional period wherein the two groups of DNB-regulated first-or-
der interacting genes showed flipped expression. All of these genes
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Figure 2. Detection of the tipping point of B cells

before lymph node metastasis in CRC
(A) DNB shows Cl peak emerges stage Il. Std, standard
deviation; PCC, Pearson correlation coefficient; Cl, com-

plex index. (B) Heatmap showing the expression profile of
DNB genes at different stages. Hierarchical clustering
showed that stage Il differed from other periods in gene
expression profiles. (C) DNB genes clustered by their
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play important immune functions, consistent with the result of our
previous DNB analysis.

As TFs are the master regulators of target gene expression, we ex-
tracted the EIFs regulatory network and the TFs regulatory network
to investigate the driving role of core DNB genes. We found that 56
downstream genes among 310 DNB-reversed gene pairs were regu-
lated by TFs, namely, NDUFAI, HIFIA, ENOI, DHX9, ALYREF,
and STAT3. These genes also showed significant changes in their
expression patterns between stage I and III (Figure 4A). Thus, the
DNBs of upstream TFs regulate changes in DEG expression patterns.
The results of Kyoto Encyclopedia of Genes and Genomes (KEGG)
functional enrichment analysis showed that these genes were signifi-
cantly enriched in some pathways related to immune processes, such
as the JAK-STAT signaling pathway, hypoxia-inducible factor (HIF)-
1 signaling pathway, and chemokine signaling pathway (Table 2). To
further elaborate the role of DNBs in immune pathways, we selected
JAK-STAT signaling as a significantly enriched pathway for further
analysis. The JAK-STAT pathway is a prominent signaling mecha-
nism for a series of cytokines and growth factors. STATs activate
downstream cell proliferation, differentiation, migration, and
apoptosis via JAK and are critical for immune development.”* In
particular, the JAK-STAT signaling pathway in B cells activates cyto-
kines and regulates the immune system. STAT3 activates a series of
downstream molecules such as protein inhibitor of activated
STAT1 (PIAS1), PIAS2, suppressor of cytokine signaling 3
(SOCS3), and PIMI, which are stimulated by the extracellular
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expression pattern along the progression of CRC by the
Mfuzz R package. DNB genes were classified into four
clusters using soft clustering, cluster 3, cluster 4 highly
expressed at stage Il. (D) GSVA heatmap results show that
DNB genes show different immune features at different
stages. Higher ES values indicate a higher levels of
enrichment to the corresponding immunophenotype for
the corresponding stage. ES, enrichment score; pDC,
plasmacytoid dendritic cell; HLA, human leukocyte
antigen.

pDCs 0

L Iio's
T cell co-stimulation immune factor interleukin (IL)-10 received
from IL10RA and signaled JAK and show signif-
icantly different expression levels between stage
. Iand III (Figure 4B). Notably, the expression of
the core DNB gene, STAT3, did not significantly
differ between stage I and III (Figure 4B). Thus,
many DNB core genes act as TFs and regulate
downstream genes, which undergo significant
turnover between stage I and III. These turnovers imply alterations
in important immune functions such as STAT3-regulated B cell
development.

Cytolytic activity

Inflammation-promoting

Parainflammation

DHX9 in mature B cells was a specific para-cancerous
prognostic biomarker

Differential expression analysis of B cells from cancer and adjacent tis-
sues at a threshold of p < 0.05 revealed 5,265 DEGs (Figure S6). The
result from a Wayne’s diagram showed that 51 of the DNB genes
were common between the CRC-adjacent and tumor tissues, and a to-
tal of 520 DNB genes were specific to the adjacent tissue (Figure S3).
PPT analysis revealed the top 50 genes, and EIF4A3, DHX9, EP300,
and CCT2 played a hub role in the network, suggestive of their impor-
tant biological functions in B cells from CRC (Figure S4). We ranked
the DNB genes according to the following criteria: DEGs, network hub
genes, stage II highly expressed genes, and paraneoplastic-specific
DNB genes that were selected as DNB core genes. We selected six
DNB core genes, RPN1, NHP2, DHX9, SNRPA1, CCT7,and RAN (Fig-
ure S7). Considering the immune function of the genes and the num-
ber of pathways, DHX9 was considered as a para-cancer-specific DNB
core gene in stage II (Figure 5A). In addition, the expression of DHX9
tended to be high in stage II para-cancerous tissue from heatmaps of
different tissues from different time periods (Figure 5B).

In stage II CRC, the high expression of DHX9 affects the expression
patterns of the surrounding genes. Several low-expression genes
were affected by DHX9 and were then overexpressed from stage II
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Figure 3. DNB-associated network with
differentially expressed genes (DEGs) before and
after a critical period

(A) DEGs in DNB-related networks before and after the
critical stage. The expression of 129 DNB-associated
DEGs changed significantly before (stage I) and after
(stage Ill) the critical stage. The figure notes indicate the
type of DNB genes. TF, transcription factor; EIF, trans-
lation initiation factor. (B) KEGG functional enrichment
analysis of DNB network genes. %Genes/Term is the
percentage of genes in a pathway, integer letters indicate
the number of genes enriched, and the significance
threshold is 0.05.
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Genome Atlas (TCGA) and Human Protein
Atlas (HPA) analyses revealed the higher
expression of DHX9 at the RNA* and protein
level in rectal adenocarcinoma and colon adeno-
carcinoma than in the normal tissue (Fig-
ure S10). To determine the efficacy of DHX9
in clinical practice, we conducted survival anal-
ysis in patients with rectal adenocarcinoma. The
results showed that DHX9 can predict patient
survival with p < 0.05 (Figure 5D). In summary,
DHX9 in mature B cells was a specific para-
cancerous prognostic biomarker.
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to III. At the same time, DHX9 affected a large group of highly ex-
pressed genes, which were downregulated from stage II to III. Overall,
DHX9 peripheral genes showed a reversal of gene expression at the
network level in stage I and III (Figure S8). To study the effects of
DHX9 and its related genes on B cell function, we performed pathway
enrichment analysis and found that these genes were involved in im-
mune function-related pathways such as TP53 pathway regulation
(STRAP, CHO#4), IFN, and inflammatory factors (SNRPB2) in adja-
cent tissue B cells, which affect CRC progression (Figure 5C;
Figure S9; Table 3). This synergistic change at the network level asso-
ciated with DHX9 indicated a dramatic change in B cell molecular im-
mune functions in the adjacent tissue. Furthermore, The Cancer

¥ DISCUSSION
Mature B cells in para-cancerous tissue exhibit
differential immune activity during tumor pro-
gression that may be useful to better predict early
progression of CRC. Unlike differential gene
expression analysis, we used the DNB method
based on gene expression network modeling to
predict stage II as a critical period before lymph
node metastasis. We found that the antigen pre-
sentation function of this population of mature B
cells was significantly enhanced in stage IL
Furthermore, stage II emerged as a critical tran-
sitional period, wherein the two groups of DNB-
regulated first-order interacting genes flipped
their expression patterns. We found that the up-
stream DNB genes regulated significant changes in the expression of
the downstream DEG genes. The flip-flop changes in the JAK-STAT
signaling pathway between stage I and III reveal the dynamic changes
in the immune functions of mature B cells. Finally, we considered
DHX9 as the core DNB gene according to the DNB ranking. DHX9
in mature B cells is a specific para-cancerous prognostic biomarker.

In comparison with traditional methods based on the differential
expression of molecular biomarkers in a static manner used to detect
the metastatic state of cancers, DNB-based methods can be used to
identify the pre-metastatic state during disease progression or other
critical states,">*” with the support of dynamics-based data science.*®

Molecular Therapy: Oncolytics Vol. 22 September 2021 499
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Table 1. GO analysis of DNB and its first-order network

GOID GO term Q value Genes
GO:0045064 T helper 2 cell differentiation 0.01 BATF, BCL3, BCL6
GO:0002474 antfgen p'rocessmg and presentation of peptide 0.00 PSMA1, PSMA2, PSMB6, PSMB7, PSMC6,
antigen via MHC class I PSMD12, PSMD14, PSMDS8
antigen processing and presentation of exogenous DCINL, DCTN3, DCINS, PSMAL, PSMA2,
GO:0002478 tg, d P o g ancp genous 0.00 PSMB6, PSMB7, PSMC6, PSMD12, PSMD14,
peptice antigen PSMDS, RAB7A
DHX9, HCK, HEXIM]1, PIAS1, PRKCD, PSMA1,
GO:0045088 regulation of innate immune response 0.00 PSMA2, PSMB6, PSMB7, PSMC6, PSMD12,
PSMD14, PSMD8, RPSA, SOCS3
DHX9, HCK, HEXIM1, PRKCD, PSMA1,
GO:0045089 positive regulation of innate immune response 0.00 PSMA2, PSMB6, PSMB7, PSMC6, PSMD12,
PSMD14, PSMD8, RPSA
HCK, HEXIM1, PRKCD, PSMA1, PSMA2,
GO0:0002218 activation of innate immune response 0.00 PSMB6, PSMB7, PSMC6, PSMD12, PSMD14,
PSMD8
. . . . BATF, EIF2AK2, HES1, PSMA1, PSMA2, PSMB6,
GO0:0002244 hematopoietic progenitor cell differentiation 0.00 PSMB?, PSMC6, PSMD12, PSMD14, PSMDS8
GO:0042590 antlgen pro@ssmg and presentation of exogenous 0.00 PSMA1, PSMA2, PSMB6, PSMB7, PSMC6,
peptlde antigen via MHC class I PSMD12, PSMD14, PSMD8
GO:1901532 regulation of hematopoietic progenitor cell 0.00 EIF2AK2, HES1, PSMA1, PSMA2, PSMB6,
’ differentiation ’ PSMB7, PSMC6, PSMD12, PSMD14, PSMD8
GO:0002758 innate 1m@une response-activating signal 0.00 HCK, PRKCD, PSMA1, PSMA2, PSMB6, PSMB7,
transduction PSMCé6, PSMD12, PSMD14, PSMD8
GO:0002479 antigen processing and presentation of exogenous 0.00 PSMA1, PSMA2, PSMB6, PSMB7, PSMC6,
! peptide antigen via MHC class I, TAP-dependent : PSMD12, PSMD14, PSMDS8
HCK, PPP3CB, PRKCD, PSMA1, PSMA2,
GO:0038093 Fc receptor signaling pathway 0.01 PSMB6, PSMB7, PSMC6, PSMD12, PSMD14,
PSMD8
. . . BATF, EIF2AK2, PSMA1, PSMA2, PSMB6,
GO0:0060218 hematopoietic stem cell differentiation 0.00 PSMB?, PSMC6, PSMD12, PSMD14, PSMDS8
GO:1902036 reAgulatlo_n (_)f hematopoietic stem cell 0.00 EIF2AK2, PSMA1, PSMA2, PSMB6, PSMB7,
differentiation PSMCé6, PSMD12, PSMD14, PSMD8
GO:0002220 innate immune response activating cell surface 0.00 PRKCD, PSMAI, PSMA2, PSMB6, PSMB7,
receptor signaling pathway PSMCé6, PSMD12, PSMD14, PSMD8
. . PPP3CB, PSMA1, PSMA2, PSMB6, PSMB7,
GO0:0038095 Fce receptor signaling pathway 0.01 PSMC6, PSMD12, PSMD14, PSMD8
. stimulatory C-type lectin receptor signaling PRKCD, PSMA1, PSMA2, PSMB6, PSMB7,
GO:0002223 pathway 0.00 PSMCé6, PSMD12, PSMD14, PSMD8
LCK, PSMA1, PSMA2, PSMB6, PSMB7, PSMCeé,
GO0:0050852 T cell receptor signaling pathway 0.03 CK, PS S SMBS6, PSMB?, PSMC6

PSMD12, PSMD14, PSMD8

With the DNB method, calmodulin-like 3 (CALML3) was proposed as
a predictive biomarker and an early warning indicator of the initiation
of hepatocellular carcinoma metastasis.”” Nitric oxide synthase 2
(NOS2) was identified as a central hub in response to cytotoxic T
lymphocyte-associated protein 4 (CTLA4) blockade in cancer immune
checkpoint blockade therapy.’* These results demonstrate the feasi-
bility of the DNB method for predicting tumor progression and immu-
notherapy. There are critical transitions during the EMT process,
which is prevalent in paraneoplastic tissues.”’ As the adjacent colo-
rectal tissue is also in the transitional state of the tumor tissue, we sug-
gest a critical transition in the immune activity of mature B cells during
early tumor progression, a period that facilitates early intervention.
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To identify a relevant biomarker that predicts the critical pre-met-
astatic period of CRC, we analyzed the single-cell transcriptomic
data of mature B cells with time-series properties of CRC. DNB
analysis revealed that the DNB core gene STAT3 regulated the
expression of downstream genes. Furthermore, the increase in the
apoptotic events of mature B cells in stage III owing to the down-
regulation of downstream anti-apoptosis-related molecules could
be one of the reasons for the decrease in the number of mature B
cells at later stages of tumor progression.”” In addition, STAT3
expression was not significantly different between different periods,
suggesting that it is a dark gene. Thus, its role in tumor progression
is more difficult to identify using conventional methods.
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Figure 4. DEGs triggered by DNBs enriched in the
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JAK-STAT pathway involving B cell immune
capability

(A) Transcription factor regulatory network: upstream of
the DNB transcription factor, downstream of the differ-
ential gene, gene expression from low to high as from
purple to red. (B) The JAK-STAT signaling pathway of B
cells. Red indicates high expression; dark blue indicates
low expression.
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Small-molecule drugs targeting STAT3 have been developed for
cancer therapy’’ and have demonstrated the potential applicability
of STAT3 as an early immunotherapy target. Furthermore, we
also found significant changes in the antigen presentation function
of mature B cells during critical periods, suggesting that the micro-
environment in the para-cancerous tissue undergoes dramatic
changes at this time.”' Thus, we can further investigate the DNB
hub gene in the para-cancerous tissue through stage II where the
immune changes are most dramatic.

Cllescle
Gallsurveal

CHO4),61’62 IFN, and inflammatory factors
(EIF4A3, RANBP2), and they can promote B
cell activation and antibody responses. Further-
more, many reports have shown that and DHX9
activates the Toll-like receptor 4 (TLR4) signaling pathway and
mediate the production of type I IFN and cellular inflammatory fac-
tors as well as innate immunity.®” Finally, since there is synergy be-
tween DHX9 and STAT3 during the EMT process in lung cancer,
our results also identified synergy between DHX9 and STAT3 at
the DNB network level (Figure 3A). Thus, we are curious about the
interaction with other immune cells or circulating tumor cells
(CTCs)** in addition to the synergy of these genes in mature B cells
that affect their own immune function, which may become a future
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Table 2. KEGG analysis of TF regulatory network genes

Term ID  Term description FDR Genes
oxidative NDUEFS7, NDUFV1, MT-ND3,
hsa00190 . 1.04E—05 NDUFAI, NDUFALl1l,
phosphorylation

NDUEFCI, UQCRHL

8.90E—05 TXNL4A, SNRNP200, SF3B5,

hsa03040  spliceosome NHP2L1, ALYREE, SRSF5

NDUFS7, NDUFV1, MT-ND3,

hsa04714 thermogenesis 0.00015 NDUFA1, NDUFA11,
NDUEC1, UQCRHL
retrograde NDUES7, NDUFV1, MT-ND3,
hsa04723 endocannabinoid 0.00015  NDUFAI, NDUFAII,
signaling NDUEFC1
Jak-STAT signaling IL10RA, PIAS1, STAT3, SOCS3,
hsa04 0001
sa04630 1 thway 000018 piv, pras2
POLR2I, NDUFS7, ENO1, HK2,
PKM, NDUFV1, POLR2K, MT-
hsa01100 metabolic pathways 0.00023 ND3, ECHS1, NDUFA1, PFKP,
NDUFA11, NDUFC,
UQCRHL
hsaoo10 BYCONSI 000057  ENOI, HK2, PKM, PFKP
gluconeogenesis
hsa04066 | LE-1 signaling 00019  ENOI, STAT3, HK2, HIFIA
pathway
, HES1, STAT3, CXCLS, MAX,
hsa05200 pathways in cancer 0.006 TPR, PIM1, HIF1A
hsaodoz0 “dipocytokine signaling o oo g3 50083, ADIPORI
pathway
A PABPN1, EIF2AK2, CXCLS,
hsa05164 influenza A 0.0096 S0CS3
hemokine signali
hsa04062 © omONMESIBNANE 00121 STAT3, CXCLS, PRKCD, HCK
pathway
hsa3015 RINA surveillance 00127  PABPNI, PCF11, ALYREF

pathway

hsa04659 Th17 cell differentiation 0.0178 STATS3, LCK, HIF1A

hsa00052 galactose metabolism 0.0192 HK2, PFKP

hsa03020 RNA polymerase 0.0192 POLR2I, POLR2K

hsa0oos1 ructoseand mannose oo o0 pi) pEKp
metabolism

hsapa1zo \Diquitin-mediated 00306  PIASI, SOCS3, PIAS2

proteolysis

research direction. In summary, DHX9 may be a potential therapeutic
target for the early treatment of patients with CRC.

However, our study has some limitations. The single-cell data of CRC
that we selected had only one sample in stage II. Although the cell
number could meet our analysis requirement (n > 6), we have only
a single sample for differential expression analysis. While we identi-
fied a specific CD74"MS4A1"BCL11A*CCR7" B cell subtype, further
validation is needed for the population of B cells using flow cytome-
try. In addition, it is imperative to confirm whether the DNB core
genes were specifically expressed in the adjacent tissue. Finally, as
we studied B cells in the adjacent tissues, we did not collect informa-
tion from other relevant databases or the CRC cohort to assess the
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distinct prognostic value of DHX9. More evidence is warranted
through further in vivo and in vitro studies.

In conclusion, our results from the dynamic changes in the single-cell
network in CRC indicate stage II as the pre-transition stage in mature
B cell functions in the adjacent tissue. The antigen-presenting and devel-
oping immune functions of this population of cells are significantly
enhanced in stage II. In particular, the DEGs triggered by DNBs were
enriched in the JAK-STAT pathway involving B cell immune capability.
DHX9 is a specific para-cancerous biomarker for pre-metastatic lymph
nodes in CRC and a potential therapeutic target for mature B cells.

MATERIALS AND METHODS

Data

This study was approved by the local Ethics Committee of Guang-
dong General Hospital, Guangdong Academy of Medical Sciences (li-
cense no. 2017233H [R2]) and complied with all relevant ethical
regulations.

Eight patients were recruited from Guangdong General Hospital and
signed the informed consent forms (ICFs). Among these patients, two
were diagnosed at stage I, one at stage II, three at stage III, and two at
stage IV. For each patient, three types of fresh tissues were collected
during the operation, including primary tumor tissue (C, cancer cen-
ter), adjacent noncancerous tissue (P, to the brim of matched tumor
3-5 c¢m), and normal tissue (N, to the brim of matched tumor
>10 cm). We isolated single immune cells by fluorescence-activated
cell sorting (FACS) labeled by CD45" antibody and constructed
Smart-Seq2 barcode libraries. The barcode libraries were sequenced
using a BGISEQ500 sequencer with 100-bp single-end reads. More
detailed information is discussed in our previous study.’® After dis-
mounting, raw reads were cleaned using Cutadapt (version 1.15)
and mapped to hg38 using STAR (version 020201). Gene expression
levels of each cell were quantified using RSEM (version 1.3.0) and
combined in R (version 3.6.2). Cell clustering was accomplished using
the R package Seurat (version 3.1.4).

The data reported in this study are available in the CNGB Nucleotide
Sequence Archive (CNSA: https://db.cngb.org/cnsa; accession no.
CNP0000916).

B cell atlas

After quality control and filtering, the single-cell data were analyzed
using Seurat (version 3.1.4). Highly variable genes were calculated us-
ing the Find Variable Genes method of the Seurat package; these
genes had a mean expression value and a dispersion greater than
0.5. The selected genes were used for principal component analysis
(PCA) dimension reduction on a log-normalized data matrix. The
principal components were used for cluster identification at a resolu-
tion of 1.0 using the k-nearest neighbor (KNN) algorithm. We chose
the uniform manifold approximation and projection (UMAP) algo-
rithm to visualize the data.”
signed based on the expression of known cell-type markers, which
were selected from the function of “FindAllMarkers” in Seurat.

Cell types from each cluster were as-
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Figure 5. DHX9 in mature B cell was a specific para-
cancerous prognostic biomarker

(A) We selected six DNB core genes, RPN1, NHP2, DHX9,
SNRPA1, CCT7, and RAN, according to the DEG, Cluster,
Hub, and PT criteria. Considering the immune function of
the genes (immune) and the number of pathways
(pathway), the histogram shows that DHX9 is the most
important DNB core gene. Cluster, DNB genes with high
expression in stage Il; Hub, the hub genes in the protein
interaction network; PT, para-cancer-specific DNB genes.
(B) Variation of DHX9 gene expression in different tissues
with different stages. The change from low to high gene
expression is shown as a change from blue to red. C,
cancerous; N, normal; P, para-cancerous. (C) The heatmap
indicates the specific pathways to which DHX9 neighboring
genes are enriched. (D) Kaplan-Meier overall survival curves
of DHX9 in CRC patients (n = 165) were separated into low-
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Clustering
We used hierarchical clustering to cluster the
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DNB analysis

Before lymph node metastasis in CRC, there occurs a transition stage
characterized with a dramatic change in the B cell immune activity.
The change in B cell immune activity plays an important role in
CRC metastasis. Thus, we applied the DNB method to identify the
pre-transition stage for CRC metastasis that is primarily used to
detect disease status as compared to DEG molecular biomarkers.*”
The DNB method is a new strategy to detect pre-metastasis in cancer,
and it could detect a group of strongly correlated and strongly fluctu-
ating molecules associated with early warning signals in many com-
plex diseases. It provides a new perspective for accurately predicting
CRC metastasis and uncovering potential therapeutic targets.

If the DNBs satisfied the following three criteria from the observed
data, the gene network was near the critical state or tipping point:
(1) for standard deviations (SDs), genes in this dominant group
significantly increased; (2) Pearson’s correlation coefficients (PCCs)
of gene expression in this dominant (Inpcc) group significantly
increased; (3) Pearson’s correlation coefficients between gene expres-
sion in this group and others (Outpcc) significantly decreased; (4) CI
is a complex index defined by SD, Inpcc, and Outpcc as follows: CI =
(Inpcc/Outpec)/SD, where SD is the average SD of all genes in the
dominant group, Inpcc is the average PCC of all gene pairs in the
dominant group (absolute value), and Outpcc is the average PCC of
gene pairs between the dominant group and others (absolute value).
When CI is at a peak during the time periods, the gene network is at
the critical period or tipping point (Figure 2A).

ﬁ T T
o 0 20 40 60
=}

Time (months)

o 10 120 DNB gene expression profiles at different times.
Considering the difficulty in separating gene
expression trends, we simultaneously used a
more noise-robust soft clustering method (R
package: Mfuzz) to cluster DNB expression pro-
files and first-order network gene expression profiles according to
time trends, with clustering hyperparameters set to 4 and 6."’

1 0 0
3 3 2

GSVA

We applied GSVA to identify different stages of B cell-related im-
mune activity.”” We obtained 29 immune signatures represented by
29 different gene sets from the publication.®® This annotated collec-
tion includes specific immune classifications such as various immune
cell phenotypes, various immune molecules such as membrane sur-
face antigen receptors, MHC antigens, cytokines, and antigens as
well as some important immune processes. The E-values matrix
was plotted as a heatmap using the R package pheatmap (version
1.0.12).

DEG identification

Differential expression analysis was performed using edgeR
(version 3.28.1)°” to identify the DEGs between different stages.
Genes with a value of q < 0.05 and a fold change >2 were recog-
nized as DEGs.

PPI network analysis

PPI network analysis was performed by importing the DNB gene
list of B cells from CRC paraneoplastic tissue into the STRING
database (version 11.0). We exported the adjacency matrix by visu-
alizing in Cytoscape (version 3.7.1), calculating the degree of each
gene using the CytoHubba plugin, and selecting the top 50 genes
for visualization.
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Table 3. Functional enrichment analysis of DHX9 neighboring genes

Gene Corrected

Term no. p value Genes
RNA polymerase II 9.56E—10 ALYREF, PCF11, U2AF1L4
transcription termination ' SNRPB, THOC2, EIF4A3
AT}thlral mechanism by IFN- 4 6.28E—06 EIF4E, TPR, EIF4A3,
stimulated genes RANBP2
. . EIF4E, DAR, TPR, EIF4A3,
Interferon signaling 5 6.28E—06 RANBP2
UBE2I, SMC3, RANBP2,
Cell cycle 5 0.00114 SMARCAS, TPR
DHXO9, DDX3X, ADAR,
Immune system 8 0.00151 PRKDC, TPR, EIF4E,
EIF4A3, RANBP2
Cytokine signaling in 5 0.00253 EIF4E, ADAR, TPR,
immune system : nEIF4A3, RANBP2
Signaling by FGFR in disease 2 0.00432 CPSF6, POLR2G
Regulation of HSF1-mediated ) 0.00549 TPR, RANBP2
heat shock response
Transcriptional regulation by 3 0.01058 POLR2G, CHD4, STRAP
TP53
DEx/H-box helicases activate
type I IFN and inflammatory 1 0.01871 DHX9
cytokines production
Regulation of TP53 activity 2 0.02111 CHD4, STRAP
IRF3-mediated induction of 0.02691 PRKDC
type I IEN
ESR-mediated signaling 2 0.03126 SMC3, POLR2G
Regulation of TP§3 activity 0.04664 CHD4
through Acetylation
SMAD2/SMAD3/SMAD4
heterotrimer regulates 1 0.04864 SNW1
transcription

DNB core genes

The criteria we used to screen for DNB core genes were as follows: (1)
PPI network analysis of genes obtained from the DNB analysis to
select the gene with the highest number of connections (top 50)
(hub gene); (2) selection of DNBs specific to the carcinoma relative
to the DNBs of the cancerous tissue; (3) selection of highly expressed
gene groups in stage I based on soft clustering analysis; and (4) dif-
ferential genes. These criteria were applied together with the number
of participating pathways and immune function.

Gene Ontology (GO) and pathway enrichment analysis

GO analysis is a general and useful method for annotating gene prod-
ucts and their characteristic functional features. GO annotation is
defined into three classes (biological process, cellular component,
and molecular function). The DNB gene list from CRC-adjacent tis-
sues was used for GO analysis (ontology source: GO_ImmuneSys-
temProcess-EBI-UniProt). Similarly, we used Kobas (version 3.0)7°
to perform functional enrichment analysis. KEGG pathway (K) and
reactome (R) were selected in the PATHWAY database options.
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We used a corrected p value of 0.05 as the threshold for GO annota-
tion and significant functional enrichment. Furthermore, we also
used the Cytoscape (version 3.7.1) plugin ClueGo”" and CluePedia
for pathway visualization.

TF annotation

AnimalTFDB (version 3.0) is a database designed to provide the most
comprehensive and accurate information on animal TFs and cofac-
tors, including classification and annotation of genome-wide TFs.
AnimalTFDB contains 125,135 TF genes from 97 animal genomes
and 8,060 transcriptional cofactor genes. To make better use of hu-
man TFs, an independent web interface to the human TF database
(HumanTFDB) was designed. AnimalTFDB (version 3.0) provides
comprehensive annotation and classification of TFs and cofactors
and will be a useful resource for studying TFs and transcriptional
regulation.”” To further investigate the network regulatory relation-
ships of DNB genes, this study used this database to annotate DNB
core genes

Statistics and visualization

We have uploaded the expression matrix data and the reproducible
analyses (R analyses) in https://github.com/Farewellznm. All data
and analysis processes for this study can be found under the reposi-
tory named Reproducible-DNB-downstream-analysis.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.omt0.2021.06.004.
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