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Background: FMNL3 (Formin-like protein 3) is involved in the tumorigenesis of multiple cancers. The critical role of FMNL3 in
malignancies has been preliminarily explored, but its immunological correlation is not clear.

Methods: A pan-cancer analysis was performed to investigate the expressions, prognostic values, and immunological roles of
FMNL3 across cancer types in The Cancer Genome Atlas (TCGA) database. Next, the correlations between FMNL3 and immuno-
logical features in the tumor microenvironment (TME) of pancreatic cancer (PAAD) were assessed. Besides, the role of FMNL3 in
predicting the clinical characteristics and the responses to various therapies in PAAD was evaluated as well. Besides, the correlations
between FMNL3 and the emerging immune-related biomarkers were also evaluated.

Results: The pan-cancer analysis uncovered inconsistent expression status and prognostic values in several cancers. Besides, FMNL3
exhibited positive correlations with a majority of immunomodulators and tumor-infiltrating immune cells (TIICs) in several cancer types,
including PAAD. In addition, FMNL3 was associated with an inflamed phenotype in the TME and predicted significantly higher responses to
multiple anti-cancer therapies. In addition, FMNL3 was notably correlated with immune-related microbiota and N6-methyladenosine (m°A)
genes.

Conclusion: In summary, FMNL3 predicts an immuno-hot phenotype, which could be a promising indicator for identifying high
immunogenicity in PAAD.
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Introduction
Pancreatic cancer (PAAD) is a cancerous disease that features with lethal aggressiveness, and the five-year overall
survival (OS) rate for which is the lowest among all cancers in the United States.' Even with surgical resection, the five-
year OS rate for PAAD could be improved to 10-25% merely.? Therefore, it is urgent to seek more promising therapeutic
options. In recent years, with the application of immune checkpoint inhibitors (ICIs), immunotherapy has developed
rapidly and has gradually changed the therapeutic standard.> However, the single therapies targeting programmed death 1
or programmed death 1 ligand 1 (PD-1/PD-L1) showed poor therapeutic effects for PAAD patients who are known to
have low immunogenicity and an immunosuppressive tumor microenvironment (TME).*>

Formin-like protein 3 (FMNL3) is a member of the formin family, which interacts with filamentous actin and microtubules.®
FMNL3 might be implicated in polarity control, invasion, and migration through the regulation of the Rho-related signaling
pathway.” Wu et al found that FMNL3 participated in TGF-B1-induced epithelial-to-mesenchymal transition (EMT) and thus
promoted nasopharyngeal carcinoma cell metastasis.” In tongue squamous cell carcinoma, high expression of FMNL3 promoted
cancer cell migration and invasion, and also predicted poor prognosis.’ In addition, FMNL3 acted as a cytoskeletal regulator in
angiogenesis.'® In colorectal carcinoma, FMNL3 regulated RhoC/FAK pathway and actin assembly to promote cell migration
and invasion.'' Overall, existing evidence suggests that FMNL3 plays an oncogenic role in multiple cancers by the function in the
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actin and microtubule, and could be a promising therapeutic target. However, a systematic pan-cancer analysis of the role of
FMNLS3 in prognoses and TME has not been conducted.

In the current research, we carried out a pan-cancer analysis to investigate the expression patterns and immunological
roles of FMNL3. We found that FMNL3 was closely related to immunological factors in multiple cancers, especially in
PAAD. Our further analysis revealed that high FMNL3 expression predicted an inflammatory TME and more therapeutic
options in PAAD. Overall, these results suggest that FMNL3 could be a novel immuno-biomarker in PAAD.

Methods

Transcriptome Data Acquisition
The pan-cancer normalized RNA sequencing (RNA-seq) datasets and clinical annotations of The Cancer Genome Atlas (TCGA)
were downloaded from the UCSC Xena portal (https://xenabrowser.net/datapages/). The abbreviations for various cancer types

are given in Table S1. To explore microorganisms associated with anti-tumor immunity in PAAD, we downloaded the relative
abundance data of ~1400 microorganism from the online data portal, ciboPortal (http://www.cbioportal.org/).'?

GEPIA Database Analysis

The GEPIA database (http://gepia.cancer-pku.cn/) is an interactive web resource that is based on the TCGA dataset,

which utilizes RNA-seq to conduct gene expression analyses.'® In the present study, the GEPIA website was used to
investigate the expression levels of FMNL3 in tumor and para-tumor tissues across cancer types.

Association Between FMNL3 Expression and the Immunological Characteristics

Given that the tumor tissues which were subjected to RNA-seq included tumor cells and other cells, such as immune cells, we
assessed the immunological characteristics of the TME for each patient from the TCGA dataset. ESTIMATE was used to
estimate the Tumor Purity, ESTIMATE Score, Immune Score and Stromal Score,'* while five independent algorithms,
including TIMER,"> EPIC,'® MCP-counter,'” quanTIseq'® and TISIDB,'® were utilized to compute the relative abundance of
TIICs comprehensively. Besides, the information on 122 immunomodulators, well-known effector genes of tumor-infiltrating
immune cells (TIICs), and 18 specific genes correlated with T cell inflammation and their weighting coefficients were also
collected from previous studies.”™*' Furthermore, considering that each stage of the cancer-immune cycle plays a crucial role
in reflecting the anti-cancer immune response and deciding the destiny of tumor cells, we next calculated the activities of each
stage by single-sample gene set enrichment analysis (ssGSEA) according to the expression level of stage-specific signatures.?
To investigate the role of FMNL3 in mediating cancer immunity in PAAD, we divided the patients into the high and low
FMNL3 groups at the 50% cut-off criterion according to the expression levels of FMNL3, and then compared the differences
in immunological features of TME between the high and low FMNL3 subtypes.

Calculations of the Enrichment Scores of Various Gene Signatures

Referring to a previous study,” we collected several gene sets positively correlated with anti-tumor immunity, such as
genes involved in DNA replication and hypoxia, and gene sets that predicted therapeutic responses, such as EGFR
ligands. The enrichment scores of these signatures were calculated using the ssGSEA algorithm.?* Next, the correlations
between FMNL3 and these enrichment scores were evaluated.

Prediction of Anti-Tumor Therapeutic Response
Subsequently, we assessed the role of FMNL3 in predicting the responses to anti-tumor therapies. The drug-target genes
were derived from the DrugBank database (https://www.drugbank.com/) and then the difference of their expression was

compared between the high and low FMNL3 groups. Furthermore, the R package “pRRophetic” was utilized to predict
the response scores of several common chemotherapeutic drugs for each patient according to the Cancer Genome Project
database (https://www.sciencedirect.com/topics/neuroscience/cancer-genome-project).”> In the prediction process, the

sample’s half-maximal inhibitory concentration (IC50) was estimated by ridge regression and the prediction accuracy
was evaluated by 10-fold cross-validation based on the CGP training set. Default options were used for all parameters.
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Discovery of Immune-Related Tumor Microorganisms
To explore microorganisms that were associated with anti-tumor immunity in PAAD, we downloaded the relative
abundance data of ~1400 microorganisms from the online data portal, ciboPortal (http://www.cbioportal.org/),'* and

selected the microorganism whose absolute Pearson’s correlation with the T cell inflamed score > 0.3 or < —0.3 and
P-value < 0.05. Then, the associations between FMNL3 and these immune-related tumor microorganisms were evaluated.

Identification of Immune-Related m®A Genes

According to a recent publication,”® we extracted 64 m®A regulators and m®A interactive protein-coding genes with high
coexpression tendencies, and defined as immune-related m°A genes with the criterion of Pearson’s correlation with the
T cell inflamed score > 0.3 or < —0.3 and P-value < 0.05. Subsequently, the associations between FMNL3 and these
immune-related m®A genes were assessed.

Clinical Samples

To validate the expression of FMNL3 in PAAD and its correlations with immunological factors, a PAAD tissue microarray
(TMA, HPanA150CS02) was obtained from Outdo Biotech (Shanghai, China) and next was submitted for immunohisto-
chemistry (IHC) staining. The HPanA150CS02 microarray contained 78 PAAD and 72 para-tumor samples. Ethical approval
(YBM-0502) for the study of TMA was granted by the Clinical Research Ethics Committee, Outdo Biotech.

IHC Staining

IHC staining was conducted directly on the TMA with standard procedures. The primary antibodies used in the current studies
were as follows: anti-FMNL3 (1:2000 dilution, Cat. ab222797, Abcam, Cambridge, UK), anti-PD-L1 (1:100 dilution, Cat.
ab237726, Abcam, Cambridge, UK), and anti-CD8 (Ready-to-use, Cat. PA067, Abcarta, Suzhou, China). Antibody staining was
visualized using diaminobenzidine (DAB) and hematoxylin counterstain, and the stained TMA was scanned using Aperio Digital
Pathology Slide Scanners. For the semiquantitative assessment of FMNL3 and PD-L1 staining, the immunoreactivity score (IRS)
was used according to the previous description.”’® For semiquantitative evaluation of CD8 staining, the proportion of CD8+
cells was assessed by estimating the percentage of cells with strong intensity of membrane staining in the stroma cells.*’

Cell Culture and Transfection

The human PAAD cell line PANC-1 verified mycoplasma negative was obtained from the Cell Bank of Chinese Academy
of Sciences (Shanghai, China) and cultured with DMEM (Cat. KGM31800, KeyGEN, Jiangsu, China) medium containing
10% FBS (Cat. 10099141C, Gibco, New York, USA) at 37 ° C with 5% carbon dioxide. For FMNL3 gene knockdown, we
transfected cells with Lipo2000 and siRNA according to the manufacturer’s instructions. The sequence was as follows:
sense 2, 5'-GCAUCAAGGAGACAUAUGATT-3’, antisense 2, 5'-UCAUAUGUCUCCUUGAUGCTT-3". Transfection
efficiency was evaluated by Western blot.

Western Blot

At 48 hours after transfection, negative control and FMNL3 konckdown cells were lysed to extract total protein. Western
blot analysis were then performed according to the standard protocols. The primary antibodies for anti-FMNL3 (1:1000
dilution, Cat. ab224185, Abcam, Cambridge, UK), anti-PD-L1 ((1:1000 dilution, Cat.ab237726, Abcam, Cambridge,
UK), and Tubulin (1:2000 dilution, Cat. 11224-1-AP, ProteinTech, Rosemont, USA) were applied.

Statistical Analysis

Statistical analysis and figure exhibition were performed using R language 3.6.0 and Graphpad Prism 6.0. Pearson’s
correlation coefficients were used for correlation analysis. Wilcoxon rank-sum test or unpaired #-test were performed to
measure the difference in continuous variables between groups, while Fisher’s exact test was utilized for categorical
variables. All tests were two-sides applied and P-value < 0.05 was considered as the statistical significance and labeled
with * P-value < 0.05, ** P-value < 0.01, *** P-value < 0.001, and **** P-value < 0.0001.
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Results

FMNL3 Expression, Prognostics Values, and Immunological Roles in Pan-Cancer

First of all, we utilized the GEPIA database to analyze the expression of FMNL3 in pan-cancers. The results showed that
FMNLS3 was highly expressed in several tumors, such as DLBC, ESCA, GBM, HNSC, etc., while lowly expressed in
LUAD, LUSC, OV, PRAD, etc. (Figure 1A). Next, we also analyzed the prognostic values of FMNL3 in pan-cancers.
Low FMNLZ3 expression was significantly associated with better prognosis in LGG, COAD, and so on, but associated
with poor prognosis in several cancers, such as LUAD, HNSC, and ACC (Figure 1B). The pan-cancer analysis about the
immunological role of FMNL3 was performed as well. FMNL3 was positively correlated with a majority of TIICs in
most cancers (Figure 1C). Similarly, FMNL3 was also positively related to most immunomodulators (Figure 1D).
Together, FMNL3 was highly expressed and positively related to most TIICs as well as immunomodulators in PAAD.
Considering the inconsistent expression statuses and prognostic values, along with immunological correlations, we
selected PAAD for further research to reveal the clinical value of FMNL3.

FMNL3 Shapes an Inflamed TME and Predicts an Immuno-Hot Phenotype in PAAD

Having observated the positive correlation between FMNL3 and a huge number of immunomodulators in PAAD, we next
explored the immunological effects of FMNL3. As shown in Figure 2A and B, most MHC molecules, including MHC I and
MHC II class genes, were upregulated in the high FMNL3 group, indicating the enhanced capacity of antigen presentation and
processing in these patients. Moreover, PAAD patients with high FMNL3 expression had an enhanced transcription of
chemokines and paired receptors such as CCL1 and CXCL1 (Figure 2A and B), which can increase the recruitment of effector
TIICs. Besides, a majority of immunostimulators such as CD28 and CDS80 also increased in the high FMNL3 group
(Figure 2A and B). Furthermore, the ESTIMATE analysis showed that compared with the low FMNL3 group, the FMNL3
group exhibited a higher ESTIMATE Score, Immune Score, and Stromal Score, but lower Tumor Purity (Figure 2C). All
findings above revealed that tumors with high FMNL3 expression were accompanied by increased TIICs.

Since previous studies demonstrated that the expression of inhibitory immune checkpoints, such as PD-1/PD-L1 was
uncovered to be enhanced in the inflamed TME,*® we investigated the correlation between immune checkpoints and
FMNL3. Result showed that FMNL3 was highly related to most immune checkpoints in PAAD (Figure 3A). We
subsequently compared the signatures of common immune cells such as CD8A for CD8+ T cells and MPP§ for
macrophages between the high and low FMNL3 groups, and found that these markers were overexpressed in PAAD
patients with high FMNL3 (Figure 3B). Then, we calculated the infiltration levels of TIICs utilizing five independent
algorithms (Figure 3C). In line with the previous results, PAAD patients with high FMNL3 expression were accompanied
by increased infiltration levels of TIICs such as T cells and macrophages in different algorithms (Figure 3C). In addition,
in the high FMNL3 group, the activities of the majority of the steps in the cycle were remarkably enhanced, especially
the phases of recruiting immune cells, such as T cell recruiting, CD4 T cell recruiting, and so on (Figure 3D).
Collectively, our analysis suggested that PAAD patients with high FMNL3 had a more activated immune response,
indicating that FMNL3 was highly correlated with an inflamed TME in PAAD.

FMNL3 is Associated with Immuno-Hot Phenotypes in the TMA Cohort

We used the IHC staining to validate the expression and immunological role of FMNL3 in PAAD. As revealed, the expression
of FMNL3 was upregulated in tumor tissues compared to para-tumor tissues (Figure 4A and B). We also evaluated the
expression of PD-L1 and the infiltration level of CD8+ T cells using IHC staining in PAAD tissues (Figure 4C). In addition,
when FMNL3 was knocked down, the expression of PD-L1 protein also inhibited (Figure S1). Next, the current PAAD cohort
was divided into low (IRS<2) and high FMNL3 expression (IRS>2) groups based on the approximate median level of FMNL3
expression. Notably, the expression of PD-L1 and the infiltration level of CD8+ T cells were both higher in the high FMNL3
group than the low FMNL3 group (Figure 4D—E). Overall, the overexpression of FMNL3 and its immunological role in PAAD

were validated in an independent cohort.
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Figure 3 FMNL3 is correlated with increased anti-cancer immunity in PAAD. (A) Correlation between FMNL3 and common inhibitory immune checkpoints. The colors and
the values indicate the Pearson correlation coefficient. (B) Expression levels of the gene markers of the common TIICs in the high and low FMNL3 groups. (C) The levels of
TIICs were calculated using five algorithms in the high and low FMNL3 groups. (D) The activities of the various steps of the cancer immunity cycle in the high and low
FMNL3 groups. *P < 0.05; **P < 0.01; **P < 0.001; ****P < 0.0001.

Abbreviation: Ns, no significant difference.

FMNL3 Predicts Therapeutic Opportunities in PAAD
To figure out the association between FMNL3 level and clinical characteristics of PAAD patients, we compared several
clinicopathological features such as grade and primary therapy outcome between the high and low FMNL3 groups, and
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Figure 4 Validation of FMNL3 expression and its immunological role in PAAD. (A) Representative microphotographs represented low and high FMNL3 staining intensity in
PAAD tissues and normal tissues. Bar=100um. (B) Expression levels of FMNL3 in tumor and para-tumor tissues in PAAD.(C) Representative microphotographs represented
low and high FMNL3, PD-LI, and CD8 staining intensities in PAAD tissues and normal tissues (HPanA150CS02). Bar=100um. (D) Expression of PD-LI in the low and high
FMNL3 groups in PAAD. (E) Infiltration levels of CD8" T cells in the low and high FMNL3 groups in PAAD.
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found that FMNL3 expression was not associated with any clinicopathological features (Figure 5A, Table S2). Since
FMNLS3 shapes an inflamed TME, patients with higher FMNL3 should have improved responses to anti-tumor therapy
theoretically, including chemotherapy and immunotherapy. Consistent with theory, PAAD patients with high FMNL3
had higher enrichment scores of most immunotherapy-positive gene signatures in the TCGA cohort, such as the IFN-y
and hypoxia signatures (Figure 5B). On the other hand, other signatures, including the cell cycle, EGFR signal, and
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Abbreviation: Ns, no significant difference.
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PPARG signal, were enhanced in the low FMNL3 group, suggesting that potential targeted therapies blocking these
pathways could be used to treat PAAD patients with low FMNL3 expression. Moreover, compared with the low FMNL3
group, PAAD patients with high FMNL3 had a stronger response to most chemotherapy, anti-ERBB therapy, anti-
angiogenic therapy, and immunotherapy (Figure 5C). Consistent with previous results, FMNL3 expression was also
positively related to T cell inflamed score (Figure 5D), an index established for use as an alternative for estimating
clinical response to anti-PD-1 therapy,”' indicating the enhanced response in the high FMNL3 group. Furthermore, the
IC50 value of anti-cancer drugs in patients selected from the TCGA database according to the pRRophetic algorithm was
performed. As shown in Figure SE, patients with high FMNL3 expression were sensitive to vinblastine, cisplatin,
doxorubicin, and sunitinib, while patients in the low FMNL3 group were more sensitive to lapatinib and sorafenib. In
a word, these results suggest that patients with different FMNL3 expression levels may respond to various therapeutic
opportunities.

FMNL3 is Correlated with Emerging Immune-Related Biomarkers in PAAD

Since the intratumor microbiota play important roles in affecting immunity in human cancers,”’ we next system-
atically screened for the microbiota which was significantly associated with the T cell inflamed score. The results
showed that Terrabacter, Candidatus Stoquefichus, Lachnoclostridium, Collimonas, Candidatus Nitrosopelagicus, and
Campylobacter were positively correlated with T cell inflamed score (Figure 6A). To further prove these microbiota
were immune-related in PAAD, we next calculated the relationships between these microbiota abundances and
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microbiota abundances and immune checkpoints expressions. (C) Correlations between immune-related microbiota abundances and TIICs levels estimated by TIMER. (D)
Differences in the abundances of immune-related microbiota between the high and low FMNL3 groups. *P < 0.05; ****P < 0.0001.

Abbreviation: Ns, no significant difference.
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infiltration levels of immune cells and expression of immune checkpoints, respectively. In line with the previous
observation, these microbiotas were positively correlated with immune-related biomarkers (Figure 6B and C).
Collectively, results above indicated that high abundances of immune-related microbiotas were associated with
enhanced immunotherapy response. In the high FMNL3 group, the abundances of Terrabacter, Candidatus
Stoquefichus, Collimonas, Candidatus Nitrosopelagicus, and Campylobacter were consistently higher (Figure 6D).
Previous studies have demonstrated that N6-methyladenosine (m®A), which is methylated at the N6 position of
adenosine, plays a crucial role in anti-tumor immunity and can be used as an indicator to identify tumor

3233 Therefore, we identified and validated a cluster of immune-related m°®A regulators

immunogenicity.
and m®A interactive protein-coding genes in PAAD (Figure 7A—C) based on the correlation among m°A genes
and immune biomarkers. Encouragingly, CXCR4, BCL2, ETS1, ASB2, ADAM19, LEF1, PTEN, WTAP, NOTCHI1,
HIF1A and PDCDI1 were observably upregulated in the high FMNL3 group, while MZF1 and YTHDF1 were
downregulated (Figure 7D). In brief, these findings provide evidence that FMNL3 is associated with immunotherapy

response from the perspective of emerging immune-related biomarkers.
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Abbreviation: Ns, no significant difference.
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Discussion

Formin proteins are well known as regulators of microfilament assembly and cell migration.>* However, whether these
proteins are related to anti-tumor immunity and the TME has not been concerned. In the current study, we first analyzed
the pan-cancer expression patterns and immuno-biological correlations of FMNL3 using the TCGA database. We found
that FMNL3 was highly expressed in most cancers, but had conflicting prognostic values. According to the previous
research, FMNL3 plays an oncogenic role in multiple cancers, including nasopharyngeal carcinoma cell metastasis,”
tongue squamous cell carcinoma,’ and colorectal carcinoma.'' However, high expression of FMNL3 predicted a better
prognosis in several cancers, including LUAD, HNSC, BRCA, CESC and PAAD. Interestingly, we found that FMNL3
had tight immuno-correlations in specific cancers. We next selected PAAD for further investigation and found that the
expression of FMNL3 in PAAD was related to immune factors, which could predict an inflammatory TME and more
therapeutic options. Furthermore, we also validated the expression and immunobiological correlations of FMNL3 in
PAAD using THC staining, which was consistent with our conclusions obtained from the database.

Specifically, our study showed that FMNL3 was positively related to the expression values of critical immune biomarkers,
including MHC II molecules, chemokines and paired receptors, as well as to the activities of the phases of recruiting immune
cells and infiltration levels of TIICs. In contrast, several reported immune-suppressive oncogenic pathways, such as the 3-catenin
and PPAR-y pathways, have been shown to inhibit the infiltration of TIICs by decreasing the expression of immunomodulators,
shaping a non-inflamed TME.*>*® FMNL3 plays an important immunological role in recruiting TIICs and promotes the
formation of inflamed TME. Our study showed that immuno-promotive pathways, such as the IFN-y signature, EGFR ligands,
and hypoxia scores were observably enriched in high FMNL3 patients, whereas oncogenic pathways were not, indicating that
PAAD patients with high FMNL3 had a stronger response to immunotherapy. The microbiome may not only be involved in the
occurrence and development of cancer but also may have potential diagnostic and therapeutic effects.>” Evidence shows that
microbes may increase the susceptibility to certain cancers and may influence the responses to therapeutics including
immunotherapy.®® For example, Riquelme et al found that the microbiomes of long-term survival PAAD patients were
characterized by Pseudoxanthomonas-Streptomyces-Saccharopolyspora-Bacillus clausii and had higher alpha-diversity.* In
this research, we found that Terrabacter, Candidatus Stoquefichus, Lachnoclostridium, Collimonas, Candidatus Nitrosopelagicus,
and Campylobacter were significantly correlated with T cell inflamed score and were defined as immune-related tumor
microorganisms. In addition, we found that FMNL3 expression was significantly associated with the abundance of five immune-
related tumor microorganisms. Besides, using a similar approach, the immune-associated m®A genes were also defined and tight
associations were found between FMNL3 and these genes.

Conclusions

In this study, we revealed that FMNLS3 is positively associated with an inflammatory TME in PAAD and has the potential
to predict the therapeutic response to multiple therapeutic options. In addition, FMNL3 is associated with emerging
immune-related biomarkers in PAAD, including microbiota abundance and m®A gene expression. However, it remains to
be clarified whether FMNL3 is merely a biomarker for tumor immunogenicity or has potential regulatory effects on anti-
tumor immunity.
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