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Abstract

Objective

Tumor cells that escape local tissue control can convert inflammatory cells from tumor sup-

pressors to tumor promoters. Moreover, soluble immune-modulating factors secreted from

the tumor environment can be difficult to identify in patient serum due to their low abun-

dance. We used an alternative strategy to infer a metastatic signature induced by sera of

cervical cancer patients.

Methods

Sera from patients with local and metastatic cervical cancer were used to induce a disease-

specific transcriptional signature in cultured, healthy peripheral blood mononuclear cells

(PBMCs). An empirical Bayesian method, EBarrays, was used to identify differentially

expressed (DE) genes with a target false discovery rate of <5%. Ingenuity Pathway Analysis

(IPA) software was used to detect the top molecular and cellular functions associated with

the DE genes. IPA and in silco analysis was used to pinpoint candidate upstream regulators,

including cancer-related microRNAs (miRNAs).

Results

We identified enriched pathways in the metastatic cervical group related to immune surveil-

lance functions, such as downregulation of engulfment, accumulation, and phagocytosis of

hematopoietic cells. The predicted top upstream genes were IL-10 and immunoglobulins. In

silco analysis identified miRNAs predicted to drive the transcriptional signature. Two of the 4

miRNAs (miR-23a-3p and miR-944) were validated in a cohort of women with local and met-

astatic cervical cancer.
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Conclusions

This study supports the use of a cell-based assay that uses PBMC “reporters” to predict bio-

logically relevant factors in patient serum. Further, disease-specific transcriptional signa-

tures induced by patient sera have the potential to differentiate patients with local versus

metastatic disease.

Introduction

The most significant prognostic factor for poor survival rates in patients with invasive

cervical cancer is metastasis [1]. Unfortunately, metastasis can be difficult to identify and

treat, and it does not directly relate to tumor size. Some patients with stage I disease, and

even some with small and seemingly localized tumors, have metastases identified in lymph

nodes or distant organs [1]. Consequently, identifying biologic pathways and biomarkers

through novel techniques could improve detection and treatment for women with cervical

cancer.

Metastasis is a complex process involving both intrinsic changes in tumor cells and the host

response. For example, cancer cells can metastasize by exploiting a large variety of immune-

mediated escape mechanisms [2]. They can secrete growth factors and cytokines to create a

state of chronic inflammation that prompts clonal expansion of myeloid precursors and directs

their movement to the primary tumor environment or metastatic sites [3]. In their new loca-

tions, these cells can alter the tissue microenvironment and promote the recruitment and colo-

nization of tumor cells to form macrometastases. Tumor cells can also shed or restrict the

presentation of ligands involved in their recognition by natural killer (NK) cells or cytotoxic T

lymphocytes (CTLs) [2]. Circulating factors identified in the blood during disease progression

include proteins (cytokines), microRNAs (miRNAs), and cell-free tumor and viral DNA.

Many of these factors may be of low abundance and difficult to detect through global discovery

techniques. Therefore, detection of potentially more accurate, yet low in abundance, serum

biomarkers remains a challenge.

The objective of the current study was to identify a transcriptional response signature of

metastatic cervical cancer induced by serum factors, providing information on the overall

state of immune pathways and potential biomarkers of metastatic disease. We adapted a

novel cell-based assay to identify transcriptional signatures in peripheral blood mononu-

clear cells (PBMCs) induced by serum from cervical cancer patients with local or metastatic

disease. PBMCs contain a breadth of surface receptors due to their varied cell populations of

T and B lymphocytes, monocytes, NK cells, and dendritic cells. This assay was previously

shown to be sensitive and accurate for detecting inflammatory biomarkers that predict type

1 diabetes as well as characterizing inflammation associated with inflammatory bowel dis-

ease and disorders characterized by airway infection and inflammation [4, 5]. Using sera

from patients with squamous cell carcinoma (SCC) of the cervix, we identified a gene

expression signature for metastatic cervical cancer. These gene signatures were used to

deduce upstream regulators, using pathway and in silico analysis. Our data suggest that this

method of measuring alterations in gene expression induced by patients’ sera has the poten-

tial to predict immune status in the patient and to identify metastatic disease-specific

biomarkers.

Serum-induced transcriptional signature in metastatic cervical cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0181242 August 30, 2017 2 / 12

https://doi.org/10.1371/journal.pone.0181242


Material and methods

Subject characteristics

We used serum specimens from women diagnosed with localized or metastatic cervical SCC.

Samples were obtained from each participant at the time of cancer diagnosis but before treat-

ment and were stored at -80˚ Celsius, after informed consent was obtained. The patient data

collected included age, race, metastasis (determined by FDG-PET and/or pathology), staging,

recurrences, and survival status. The study consisted of 10 subjects diagnosed with cervical

SCC (Table 1); 5 women had local disease without nodal involvement and were disease-free at

least 18 months following diagnosis, while the other 5 had distant disease (positive by PET-

CT) or metastatic foci in lymph nodes confirmed by pathology at the time of diagnosis. Sera

from subjects in the initial assays plus sera from 39 additional patients were used in miRNA

validation experiments (Table 2). The study protocol was approved by the institutional review

board at the Medical College of Wisconsin.

Table 1. Subject characteristics for reporter assay.

Age Race Metastatic sites by PET-CT scan

at diagnosis

Stage Pathologic metastatic sites at

diagnosis

Alive or

dead

Months from

diagnosis

Localized

cancer

19 Caucasian Negative Ib2 Negative pelvic lymph nodes Alive 130

49 Caucasian Negative Ib2 Negative pelvic lymph nodes Alive 52

38 Caucasian Negative Ib1 Negative pelvic lymph nodes Alive 18

43 Caucasian Negative Ib1 Negative pelvic lymph nodes Alive 108

35 Caucasian Negative Ib2 Negative pelvic lymph nodes Alive 106

Metastatic

cancer

31 Caucasian Pelvic and aortic lymph nodes

positive

Ib1 Pelvic and aortic lymph nodes Dead 6

44 African

American

Pelvic and aortic lymph nodes

positive

Ib2 Pelvic and aortic lymph nodes Alive 108

31 Mixed race Pelvic and aortic lymph nodes

positive

Ib2 Pelvic and aortic lymph nodes Dead 48

26 Caucasian Pelvic and aortic lymph nodes

positive

Ib2 Not done Dead 5

38 Caucasian Negative Ib1 Pelvic lymph nodes Alive 108

* PET-CT scan: positron emission tomography (PET) and computerized tomography (CT)

https://doi.org/10.1371/journal.pone.0181242.t001

Table 2. Subjects characteristics for miRNA assay.

Characteristic Lymph node positive Lymph node negative

Mean age (y) 46.5 48.5

Race Caucasian 14 18

African American 5 2

Stage Ib1 12 16

Ib2 6 4

Iib 1 0

Total 19 20

https://doi.org/10.1371/journal.pone.0181242.t002
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PBMC cultures and gene expression analysis

Gene expression was induced by culturing commercially cryopreserved PBMCs from a single

healthy donor (UPN727; Cellular Technology Ltd, Shaker Heights, OH) for 9 h at 37˚C in 5%

CO2 with media supplemented with sera of cancer patients from each of the 2 groups (local or

metastatic), as previously described by Hessner et al. [4, 5]. The composition of the UPN727

cell by a standard flow panel was described in a previous publication and was found to be in

the “normal range” [6]. The post-thaw viability of UPN727 is>90%, and multiparameter flow

cytometry has shown that the relative abundance of NK cells, CD8+ T cells, CD4+ T cells, B

cells, and monocytes does not differ significantly from the normal ranges expected for fresh

PBMCs [5]. The cultures were prepared in a Costar 24-well plate (Corning, St Louis, MO),

using 12 wells per condition (500,000 cells/well in 300 μl of RPMI 1640 medium plus 200 μl of

patient-derived serum). In addition to the 5 serum samples from patients with non-recurrent

local disease and the 5 samples from patients with metastatic cervical SCC, we created an 11th

co-culture that contained cancer-free human serum as a control.

PBMCs of each co-culture were recovered by centrifugation and total RNA was extracted

using TRIzol reagent (Life Technologies, Grand Island, NY). Complementary DNA (cDNA)

was synthesized from purified RNA (~50 ng) using an Affymetrix two-cycle cDNA synthesis

kit (Affymetrix, Santa Clara, CA). cDNA was then labeled and fragmented before being

hybridized (in accordance with the Affymetrix GeneChip expression analysis technical man-

ual) to a GeneChip Human Genome U133 plus 2.0 array, which interrogates ~47,000 tran-

script/transcript variants. RNA from each culture was independently analyzed. The study

methods are summarized in S1 Fig.

In silico analysis of differentially expressed (DE) genes to identify potential upstream

miRNAs.

To identify candidate miRNAs, we performed in silico analyses using starBase [7], TargetS-

can [8], and DIANA-mirExTra [9]. Each of these methods identifies regulatory interaction

networks among multiple classes of RNA. Candidate miRNAs that were identified by any of

these methods were considered in further analysis. The top 20 DE genes (Table 3) were entered

into starBase and TargetScan to identify their potential regulatory miRNAs. The top 383 DE

genes were uploaded into DIANA-mirExTra, an algorithm that predicts the effects of miRNAs

on expression levels of protein-coding transcripts based on the frequency of 6-nucleotide

motifs (hexamers) in the 3’UTR sequences of our DE genes. The resulting list of miRNAs was

pared down to the top overlapping candidates identified from the three in silico methods.

Table 3. Most significantly up- and downregulated genes in metastatic cancer from reporter assay.

Upregulated genes Fold change up Downregulated genes Fold change down

SIAH1 2.900 ANXA1 -2.703

TEP1 2.860 MS4A4A -2.632

POLK 2.720 ADORA3 -2.500

ATM 2.660 FPR1 -2.326

LPP 2.660 MRC1 -2.273

CXCL11 2.450 GPR34 -2.273

IBTK 2.410 WAC -2.174

STK17A 2.380 CD163 -2.174

CXorf56 2.360 VCAN -2.041

GNL3L 2.320 VNN1 -2.000

FDR <0.05, and largest fold change

https://doi.org/10.1371/journal.pone.0181242.t003
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Diana-mirExTra analysis ranked miRNA candidates from DE genes of the entire 383 gene list.

Four miRNAs (miR-23a-3p, miR-23b-3p, miR-193b-5p and miR-944) were chosen for further

examination with quantitative polymerase chain reaction (qPCR) as described below.

Quantitative PCR

RNA from serum (400 μl) was isolated using the miRCURY RNA Isolation Kit—Biofluids

(Exiqon, Woburn, MA) and reverse-transcribed into cDNA, using target-specific primers sup-

plied with corresponding Taqman probes (Life Technologies, Inc) for miRNAs miR-23a-3p,

miR-23b-3p, miR-193b-5p and miR-944. The qPCR was run with the following thermal

cycling conditions: enzyme activation for 10 min at 95˚C, followed by denaturing and anneal-

ing, 95˚C for 15 s and 60˚C for 60 s, respectively, for 40 cycles. Each reaction was run in tripli-

cate using U6 for normalization. All data were analyzed using the ΔCt method.

Statistical analysis

All PBMC assay analyses were carried out in R [10], a publicly available statistical analysis envi-

ronment. The packages affy and EBarrays are available at Bioconductor, an on-line suite of

tools for analyzing genomic data [11]; R package allez 1.0 is also publicly available [12].

Pre-processing and normalization: The Affymetrix probe data were processed using Robust

Multi-Array Analysis (RMA), as implemented in the Affymetrix package affy, to obtain nor-

malized summary scores of expression for each probe set on each array [13]. RMA fits a linear

model to the log probe intensities for each probe set. The linear model includes a sample effect

(the parameter of interest), a probe effect, and an error term. The standard errors are normal-

ized, setting the same median standard error across arrays. The normal control chip was

included in the normalization, though not involved in further analysis.

Identification of DE genes: EBarrays was used to identify probe sets that were differentially

expressed between sera from women diagnosed with localized or metastatic cervical cancer

[12, 14]. EBarrays is an empirical Bayes approach that models the probability distribution of a

set of expression measurements. It accounts for differences among genes in their true underly-

ing expression levels, measurement fluctuations, and distinct expression patterns for a given

gene among conditions [14]. The fitted model is used to assign probability distributions to

every gene; each gene-specific distribution provides the posterior probability of that gene

being DE. Thresholds were chosen to target a false discovery rate (FDR) of<5%.

Tests for enrichment: Tests for enrichment of common function among sets of DE genes

were carried out using data from the Gene Ontology (GO) annotations and the Kyoto Encyclo-

pedia of Genes and Genomes (KEGG). In Gene Ontology, transcripts (i.e., genes) are catego-

rized at varying levels of biological detail; the three broadest levels are molecular function,

cellular component, and biological process. The R package allez was used to test enrichment

for each Gene Ontology category and KEGG pathway. In general, the interpretation of p values

resulting from enrichment tests is not straightforward due to the many dependent hypotheses

tested. Furthermore, the enrichment test tends to produce small p values when groups with

few transcripts are considered. The statistical methods underlying allez adjust for these factors,

providing increased power and sensitivity for identifying biologically meaningful sets [12].

Pathway and upstream regulation analysis: Ingenuity Pathway Analysis (IPA) software

(Ingenuity systems, Redwood City, CA) was used to predict upstream transcriptional regula-

tors of DE genes. P values were calculated using Fisher’s exact test to find statistically signifi-

cant overlap between the genes in our dataset and genes that are controlled by transcriptional

regulators. Following that, IPA software calculated an activation z-score, which determines

whether an upstream transcriptional regulator has significantly more activated predictions

Serum-induced transcriptional signature in metastatic cervical cancer
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(z>0) than inhibited predictions (z<0). The primary purpose of the activation z-score is to

infer the activation states of predicted transcriptional regulators.

Finally, miRNA qPCR data were plotted and analyzed (unpaired t test) using GraphPad

Prism version 6.0 (La Jolla, CA).

Results

We used sera from women with localized (n = 5) or metastatic (n = 5) cervical SCC to drive

transcription in healthy PBMC “reporters” and read the responses using genome-wide expres-

sion profiling. The transcriptional responses induced by the 11 (10 cancer and 1 healthy con-

trol) experimental samples were normalized using Robust Multi-Array Analysis (RMA) to

obtain summary scores of expression for each profile set on each array [13]. We then used

EBarrays to identify genes whose expression differed when comparing PBMCs stimulated by

serum from women with localized versus metastatic disease. A total of 557 differentially

expressed probe sets that mapped to 382 genes (of which 323 were unique) exhibited DE with

a FDR of<5%. In the unique gene set, 184 were upregulated and 139 were downregulated in

serum from women with metastatic disease. The most significant upregulated and downregu-

lated genes from the patients with metastatic cervical cancer are shown in Table 3.

The top GO annotations included response to interferon-alpha and lipoteichoic acid

(LTA), a major constituent of the cell wall of gram-positive bacteria, while the top KEGG path-

way inferred was Staphylococcus aureus (S. aureus) infection (S1 Table). Core analysis was per-

formed with IPA software to identify the most significant biologic functions associated with

the genes that were more highly upregulated or downregulated by sera from metastatic

patients (Table 4). Inflammatory response, phagocytosis, engulfment, and movement of blood

cells were all decreased, with z-scores greater than −2.0 (Table 4). We used IPA upstream regu-

lation analysis to identify candidate genes and signaling intermediates that could account for

the observed serum-induced signatures. Overall, the most significant findings pointed to tran-

scriptional inhibition by IL-10 (z = -2.094) and activation by immunoglobulin (z = 2.919)

(Table 5).

Finally, since miRNAs are abundant and stable in serum and are greatly dysregulated in

cancer [15], we sought to determine if the observed DE genes could be explained by differences

in serum miRNA composition of patients with local disease versus metastatic disease. In silico
analysis revealed 4 candidate miRNAs (miR-23a-3p, miR-23b-3p, miR-193b-5p and miR-944)

that are known to bind to and inhibit the expression of more than one of the DE genes listed

Table 4. Top biological functions in the metastatic cervical cancer group.

Function annotation P-value Activation Z-score

Inflammatory Response 1.73E-15 -2.454

Immune Response of cells 1.02E-09 -2.527

Phagocytosis of blood cells 2.11E-09 -2572

Engulfment of blood cells 3.56E-09 -2.908

Phagocytosis of leukocytes 4.69E-09 -2.381

Engulfment of myeloid cells 5.68E-09 -2.513

Engulfment of cells 5.94E-09 -2.759

Cell movement of myeloid cells 6.90E-09 -2.133

Engulfment of leukocytes 8.10E-09 -2.727

Accumulation of neutrophils 1.10E-08 -2.711

Phagocytosis 1.19E-08 -2.927

Engulfment of phagocytes 1.30E-08 -2.403

https://doi.org/10.1371/journal.pone.0181242.t004
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in Table 2. Serum samples from patients with local or metastatic disease (Tables 1 and 2) were

then analyzed with qPCR to evaluate the expression of these 4 miRNAs. Of these 4 candidate

miRNAs, expression levels of 2 were found to be significantly different in serum from patients

with metastatic versus local disease. Expression of miR-23b-3p was significantly lower

(p = 0.0337), while miR-944 expression was significantly higher (p = 0.0075), in serum samples

from 25 women with metastatic disease than in the 24 samples from women with localized dis-

ease (Fig 1).

Table 5. Top upstream regulators of dataset genes in metastatic cervical cancer.

Top upstream regulators P- value Activation Z-score

IL10 1.01E-16 -2.094

Immunoglobulin 4.95E-15 2.919

IRF7 7.38E-14 2.394

PRL 3.52E-13 2.488

IFNB1 4.09E-11 2.877

IFNL1 2.44E-09 3.251

IL6 2.60E-09 -2.903

CSF3 3.53E-09 -2.925

IRF5 4.38E-09 2.762

DDX58 5.50E-09 3.078

IFNA2 8.31E-09 3.821

https://doi.org/10.1371/journal.pone.0181242.t005

Fig 1. miRNA expression levels in serum from cervical cancer patients with local or metastatic disease. Expression levels of four candidate

miRNAs were determined via Taqman-based qPCR using RNA extracted from the serum of patients with local (n = 25) or metastatic (n = 24) cervical

cancer. Serum expression levels of miR-23b-3p were significantly lower in the metastatic group (B; *p<0.05), while miR-944 expression was

significantly higher in serum from patients with metastatic disease (D; **p<0.01). Serum expression levels of miR-23a-3p (A) and miR-193b-5p (C)

were not significantly different between the local and metastatic groups.

https://doi.org/10.1371/journal.pone.0181242.g001
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Discussion

The current study adopted a novel cell-based assay that used reporter PBMC cultures to char-

acterize transcriptional signatures induced by serum from women with cervical cancer. Collec-

tively, the results suggest that factors present in serum from women who have metastatic

cancer rather than local disease associate with downregulation of immune-surveillance func-

tions such as engulfment, accumulation, and phagocytosis of hematopoietic cells. Enrichment

and pathway analyses suggest that the top candidates driving the serum effects include IL-10,

immunoglobulin, and cellular responses to LTA and S. aureus. Although many elements in

serum could account for these results, we focused our validation analysis on potential

upstream miRNA candidates. In silico analysis revealed candidate miRNAs which could be

responsible for driving the DE gene profiling results. Four of the top miRNA candidates were

further probed for validation via qPCR on serum samples from a larger cohort of patients. We

found that 2 out of the 4 were differentially expressed in serum from patients with metastatic

versus local disease.

Metastasis is a culmination of factors from both the tumor and microenvironment. Factors

provided by the primary tumor can trigger inflammation, activate the endothelium, and

induce bone marrow-derived cells to enter the bloodstream and mobilize to premetastatic

sites. Inflammatory cells also have an inherent plasticity that can be directed by local tissue fac-

tors in the microenvironment [2].

The immune system’s complex role in defense against pathogens and its pro- and anti-

tumorigenic functions make it a network of opposing signals. Inflammation can both prevent

the spread of infection as well as promote tumor growth and metastasis. Inflammation is

involved in all stages of cervical carcinogenesis, from Human Papillomavirus (HPV) infection

to tumor initiation to conversion to metastatic disease. HPV escape from immune surveillance

and establishment of long-term viral persistence is essential for the development of cervical

cancer. Thus, this immune response to infection could promote tumorigenesis and possible

metastasis, as suggested by our transcriptional signatures. Cervical tumors are exposed to vari-

ous local inflammatory insults from bacteria in the vagina in addition to the genetic alterations

caused by viral oncogenes.

This study identified differentially enriched pathways involved in cellular responses to

interferon-alpha, LTA, and S. aureus. Infection with S. aureus can trigger skin inflammation

and modulate immune responses. LTA, a major constituent of the cell wall of gram-positive

bacteria such as S. aureus, allows the pathogen to be immunologically recognized by binding

to Toll-like and platelet-activating factor receptors [16]. In a transgenic model of skin cancer

induced by HPV 16 oncogenes, infiltrating CD4+ T cells detected in malignant lesions were

predominantly reactive toward S. aureus antigens and not HPV oncogenes. This suggests that

S. aureus infection in skin lesions may evoke an inflammatory response that enhances malig-

nant progression [17]. In a genome-wide association study, Chen et al. identified germline var-

iants in women with cervical cancer that were present in genes associated with the S. aureus
pathway [18]. Like skin cancers, cervical cancers are colonized by bacteria found within the

vagina, and further examination of the effects of S. aureus in cervical cancer metastasis war-

rants further investigation.

IL-10 was the most significant upstream feature in our DE analysis, with a z-score of

−2.094. IL-10 is produced by T and B lymphocytes, myeloid antigen presenting cells, and epi-

thelial cells, and it can stimulate or inhibit the immune system depending on disease state and

immune response phase. However, little is known about the role of IL-10 in metastatic cervical

cancer. Studies have found a correlation between HPV infection and serum IL-10 levels in

local tissue [19]. In fact, two studies found an increase in serum IL-10 associated with various

Serum-induced transcriptional signature in metastatic cervical cancer
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stages of cervical cancer [20,21]. Moreover, immature stromal dendritic cells expressing IL-10

are more numerous in cervical cancer than in normal cervix and cervical intraepithelial neo-

plasia [19]. IL-10 has been thought to be predominately immunosuppressive and thus tumor-

promoting, but recent work has provided evidence for IL-10 mediated reduction in tumor

growth and metastasis by preventing inflammatory cytokine production in mice transplanted

with colon cancer cells [22]. IL-10 can also expand CD8+ tumor- infiltrating lymphocytes,

promoting their killing activity. Interestingly, this effect is inhibited by complement signaling,

which is activated in plasma of cancer patients [23].

Immunoglobulins are antibodies that are primarily produced by differentiated B lympho-

cytes, but over the last decade cytoplasmic and secreted forms of immunoglobulin production

have been found in human epithelial cancers [24]. Liao et al. showed that immunoglobulin G

(IgG) is expressed in cancer cells of epithelial lineage and that cells with higher IgG are more

invasive and metastatic [24]. Wang et al. provided evidence that IgG is a positive regulator of

lipopolysaccharide-induced pro-inflammatory cytokine production in cervical cancer cells

because it binds to the Toll-like receptor 4 (TLR4), enhancing its expression. Thus, IgG might

promote cervical cancer proliferation by enhancing TLR4 signaling [25].

Many studies have measured miRNAs levels in serum because miRNAs are durable bio-

markers [26, 27]. Our approach was different in that we identified candidates by their ability

to induce DE genes found in our reporter PBMC. We then selected specific candidate miRNAs

for validation in a larger sample of sera from women with local and metastatic cervical cancer.

miRNAs can deliver content-dependent pro- and anti-tumorigenic activity and show variation

between intracellular and extracellular departments [27]. In fact, a recent paper showed that

the abundance of miRNAs is greatly influenced by E6 and E7 oncogene expression in cervical

cancer cell lines [28]. Here, we measured serum levels of the 4 candidate miRNAs (miR-23a-

3p, miR-23b-3p, miR-193b-5p, and miR-944) and found that the expression of miR-23b was

significantly reduced and the expression of miR-944 was significantly increased in women

with metastatic versus local cervical cancer. miR-23b-3p exhibits anti-tumor activity by regu-

lating multiple signaling pathways involved in cell differentiation and cellular immune

responses [29]. miRNA-23b has been shown to be downregulated in cervical cancer tissue and

upregulated when E6 and E7 oncogenes are silenced in cell line studies [28]. Furthermore,

miRNA-944 expression has been shown to promote cell proliferation, migration, and invasion

in human cervical cancer cells, supporting our finding that its expression is enhanced in serum

from patients with metastatic disease [30].

The major limitation of our study is its small sample size, as it examined 10 patients in the

discovery phase. Also, relying on cryopreserved PBMCs from a single donor provides a uni-

form assay platform, but it is unlikely to capture all possible transcriptional signals given the

genetic variability among individuals. Moreover, use of an indirect cell-based assay prevented

us from identifying and measuring all upstream immune factors. The serum samples were also

stored at -80˚ Celsius for varying lengths of time because they were collected at diagnosis.

However, miRNAs are very stable biomarkers and have been shown to vary little after long-

term storage or with mode of storage, which is why we explored these serum factors further in

this study [31]. Moreover, while we cannot easily test the effects of storage time on a single

sample, we do know from prior studies done at our laboratory that samples collected a decade

apart in patients with type 1 diabetes and stored at -80˚ Celsius produce highly correlative

transcriptional signatures [4,5].

In summary, we provide evidence that a PMBC reporter assay can distinguish local from

metastatic disease by measuring the induction of DE genes triggered by sera from women with

cervical cancer. Expanding this study to a larger patient population would offer additional

insights into the immunosuppressive and proliferative pathways that may contribute to
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cervical cancer progression. As serum contains many types of circulating factors, future work

could examine other upstream factors in addition to miRNAs. Also, because current treatment

for metastatic cervical cancer is not curative, identification of additional inflammatory path-

ways that contribute to metastasis is critical for more efficient cancer diagnosis and treatment.

Finally, future prospective studies are required to further validate the contribution of miRNAs

found in this study to cervical cancer metastasis.

Supporting information

S1 Table. GO and KEGG enrichment results.

(CSV)

S1 Fig. Graphical abstract of the experiment.

(TIF)

Author Contributions

Conceptualization: Anna Palatnik, Martin J. Hessner, Janet S. Rader.

Data curation: Anna Palatnik, Shuyun Ye, Marissa Iden, Jessica S. Zigman.

Formal analysis: Anna Palatnik, Shuyun Ye, Christina Kendziorski, Marissa Iden, Jessica S.

Zigman, Martin J. Hessner, Janet S. Rader.

Funding acquisition: Janet S. Rader.

Investigation: Anna Palatnik, Janet S. Rader.

Methodology: Anna Palatnik, Christina Kendziorski, Janet S. Rader.

Project administration: Anna Palatnik, Janet S. Rader.

Resources: Christina Kendziorski, Marissa Iden.

Software: Shuyun Ye, Christina Kendziorski, Martin J. Hessner, Janet S. Rader.

Supervision: Martin J. Hessner, Janet S. Rader.

Validation: Christina Kendziorski.

Writing – original draft: Anna Palatnik.

Writing – review & editing: Anna Palatnik, Jessica S. Zigman, Martin J. Hessner, Janet S.

Rader.

References
1. Grigsby PW, Siegel BA, Dehdashti F, Rader J, Zoberi I. Posttherapy [18F] fluorodeoxyglucose positron

emission tomography in carcinoma of the cervix: response and outcome. J Clin Oncol. 2004; 22:2167–

71. https://doi.org/10.1200/JCO.2004.09.035 PMID: 15169804

2. Mohme M, Riethdorf S, Pantel K. Circulating and disseminated tumour cells—mechanisms of immune

surveillance and escape. Nat Rev Clin Oncol. 2016.

3. Joyce JA, Pollard JW. Microenvironmental regulation of metastasis. Nat Rev Cancer. 2009; 9:239–52.

https://doi.org/10.1038/nrc2618 PMID: 19279573

4. Cabrera SM, Chen YG, Hagopian WA, Hessner MJ. Blood-Based Signatures in Type 1 Diabetes. Dia-

betologia. 2016; 59:414–25. https://doi.org/10.1007/s00125-015-3843-x PMID: 26699650

5. Gurram B, Salzman NH, Kaldunski ML, Jia S, Li BU, Stephens M, et al. Plasma induced signatures

reveal an extracellular milieu possessing an immunoregulatory bias in treatment-naïve pediatric inflam-

matory bowel disease. Clinical and Experimental Immunology. 2016; 184:36–49. https://doi.org/10.

1111/cei.12753 PMID: 26660358

Serum-induced transcriptional signature in metastatic cervical cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0181242 August 30, 2017 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181242.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0181242.s002
https://doi.org/10.1200/JCO.2004.09.035
http://www.ncbi.nlm.nih.gov/pubmed/15169804
https://doi.org/10.1038/nrc2618
http://www.ncbi.nlm.nih.gov/pubmed/19279573
https://doi.org/10.1007/s00125-015-3843-x
http://www.ncbi.nlm.nih.gov/pubmed/26699650
https://doi.org/10.1111/cei.12753
https://doi.org/10.1111/cei.12753
http://www.ncbi.nlm.nih.gov/pubmed/26660358
https://doi.org/10.1371/journal.pone.0181242


6. Levy H, Wang X, Kaldunski M, Jia S, Kramer J, Pavletich SJ, et al. Transcriptional signatures as a dis-

ease-specific and predictive inflammatory biomarker for type 1 diabetes. Genes Immun. 2012; 13:593–

604. https://doi.org/10.1038/gene.2012.41 PMID: 22972474

7. Li JH, Liu S, Zhou H, Qu LH, Yang JH. starBase v2.0: decoding miRNA-ceRNA, miRNA-ncRNA and

protein-RNA interaction networks from large-scale CLIP-Seq data. Nucleic Acids Res. 2014; 42(Data-

base issue):D92–7. https://doi.org/10.1093/nar/gkt1248 PMID: 24297251

8. Agarwal V, Bell GW, Nam JW, Bartel DP. Predicting effective microRNA target sites in mammalian

mRNAs. Elife. 2015; 4.

9. Alexiou P, Maragkakis M, Papadopoulos GL, Simmosis VA, Zhang L, Hatzigeorgiou AG. The DIANA-

mirExTra web server: from gene expression data to microRNA function. PLoS One. 2010; 5:e9171.

https://doi.org/10.1371/journal.pone.0009171 PMID: 20161787

10. R Development Core Team. R: A language and environment for statistical computing. Vienna, Austria:

R Foundation for Statistical Computing; 2013.

11. Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S, et al. Bioconductor: open soft-

ware development for computational biology and bioinformatics. Genome Biol. 2004; 5:R80. https://doi.

org/10.1186/gb-2004-5-10-r80 PMID: 15461798

12. Newton M, Quintana F, den Boon J, Sengupta S, Ahlquist P. Random-set methods identify distinct

aspects of the enrichment signal in gene-set analysis. Annals of Applied Statistics. 2007; 1:85–106.

13. Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, Scherf U, et al. Exploration, normali-

zation, and summaries of high density oligonucleotide array probe level data. Biostatistics. 2003;

4:249–64. https://doi.org/10.1093/biostatistics/4.2.249 PMID: 12925520

14. Kendziorski CM, Newton MA, Lan H, Gould MN. On parametric empirical Bayes methods for comparing

multiple groups using replicated gene expression profiles. Stat Med. 2003; 22:3899–914. https://doi.

org/10.1002/sim.1548 PMID: 14673946

15. Lan H, Lu H, Wang X, Jin H. MicroRNAs as potential biomarkers in cancer: opportunities and chal-

lenges. Biomed Res Int. 2015; 2015:125094. https://doi.org/10.1155/2015/125094 PMID: 25874201

16. Zhang Q, Mousdicas N, Yi Q, Al-Hassani M, Billings SD, Perkins SM, et al. Staphylococcal lipoteichoic

acid inhibits delayed-type hypersensitivity reactions via the platelet-activating factor receptor. J Clin

Invest. 2005; 115:2855–61. https://doi.org/10.1172/JCI25429 PMID: 16184199

17. Daniel D, Meyer-Morse N, Bergsland EK, Dehne K, Coussens LM, Hanahan D. Immune enhancement

of skin carcinogenesis by CD4+ T cells. J Exp Med. 2003; 197:1017–28. https://doi.org/10.1084/jem.

20021047 PMID: 12695493

18. Chen D, Enroth S, Ivansson E, Gyllensten U. Pathway analysis of cervical cancer genome-wide associ-

ation study highlights the MHC region and pathways involved in response to infection. Hum Mol Genet.

2014; 23:6047–60. https://doi.org/10.1093/hmg/ddu304 PMID: 24934695

19. Kobayashi A, Weinberg V, Darragh T, Smith-McCune K. Evolving immunosuppressive microenviron-

ment during human cervical carcinogenesis. Mucosal Immunol. 2008; 1:412–20. https://doi.org/10.

1038/mi.2008.33 PMID: 19079205

20. Gening TP, Antoneeva II, Abakumova TV, Peskov AB, Sidorenko EG, Gening SO, et al. Dynamics of

proinflammatory cytokine levels and their role in the development of local and systemic effects during

progressing cervical cancer. Bull Exp Biol Med. 2014; 157:776–80. https://doi.org/10.1007/s10517-014-

2665-z PMID: 25348567

21. Chopra V, Dinh TV, Hannigan EV. Circulating serum levels of cytokines and angiogenic factors in

patients with cervical cancer. Cancer Invest. 1998; 16:152–9. PMID: 9541628

22. Tanikawa T, Wilke CM, Kryczek I, Chen GY, Kao J, Nunez G, et al. Interleukin-10 ablation promotes

tumor development, growth, and metastasis. Cancer Res. 2012; 72:420–9. https://doi.org/10.1158/

0008-5472.CAN-10-4627 PMID: 22123924

23. Wang Y, Sun SN, Liu Q, Yu YY, Guo J, Wang K, et al. Autocrine Complement Inhibits IL10-Dependent

T-cell-Mediated Antitumor Immunity to Promote Tumor Progression. Cancer Discov. 2016; 6:1022–35.

https://doi.org/10.1158/2159-8290.CD-15-1412 PMID: 27297552

24. Liao Q, Liu W, Liu Y, Wang F, Wang C, Zhang J, et al. Aberrant high expression of immunoglobulin G in

epithelial stem/progenitor-like cells contributes to tumor initiation and metastasis. Oncotarget. 2015;

6:40081–94. https://doi.org/10.18632/oncotarget.5542 PMID: 26472025

25. Wang J, Lin D, Peng H, Shao J, Gu J. Cancer-derived immunoglobulin G promotes LPS-induced proin-

flammatory cytokine production via binding to TLR4 in cervical cancer cells. Oncotarget. 2014; 5:9727–

43. https://doi.org/10.18632/oncotarget.2359 PMID: 25179302

26. Hu X, Schwarz JK, Lewis JS Jr., Huettner PC, Rader JS, Deasy JO, et al. A microRNA expression sig-

nature for cervical cancer prognosis. Cancer Res. 2010; 70:1441–8. https://doi.org/10.1158/0008-5472.

CAN-09-3289 PMID: 20124485

Serum-induced transcriptional signature in metastatic cervical cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0181242 August 30, 2017 11 / 12

https://doi.org/10.1038/gene.2012.41
http://www.ncbi.nlm.nih.gov/pubmed/22972474
https://doi.org/10.1093/nar/gkt1248
http://www.ncbi.nlm.nih.gov/pubmed/24297251
https://doi.org/10.1371/journal.pone.0009171
http://www.ncbi.nlm.nih.gov/pubmed/20161787
https://doi.org/10.1186/gb-2004-5-10-r80
https://doi.org/10.1186/gb-2004-5-10-r80
http://www.ncbi.nlm.nih.gov/pubmed/15461798
https://doi.org/10.1093/biostatistics/4.2.249
http://www.ncbi.nlm.nih.gov/pubmed/12925520
https://doi.org/10.1002/sim.1548
https://doi.org/10.1002/sim.1548
http://www.ncbi.nlm.nih.gov/pubmed/14673946
https://doi.org/10.1155/2015/125094
http://www.ncbi.nlm.nih.gov/pubmed/25874201
https://doi.org/10.1172/JCI25429
http://www.ncbi.nlm.nih.gov/pubmed/16184199
https://doi.org/10.1084/jem.20021047
https://doi.org/10.1084/jem.20021047
http://www.ncbi.nlm.nih.gov/pubmed/12695493
https://doi.org/10.1093/hmg/ddu304
http://www.ncbi.nlm.nih.gov/pubmed/24934695
https://doi.org/10.1038/mi.2008.33
https://doi.org/10.1038/mi.2008.33
http://www.ncbi.nlm.nih.gov/pubmed/19079205
https://doi.org/10.1007/s10517-014-2665-z
https://doi.org/10.1007/s10517-014-2665-z
http://www.ncbi.nlm.nih.gov/pubmed/25348567
http://www.ncbi.nlm.nih.gov/pubmed/9541628
https://doi.org/10.1158/0008-5472.CAN-10-4627
https://doi.org/10.1158/0008-5472.CAN-10-4627
http://www.ncbi.nlm.nih.gov/pubmed/22123924
https://doi.org/10.1158/2159-8290.CD-15-1412
http://www.ncbi.nlm.nih.gov/pubmed/27297552
https://doi.org/10.18632/oncotarget.5542
http://www.ncbi.nlm.nih.gov/pubmed/26472025
https://doi.org/10.18632/oncotarget.2359
http://www.ncbi.nlm.nih.gov/pubmed/25179302
https://doi.org/10.1158/0008-5472.CAN-09-3289
https://doi.org/10.1158/0008-5472.CAN-09-3289
http://www.ncbi.nlm.nih.gov/pubmed/20124485
https://doi.org/10.1371/journal.pone.0181242


27. Ortiz-Quintero B. Cell-free microRNAs in blood and other body fluids, as cancer biomarkers. Cell Prolif.

2016; 49:281–303. https://doi.org/10.1111/cpr.12262 PMID: 27218664

28. Honegger A, Schilling D, Bastian S, Sponagel J, Kuryshev V, Sultmann H, et al. Dependence of intracel-

lular and exosomal microRNAs on viral E6/E7 oncogene expression in HPV-positive tumor cells. PLoS

Pathog. 2015; 11:e1004712. https://doi.org/10.1371/journal.ppat.1004712 PMID: 25760330

29. Viswanathan V, Fields J, Boman BM. The miRNA23b-regulated signaling network as a key to cancer

development—implications for translational research and therapeutics. J Mol Med (Berl). 2014;

92:1129–38.

30. Xie H, Lee L, Scicluna P, Kavak E, Larsson C, Sandberg R, et al. Novel functions and targets of miR-

944 in human cervical cancer cells. Int J Cancer. 2015; 136:E230–41. https://doi.org/10.1002/ijc.29160

PMID: 25156441

31. Grasedieck S, Scholer N, Bommer M, Niess JH, Tumani H, Rouhi A, et al. Impact of serum storage con-

ditions on microRNA stability. Leukemia. 2012; 26:2414–6. https://doi.org/10.1038/leu.2012.106 PMID:

22504138

Serum-induced transcriptional signature in metastatic cervical cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0181242 August 30, 2017 12 / 12

https://doi.org/10.1111/cpr.12262
http://www.ncbi.nlm.nih.gov/pubmed/27218664
https://doi.org/10.1371/journal.ppat.1004712
http://www.ncbi.nlm.nih.gov/pubmed/25760330
https://doi.org/10.1002/ijc.29160
http://www.ncbi.nlm.nih.gov/pubmed/25156441
https://doi.org/10.1038/leu.2012.106
http://www.ncbi.nlm.nih.gov/pubmed/22504138
https://doi.org/10.1371/journal.pone.0181242

