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Abstract

Identification of factors associated with human papillomavirus (HPV) cervical histopathology or recurrence/relapse 
following loop electrosurgical excision procedure (LEEP) would allow for better management of the disease. We investigated 
whether gene signatures could (i) associate with HPV cervical histopathology and (ii) identify women with post-LEEP 
disease recurrence/relapse. Gene array analysis was performed on paraffin-embedded cervical tissue-isolated RNA from 
two cross-sectional cohorts of antiretroviral therapy (ART)-suppressed HIV+HPV+ coinfected women: (i) 55 women in South 
Africa recruited into three groups: high risk (HR) (−) (n = 16) and HR (+) (n = 15) HPV without cervical histopathology and HR 
(+) HPV with cervical intraepithelial neoplasia (CIN) grade 1/2/3 (n = 24), (ii) 28 women in Botswana with CIN2/3 treated with 
LEEP 12-month prior to recruitment and presenting with (n = 13) and without (n = 15) lesion recurrence/relapse (tissue was 
analyzed at first LEEP). Three distinct gene expression signatures identified were able to segregate: (i) HR+ HPV and CIN1/2/3, 
(ii) HR HPV-free and cervical histopathology-free and (iii) HR+ HPV and cervical histopathology-free. Immune activation and 
neoplasia-associated genes (n = 272 genes; e.g. IL-1A, IL-8, TCAM1, POU4F1, MCM2, SMC1B, CXCL6, MMP12) were a feature 
of cancer precursor dysplasia within HR HPV infection. No difference in LEEP tissue gene expression was detected between 
women with or without recurrence/relapse. In conclusion, distinctive gene signatures were associated with presence of 
cervical histopathology in tissues from ART-suppressed HIV+/HPV+ coinfected women. Lack of detection of LEEP tissue gene 
signature able to segregate subsequent post-LEEP disease recurrence/relapse indicates additional factors independent of 
local gene expression as determinants of recurrence/relapse.

Introduction
Genital human papillomaviruses (HPVs) are characterized based 
on the strength of their association with cervical cancer, as 
oncogenic [high risk (HR)] types which act as carcinogens in the 
development of cervical cancer (1,2) and non-oncogenic types 

(low risk) (3). Approximately, 80% of new HPV infections are 
cleared within 12–18 months (4,5). In a small proportion where 
the immune response fails to clear or control the infection, a 
persistent infection is established, often with locally high levels 
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of HR HPV DNA replication and true cancer precursor dysplasia 
[cervical intraepithelial neoplasia (CIN), divided into grades 1, 2 
and 3] (6). As a standard cancer prevention strategy, in cases of 
confirmed high-grade lesions with a histological result of CIN2 
or CIN3, treatment of the lesion is indicated by either ablative or 
excisional methods [i.e. loop electrosurgical excision procedure 
of the transition zone of cervix (LEEP)].

Human immunodeficiency virus 1 (HIV-1) infection alters the 
natural history of HPV-associated oncogenesis. HIV+ women with 
invasive cervical cancer have different frequency of HPV types 
compared with non-HIV women (7) and an increased risk of pro-
gression from subclinical HPV infection to disease (8). The degree 
of immunosuppression (CD4+ T-cell count <200 cells/mm3) has 
already been positively associated with increased risk of persistent 
HPV infection and progression of disease irrespective of viral load, 
CIN prevalence and severity (9). Treatment failure rates (defined as 
incomplete ectocervical and/or endocervical margins on pathology 
specimens irrespective of clear margins) leading to lesion relapse 
after LEEP are between 10 and 15% in immunocompetent women 
(10) and up to 50% worldwide in HIV+ women.

Previous studies suggest that local tissue gene expression 
could serve as a pathogenesis differentiator relative to lesion grade 
within HR HPV types (11–14) with several genes proposed as diag-
nostic markers for the detection of cervical neoplasia. In addition, 
although the local immune reaction to HPV is likely to play a sig-
nificant role toward progression to cancer, there is a need for elu-
cidation of the factors that could distinguish recurrent/relapsing 
HPV-associated premalignant lesions following LEEP from non-
recurrent/relapsing lesions. It remains to be determined whether 
there is a specific HPV-associated gene signature that could pre-
dict disease recurrence/relapse after LEEP or whether recurrence/
relapse is independent of local gene expression. Identification of 
markers associated with cervical histopathology and/or recur-
rence/relapse of HPV-associated premalignant lesions following 
LEEP could lead to the development of a screening method that 
would allow for better diagnosis, follow-up and evaluation of inter-
ventions to prevent recurrence/relapse.

We performed a cross-sectional study of antiretroviral ther-
apy (ART)-suppressed HIV+/HPV+ coinfected women to test the 
hypothesis that cervical tissue gene signatures could (i) asso-
ciate with cervical histopathology and (ii) identify women with 
post-LEEP disease recurrence/relapse.

Subjects, materials and methods

Participants

Paraffin-embedded cervical tissue samples were collected 
from two cross-sectional cohorts of ART-treated HIV+HPV+ 
coinfected women.

The first cohort consisted of 55 women identified from popu-
lations of patients of the Themba Lethu clinic and Clinical HIV 
Research Unit at the Helen Joseph hospital in South Africa. All 
women were negative for pregnancy and sexually transmit-
ted infections tests at screening, with no clinical evidence of 
an inflammatory disease, and confirmed CD4+ T-cell count >200 
cells/mm3 and HIV-1 viral load <50 copies for >6 months and at 
screening. These women participated in a study assessing the 
relationship between HR HPV type infection and immune activa-
tion/exhaustion. The main findings for this study are described 
in our prior publication (15). As described in our prior publication 
(15), HPV genotyping was performed in DNA isolated from a cyto-
brush sample by using the qualitative Roche Linear Array HPV 
genotyping test (Roche Molecular Systems, NJ) according to the 
manufacturer’s instructions. This qualitative test allowed for the 
detection of 37 HPV types. Individual HPV types were divided into 
14 HR types: 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, 68, and 23 
LR types: HPV 6, 11, 26, 40, 42, 53, 54, 55, 61, 62, 64, 67, 69, 70, 71, 72, 
73, 81, 82, 83, 84, IS39 and CP6108. Women were divided into the 
following three groups: (i) negative for HR HPV [HR (−) HPV] with 
negative cervical histopathology (group A, n = 16), (ii) positive for 
HR HPV [HR (+) HPV] with negative cervical histopathology (group 
B, n = 15) and (iii) positive for HR HPV [HR (+) HPV] with CIN1/2/3 
(group C, n  =  24). Fixed colposcopic punch biopsies from these 
women were used for gene expression assessment.

The second cohort consisted of 28 women in Botswana with 
CIN2/3 lesion stage who underwent LEEP with clear margins 
noted 12 months prior to recruitment. All women were negative 
for pregnancy test, >18 years with CD4+ T-cell count >200 cells/
mm3 and <50 copies/ml HIV viral load. Tissue block for resec-
tion, clinical case history and information on whether clear 
endomargins and ectomargins were noted were available for all 
women. The fixed excised tissue was available and used for gene 
expression assessment. In addition, data on recurrence/relapse 
of the precancer lesion within a period of 12 months were avail-
able for these women, allowing their division at recruitment 
into the following two groups: (i) women who showed recur-
rence/relapse of the precancer lesion within 12  months after 
excision date [group R (recurrent), n = 13], and (ii) women who 
did not show recurrence/relapse of the precancer lesion for at 
least 12 months after excision date [group NR (non-recurrent), 
n = 15]. Disease recurrence/relapse was defined by histopatho-
logically proven CIN2/3 lesion in women treated for such lesions 
within the prior year, in which margins of the resected tissue 
were clear from cancerous of precancerous cells. Samples from 
this cohort were obtained from the specimen archive at the 
National Health Laboratory, Gaborone in Botswana as part of the 
Botswana-UPenn partnership.

The study protocol was approved by the Institutional Review 
Boards of the authors’ institutions and by the Human Research 
Committee of the Botswana Government.

Tissue gene expression assessment in cervical 
biopsies by microarray

Cervical tissue biopsies from all women meeting study inclusion 
criteria were collected in South Africa and Botswana as part of 
the clinical standard of care (no minimum threshold for dys-
plastic content was set as criteria). Eight unstained slices (10 µm 
thickness each) were scrapped from one (South African cohort) 
and two (Botswana cohort) formalin-embedded cervical tissue 
biopsies and combined for RNA isolation using the Tri-reagent 
(Sigma Aldrich, St Louis, MO) according to the manufacturer’s 
instructions. For the gene expression microarrays, amplified 
cRNA was generated from 100  ng RNA using the TargetAmp 
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Nano-g Biotin-aRNA Labeling Kit (Epicentre, Madison WI) and 
then hybridized to the HumanHT-12 v4 Expression BeadChips 
(Illumina 44k bead array, Illumina, San Diego, CA).

Data preprocessing

Raw gene expression microarray data were quantile normalized. 
Non-informative probes, which were either expressed at back-
ground level or showed <1.2-fold change between all samples 
pairs, were removed prior to further analysis. Data preprocess-
ing was performed in MATLAB R201a.

Statistical analysis

Single-point differences in the baseline mean mRNA expression 
between groups were tested for each gene using two-sided, paired 
t-tests. Significant gene results were further filtered to satisfy fold 
enrichment >1.5 criteria. False discovery rate (FDR)-based q val-
ues were reported with a threshold of 15% considered meaningful 
(16). A list of differential ranked genes was derived using linear 
kernel SVM-RFE with 10-fold re-sampling cross-validation (17,18). 
Cross-validation iterations started with 1000 top significant genes 
(based on t-test), reducing the number by 10% at each elimination 
step based on gene SVM-scores. Final ranking of the genes was 
calculated using the Borda count procedure. To directly assess 
the impact of gene expression as a predictor of lesion recurrence/
relapse, heat maps for total versus specific clusters of genes were 
composed using two-way hierarchical clustering using Euclidean 
distance to cluster samples/conditions and Spearman correlation 
distance to cluster genes. To better define predictor mechanisms, 
pathway and functional analysis was performed using Ingenuity 
pathways analysis software (Ingenuity, CA) using Ingenuity core 
analysis (IPA 6.0, Ingenuity® Systems) with Benjamini–Hochberg 
multiple testing corrected P value of <0.05 as a significance 
threshold. Where appropriate, enrichments of gene ontology 
terms, KEGG and BIOCARTA pathways along with Swiss-Prot, 
INTERPRO and SMART keywords in a gene list were performed 
using DAVID software.

Results

Study subjects characteristics

Patient characteristics of the South African and the Botswana 
cohort are described in Table  1. No statistical difference was 

observed among study groups of each cohort for any of the clini-
cal or demographic parameters described.

Increased expression of immune and neoplasia-
associated genes in women with HR HPV type and 
CIN1/2/3 when compared with women without 
cervical histopathology irrespective of absence or 
presence of HR HPV

Cervical tissue biopsies from the South African cohort were 
used to determine whether distinctive gene signatures are asso-
ciated with cervical histopathology.

In the absence of cervical histopathology, tissue gene expres-
sion analysis by the absence or presence of HR HPV (groups 
A  and B, respectively) did not detect gene signatures distin-
guishing the two groups. On the other hand, three gene signa-
tures were identified after comparisons between tissues with 
HR HPV and cervical histopathology (CIN1/2/3, group C) and tis-
sues without cervical histopathology irrespective of the absence 
or presence of HR HPV (groups A and B, respectively).

The first gene signature consisted of 272 genes 
(Supplementary Table 1, available at Carcinogenesis Online) and 
was able to segregate tissues with HR HPV and cervical histo-
pathology (group C) from tissues without cervical histopathol-
ogy irrespective of the absence or presence of HR HPV (groups 
A  and B, respectively). The top 50 genes in this HR+ HPV and 
CIN1/2/3 signature are shown in Figure  1 and include genes 
associated with cell adhesion, cancer, metastasis or immune 
response. Briefly, LIM domain only 3 (LMO3) (19), SLIT and NTRK 
like family member 3 (SLITRK3) (20), tripartite motif contain-
ing 36 (TRIM36) (21), dickkopf WNT signaling pathway inhibi-
tor 2 (DKK2) (22), gastrin releasing peptide receptor (GRPR) (23) 
and peroxisome proliferator activated receptor gamma (PPARG) 
(24) were downregulated in tissues with HR HPV and CIN1/2/3 
(group C), while minichromosome maintenance complex com-
ponent 2 (MCM2) (25), exonuclease 1 (EXO1) (26), interleukin-
17C (IL-17C) (27), C-C motif chemokine ligand 20 (CCL20) (28), 
cyclin-dependent kinase inhibitor 2A (CDKN2A) (29), C-X-C 
motif chemokine ligand 6 (CXCL6) (30), POU class 4 homeobox 
1 (POU4F1) (31), IL-1A (32), IL-8 (33), NLR family pyrin domain 
containing 7 (NLRP7) (34), matrix metallopeptidase 12 (MMP12) 
(35) and S100 calcium-binding protein A7A (S100A7A) (36) were 
upregulated. These results were further confirmed by ingenuity 
analysis showing an over-representation in tissues with HR HPV 

Table 1.  Characteristics of the South African and the Botswana cohort

 Variable

Negative for high- 
risk HPV, negative 
histopathology  
(group A, n = 16)

South African cohort Botswana cohort

Positive for high- 
risk HPV, negative 
histopathology  
(group B, n = 15)

Positive for high- 
risk HPV, CIN1/2/3 
(group C, n = 24)

Recurrent  
(group R, n = 13)

Non-recurrent 
(group NR, n = 15)

Age (years), median (25th, 75th 
percentile)

35 (31.5, 39.75) 37 (29, 41) 34.5 (28.25, 39.75) 35 (29, 35.5) 33 (30, 35)

CD4+ T-cell count at recruitment 
(cells/mm3), median (25th, 75th 
percentile)

568.5 (395.7, 754) 517 (399.5, 602) 435.5 (308, 673.75) 321 (238.5, 458.5) 341 (282, 477)

Number of sexual partners, median 
(25th, 75th percentile)

4.5 (3, 6) 5 (3, 9) 5.5 (4, 98) 5 (3, 8.5) 4.5 (3, 10)

Number of pregnancies, median 
(25th, 75th percentile)

2 (2, 4) 3 (1, 3) 2 (1, 3) 2 (1.5, 3) 2 (1, 3)

Absolute number of women 
smoking cigarettes or chewing 
tobacco

2 1 5 1 1
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and CIN1/2/3 of molecular mechanisms of cancer, p53 signaling, 
DNA damage and repair, cell adhesion and role of cytokines in 
mediating cell communication (Supplementary Table  2, avail-
able at Carcinogenesis Online).

The second gene signature consisted of 22 genes not rep-
resented in the 272 gene signature described above able to 
segregate tissues without HR HPV and without cervical histo-
pathology (group A), from tissues with HR HPV irrespective of 
the absence or presence of cervical histopathology (groups B 
and C, respectively) (Figure 2, Supplementary Table 3, available 
at Carcinogenesis Online). This HR HPV-free and cervical histopa-
thology-free gene signature included an upregulation of genes 
associated with prevention of tumor metastasis [inter-alpha-
trypsin inhibitor heavy chain family member 5 (ITIH5)] (37), or 
induction of apoptosis and inhibition of proliferation [poly(RC) 
binding protein 4 (PCBP4)] (38) in tissues without HR HPV and 
without cervical histopathology (group A), in contrast to a down-
regulation of these genes in tissues with HR HPV irrespective 
of the absence or presence of cervical histopathology (groups B 
and C, respectively). On the other hand, genes associated with 
tumor invasion [nanos C2HC-type zinc finger 1 (NANOS1)] (39) 
and transformation [poly(ADP-ribose) polymerase 1 (PARP1)] 
(40) were downregulated in tissues without HR HPV and with-
out cervical histopathology (group A) and upregulated in tis-
sues with HR HPV irrespective of the absence or presence of 
cervical histopathology (groups B and C, respectively) (Figure 2, 

Supplementary Table  3, available at Carcinogenesis Online). No 
significant pathways were identified by ingenuity analysis due 
to the low number of genes (n = 22) in this HR HPV-free and cer-
vical histopathology-free signature.

Finally, the third gene signature consisted of 81 genes not 
represented in the 272 gene signature described above able to 
segregate tissues with HR HPV and without cervical histopa-
thology (group B) from tissues with HR HPV and CIN1/2/3 (group 
C) as well as from tissues without HR HPV and without cervi-
cal histopathology (group A) (Figure 3, Supplementary Table 4, 
available at Carcinogenesis Online). Among the genes identified 
in this HR+ HPV and cervical histopathology-free gene signature 
were genes associated with oncogene regulation [protein tyros-
ine phosphatase receptor type D (PTPRD), EYA transcriptional 
coactivator and phosphatase 4 (EYA4)] (41,42) and inhibition of 
angiogenesis [tenomodulin (TNMD)] (43) that were upregulated 
in tissues with HR HPV and without cervical histopathology 
(group B), while genes associated with cell cycle, cell migra-
tion, cancer, T-cell response and proliferation [e.g. T-cell immu-
noreceptor with Ig and ITIM domains (TIGIT) (44), CDKN1A 
(45), ubiquitin like with PHD and ring finger domains 1 (UHRF1) 
(46), IL-21R (47), cell division cycle 42 (CDC42) (48), early growth 
response 3 (EGR3) (49), signal regulatory protein gamma (SIRPG) 
(50), CCL22 (51), nuclear receptor subfamily 4 group A member 
3 (NR4A3) (52), E2F transcription factor 8 (E2F8) (53), cytotoxic 
T lymphocyte associated protein 4 (CTLA4) (54) and activating 

33 31 39 34 40 38 44 53 42 24 29 36 29 34 34 41 22 28 28 38 51 36 29 42 37 45 38 34 40 39 32 31 24 29 25 34 28 37 27 40 42 47 32 41 27 41 37 35 37 30 28 40 38 Age
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 1 1 0 0 0 1 1 0 1 0 1 0 1 1 1 0 0 0 0 1 0 0 1 1 0 1 0 0 0 0 0 1 1 0 0 HPV 16/18

C11orf87 : chromosome 11 open reading frame 87
LMO3 : LIM domain only 3, tv1
SLITRK3 : SLIT and NTRK-like family, member 3
RANBP3L : RAN binding protein 3-like
LMO3 : LIM domain only 3, tv1
TCEAL2 : transcription elongation factor A
TRIM36 : tripartite motif-containing 36, tv2
DKK2 : dickkopf homolog 2
EFHB : EF-hand domain family, member B
NPAS4 : neuronal PAS domain protein 4
GPR22 : G protein-coupled receptor 22
DKK2 : dickkopf homolog 2
KIF1A : kinesin family member 1A
NTNG1 : netrin G1, tv3
KANK4 : KN motif and ankyrin repeat domains 4
PGM5P2 : phosphoglucomutase 5 pseudogene 2
TRHDE : thyrotropin-releasing hormone degrading enzyme
GABRA2 : gamma-aminobutyric acid
GRPR : gastrin-releasing peptide receptor
PPARG : peroxisome proliferator-activated receptor gamma, tv3
ZNF483 : zinc finger protein 483, tv2
PLD6 : phospholipase D family, member 6
CNTFR : ciliary neurotrophic factor receptor, tv1
ANKRD38 : ankyrin repeat domain 38
ZNF334 : zinc finger protein 334, tv2
MCM2 : minichromosome maintenance complex component 2
SMC1B : structural maintenance of chromosomes 1B
NGB : neuroglobin
EXO1 : exonuclease 1, tv2
C9orf84 : chromosome 9 open reading frame 84, tv1
IL17C : interleukin 17C
CCL20 : chemokine
CDKN2A : cyclin-dependent kinase inhibitor 2A, tv4
CXCL6 : chemokine
CYP4F11 : cytochrome P450, family 4, subfamily F, polypeptide 11
FA2H : fatty acid 2-hydroxylase
NXPH4 : neurexophilin 4
TCP11 : t-complex 11 homolog, tv1
POU4F1 : POU class 4 homeobox 1
IL1A : interleukin 1, alpha
IL8 : interleukin 8
KBTBD12 : kelch repeat and BTB
CDKN2A : cyclin-dependent kinase inhibitor 2A, tv3
CDKN2A : cyclin-dependent kinase inhibitor 2A, tv1
NLRP7 : NLR family, pyrin domain containing 7, tv1
CYP24A1 : cytochrome P450, family 24, subfamily A, polypeptide 1
MMP12 : matrix metallopeptidase 12
S100A7A : S100 calcium binding protein A7A
KRT24 : keratin 24
TCAM1 : testicular cell adhesion molecule 1 homolog

group A group B group C

Figure 1.  Profiles of the top 50 mRNA probes of the first gene signature identified in the South African cohort. Expression ratios for the top 50 mRNA probes of the first 

gene signature (HR+ HPV and CIN1/2/3 gene signature) able to differentiate group C from groups A and B. The first gene signature consisted of 272 mRNA probes with 

FDR <15% and fold change >1.5 in the comparison of group A + B with group C and P < 0.05 in the comparisons of groups A, B and A + B with group C. Shown are the top 

25 mRNA probes that displayed <−1.66-fold change and the top 25 mRNA probes that displayed >1.98-fold change in expression ratios.
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ITIH5 : inter-alpha, tv2
SORD : sorbitol dehydrogenase
SORD : PREDICTED: sorbitol dehydrogenase
MGC16291 : PREDICTED: hypothetical protein MGC16291
CYS1 : cystin 1
PCDHA7 : protocadherin alpha 7, tv1
C19orf20 : chromosome 19 open reading frame 20
NFYA : nuclear transcription factor Y, alpha, tv1
PCDHGB8P : protocadherin gamma subfamily B, 8 pseudogene
PNMT : phenylethanolamine N-methyltransferase
ZNF710 : zinc finger protein 710
MCF2L : MCF.2 cell line derived transforming sequence-like
YTHDC1 : YTH domain containing 1, tv1
SHANK2 : SH3 and multiple ankyrin repeat domains 2, tv2
APBB1 : amyloid beta, tv1
PCBP4 : poly(rC) binding protein 4, tv1
NANOS1 : nanos homolog 1, tv2
PRELID1 : PRELI domain containing 1
MIA : melanoma inhibitory activity
PARP1 : poly
GPR37L1 : G protein-coupled receptor 37 like 1
SLC6A10P : solute carrier family 6 (neurotransmitter transporter, c

group A group B group C

Figure 2.  Profiles of the 22 mRNA probes of the second gene signature identified in the South African cohort. Expression ratios for the 22 mRNA probes of the second 

gene signature (HR HPV-free and cervical histopathology-free) able to differentiate group A from groups B and C. The second gene signature consisted of 22 genes not 

represented in the first gene signature (n = 272 genes), with FDR <15% and fold change >1.5 in the comparison of group A with group C and with P < 0.05 in the com-

parison of group A with group B. Shown are all 22 genes of the signature.
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SFRP5 : secreted frizzled-related protein 5
FBXL22 : F-box and leucine-rich repeat protein 22
EYA4 : eyes absent homolog 4, tv4
FNDC5 : fibronectin type III domain containing 5
TNMD : tenomodulin
NECAB2 : N-terminal EF-hand calcium binding protein 2
PTPRD : protein tyrosine phosphatase, receptor type, D, tv2
ADAMTS19 : ADAM metallopeptidase with thrombospondin type 1 m
COL4A6 : collagen, type IV, alpha 6, tvA
CLIC5 : chloride intracellular channel 5
HSPB7 : heat shock 27kDa protein family, member 7
ANKS1B : ankyrin repeat and sterile alpha motif domain containing 
ABCG1 : ATP-binding cassette, sub-family G, tv7
CDR1 : cerebellar degeneration-related protein 1, 34kDa
FHL5 : four and a half LIM domains 5
IPW : imprinted in Prader-Willi syndrome
RSPO1 : R-spondin homolog
CROCCL2 : ciliary rootlet coiled-coil, rootletin-like 2
CCDC85A : coiled-coil domain containing 85A
PSD : pleckstrin and Sec7 domain containing
THSD3 : thrombospondin, type I, domain containing 3, tv1
MYRIP : myosin VIIA and Rab interacting protein
TSG1 : tumor suppressor TSG1
ZNF320 : zinc finger protein 320
HIST2H3A : histone cluster 2, H3a
C14orf121 : chromosome 14 open reading frame 121
TIGIT : T cell immunoreceptor with Ig and ITIM domains
ZNF831 : zinc finger protein 831
CDKN1A : cyclin-dependent kinase inhibitor 1A, tv2
UHRF1 : ubiquitin-like with PHD and ring finger domains 1, tv2
IL21R : interleukin 21 receptor, tv3
CDC42 : cell division cycle 42, tv3
CXCR4 : chemokine, tv2
EGR3 : early growth response 3
IL12RB1 : interleukin 12 receptor, beta 1, tv2
TNFRSF13C : tumor necrosis factor receptor superfamily, membe
SIRPG : signal-regulatory protein gamma, tv2
CCL22 : chemokine
NR4A3 : nuclear receptor subfamily 4, group A, member 3, tv1
E2F8 : E2F transcription factor 8
SIRPG : signal-regulatory protein gamma, tv3
PKMYT1 : protein kinase, membrane associated tyrosine/threonine
CDCA2 : cell division cycle associated 2
PKMYT1 : protein kinase, membrane associated tyrosine/threonine
ACSL6 : acyl-CoA synthetase long-chain family member 6, tv2
SELL : selectin L
CTLA4 : cytotoxic T-lymphocyte-associated protein 4, tv1
ATF3 : activating transcription factor 3, tv4
FCRL3 : Fc receptor-like 3

group A group B group C

Figure 3.  Profiles of the 81 mRNA probes of the third gene signature identified in the South African cohort. Expression ratios for the 81 mRNA probes of the third gene 

signature (HR+ HPV and cervical histopathology-free) able to differentiate group B from groups A and C. The third gene signature identified 81 genes not represented in 

the first gene signature (n = 272 genes), with FDR <15% and fold change >1.5 in the comparison of group B with group C and with P < 0.05 in the comparison of group 

A with group B. Shown are the top 25 mRNA probes that displayed <−1.66-fold change and the top 24 mRNA probes that displayed >1.98-fold change in expression 

ratios.
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transcription factor 3 (ATF3) (55)] were downregulated (Figure 3). 
No significant pathways were identified by ingenuity analysis 
due to the low numbers of genes (n = 81) in this HR+ HPV and 
cervical histopathology-free gene signature.

Taken together, these findings suggest the presence of 
distinct cervical biopsy tissue-based gene signatures in 
ART-treated HIV+HPV+ coinfected women in South Africa 
that were associated with (i) the presence of cervical 
histopathology (CIN1/2/3) in the presence of HR HPV 
infection (HR+ HPV and CIN1/2/3 gene signature), (ii) the 
absence of cervical histopathology in the absence of HR 
HPV infection (HR HPV-free and cervical histopathology-
free gene signature) or (iii) the absence of cervical 
histopathology in the presence of HR HPV infection (HR+ 
HPV and cervical histopathology-free gene signature).

Lack of significant difference in LEEP-excised 
cervical tissue gene expression between women 
with and without post-LEEP disease recurrence/
relapse

LEEP-excised cervical tissue from the Botswana cohort was used 
to determine whether distinctive gene signatures are predictive 
of post-LEEP disease recurrence/relapse.

Microarray data preprocessing consisted of exclusion of 
five outliers (i.e. group R: n = 2; group NR: n = 3), quantile nor-
malization and filtering out genes that had poor detection in 
all samples (i.e. detection P > 0.05 in all samples) or genes that 
have <1.2-fold change between any two samples. This resulted 
in 26  643 informative genes. Using these genes, a principal 
component analysis did not segregate groups defined by pres-
ence/absence of post-LEEP disease recurrence/relapse (Figure 4). 
Furthermore, t-test comparison between the two groups showed 
964 genes with P  <  0.05 but with FDR 84%. Although the FDR 
limits the ability to establish differences between the two 
groups, it is of interest to note for future investigation that of 
the 964 genes identified in the LEEP-excised cervical tissues, 
a total of 27 genes showed a fold change >3, with 14/27 genes 

being upregulated in LEEP-excised cervical tissues from women 
with post-LEEP disease recurrence/relapse when compared 
with LEEP-excised cervical tissues from women without post-
LEEP disease recurrence/relapse and 13/27 genes being down-
regulated (Supplementary Figure 1A, available at Carcinogenesis 
Online). As shown in Supplementary Figure  1B, available at 
Carcinogenesis Online, among the genes upregulated in LEEP-
excised cervical tissues from women with post-LEEP disease 
recurrence/relapse were genes that are associated with tumo-
rigenesis [PDZ binding kinase (PBK)] (56), cell growth and differ-
entiation [metallothionein-Like 5, testis-specific (MTL5), alcohol 
dehydrogenase 7 (ADH7)] (57,58) and apoptosis [deoxyribonucle-
ase 1 like 3 (DNASE1L3)] (59).

Taken together, these findings support a lack of detection of a 
cervical gene expression signature at time of LEEP excision that 
could inform subsequent 12-month disease recurrence/relapse.

Discussion
In this study of cervical tissue gene expression in ART-treated 
HIV+HPV+ coinfected women, we report the presence of distinct 
gene signatures in tissue biopsies able to segregate between tis-
sues with and without cervical histopathology within HR HPV 
infection, as well as the lack of a specific gene signature in LEEP-
excised tissues that could inform post-LEEP disease recurrence/
relapse.

The lack of differences in gene expression between LEEP-
excised tissues with subsequent recurrence/relapse and LEEP-
excised tissues without subsequent recurrence/relapse despite 
LEEP with clear margin suggests that added factors, apart from 
possible remains of dysplastic residual tissue after LEEP, could 
determine post-LEEP disease recurrence/relapse. For example, 
the HPV-infected cells that could possibly remain outside the 
LEEP-excised lesion site could continue to progress after LEEP. 
Furthermore, post-LEEP disease recurrence/relapse could also 
be explained by possible post-LEEP re-infection, a scenario that 
cannot be ruled out in our study. Moreover, prior reports indicate 
that host or viral factors may also play a role in the observed 
disease recurrence/relapse in HIV+ women where CD4+ count 
<200 cells/mm3, detectable HIV viremia and lack of adequate 
ART (10,60,61) are present. Although our cohort was stable with 
regards to CD4+ T-cell count >200 cells/mm3 and undetectable 
HIV, it is possible that the re-emergence of a cervical lesion may 
signal a state of immune activation or dysfunction in spite of 
suppressive ART (62,63).

Importantly, within biopsies of tissues with HR HPV and 
cervical histopathology (CIN1/2/3), we did find an enrichment 
in the expression of genes that were associated with onco-
genesis and immune responses. These data add to previous 
reports highlighting that cervical gene expression can serve 
as a pathogenesis differentiator after HR HPV infection (11–
14,64–67). Our data are also informed by usage of the same 
tissue blocks as used in our prior published report (15) on the 
same cohort of ART-suppressed HIV+/HPV+ coinfected South 
African women. Specifically, having previously established in 
the same cohort that the presence of HR HPV infection could 
be associated with greater immune activation in the blood 
irrespective of absence or presence of cervical histopathology 
(15), it was unexpected that the predominant gene signature 
(i.e. HR+ HPV and CIN1/2/3 gene signature) identified in tis-
sue segregated the presence of cervical histopathology from 
the absence of cervical histopathology within HR HPV infec-
tion. The latter supports a compartmentalization of tissue 
microenvironment changes that are distinct from blood after 
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Figure 4.  Principal component analysis of mRNA probes in the Botswana cohort. 

Principal component analysis using the 26 643 informative mRNA probes [i.e. 

genes with good detection in all samples (i.e. detection P < 0.05 in all samples), 

>1.2-fold change between any two samples and background level of expression 

about 82]. Data are shown for each patient from group R (i.e. women with post-

LEEP disease recurrence/relapse, indicated with black circles) and group NR (i.e. 

women without post-LEEP disease recurrence/relapse, indicated with white 

squares) of the Botswana cohort.
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HR HPV infection of ART-suppressed HIV+ women. The pres-
ence of sustained systemic immune activation in the blood 
of women coinfected with HR HPV and HIV aligns with data 
showing increased immune activation in hepatitis C virus/HIV 
coinfected subjects on ART as compared with hepatitis C virus 
mono-infected subjects (68–72). We now expand on these data 
by showing an association between tissue gene expression and 
cervical histopathology within HR HPV types. More precisely, 
as suggested by the predominant gene signature (i.e. HR+ HPV 
and CIN1/2/3 gene signature) identified, we show in cervical 
tissues with CIN1/2/3 an increased gene expression of markers 
of inflammation (i.e. IL-1A, IL-8, CCL20, S100A7A) (28,32,33,36). 
Among these genes, inflammatory molecules IL-1A (73,74), and 
IL-8 (74,75) have been described to be associated in high-grade 
lesions. Furthermore, and besides immune-associated genes, 
we also show in cervical tissues with CIN1/2/3 an increased 
gene expression of molecules associated with DNA replication 
and cell division [i.e. MCM2, structural maintenance of chro-
mosomes 1B (SMC1B)] (25,76), chemotaxis and angiogenesis 
(i.e. CXCL6) (30), metastasis (i.e. MMP12) (35) and cancer (i.e. 
POU4F1) (31). Of interest, POU4F1 (11,12,64,65), MCM2 (13,66) 
and MMP12 (14,67) have been described previously to be asso-
ciated with high-grade cervical lesions and were proposed to 
be used as diagnostic markers for the detection of cervical 
neoplasia. Furthermore, as suggested by the other two signa-
tures (i.e. HR HPV-free and cervical histopathology-free gene 
signature, and HR+ HPV and cervical histopathology-free gene 
signature) identified, we also confirm upregulation of PARP1, 
UHRF1, CDC42 and CCL22 in cervical tissues with CIN1/2/3 
in agreement with previous studies showing an association 
between lesion stage, cervical cancer or tumor invasion and 
increased expression of these genes (77–80).

Our study supports and further expands studies in HIV− 
subjects reporting gene signatures able to distinguish HPV-
associated cancers (e.g in the head and neck) from normal tissue 
or HPV− cancers (81–87). More precisely, we now show that in 
HIV+ women, several of these cancer-associated genes involved 
in DNA replication, cell cycle and cell proliferation [e.g. CDKN2A, 
MCM2, cell division cycle 7 (CDC7), cyclin E2 (CCNE2), proliferat-
ing cell nuclear antigen (PCNA), centromere protein K (CENPK), 
enhancer of Zeste homologue 2 (EZH2), stathmin 1 (STMN1)] dis-
tinguish HR+ HPV and cervical histopathology (CIN1/2/3) from 
HR− and HR+ HPV with negative cervical histopathology. As a 
result, our data suggest that many of these cancer-associated 
signature genes that are dysregulated in cervical neoplasia are 
common to other HPV-associated neoplasms arising in HIV+ and 
HIV− subjects.

This study has limitations. First, genes were identified by 
microarray analysis and require validation by an independent 
cohort and other methods. Second, collection of samples was 
performed as clinical standard of care in a limited-resources 
setting, and as a result, the possible presence of normal tissue 
along with dysplastic lesions in the analyzed samples cannot be 
ruled out. Third, in the South African cohort, due to the limited 
number of subjects with CIN1 (n  =  9), all subjects with cervi-
cal dysplasia (group C: CIN1/2/3 n = 24) were analyzed together 
rather than segregated in groups with low (CIN1) and high 
(CIN2/3) grade cervical histopathology. Fourth, in the Botswana 
cohort, the limited sample size, the relatively short follow-up 
period (i.e. at least 12  months) for assessment of post-LEEP 
disease recurrence/relapse and the lack of methods that could 
exclude the possibility of post-LEEP re-infection could account 
for the lack of a gene signature able to distinguish between 
the two groups in our study and should be addressed in future 

studies. Finally, as a cross-sectional study, the stability of gene 
signatures as predictive of lesion regression or cancer remains 
to be confirmed by future studies.

In conclusion, our data suggest that in contrast to changes in 
systemic immune activation that were associated with HR HPV 
infection and not with cervical histopathology (15), cervical gene 
expression can serve as a differentiator to identify the presence 
of cervical histopathology with HR HPV infection. Furthermore, 
our data showing that post-LEEP disease recurrence/relapse is 
not associated with a distinct cervical tissue gene expression 
at the time of excision indicate that additional factors inde-
pendent of local gene expression could serve as determinants of 
recurrence/relapse. It will be important to design future larger 
studies to determine whether the genes described here could 
serve as (i) potential biomarkers for grade of dysplasia, lesion 
progression or clinical outcome following excision of cervical 
cancer-associated lesions with clear margins or (ii) aid in iden-
tifying the source for the dysregulated state in HIV infection in 
spite of suppressive ART.

Supplementary material
Supplementary data can be found at Carcinogenesis online.
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