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ABSTRACT
◥

Human papillomavirus (HPV) drives high-grade intraepithelial
neoplasia and cancer; for unknown reasons, this occurs most often
in the cervical transformation zone. Either mutation or HPV E6–
driven inhibition of Notch1 can drive neoplastic development in
stratified squamous epithelia. However, the contribution of Notch1
and its Delta-like ligands (DLL) to site susceptibility remains poorly
understood. Here, we map DLL1/DLL4 expression in cell popula-
tions present in normal cervical biopsies by immunofluorescence.
In vitro keratinocyte 2D monolayer models, growth assays, and
organotypic raft cultures were used to assess the functional role of
DLL–Notch signaling in uninfected cells and its modulation by
HPV16 in neoplasia. AnRNA sequencing–based gene signature was
used to suggest the cell of origin of 279 HPV-positive cervical
carcinomas from The Cancer Genome Atlas and to relate this to
disease prognosis. Finally, the prognostic impact of DLL4 expres-
sion was investigated in three independent cervical cancer patient
cohorts. Three molecular cervical carcinoma subtypes were iden-

tified, with reserve cell tumors the most common and linked to
relatively good prognosis. Reserve cells were characterized as
DLL1�/DLL4þ, a proliferative phenotype that is temporarily
observed during squamous metaplasia and wound healing but
appears to be sustained by HPV16 E6 in raft models of low-
grade and, more prominently, high-grade neoplasia. High expres-
sion of DLL4 was associated with an increased likelihood of cervical
cancer–associated death and recurrence. Taken together, DLL4–
Notch1 signaling reflects a proliferative cellular state transiently
present during physiologic processes but inherent to cervical reserve
cells, making them strongly resemble neoplastic tissue even before
HPV infection has occurred.

Significance: This study investigates cervical cancer cell-of-
origin populations and describes a DLL–Notch1 phenotype that
is associated with disease prognosis and that might help identify
cells that are susceptible to HPV-induced carcinogenesis.

Introduction
High-risk human papillomaviruses (hrHPV) are detected in pre-

cancerous lesions, for example, low- and high-grade squamous intra-
epithelial lesions (LSIL and HSIL, respectively), and cancers at several
epithelial sites including the cervix, anus, oropharynx, penis, and
vulva. Cervical cancer is the most prevalent HPV-associated cancer.
The general notion is that for persistent lesions to arise, HPV must
either target a cell with stem cell(–like) properties or confer these

properties on cells through deregulation of viral oncogenes (1–4).
Keratin (KRT)17þ/TP63þ reserve cells in the endocervix and trans-
formation zone (TZ), KRT7þ cuboidal cells at the squamocolumnar
junction (SCJ) and KRT5þ/TP63þ basal cells in the ectocervix have
previously been proposed as cancer cell of origin (5–7). Differences in
somatic mutation profiles and HPV type distribution between the two
main histologic subtypes of cervical cancer, adenocarcinoma, and
squamous cell carcinoma (SCC), suggest that multiple distinct cell
populations exist in the cervix, with equally distinct molecular regu-
lation, from which tumors can develop through clonal expansion,
albeit at different frequencies (8–10). It remains unclear why the cervix
is such a susceptible site (1), or why abortive infection, as seen in HSIL
and cancer, occurs either within the endocervical columnar epithelium
or the squamous metaplasia inherent to the TZ, but rarely in the
ectocervix (11, 12).

When viral deregulation does occur in stratified squamous epi-
thelia, the increased HPV E6 expression has been shown to trigger a
decrease in Notch1 receptor activation in basal cells (4, 13). Inactivat-
ing NOTCH1 mutations are common in HPV-negative, non-TZ–
associated squamous neoplasms (14, 15). Contrastingly, in some
HPV-positive SCCs and cervical SCC-derived cell lines, (cleaved)
NOTCH1 can be detected and has been linked to cell growth inhibition
as well as proliferation, increased cell viability, and poor prognosis, in a
dose-dependent manner (16–19). The Notch signaling pathway gov-
erns squamous cell fate through transcription of target genes, includ-
ing HES and HEY. Although the proteolytic mechanism by which all
ligands, i.e., Jagged (JAG)1–2, Delta-like ligand (DLL)1 and DLL4,
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activate the Notch1 receptor is identical, ligand-specific functional
effects have been reported. In myocytes, pulsatile cleaved NOTCH1
(N1ICD) through DLL1 binding promotes differentiation, while sus-
tainedN1ICD throughDLL4 drives proliferation (20). Studies point to
a similar dual role for DLL–Notch1 signaling in epithelial cell fate
regulation: in the human epidermis, commitment to differentiation is
triggered in basal keratinocytes through binding of NOTCH1 to DLL1
on neighboring cells (21, 22). Contrastingly, during reepithelialization,
leader cell identity is regulated by DLL4–Notch1 signaling (23),
and these cells are targeted by HPV at sites of (micro)trauma to
establish initial infection (24–26). Although the microenvironment
within the cervix is known to dynamically alter tissue phenotype and to
play a key role in the quiescence or activation of cervical (stem) cell
lineages (27), both the expression of DLL1 and DLL4 at this site and
their contribution to HPV-associated (pre)cancer biology remains to
be delineated.

To investigate DLL expression in cell populations across the
cervix and evaluate how these Notch pathway–associated properties
relate to those present in HPV-induced neoplasia, we analyzed
uninfected, normal cervical biopsies, (HPV16) keratinocyte 2D
monolayers, and organotypic raft cultures. We used an RNA
sequencing (RNA-seq)–based gene signature to identify the poten-
tial cell of origin of 279 HPV-positive cervical carcinomas from The
Cancer Genome Atlas (TCGA; ref. 8). We additionally assessed the
link between DLL4–Notch1 signaling and disease outcome in this
dataset and validated our prognostic findings in two independent
cohorts of 300 (GEO-GSE44001; ref. 28) and 77 carcinoma patients
(institutional cohort).

Materials and Methods
Cell IHC

For immunofluorescence analysis, NIKS were seeded on 8-well
chamber slides at six densities to reflect conditions at subconfluence
(1 � 104, 2 � 104, 4 � 104, 8 � 104), confluence (1.6 � 105), and
postconfluence (3.2� 105) in a 2Dmonolayer. Cells were washed once
in ice-cold PBS for 5 minutes, incubated in PBS-EDTA for 10 minutes
to remove feeder cells, and washed again twice in ice-cold PBS.
Subsequently, cells were fixed in 4% paraformaldehyde for 10 minutes
at room temperature. After washing, cells were permeabilized for 30
minutes with 0.1% Triton in case of nuclear epitope detection
(N1ICD), followed by blocking in either normal horse serum (for
N1ICD staining, 35 minutes) or normal goat serum (for all other
antibodies, 1 hour) in a humidified chamber at room temperature.
Cells were thereafter incubated with the appropriate antibody in a
humidified chamber at 4�C overnight, followed by a secondary
antibody at room temperature for 1 hour. For N1ICD, slides were
then incubated with ImmPRESS anti-rabbit HRP (Vector Labora-
tories; MP-7401) at room temperature for 1 hour, followed by
tetramethylrhodamine tyramide reagent (1:50; PerkinElmer;
#FP1014) for 6 to 8 minutes. Chromogenic detection of DLL4 was
performed following the abovementioned protocol with minor
modifications: after incubation with the primary antibody, Imm-
PRESS was added for 1 hour at room temperature and staining was
developed chromogenically with 3,30-Diaminobenzidine (DAB) for
10 minutes. Cells were briefly counterstained with hematoxylin. A
Zeiss Axiovert A1 microscope and Zeiss LSM 700 confocal micro-
scope (Carl Zeiss AG) were used for image acquisition. For quan-
tification of the IHC data, 10 random fields were acquired for each
sample and the percentage of positive (stained) cells was calculated
using ImageJ (Fiji 2) software.

Growth assays
LXSN (control) and LXSN 16E6 NIKS were seeded in 6-well

plates at a high density (6 � 105 cells/well), on top of 1 � 105 feeders
in F-medium without EGF (FI-medium). At day 1 postseeding (sub-
confluence), cells were given fresh FC-medium supplemented with
either DAPT (D5942, Sigma-Aldrich, a g-secretase inhibitor) dis-
solved in ethanol at a final concentration of 10 mmol/L, or ethanol
(control). NIKS are normally given fresh medium every other day: to
enable the addition of DAPT/ethanol every 24 hours without disturb-
ing the growth conditions, additional NIKS on top of feeder cells were
plated, and conditioned medium was used to feed the cells of the
growth assay every other day, alternating with fresh FC-medium. To
harvest, cells were washed in PBS and feeder cells were removed by a
2-minute incubation with trypsin-versene at 37�C, 5% CO2. Trypsin
was aspirated and 1 mL of fresh trypsin was added for 15 minutes
to dislodge cells. Four milliliters of fresh FI-medium was used to
deactivate the trypsin and cells were pipetted up and down to get a
single-cell suspension. Cells were counted in duplicate on day 1
(seeding efficiency), day 2, day 4, and day 6 postseeding with a Z1
Coulter Counter (Beckman).

Cervical tissue and tissue microarray selection
The study was conducted in accordance with ethical guidelines as

outlined by the Declaration of Helsinki. Hysterectomy material from
patients undergoing hysterectomy for reasons other than cervical
abnormality were obtained from the Cambridge University Hospitals
Human Research Tissue Bank (HRTB NRES 11/OEE/0011) and
the Biology of the Human Uterus Tissue Bank (NRES 17/EE/0151).
Each patient provided written informed consent for use of tissue for
medical research. Specifically, three formalin-fixed paraffin-embedded
(FFPE) normal cervical tissue blocks were selected based on the pre-
sence of adjacent endocervical, TZ, and ectocervical epithelium. Tissue
was confirmed to be HPV negative. In addition, this study included
an institutional cohort of patients with a primary cervical carcinoma,
who had undergone curative treatment between 1991 and 2012 at
the Antoni van Leeuwenhoek Hospital (NKI-AVL, Amsterdam, the
Netherlands). Ethical approval was obtained from the NKI-AVL Insti-
tutional Review Board (IRBd19076) and written informed consent
was not mandatory as the study was within the scope of non-WMO
research.Only patientswithHPV-positive tumors of evident histology,
who had achieved complete remission after treatment, were consid-
ered. A total of 77 tumor samples were included based on these criteria,
consisting of 17 adenocarcinomas and 60 SCCs. Patient and tumor
characteristics were assembled from medical records and all patient
identities were pseudonymized. For each patient, FFPE tissue blocks
were selected to create tissue microarrays (TMA).

Public datasets
For this study, two publicly accessible patient cohorts were evalu-

ated. The TCGA CESC cohort consisted of 279 patients with HPV-
positive cervical SCC and adenocarcinoma (endocervical, mucinous,
and endometrioid), of which, RNA-seq data were gathered and pre-
processed (8). Log-transformed RSEM gene expression values of genes
characterizing potential cervical cell-of-origin populations were
downloaded directly from the UCSC Xena Browser in February
2019. Values were scaled by row and Z scores were used to create
the heatmap.We usedKRT8 andKRT18 as markers for columnar cells
and KRT5, TP63, HES2 (a differentiation-associated downstream
Notch1 target; ref. 29), KRT1 and KRT13 for squamous cells. We
additionally included hypothesized cancer cell-of-origin markers
KRT7 (SCJ) and KRT17 (reserve cell). Tumor samples were
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subjectively assigned a position within the heatmap based on mutual
similarities in gene expression profile. Clinical data were retrieved
from firebrowse.org and the TCGA portal. The second cohort (GEO-
GSE44001; ref. 28) had previously been clinically characterized and
consisted of 300 patients with early-stage cervical SCC, adenocarci-
noma, or adenosquamous carcinomas with unknown HPV status.
Log-transformed, quantile normalized expression data were obtained.

Statistical analysis
Differences in gene expression between tumors of different molec-

ular origin were tested using the Mann–Whitney U test. The c2 or
Fisher exact test was used to test associations between subgroups and
patient and/or tumor characteristics. Correlations between genes were
assessed with Pearson correlation. Two approaches were used to
investigate the association between potential prognostic factors and
patient survival. The log-rank test was employed to evaluate the
significance of differences between groups in Kaplan–Meier survival
plots. To explore whether clinicopathologic variables, the molecular
subgroups, and DLL4 gene expression could explain outcome, we
included the variables in univariate and multivariable Cox propor-
tional hazards models. Statistical analyses were carried out in IBM
SPSS 22 and R 3.5.0.; GraphPad Prism 8.0.2 (GraphPad Software) and
Microsoft Excel 2016were used to generate survival curves and graphs.
A P value lower than 0.05 was considered statistically significant. In
case of multiple testing, a Bonferroni correction was applied.

The Supplementary Materials and Methods provide more detail on
cell culture; antibodies; scratch assay; immunofluorescence and IHC;
TMA analysis; Western blots; and statistical analysis.

Results
Cervical cell populations show differential expression of DLL1
and DLL4

To map initiators of Notch1 signaling in the cervix that may help
characterize the cellular state at the time of virus entry, we analyzed
DLL1 and DLL4 expression in uninfected, normal human cervical
tissue (Fig. 1A). KRT17 was used to identify reserve cells (5, 30). In the
endocervix, columnar cells showed low levels of DLL1, DLL4, and
KRT17 (Fig. 1B). DLL1�/DLL4þ/KRT17þ reserve cells were present
under columnar cells in areas of the endocervix and around the SCJ
(Supplementary Fig. S1A). In the TZ, a focus of reserve cell hyperplasia
appeared to undermine columnar cells and was, on the basis of
histology, identified as immature squamous metaplasia. In contrast,
suprabasal cells of the mature squamous epithelium in the TZ showed
high DLL1 and DLL4 and weak KRT17 staining. In the ectocervix,
DLL4 expression was more prominent in parabasal layers than in the
basal layer, declining upon stratification and differentiation (Fig. 1C,
bottom right). DLL1 expression was similarly highest in parabasal
layers and absent in terminally differentiated cells. Expression within
the basal layer was not uniform, with DLL1-overexpressing cell
clusters (Fig. 1C, top right: arrowhead). KRT17 was not expressed
in the ectocervical epithelium. Together, these observations indicate
that Notch1 ligands are differentially expressed within the cervix and
that the reserve cell population, the infection of which is presumed to
facilitate deregulated viral gene expression and neoplasia forma-
tion (1, 2), is characterized by high DLL4 and low DLL1 expression.

HPV16 E6 selectively inhibits Notch1 activation to prevent
differentiation

The deregulated expression of HPV E6 and E7 expression in HSIL
compared with LSIL leads to reduced responsiveness of basal cells to

contact inhibition and increased cell proliferation, effects that are
largely attributable to E6 (4, 31). To assess more precisely the effect
of high E6 expression on Notch-driven modulation of cell fate, we
used a normal human keratinocyte cell line (NIKS) capable of
recapitulating the process of epithelial differentiation and prolifer-
ation in vitro (32) and compared previously generated NIKS
expressing HPV16 E6 (NIKS 16E6) or an empty vector (NIKS
LXSN; ref. 4). Immunostaining of the full-length Notch1 receptor
(NOTCH1), the cleaved intracellular domain (N1ICD) and KRT10,
an early differentiation marker, was carried out in a 2D monolayer
model. Commitment to terminal differentiation is triggered by
culture confluence: a setting wherein keratinocytes have formed
a cohesive monolayer (33), mimicking the epithelial basal layer.
Nuclear N1ICD was occasionally detected in confluent control
cells (NIKS LXSN and NIKS; Fig. 2A and D), reminiscent of the
expression pattern typical of the ectocervical basal layer. KRT10
induction occurred in postconfluent control cells that had migrated
upwards to form a second cell layer. KRT10 and N1ICD/NOTCH1
did not appear to be coexpressed in cells, supporting a transient
and rapid induction of N1ICD in the context of differentiation
(Fig. 2B and D; ref. 4). HPV16 E6 abolished N1ICD expression
almost entirely from confluence onwards (Fig. 2A and C; P ¼ 0.009
and P ¼ 0.013 for LXSN vs. LXSN 16E6 at confluence and post-
confluence, respectively, Student t test). A similar reduction in
NOTCH1 was observed, suggesting that abrogation of Notch1
activation by HPV16 E6 can at least partially be attributed to a
reduction in the number of available Notch1 receptors from the
point of confluence (4). In subconfluent cells, HPV16 E6 had no
significant effect on N1ICD/NOTCH1 abundance (P ¼ 0.111,
Student t test; Fig. 2C). In line with inhibition of Notch1 controlled
differentiation, the expression of HPV16 E6 led to a strong down-
regulation of KRT10 in postconfluent cells (P ¼ 0.007, Student t
test; Fig. 2B; Supplementary Fig. S1B).

A higher mitotic index was observed in NIKS 16E6 compared
with control cells (P ¼ 0.011, Student t test; Supplementary
Fig. S1C). To examine the consequences of Notch signaling inhi-
bition on keratinocyte growth, we monitored the growth of NIKS
LXSN and NIKS16E6 in monolayer culture, with and without
the addition of DAPT. DAPT inhibits g-secretase, a membrane-
associated protease complex responsible for Notch1 receptor cleav-
age, and thereby indirectly inhibits Notch1 signaling, as confirmed
in NIKS through Western blot analysis (Fig. 2E; Supplementary
Fig. S1D). DAPT did not influence TP53 levels (a surrogate marker
for E6). In the presence of HPV16 E6, the rate of cell growth was
higher than that of NIKS LXSN and growth continued after reach-
ing confluence (�1.5 � 106 cells; Fig. 2F). Treatment of NIKS 16E6
with DAPT from day 1 postseeding resulted in a decrease in growth
compared with untreated E6 cells, although growth still exceeded
that of NIKS LXSN. DAPT did not influence the growth rate of
NIKS LXSN. Collectively, these results suggest that Notch1 signal-
ing might contribute both to keratinocyte differentiation and
proliferation and that increased E6 expression selectively inhibits
Notch1-associated differentiation.

HPV16 E6 limits keratinocyte differentiation through
downregulation of DLL1

To further evaluate how HPV might restrict cell differentiation
during neoplastic development and whether DLL1 might play a role
in this process, immunostaining of NIKS-derived organotypic
raft cultures was carried out (Fig. 3A). Parental NIKS were used
as well as six NIKS HPV16 clonal cell lines, which produce rafts
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possessing either an LSIL-like (1L, 2L, and 3L) or HSIL-like
phenotype (4H, 5H, and 6H) and are comparable with the lesions
observed upon in vivo infection (4, 31). In parental rafts, DLL1
expression resembled that seen in the ectocervix (Fig. 1C), with
heterogeneous expression in the basal layer, including a subset of
cells showing high expression, and expression extending into
parabasal layers and declining during terminal differentiation. In
HPV16 LSIL-like rafts, DLL1 expression was downregulated most
prominently in the lower layers while maintaining suprabasal
expression. In contrast, DLL1 was almost undetectable in the entire

epithelium of HSIL-like rafts, in line with the deregulated viral
oncogene expression and the dramatic reduction in both N1ICD
and KRT10 in these rafts (4).

We tried to further define the effect of HPV16 E6 on DLL1-
mediated induction of differentiation in our 2D monolayer model
(Fig. 3B and C). In subconfluent growth conditions, DLL1 expression
occurred in a subset of NIKS cells. At confluence, when scattered
N1ICD starts to appear (Fig. 2A and D), DLL1 expression was
comparably heterogeneous with clusters of cells showing high expres-
sion (Fig. 3B and C), consistent with the results seen in the basal layer
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Figure 1.

Differential expression of Notch1 ligands DLL1
and DLL4 and reserve-cell marker KRT17 in the
human cervix. A, Overview of hematoxylin and
eosin–stained uninfected, normal cervical tissue
(low magnification). B and C, Representative
images showing the localization and levels of
DLL1, DLL4, andKRT17 in endocervical columnar
epithelium, reserve cell hyperplasia, immature
squamous metaplasia, mature squamous epi-
thelium (B) and ectocervical squamous epi-
thelium (C). Hematoxylin and eosin–stained
tissue is included for evaluation of morphology.
Top, red box, arrowhead, DLL1þ group of cells
within the basal layer; bottom, differential
expression of DLL4 in the basal layer (low) and
parabasal layers (high). DAPI was used for
nuclear counterstaining. Because of inevitable
tissue damage during immunostaining, tissue
folds are visible in some areas. BL, basal layer;
Co, columnar epithelium; Imm metapl, imma-
ture (squamous) metaplasia; Mature sq, mature
squamous epithelium; PBL, parabasal layers;
Res, reserve cells. Scale bar, 50 mm unless
otherwise indicated.
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Figure 2.

HPV16 E6–driven modulation of Notch1-regulated keratinocyte fate. A and B, N1ICD (A) and NOTCH1 and KRT10 (B) levels in cells expressing HPV16 E6 (NIKS 16E6)
and control cells with an empty vector (NIKS LXSN) at subconfluent, confluent, and postconfluent conditions in a 2D monolayer. Arrowheads, mitotic figures.
C,Quantification ofN1ICD IHCdata as the percentage ofN1ICD-positive LXSNand LXSN 16E6NIKS at various densities. Cells in 10 random fieldswere counted for each
sample. Bars, mean � SD (n ¼ 3). � , P < 0.05; �� , P < 0.01; n.s., nonsignificant; Student t test. D, N1ICD and KRT10 expression in control NIKS (no vector) at
different monolayer densities. The bottom right-hand panel is a representative image of N1ICD expression in normal ectocervical epithelium (DAB staining).
E, Western blot analysis of N1ICD, TP53 (as a surrogate marker for E6), and GAPDH levels in LXSN and LXSN 16E6 NIKS, which were plated and treated with
either DAPT, dissolved in ethanol (þ), or ethanol (�), following a growth assay format. Cells were harvested in duplicate at postconfluence. F, Effect of DAPT
on the growth of LXSN 16E6 and LXSN NIKS. DAPT or ethanol was added from day 1 postseeding onwards and replaced every 24 hours. Growth was monitored
for 6 days, and cells were counted in duplicate on days 1, 2, 4, and 6 (data depicted as mean � SD). Red dashed line represents the cell number at which the
monolayer reaches confluence. Scale bar, 50 mm.
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of parental rafts and the ectocervix. In NIKS that had committed to
differentiation at postconfluence, DLL1was strongly induced (Fig. 3B;
Supplementary Fig. S1E). In line with the observations in HSIL-like
rafts, expression of HPV16 E6 almost completely abolished the
induction of DLL1 in NIKS from confluence onwards (Fig. 3C;

Student t test; P ¼ 0.087, P ¼ 0.0001, P ¼ 0.0031 for the comparison
of preconfluent, confluent and postconfluent LXSN and LXSN 16E6,
respectively). Together, this suggests that the downregulation of DLL1
might be an additional mechanism through which HPV modulates
basal cell fate and restricts the differentiation of infected cells.
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Figure 3.

Inhibition of DLL1 expression by HPV16 E6 during neoplastic development. A, Representative images of the expression pattern and level of DLL1 in parental NIKS,
LSIL-like (1L, 2L, and 3L), and HSIL-like organotypic rafts (4H, 5H, and 6H) created from NIKS episomal HPV16 cell lines. The NIKS parental raft had folded, explaining
the second area of epithelium seen in the lower part of the image. White dotted line, “basal lamina.” B, Expression of DLL1 in subconfluent, confluent, and
postconfluent NIKS. C, Expression of DLL1 in confluent LXSN NIKS and LXSN 16E6 NIKS. The right-hand graph is a quantification of the DLL1 IHC data, depicted
as number of DLL1þ cells compared with the total number of cells. Ten random fields were counted for each sample. Data are presented as mean � SD [n ¼ 3
for (pre)confluent-, n ¼ 2 for postconfluent samples]. �� , P < 0.01; ��� , P < 0.001; n.s., nonsignificant; Student t test. Scale bar, 50 mm.
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HPV16 E6 induces sustainable expression of DLL4 in
keratinocytes

During (micro)wound healing HPV encounters (transiently)divid-
ing cells, which is a critical condition for initial infection (3, 34). As
DLL4 is induced in bothHPV-targeted leader cells and reserve cells, we
examined how HPV might modulate the expression of DLL4 in LSIL
and HSIL, through immunostaining of raft cultures. In parental rafts,
expression of DLL4 was low in the basal layer and induced in parabasal
layers, with marked membranous expression, in accordance with the
levels in the ectocervix (Fig. 4A). LSIL-like rafts showed an increase in

DLL4 expression in basal keratinocytes, in line with the restricted E6
activity and HPV-mediated cell proliferation in these lower epithelial
layers (Supplementary Fig. S2A; refs. 4, 11). Notably, in 1L rafts, DLL4
upregulation in the basal layer was less prominent than in 2L and 3L
rafts, which is consistentwith the observation that 1L cells express E6 at
the lowest level and that 1L raft cultures only contain a small number of
MCM7-positive cells in the basal layer (4, 31). In HSIL-like rafts, as E6
expression becomes deregulated and cell proliferation extends into the
middle layers (4, 31), cytoplasmic expression of DLL4 had similarly
extended into suprabasal layers. DNp63 is downmodulated by DLL1–
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Notch1 activation and in turn maintains keratinocyte proliferative
potential through induction of HEY expression, a downstream DLL4
target (20, 35). The increase in DLL4 was most prominent in 5H rafts,
which uniquely express (suprabasal) DNp63 and which show the most
considerable disruption of N1ICD, TP53, and KRT10 expression
compared with the other rafts (4).

Next, we considered how HPV16 E6 might affect DLL4 expression
in various growth conditions. In the 2D monolayer, DLL4 was
similarly induced in subconfluent control and 16E6-expressing cells
(Fig. 4B). In the presence of HPV16 E6, increased cytoplasmic
expression of DLL4 was observed at confluence, alongside the punc-
tate, intracellular DLL4 staining seen in control cells. More evidently,
postconfluent 16E6 cells displayed high levels of DLL4 with a pre-
dominantly cytoplasmic and perinuclear localization, as opposed to
the clusters of membrane-associated DLL4 seen in top-layer control
cells (Fig. 4C; Supplementary Fig. S2B). Notably, as cells approached
confluence, the leading-edge cells ofmonolayer gaps showed increased
DLL4 as well as sporadic nuclear N1ICD (Fig. 4D; Supplementary Fig.
S2C). During wound healing, keratinocytes induce, among other
keratins, KRT17 expression, presumably facilitating the cell migration
and proliferation needed during the early phases of reepithelializa-
tion (36). Here, KRT17 coincided with DLL4 in some leading-edge
cells, including morphologically migratory cells, protruding into the
gap (Fig. 4D, inset). When cells were less neatly aligned and gaps were
smaller, induction of DLL4 was rare and DLL4þ/KRT17þ cells were
absent (Fig. 4D, box� and ��). To further corroborate the involvement
of DLL4 in cell migration and proliferation, we performed a scratch
assay in a confluent NIKS monolayer and assessed the expression of
DLL4 (Fig. 4E). At the time of scratching, DLL4 expression was
restricted to the intracellular compartment. Thirteen hours post-
scratching, DLL4 was significantly induced in cells at the leading
edge when compared with the inner monolayer (Supplementary
Fig. S2D). When the scratch had closed and all cell–cell contact had
been reestablished, DLL4 expression returned to the basal level
and pattern seen at confluence. Taken together, these results indicate
that proliferation and migration of keratinocytes correlates with an
increase in DLL4 expression and Notch1 receptor activation. Our data
suggest that deregulated viral gene expression, which underlies high-
grade neoplasia, leads to increased and persistent levels of DLL4.

Molecular analysis identifies three cervical cancer cell-of-origin
populations

To get more insight into the cells from which tumors arise,
we assessed mRNA expression levels of a gene signature in 279
HPV-positive cervical carcinomas from TCGA (Fig. 5A). Tumors
could broadly be classified into two groups: a columnar-like (CL:
KRT8þ/KRT18þ/TP63�/KRT5�/HES2�) and a, more heteroge-
neous, reserve cell/squamous metaplasia–like group (RSL: KRT8�/
KRT18�/TP63þ/KRT5þ/HES2þ). We do not rule out the possibility
of a third, rare subgroup (16/279, 6%), consisting of KRT8�/
KRT18�/KRT5þ/TP63þ/HES2þ/KRT17�/KRT7� (ectocervical) bas-
al cell–derived tumors. For further analyses, we chose to include
this group in the RSL group. Remarkably, 19 of 241 (8%) tumors
histologically defined as SCC had expressional profiles highly
similar to CL tumors (Supplementary Fig. S3A), with one adeno-
carcinoma resembling RSL tumors (1/38; 3%).

Columnar tumors are associated with a higher recurrence rate
To assess whether the cell of origin is associated with cancer

prognosis, we compared the disease-free survival (DFS) and dis-
ease-specific survival (DSS) of cervical carcinomas stratified by his-

tologic or molecular subtype. Histologic type did not influence DFS
within 5 years after diagnosis (n ¼ 187, P ¼ 0.278, log-rank
test; Fig. 5B). Contrastingly, molecular CL tumors correlated with a
significantly shorterDFS compared to RSL tumors (P< 0.001, log-rank
test; Fig. 5C). Multivariate Cox regression analysis confirmed that
patients with CL tumors had a higher recurrence rate (HR, 3.00;
confidence interval (CI), 1.08–8.35; P ¼ 0.035), independent of
lymphovascular space invasion (Table 1). SCC-diagnosed CL-
tumor patients were more likely to experience disease recurrence than
both SCC-RSL (P < 0.0001, log-rank test; Fig. 5D) and adenocarci-
noma-CL patients (P ¼ 0.054, log-rank test; Fig. 5E). Notably, eight
(42%) of the SCC-CL cases showed no lymph node (LN) involve-
ment. No significant difference in clinicopathologic characteristics
was observed between the molecular subtypes (Supplementary
Table S1). In CL tumors, HPV16 (50%), HPV18 (39%), and HPV45
(11%) were detected. In RSL tumors, HPV16 predominated (62%),
followed by HPV45 (8%), HPV18 (7%), and other hrHPVs (23%
combined). HPV18 was significantly enriched in CL tumors com-
pared with RSL tumors (P < 0.00001, c2 test).

Increased DLL4 expression correlates with poor cervical cancer
prognosis

Although various Notch pathway genes (JAG1, JAG2,
NOTCH1–3, HES2, HES5, and HEY2) were more highly
expressed in RSL tumors, NOTCH4 was more abundant in CL
tumors (Supplementary Fig. S3B). The expression of DLL1 and
DLL4 was comparable between molecular subtypes (P ¼ 0.863 and
P ¼ 0.435, respectively, Student t test). DLL4–Notch4 signaling is
vital for vascular development and is commonly detected in tumor
vessels, implying a potential tumor-origin–independent role of
DLL4 in angiogenesis (37). In CL tumors, DLL4 and vascular
markers CD31 (PECAM1) and VEGFR2 (KDR) expression were
significantly correlated (r ¼ 0.659 and r ¼ 0.615, respectively,
Pearson correlation, P < 0.0001), with similar correlations in RSL
tumors (DLL4–PECAM1: r ¼ 0.535, DLL4–KDR: r ¼ 0.691,
P < 0.0001). Interestingly, a relative upregulation of other pathways
involved in epithelial homeostasis, like Hedgehog and Wnt, was
seen in CL tumors.

Next, we explored the prognostic impact of DLL4 in the TCGA
dataset through Cox’s survival analyses (Table 1). Independent of
LN involvement (HR, 4.78; CI, 1.79–12.74; P ¼ 0.002) and
F�ed�eration Internationale de Gyn�ecologie et d'Obst�etrique (FIGO)
stage (HR, 0.76; CI, 0.26–2.26; P ¼ 0.625), high DLL4 expression
was linked to poor 5-year DSS (HR, 2.49; CI, 1.32–4.72; P ¼
0.005). DLL4 was also significantly associated with a higher
likelihood of recurrence (HR, 1.74; CI, 1.11–2.73; P ¼ 0.017).
The low number of events in the TCGA cohort restricted our
multivariate DFS-analysis to two variables; however, we were able
to confirm the association of DLL4 with 5-year DFS in an inde-
pendent cohort of 300 patients with cervical carcinoma (GSE44001;
36 events; HR, 1.69; CI, 1.09–2.62; P ¼ 0.019; ref. 28). To validate
the link between DLL4–Notch1 signaling and prognosis, we
assessed immunostaining of N1ICD and DLL4 in a third, indepen-
dent cohort (Fig. 6A and B; Supplementary Table S2). N1ICD
and/or DLL4 (tumoral) abundance was low in 51 patients (66%;
low-risk), whereas in 26 patients, high abundance of both N1ICD
and DLL4 in SCCs or only DLL4 in adenocarcinomas was observed
(34%; high-risk). N1ICD was undetectable in all adenocarcinomas.
High-risk patients showed a significantly reduced 5-year DFS and
DSS compared with low-risk patients (P ¼ 0.023 and P ¼ 0.035,
respectively, log-rank test; Fig. 6C and D).
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Discussion
In this study, we have examined DLL–Notch1 signaling in normal

squamous cells and tissue and themodulation of DLL–Notch1–driven
cell fate regulation by E6 during infection. We present data showing
that low and high-grade neoplasia are, through deregulation of E6,
associatedwith an expansion of a cell populationwith aDLL1�/DLL4þ

phenotype, reflecting a proliferation-skewed state, the expression of
which is tightly restricted during physiologic processes that require
temporarily induced proliferation, and that reserve cells are the only

cervical population inherently characterized by these traits, likely
rendering them more susceptible to HPV infection and/or induced
neoplastic transformation.

The RNA-seq–based gene signature analysis of the TCGA cohort
has revealed that cervical cancer is a heterogeneous disease, which
appears to arise from at least three distinct cell-of-origin popula-
tions (1, 2), consisting of reserve cells, endocervical columnar cells, and
ectocervical basal cells. We were unable to identify a specific KRT7þ

SCJ-derived subset of tumors as described by Herfs and colleagues (6).
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mRNA-based gene signature in cervical carci-
nomas (TCGA) and the association of cancer
subtypeswith patient survival.A,Gene expres-
sion profiling of HPV-positive cervical carcino-
mas from the TCGA (n ¼ 279): top, heatmap
clustered manually, based on a predefined
gene signature of columnar and squamous
cell markers (mRNA expression: row scaled,
Z scores). Additional features included are
histologic type (based on pathology review),
DLL4 (<3rd quartile vs. >3rd quartile), KRT17
(<1st quartile, 1st to 3rd quartile, and >3rd
quartile), KRT7, KRT1, and KRT13 expression.
Bottom, model of the range of epithelial sites
within the cervix, from which tumors in the
heatmap are presumed to have originated and
differential regulation ofNotch signaling there-
in. B and C, (Five-year) DFS of patients with
cervical carcinoma (n ¼ 187), classified based
on histology (B) or molecular origin (C). SCC-
diagnosed tumors of the columnar subtype
were compared with SCC of the reserve/squa-
mous subtype (D) and adenocarcinoma of the
columnar subtype (E). AC, adenocarcinoma.
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The molecular subtypes differed in their recurrence rate and the
prevalence of HPV types; columnar-derived tumors were associated
with a significantly shorter DFS than reserve-cell tumors and a higher
frequency of HPV18, in accordance with previous studies (10) and
possibly reflecting differences in tissue tropism. Our survival analysis
additionally revealed an important group of histologically misdiag-
nosed CL-tumor patients with a shorter DFS, offering a possible
explanation for why some studies (38) report a difference in prognosis
between histologic types, while others (39) and our study have failed to
detect it, and highlighting a patient group that might benefit from
additional treatment.

Reserve cell(–like) tumors were common, suggesting that these cells
are particularly susceptible to HPV infection and/or (pre)malignant
transformation (5, 30, 40). Of all cervical cell populations, reserve cells
were uniquely characterized by high DLL4 and low to absent DLL1
expression. This phenotype is similar to that observed in 16E6 NIKS
andLSIL/HSIL-like organotypic rafts, suggesting that the baseline state
of reserve cells closely resembles that of neoplastic epithelial cells.
Elaborating on the risk of transformation, the development of both
LSIL- and HSIL-like organotypic rafts from HPV16 isogenic NIKS
clonal cell lines (31) suggests that the state of the target cell at and after
the time of HPV introductionmay be an important determinant of the
final phenotype. The presence of a proliferative/migratory cell state, as
reflected by DLL4–Notch1 signaling in (basal) leader cells during
(micro)wound healing, and particularly a durable one, seems to ease
carcinogenesis. Illustratively, although cancers arising from mature

squamous epithelia are rare, hyperproliferative or chronically injured
tissue shows a predisposition to SCC (41). Earlier studies (42, 43)
detect other wound healing–associated proteins in various TZs and
interestingly, their expression in cancer correlates with invasive
growth (44) and poor patient survival (30). Here, we show that high
DLL4 expression in cervical tumors is associated with a significantly
shorter DFS and DSS, consistent with previous studies describing
the contribution of DLL4–Notch1 signaling to tumor cell survival,
invasion (45), and poor prognosis (46). In both columnar and
squamous-derived tumors, DLL4 might function as an initiator of
endothelial Notch4 signaling, potentially promoting tumor angio-
genesis (47). In SCCs, endothelial-expressed DLL4 might induce
Notch1 signaling in adjacent tumor cells still further (48). Hence,
DLL4 inhibitors, which are currently tested in phase I trials, seem
more broadly applicable and efficacious (49) than Notch1 inhibitors
in (HPV-associated) epithelial cancers (50).

These observations raise questions about the added value of E6-
driven DLL–Notch regulation to transformation risk in, for example,
infected reserve cells, as these already inherently possess a DLL1�/
DLL4þ phenotype. In the uninfected cervix, the proliferative capacity
of (reserve) cells appears to be under the strict control of the stromal
environment (Supplementary Fig. S3C; refs. 27, 51, 52), as demon-
strated by the rapid disappearance of the squamous metaplasia–
associated DLL phenotype once the epithelium matures. Further
research is needed to determine the contribution of other pathways,
like Wnt and Hedgehog, to columnar (53, 54) and reserve cell

Table 1. Cox proportional hazards analysis (TCGA cohort).

Univariate
5-year DSS (n ¼ 254)a 5-year DFS (n ¼ 187)a

Clinical variable HR (95% CI) P valueb HR (95% CI) P valueb

Lymphovascular space invasion 7.68 (1.76–33.61) 0.007 5.47 (1.56–19.20) 0.008
Lymph node involvement 3.39 (1.38–8.29) 0.008 1.26 (0.48–3.31) 0.644
Histologic type 0.870 0.283

SCC Reference Reference
Adenocarcinoma 0.93 (0.36–2.35) 1.71 (0.64–4.53)

FIGO stage 0.015 0.244
Early (I–IIA) Reference Reference
Late (IIA1–IVB) 2.11 (1.16–3.86) 1.72 (0.69–4.29)

Grade 0.339 0.050
I–II (well/moderate) Reference Reference
III (poor) 1.74 (0.56–5.39) 2.21 (1.00–4.88)

Gene variable
Molecular subtype 0.805 0.001

Reserve/squamous Reference Reference
Columnar 1.10 (0.53–2.29) 3.54 (1.62–7.71)

DLL4c 1.57 (1.12–2.20) 0.008 1.74 (1.11–2.73) 0.017

Multivariable
Lymph node involvement 4.78 (1.79–12.74) 0.002 — —

Present vs. absent
FIGO stage 0.76 (0.26–2.26) 0.625 — —

Early (I–IIA) vs. late (IIA1–IVB)
DLL4c 2.49 (1.32–4.72) 0.005 — —

Lymphovascular space invasion
— — 6.14 (1.74–21.72) 0.005Present vs. absent

Molecular subtype
— — 3.00 (1.08–8.35) 0.035Columnar vs. reserve/squamous

Abbreviations: CI, confidence interval; FIGO, F�ed�eration Internationale de Gyn�ecologie et d'Obst�etrique.
aFive-year DSS: 43 events; 5-year DFS: 26 events.
bWald test. Statistically significant values are bold.
cDLL4 mRNA expression was used as a continuous variable in the model.
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(de)regulation. Similarly, we, and others (23, 55), show that DLL4–
Notch1 signaling is temporary and strictly regulated in squamous
epithelial cells during physiologic processes. E6 might render the
infected cell resistant to environmental signals that would normally
alter its DLL1�/DLL4þ phenotype and cause the cell to become
quiescent again. Additionally, wound reepithelization, which
encompasses proliferation and migration, is accelerated by HPV16
E6/E7 expression in transgenic mice (56), suggesting that increased

oncogene expression may reinforce preexistent proliferative cellular
capacities.

Although attempting to not oversimplify HPV functions during
squamous neoplastic development, we believe that our findings
highlight important Notch-associated mechanisms that HPV
influences, ultimately skewing cell fate. In uninfected ectocervical
epithelium and rafts, DLL1-enriched cell clusters were seen in the
basal layer; this pattern is common for squamous epithelia,
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wherein stem(-like) cells overexpress DLL1, rendering them
unresponsive to differentiation cues, but capable of driving
Notch1-induced differentiation in neighboring cells (21, 22). A
downregulation and marked internalization of DLL4 was observed
in this setting, which fits well with the need for dynamic mod-
ulation of competitive ligands like DLL1 and DLL4 during
Notch1-induced cell fate regulation (57–59). Differences in
ligand–receptor affinity might contribute to the opposing, dose-
dependent effects of Notch1 in cervical cancer cell lines (18, 58).
Implicit in this model is a role for Notch1 during squamous
cell proliferation and migration (60). This is supported by studies
that show that Notch1 is upregulated at the wound edge and that
depletion of Notch1 leads to delayed wound closure in scratch-
wounded keratinocytes (23, 55). These findings fit well with the
detection of NOTCH1 cleavage, coinciding with the appearance
of DLL4 in subconfluent cells and cells adjacent to large gaps,
where migration is lamellipodium-mediated (61). This hypothesis
is further supported by the reduction in cell growth seen after
DAPT-induced abrogation of N1ICD in (subconfluent) HPV16
E6 cells, suggesting that the postconfluent growth advantage of
E6 cells might in part be dependent on NOTCH1 activation. In
addition, it depicts the increase of E6 from confluence onwards in
HSIL-like cells, but not in LSIL-like cells (31), as a way to selectively
inhibit Notch1 signaling to specifically prevent differentiation (4).

Taken together, our study highlights that reserve cells are, owing to
their proliferative nature, unlikely to follow the traditional model of
neoplasia, where infection of a squamous cell initially leads to pro-
ductive infection, which eventually progresses to abortive infection.
DLL4–Notch1 signaling may offer a promising way to identify (i)
susceptible epithelial cell populations in the human body and (ii)
cervical cancer patients with poor prognosis, that might benefit from
additional treatment.
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