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Abstract

Few differentiation-competent models exist to study early intra-nuclear processes of human
papillomavirus (HPV) in keratinocytes. Early HPV DNA replication is usually studied by
transfecting transformed or tumor-derived cell lines (C33A, HEK293/HEK293T, CIN612).
While these lines support episome replication, their transformed state and oncogene ex-
pression can confound interpretation, and they do not undergo the normal keratinocyte
differentiation required for the HPV life cycle. We therefore evaluated HaCaT, a sponta-
neously immortalized, non-transformed keratinocyte line with reversible differentiation,
as a model for HPV episomal replication. We optimized culture conditions—particularly
extracellular calcium—to toggle HaCaT cells between basal-like proliferation and differ-
entiation, and refined transfection parameters to deliver plasmid vectors required for
HPV11 episomal replication. HaCaT cells display differentiation-associated morphological
changes and keratin marker expression comparable to primary keratinocytes. In transient
luciferase-based origin replicon assays, HPV11 plasmid replicons showed origin-dependent
replication in both undifferentiated and differentiated HaCaT cells. Because Ca2+-driven
differentiation rewires keratinocyte nuclear organization, this Ca2+-controlled HaCaT sys-
tem enables evaluation of early viral nuclear processes, including episomal replication
and differentiation-associated increases in replication activity, in a nuclear architecture–
dependent epithelial context without exogenous viral oncogenes or cellular transformation.

Keywords: HPV; episomal replication; keratinocyte differentiation; nuclear architecture;
HaCaT; calcium signaling; DNA tumor viruses; transfection

1. Introduction
Papillomaviruses (HPVs) and some polyomaviruses (PyVs) replicate in stratified ep-

ithelia [1,2], but most in vitro viral episomal replication studies use transformed cell lines.
Common models include C33A (an HPV-negative cervical carcinoma line) [3], HEK293-
derived cells expressing viral oncogenes [4] or CIN612 cells that carry HPV31 in an episomal
state [5]. These cell lines support viral origin-dependent replication, yet either lack epithe-
lial differentiation completely, or, if they do undergo differentiation, the presence of viral
oncoproteins leads to questions as to whether results reflect what occurs in non-transformed
keratinocytes. Thus, a non-transformed cell culture model that supports viral episome
replication with physiological keratinocyte differentiation is needed. HaCaT is a sponta-
neously immortalized human keratinocyte cell line that, although immortalized, is not
transformed and cannot produce tumors in xenograft models; however, its immortalization
and ability to undergo keratinocyte differentiation make it a promising potential model
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system for HPV [6]. Established from adult skin by Boukamp et al. in 1988 [7], HaCaT
achieved immortality through endogenous genetic alterations (without the introduction of
SV40 or other sources of exogenous oncogenes). It is a monoclonal line capable of indefinite
growth in vitro without feeder layers or supplemental growth factors [8]. Importantly,
HaCaT cells retain the capacity for normal epidermal differentiation: they exhibit proper
morphogenesis and express key keratinocyte differentiation markers (keratins K5/K14 in
the basal state and K1/K10 in differentiated cells, plus late differentiation markers like
involucrin and filaggrin) in a well-established sequential epidermal pattern [8]. Notably,
they can toggle between a proliferative basal-like state and a differentiated state in response
to extracellular calcium (Ca2+) concentration changes [9], retaining essential keratinocyte
markers while allowing for genetic manipulation. This ability is a key advantage, enabling
experimental control over the differentiation status in one cell line. However, there are some
limitations to using HaCaT cells, which include the existence of certain genetic aberrations
that promote hyper-proliferation and alter late differentiation kinetics (e.g., TP53 mutations,
chromosomal imbalances) [10]. In addition to HaCaT, other cell types have been used to
study HPV replication, including normal oral keratinocytes (NOKs), U2OS osteosarcoma
cells, and W12 cervical keratinocytes, each providing useful experimental contexts but
also presenting limitations related to epithelial differentiation, transformation status, or in
modeling differentiation-linked viral replication processes [11–13]. To overcome these defi-
ciencies, near-diploid immortalized lines such as N/TERT 1 and 2G (hTERT-immortalized
keratinocytes) [14] and the spontaneously immortalized NIKS line [10] have been used to
retain improved barrier formation and more physiological differentiation profiles. How-
ever, these newer lines tend to proliferate more slowly and often require more demanding
culture conditions compared to robust easily cultured HaCaT cells [15]. Findings in HaCaT
should be validated in primary keratinocytes or near-diploid models when possible.

HPV and polyomavirus genomes replicate extra-chromosomally via virus-encoded
initiator and helicase proteins (HPV E1/E2 or SV40 large T antigen) that recognize the viral
origin, separate the dsDNA helix, and recruit the host’s DNA replication machinery [16–20].
A widely used approach to quantify viral DNA replication in cultured cells is to co-transfect
an origin-containing luciferase reporter plasmid with viral initiator protein expression
vectors and measure replication using a dual-luciferase readout [16,21]. This transient
replicon system, first developed for HPV and SV40 [16] and later adapted to the JC virus [21],
provides sensitive measurements of viral origin-dependent episome replication in highly
transfectable, transformed cell lines (e.g., C33A). Although effective, non-keratinocyte or
heavily transformed host cells might distort viral regulatory interactions that normally
depend on keratinocyte differentiation. Indeed, productive HPV genome amplification
in vivo is tightly linked to the differentiation process of the host keratinocyte [22], molecular
cue/s that are absent in standard transformed monolayer cultures. By demonstrating viral
DNA replication in HaCaT keratinocytes, this study helps address this gap. The goal of this
study is to establish and validate HaCaT cells as a differentiation-competent, transfectable
keratinocyte platform for studying early viral episomal replication. Accordingly, the
experimental design was optimized for comparative, origin-dependent replication readouts
under controlled differentiation states, rather than for defining the molecular determinants
of differentiation-dependent amplification.

In this study, we demonstrate that HaCaT keratinocytes support robust replication
of HPV11. Notably, HaCaT cells do not possess viral oncoproteins (HPV E6/E7 or SV40
LT) that could artificially enhance replication, so the DNA synthesis we observe is driven
only by the introduced viral genome replication factors in a near-normal cellular environ-
ment. This appears to be the first reported demonstration of the replication of transfected
papillomavirus or polyomavirus DNA in HaCaT cells, although recent work has demon-
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strated HPV genome amplification in primary keratinocytes [23]. HaCaT thus emerges as a
convenient surrogate for primary keratinocytes, offering a more physiological epithelial
context along with the practical advantages of being an immortal cell line. At the same
time, monolayer HaCaT cultures provide tight experimental control over differentiation
state and reproducible recovery of episomal DNA, while lacking the tissue-level complexity
of organotypic raft models. Accordingly, this system is well suited for investigating early,
differentiation-associated viral processes, including origin-dependent episomal replication,
under controlled conditions, whereas later stages of the viral life cycle require more complex
three-dimensional models. Furthermore, this platform enables examination of host–virus
interactions and evaluation of antiviral strategies in a keratinocyte setting without the
confounding effects of viral transformation or oncogene expression.

2. Materials and Methods
2.1. Cell Culture and Calcium-Induced Differentiation

HaCaT keratinocytes (a gift from S. Sinha, University at Buffalo, Buffalo, NY, USA;
originally obtained from Professor Fusenig [7]) were cultured in high-glucose DMEM
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS; Thermo Fisher Scientific) and 4 mM L-glutamine (Gibco) (standard “full”
medium, containing ~1.8 mM Ca2+) or in calcium-free DMEM (high-glucose, no glutamine,
no Ca2+; Gibco) supplemented with 10% calcium-depleted FBS and CaCl2 to a final Ca2+

concentration of either ~0.06 mM (low-Ca2+ medium) or 2.8 mM (high-Ca2+ medium).
Calcium was removed from FBS by batch incubation with Chelex-100 resin (Bio-Rad,
Hercules, CA, USA) for 1 h at 4 ◦C with gentle rocking, followed by sterile filtration
through a 0.22 µm filter unit. After use, the resin was regenerated by stripping with 2 bed
volumes of 1 N HCl, rinsing with 5 bed volumes of H2O, treating with 2 bed volumes of
1 N NaOH, and washing with 5 bed volumes of H2O before reuse.

For the in vitro differentiation model, proliferating HaCaT cells were adapted to low-
Ca2+ medium [0.06 mM] for ≥3 passages to maintain a basal, undifferentiated phenotype [9].
Cells were then shifted to high-Ca2+ medium (1.8–2.8 mM) for up to 120 h (5 days) to induce
differentiation. Differentiation was monitored by (a) phase-contrast microscopy at 0, 4,
24, 48, 72, 96, and 120 h to document the transition from elongated, spindle-shaped cells
to a tightly packed “cobblestone” morphology [24] and (b) Western blotting of whole-
cell lysates for keratin 5 (KRT5; basal marker) and keratin 1 (KRT1; early differentiation
marker). Rabbit monoclonal antibodies to KRT1 and KRT5 were kindly provided by S. Sinha.
As numerous standard housekeeping markers routinely used for the normalization of
Western blot studies have been shown to fluctuate significantly in response to keratinocyte
differentiation [25,26], Ponceau S (Sigma-Aldrich, St. Louis, MO, USA) staining of cell
lysates was instead used to demonstrate comparable loading. Densitometric analysis of
immunoblots was performed using ImageJ software (NIH, Bethesda, MD, USA, version
1.53), with band intensities quantified after background subtraction and normalized to total
protein levels determined by Ponceau S staining.

2.2. Transfection of HaCaT and HEK293T Cells

HaCaT keratinocytes are relatively resistant to plasmid transfection: standard lipid-
based reagents typically yield ~10–30% GFP-positive cells, with >50% efficiencies rarely
achieved [27]. Reported contributors include a robust plasma membrane barrier and
a propensity for stress-induced growth arrest or differentiation, as well as cytotoxicity
and terminal differentiation under harsh transfection conditions [27,28]. To maximize
transfection efficiency, we optimized several parameters based on previous studies [9,27,28].
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Three transfection reagents were evaluated in HaCaT cells: (a) Lipofectamine 3000 (In-
vitrogen, Thermo Fisher Scientific, Waltham, MA, USA; lipid-based), (b) TransIT-X2 (Mirus
Bio, Madison, WI, USA), and (c) FuGENE 6 (Promega, Madison, WI, USA; non-liposomal
polymeric reagent). Each reagent can form complexes with negatively charged DNA, facili-
tating cellular uptake. All transfections followed manufacturers’ general protocols with
in-house optimization as described. HaCaT cells were seeded in 12-well plates at ~1.5 or
2.5 × 105 cells per well (30–50% confluency) to assess the effect of cell density. Transfections
were performed in undifferentiated [0.06 mM Ca2+] and differentiated [1.8 mM Ca2+] con-
ditions to evaluate the impact of calcium-induced differentiation on transfection efficiency.
Each reagent was tested by transfecting 1 µg per well of a CMV-GFP reporter plasmid,
varying the reagent: DNA ratio according to manufacturer recommendations to identify
optimal conditions. AD293 cells (an adherent, highly transfectable HEK293T-derived line;
Invitrogen, Carlsbad, CA, USA) were used in parallel as a positive control.

At 72 h post-transfection, live cells were stained with Hoechst 33342 (0.001 µg/mL,
added directly to warm medium) and imaged without washing. Fluorescence images were
acquired in overlay mode on an ECHO Revolve K(2) R4 inverted microscope (Discover
Echo Inc., San Diego, CA, USA) with a 10× Olympus (Olympus Corp., Tokyo, Japan)
objective and Echo Pro software (version 6.4.2; Discover Echo Inc.), and phase-contrast
images were obtained on a Motic AE31 Elite inverted microscope (Motic, Xiamen, China)
equipped with a GT5.0 color camera (Motic) and 10× objective. Images were captured
in DAPI (DNA) and FITC/GFP channels and overlaid to confirm GFP-positive cells [15].
Transfection efficiency was quantified by counting GFP+ cells versus total Hoechst+ nuclei
in multiple fields per well using ImageJ. The optimal DNA: transfection reagent ratio for
each system was defined as the condition yielding the highest percentage of GFP+ HaCaT
cells with minimal toxicity (based on morphology and nuclei counts). These conditions
were used in subsequent experiments.

In preliminary optimization, the following parameters were systematically eval-
uated for HaCaT growth, maintenance and transfection: (a) Cell growth: subconflu-
ent cultures consistently showed higher transfection efficiency than confluent cultures;
(b) Calcium/differentiation: cells in low-Ca2+ (undifferentiated) medium were more effi-
ciently transfected than those in high-Ca2+ (differentiated) medium, consistent with re-
duced susceptibility of differentiated keratinocytes [9]; (c) DNA to reagent ratio: plasmid and
reagent amounts were titrated to maximize transfection with minimal toxicity [9]; (d) Serum
and antibiotics: complexes were formed in serum- and antibiotic-free Opti-MEM to avoid
interference, and after 4–6 h the medium was replaced with fresh growth medium (low or
high Ca2+, without antibiotics); (e) Promoter strength: vectors driven by the cytomegalovirus
(CMV) immediate-early promoter were used to compensate for modest transfection effi-
ciency; CMV promoters are effective in HaCaT and other difficult-to-transfect cells [16,29];
and (f) DNA titration: amounts of each plasmid used in HPV11 and SV40 replication assays
were carefully titrated. All plasmids were prepared using endotoxin-free maxi-preps to
further enhance transfection performance.

2.3. DNA Replication Assays

Transient viral DNA replication was quantified using a dual-luciferase plasmid repli-
cation assay [16,21,30]. Cells were transfected simultaneously with (i) a Firefly luciferase
reporter plasmid bearing the viral origin of replication (ori) and (ii) one or more plasmids
expressing the cognate viral replication protein(s). Ori-dependent DNA replication in-
creases Firefly luciferase signal relative to an internal Renilla luciferase plasmid lacking
a viral ori, which serves as a control for transfection efficiency and cell number [16]. This
high-throughput assay provides a sensitive surrogate readout for origin-dependent DNA
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replication, enabling relative comparisons across conditions. However, it does not directly
measure episomal DNA replication or maintenance, and DNA-based methods such as
Southern blotting or DpnI-based qPCR remain required for direct quantification [16].

HaCaT cells were seeded ~24 h before transfection at 2.5 × 104 cells per well in
opaque white 96 well plates (Corning Inc., Corning, NY, USA). Two culture conditions were
tested: low-Ca2+ [0.06 mM] and high-Ca2+ [1.8 mM] medium to assess how differentiation
status at transfection affects replication. AD293 and C33A cells (ATCC HTB-31; American
Type Culture Collection, Manassas, VA, USA), were maintained in standard 1.8 mM Ca2+

medium, served as positive controls for robust SV40 and HPV11 ori plasmid replication
routinely observed in our laboratory.

Two assay systems were used: SV40 (polyomavirus) and HPV11 (papillomavirus).
For both, cells were co-transfected with a Firefly ori+ reporter, viral replication protein
expression plasmid(s), and a control ori− Renilla plasmid. For SV40, the reporter was
pFLORI-40 (Firefly linked to the SV40 ori) and replication was driven by SV40 large T
antigen (LT). For HPV11, the reporter was pFLORI-11 (Firefly linked to the HPV11 ori),
with E1 and E2 supplied in trans from separate expression vectors [16,31]. DNA amounts
were empirically optimized, and very low ori plasmid input was used so that increases in
Firefly signal emphasized replicated DNA over initial plasmid uptake [16].

For DNA replication assays in 96-well plates, HaCaT transfections used 0.4 µL TransIT
X2 (Mirus) per well, chosen for its combination of efficiency and low toxicity. DNA–reagent
complexes were prepared in 100 µL Opti MEM according to the manufacturer’s instructions,
incubated for 20 min at room temperature with gentle shaking, and added dropwise to
overnight cultures in triplicate. After 4–6 h, the medium was gently replaced. Cells were
then incubated at 37 ◦C, 5% CO2 for 72 h without drug selection, as replication was driven by
transient viral protein expression. To test inhibition by a broad-spectrum DNA polymerase
inhibitor, aphidicolin (5, 10, or 50 µM) was added to designated C33A triplicates (SV40
and HPV11 assays) 4–6 h after transfection together with the medium change. Culture
conditions (passage number, plating density, plasticware) were kept constant, and all assays
were performed in triplicate. Data were averaged to reduce well-to-well variability and are
reported as mean % DNA replication ± SEM. This optimized protocol yielded consistent
gene expression in HaCaT cells suitable for downstream functional analyses.

2.4. Dual-Luciferase Assays (HPV11 and SV40): Luciferase Readout and Data Analysis

Cells were lysed in 1× lysis buffer (Promega). Firefly and Renilla luciferase activities
were measured sequentially using the Dual-Glo Luciferase Assay System (Promega) and
a multi-mode microplate reader (Cytation 1; BioTek Instruments, Winooski, VT, USA)
controlled by Gen5 software (version 3.11; BioTek Instruments) with a 7-s integration
time per well. For each well, Firefly luminescence (reflecting replicated ori plasmid) was
divided by Renilla luminescence (reflecting transfection efficiency) to yield a normalized
relative replication value [16]. Background from non-replicating controls or samples lacking
viral replication proteins was subtracted, and replication efficiency was expressed as a
percentage of a positive control (e.g., C33A, AD293, or HaCaT cells transfected with 10 ng
LT or E1, defined as 100% for SV40 or HPV11 assays, respectively). The dual luciferase
assay was highly sensitive and specific. The co-expression of HPV11 E1 and E2 produced a
robust increase in HPV11 ori reporter signal, whereas omission of either protein abolished
replication, consistent with the requirement for both factors in origin-dependent HPV11
DNA replication.
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3. Results and Discussion
3.1. HaCaT Morphology and Differentiation Markers

In basal conditions [low, 0.06 mM Ca2+], HaCaT keratinocytes maintained a dividing,
highly undifferentiated phenotype. Morphologically, low-Ca2+ cultures showed elongated,
spindle-shaped cells that were loosely adherent and lacked the cobblestone-like contacts
typical of differentiated keratinocytes (Figure 1A,B), consistent with previous reports of
HaCaT cells grown under low calcium exhibiting basal-like morphology [9,32]. In low Ca2+,
cells expressed the basal marker keratin 5 (KRT5), whereas the early differentiation marker
keratin 1 (KRT1) remained unchanged up to 120 h (Figure 1C). Densitometric analysis
normalized to total protein confirmed a progressive decline in KRT5 expression after 72 h,
while KRT1 levels remained low and essentially unchanged throughout the time course
(Figure 1D). Upon prolonged growth (72–120 h) in low Ca2+, the cells gradually adopted a
more cuboidal, contiguous monolayer appearance (Figure 1B,E) and lost KRT5 expression;
KRT1 levels remained low (Figure 1C). These findings indicate that confluency-driven
contact inhibition can induce some aspects of keratinocyte differentiation even without the
usual differentiation trigger of high Ca2+.

Figure 1. Morphological and molecular characteristics of HaCaT cells under low- and high-density
growth conditions. HaCaT cells maintained for at least three passages in Dulbecco’s Modified Eagle
Medium (DMEM) containing low calcium [0.06 mM Ca2+] were used in this experiment. (A) The
schematic illustrates HaCaT cells cultured in low-calcium medium [0.06 mM Ca2+], with a spindle-
shaped basal morphology at 24 h (~40% confluency) that progressively transitions to a cobblestone
morphology characteristic of differentiated cells (100% confluency) by 120 h. (B) Phase-contrast
micrographs of HaCaT cells in low-calcium medium at 24 h and 120 h closely correspond to the
schematic representation. (C) Western blot analysis shows that the cells express keratin 5 (KRT5), which
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is abundant in the undifferentiated basal keratinocyte phenotype at 24–48 h in low-calcium [0.06 mM]
medium (upper panel). KRT5 expression begins to decline after 72 h and is barely detectable by
120 h. In contrast, keratin 1 (KRT1) expression remains consistently low throughout the 24–120 h
period (lower panel). Thus, KRT5 serves as a reliable marker of undifferentiated HaCaT keratinocytes.
Ponceau S staining of total protein is shown as a loading control, as housekeeping proteins varied with
differentiation. (D) Densitometric quantification of KRT5 and KRT1 protein levels from the Western
blot shown in (C). Ponceau S staining of total protein is shown as a loading control, as housekeeping
proteins varied with differentiation. Band intensities were quantified using ImageJ, normalized to
total protein per lane by Ponceau S staining, and expressed relative to the 24 h time point (set to 1.0).
Data represent mean ± SEM from three independent experiments. (E) HaCaT cells cultured in low
Ca2+ [≈0.06 mM] were examined microscopically at 24 h intervals up to 120 h. The white scale bars
in the lower-right corners = 10 µm. At 24 h, the cells exhibited a small, elongated, fibroblast-like
spindle morphology and were loosely attached, indicating the absence of tight junctions. The cells
also lacked desmosomes, characteristic of differentiated keratinocytes. Over time, cell morphology
transitioned progressively from predominantly spindle-shaped basal cells at 48 h to a firmly attached,
almost fully contiguous cobblestone pattern by 120 h.

Cell density and cell–cell contact are themselves established drivers of early ker-
atinocyte differentiation, indicating that confluency-associated morphology and differen-
tiation are mechanistically linked rather than independent phenomena [33]. In contrast,
shifting HaCaT cells to high-Ca2+ medium (1.8–2.8 mM) rapidly induced a differentiated
morphology, even without high-density culturing. Within 4 h at 2.8 mM Ca2+, cells became
more cuboidal and tightly packed, forming a junction-rich “cobblestone” monolayer of
differentiated keratinocytes (Figure 2A), consistent with prior observations [9]. KRT1 ex-
pression increased steadily between ~72 to 120 h after the shift to high Ca2+ (Figure 2B) in
contrast to what was observed in low-Ca2+ confluent cultures, which suppressed KRT5
expression without KRT1 induction (Figure 1). Densitometric analysis normalized to total
protein confirmed a progressive and time-dependent increase in KRT1 expression following
calcium addition, with minimal induction at early time points and maximal accumulation
observed between 96 and 120 h (Figure 2C).

These observations are consistent with established models of Ca2+-dependent ker-
atinocyte differentiation. Low-Ca2+ cultures remain in a basal-like state (KRT5-high) but as
the cells divide and the dish becomes more confluent with the characteristic differentiated
morphology, KRT5 expression decreases while KRT1 remains constantly low. In contrast,
sustained growth in high Ca2+ promotes a switch toward a differentiated, high-KRT1
state. This behavior mirrors the epidermal pattern in vivo, where basal keratinocytes co-
express K5/K14 and suprabasal cells replace these with K1/K10 (and in subsequent layers,
involucrin) as differentiation proceeds [9,24].

To evaluate the context of our findings, we surveyed the literature on HaCaT cells
for (a) Ca2+-responsive markers (Table S1) [7,8,24,32,34–38]; (b) lipid-based transient
transfection strategies (Table S2) [9,27,39–41]; and (c) use in HPV replication studies
(Table S3) [12,42–46]. Prior work showed that HaCaT cells support the replication of both
low- and high-risk HPV types, but with important differences: low-risk HPV11 genomes
can be maintained as stable episomes for extended periods (weeks to months) in culture,
enabling long-term drug and mechanistic studies, as demonstrated by the establishment
of basal-like HaCaT cells harboring episomal HPV11 genomes [43]. In contrast, high-risk
HPV16/18 genomes are more difficult to sustain episomally in HaCaT cells and instead
favor short-term episome models [12,42,47,48]. Such transient systems sacrifice long-term
maintenance readouts but yield consistent reproducible results for episomal functions (e.g.,
E1/E2-dependent origin firing) under tightly controlled conditions. These studies are par-
ticularly useful for comparing multiple HPV types under identical, short-term conditions.
Hence, HaCaT cells occupy a functional middle ground between highly transfectable tumor
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cell lines (e.g., HeLa, HEK293, C33A) and refractory primary keratinocytes: as HaCaT cells
are genetically stable, and capable of executing key stages of epidermal differentiation, they
are suitable for molecular dissection of the HPV life cycle, including origin-specific plasmid
replication by both high-risk (HPV16, 18) and low-risk (HPV6, 11) types [42].

Figure 2. Calcium-induced morphological and molecular differentiation of HaCaT keratinocytes.
HaCaT cells that were maintained for three passages in Dulbecco’s Modified Eagle Medium (DMEM)
containing low calcium [0.06 mM Ca2+] were used in this experiment. Overnight cultures in low
Ca2+ were switched to DMEM supplemented with high calcium (2.8 mM Ca2+) and monitored for
calcium-induced morphological and molecular changes. Protein lysates were collected at 0 h (prior
to calcium addition), 4 h after supplementation, and subsequently at 24 h intervals up to 120 h for
Western blot analysis. (A) Distinct morphological changes were observed as early as 4 h following
calcium addition, with cells transitioning from an elongated, spindle-shaped morphology to a more
cuboidal form. The white scale bars in the lower-right corners = 10 µm. Morphological differentiation
progressed over time, culminating at 120 h in a firmly attached, confluent monolayer displaying
the characteristic cobblestone appearance of mature keratinocytes. (B) Western blot analysis shows
that keratin 1 (KRT1) expression increased progressively with time in elevated calcium, reaching
maximal levels at 120 h in 2.8 mM Ca2+. Ponceau S staining of total protein is shown as a loading
control, as housekeeping proteins varied with differentiation. The cultures began to reach confluence
at approximately 72 h, consistent with the onset of terminal differentiation. (C) Densitometric
quantification of KRT1 protein levels from panel B. Band intensities were quantified using ImageJ,
normalized to total protein (Ponceau S staining), and expressed relative to the 0 h time point (set to
1.0). Data represent mean ± SEM from independent experiments (n = 3).

3.2. Calcium-Induced Differentiation and Proliferation

Our time-course experiments indicate that the Ca2+-driven differentiation switch
in HaCaT cells is progressive: morphological events (enhanced cell–cell adhesion and
compaction) are exhibited early, followed by detection of proteins representative of differen-
tiation. Notably, unlike primary keratinocytes, HaCaT cells do not exit the cell cycle upon
calcium-induced differentiation. Micallef et al. reported that NHKs respond to elevated
Ca2+ by differentiating and slowing proliferation, whereas HaCaT cells in high Ca2+ ex-
hibit increased proliferation and accumulation in S/G2–M phases [32]. We made a similar
observation: in high-Ca2+, HaCaTs became more compact and differentiated in shape, but
with no obvious growth arrest. This behavior is likely due to the immortalized, aneuploid
nature of HaCaT cells [32,49]. Consistent with this phenotype, HaCaT keratinocytes lack
activating RAS oncogene mutations and require experimental introduction of oncogenic
HRAS for malignant conversion. Nevertheless, they harbor endogenous TP53 mutations

https://doi.org/10.3390/v18020230

https://doi.org/10.3390/v18020230


Viruses 2026, 18, 230 9 of 17

and display altered stress- and proliferation-associated signaling, including NF-κB activity
and inducible expression of differentiation- and stress-responsive factors such as GADD153
(CHOP) and C/EBPβ (NF-IL6) under defined conditions [49–52]. Thus, while Ca2+ treat-
ment recapitulates many differentiation-associated changes in HaCaT cells (morphology
and marker expression), they retain proliferative capacity, unlike normal keratinocytes [32].
This unique property may be informative for modeling dysregulated differentiation in
disease. Nevertheless, the ability to reversibly toggle HaCaT cells between basal and
differentiated states by modulating Ca2+ levels is highly advantageous for studying aspects
of early keratinocyte differentiation events and signaling pathways. Increased Ca2+ drives
a shift from basal to differentiated phenotypes over time, particularly as cultures approach
confluence [32]. Conversely, maintaining low Ca2+ and subconfluent densities preserves
a basal, highly proliferative state and high transfection competence (see below). These
insights guided our strategy of using low-Ca2+, subconfluent HaCaT cultures for DNA
transfection in HPV replication assays, while exploiting high-Ca2+ conditions to probe
differentiation-associated changes in viral replication.

3.3. Transfection Efficiency in HaCaT Cells

Consistent with previous reports and our preliminary data, HaCaT cells displayed
relatively low plasmid transfection efficiencies, typically 20–30% and rarely exceeding ~50%
GFP-positive cells even under optimized conditions [9].

Multiple factors contribute to this difficulty, including the cells’ differentiation state
and sensitivity to transfection reagents. Indeed, prior studies have noted that many chemi-
cal transfection methods can induce keratinocyte differentiation or cell death [28]. In our
initial trials, standard liposome-based kits used according to manufacturer instructions
yielded poor DNA uptake in HaCaT cells. Hence, we systematically explored various
conditions to optimize transfection (see Section 2 for details). Critical measures included (i)
maintaining cells in an undifferentiated basal state at the time of transfection (in low-Ca2+

medium at a proliferative density, ~30–50% confluency); (ii) forming lipid–DNA complexes
in serum-free Opti-MEM and replacing with complete medium (either low or high Ca2+)
after 4–6 h; and (iii) empirically refining reagent-to-DNA ratios.

To attempt to maximize transfection efficiency and minimize HaCaT cell toxicity,
we compared three commercial transfection reagents (Lipofectamine-3000, TransIT-X2,
FuGENE 6) across two seeding densities (150,000 vs. 250,000 cells per well) and two Ca2+

concentrations [0.06 vs. 1.8 mM]. The outcomes, summarized in Figure 3A–L, showed clear
advantages to transfecting HaCaT in low-Ca2+ conditions.

Morphologically, cells transfected in low-Ca2+ medium remained flatter and less differ-
entiated in appearance post-transfection, with fewer dead or detached cells
(Figure S1A,B,E,F,I,J). In contrast, parallel cultures transfected in high-Ca2+ [1.8 mM] ex-
hibited more rounded, refractile morphologies and substantial cell loss at higher densities,
particularly when using Lipofectamine 3000 and TransIT-X2 (Figure S1C,D,G,H). FuGENE
6 was comparatively gentler and preserved cell integrity even in high Ca2+ (Figure S1I–L).
Across all reagents and densities, low-Ca2+ cultures yielded healthier cells and higher
transfection rates, consistent with prior observations that basal-state HaCaTs show superior
transgene uptake [28].

Quantitatively, each reagent performed best in low-Ca2+ cultures seeded at 30–50%
confluency. In low Ca2+, Lipofectamine 3000 (Figure 3A,B) and TransIT-X2 (Figure 3E,F)
gave comparable efficiencies, which dropped sharply when cells were pre-differentiated
in high Ca2+ (Figure 3C,D,G,H). FuGENE 6 achieved a modest peak (~16% GFP-positive)
in 150K low-Ca2+ cultures (Figure 3I) but was poor in other conditions (Figure 3J–L).
TransIT-X2 yielded the highest efficiency overall, reaching ~28% GFP-positive cells in 150 K
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low-Ca2+ cultures in 24-well plates (Figure 3E), and was therefore chosen for subsequent
DNA replication assays. FuGENE 6, while less efficient, caused the least overt cell stress
and may be suitable where maximal viability is paramount.

 

Figure 3. Optimization of transfection efficiency in HaCaT cells under varying calcium concentrations
and cell densities. HaCaT cells maintained for ≥3 passages in DMEM containing either low calcium
[0.06 mM Ca2+] or high calcium [1.8 mM Ca2+] (see Section 2) were used to assess the effects of
calcium concentration and cell density on DNA transfection efficiency. Fluorescence microscopy
was performed using DAPI (magenta) and FITC (green) filters and the representative images shown
are DAPI-FITC overlays. Scale bar = 100 µm. Three commercial reagents were tested: (A–D)
Lipofectamine-3000, (E–H) TransIT-X2, and (I–L) FuGENE 6. Cells were seeded in 12-well plates
at ~1.5 × 105 cells per well ((A,E,I) = grown and transfected in low Ca2+ and (C,G,K) = grown
and transfected in high Ca2+) or at ~2.5 × 105 cells per well ((B,F,J): low Ca2+; (D,H,L): high Ca2+),
corresponding to ~30–50% confluence. Each well received 1 µg of a CMV-GFP reporter plasmid
complexed with each reagent at the manufacturer’s recommended reagent: DNA ratio. (A–D)
Lipofectamine 3000. The highest transfection efficiency (~24% GFP+) was obtained at 2.5 × 105 cells
in low Ca2+ (panel (B)). Cells in low Ca2+ (A,B) showed higher viability than those in high Ca2+ (C,D)
(Supplementary Figure S1A–D). (E–H) TransIT-X2. Transfection efficiency peaked at ~24–28% in low-
Ca2+ conditions (panels (E,F)) and decreased under high Ca2+ (G,H). Cell morphology and survival
were superior in low-Ca2+ cultures (Supplementary Figure S1E–H) (I–L). FuGENE 6. The best
efficiency (~16% GFP+) was observed at 1.5 × 105 cells in low Ca2+ (panel (I)), with reduced efficiency
at higher density or in high Ca2+ (J–L). FuGENE 6 produced the least overt cytotoxicity, and cells
remained largely intact in both calcium conditions (Supplementary Figure S1I–L), although overall
transfection efficiencies were lower than those obtained with Lipofectamine 3000 and TransIT-X2.
White bars in the lower right corners represent 100 µm.

To further improve performance, we optimized reagent–DNA ratios using a CMV-
GFP reporter (1 µg DNA per well) in HaCaT cells seeded at 150K per 12-well in low-
Ca2+ medium (Figure 4). Optimal ratios were ~3:1 for Lipofectamine 3000 (3 µL Lipofec-
tamine + 3 µL P3000 per 1 µg DNA; Figure 4A–C), 4:1 for TransIT-X2 (4 µL per 1 µg DNA;
Figure 4D–F), and 4–5:1 for FuGENE 6 (4–5 µL per 1 µg DNA; Figure 4G–I).
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Figure 4. Optimized transfection efficiency in HaCaT and AD293 cells using three transfection
reagents. HaCaT cells were cultured for at least three passages in Dulbecco’s Modified Eagle Medium
(DMEM) containing low calcium [0.06 mM Ca2+] before initiating these experiments. For transfection
experiments, HaCaT (A,B,D,E,G,H) and AD293 (C,F,I) cells were seeded at 1.5 × 105 cells per well
in 12-well plates and incubated overnight at 37 ◦C in 5% CO2. HaCaT cells were maintained in
low-calcium [0.06 mM Ca2+] medium, whereas AD293 cells were maintained in complete DMEM
[1.8 mM Ca2+]. Three commercial transfection reagents were evaluated: (A–C) Lipofectamine 3000
(LF-3000), (D–F) TransIT-X2, and (G–I) FuGENE 6. For each reagent, cells were transfected in the
absence or presence of plasmid DNA encoding GFP as follows: LF-3000: (A) 0 µg; (B,C) 1 µg with
3 µL-P3000 reagent and 3 µL LF3000; TransIT-X2: (D) 0 µg; (E,F) 1 µg with 4 µL-TransIT-X2; FuGENE
6: (G) 0 µg; (H,I) 1 µg with 4 µL-FuGENE 6. Lipid–DNA complexes were prepared in 100 µL Opti-
MEM and added dropwise to each well with gentle agitation. Cells were maintained in 2 mL growth
medium (low- or high-Ca2+ as appropriate). After 6 h, the medium was replaced with fresh low- or
high-Ca2+ medium, and incubation continued for 72 h post-transfection. Fluorescence microscopy
was performed using DAPI (magenta) and FITC (green) filters, and representative images shown
are DAPI-FITC overlays. White scale bars in lower-right corners = 100 µm. Transfection efficiency
was quantified using ImageJ. These optimized transfection conditions for all three reagents were
empirically determined (see Supplementary Figures S2–S4).

These conditions consistently produced the highest GFP-positive fractions. More
extensive titration data are provided in Figures S2–S4. By refining growth conditions and
reagent ratios, we developed a reproducible protocol achieving ≥50% transfection effi-
ciency in HaCaT while maintaining viability, which is critical for plasmid-based molecular
studies. Pseudovirus- and quasivirus-mediated delivery can achieve near-uniform infection
of HaCaT cells and efficient infection of primary keratinocytes, providing a highly physio-
logical means of genome delivery; however, these systems have not yet been adapted for
scalable, quantitative, origin-dependent replication assays analogous to transient replicon
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format [53]. Although electroporation or viral vectors could further improve efficiency [28],
our aim was to devise a simple, scalable, plate-based protocol compatible with 96-well
formats used for high-throughput HPV and PyV replication assays [54].

3.4. DNA Replication Assay Validation

To quantify viral DNA replication, we employed a dual-luciferase reporter assay
in which Firefly luciferase (FFluc) is encoded in cis with a viral origin of replication,
with a Renilla luciferase (RLuc) plasmid lacking an ori co-transfected as a control [16].
In this system, viral replication (driven by the viral replication proteins, HPV E1/E2 or
polyomavirus large T antigen) is measured by FFluc signal relative to RLuc. The increase
in FFluc signal is dependent on the replication of the ori-linked reporter plasmid, resulting
in a greater number of FFluc-encoding plasmids thereby amplifying the FFluc signal.

We validated the assay in C33A cervical epithelial cells. Co-transfection with SV40 or
HPV plasmids produced robust replication signals when 2.5 or 10 ng of wild-type LT or E1
were expressed, with the 10 ng condition defined as 100% replication (Figure 5A). Treatment
with the DNA polymerase inhibitor aphidicolin (5–50 µM) reduced the FFluc/RLuc ratio
by >50%, consistent with the known requirement of DNA polymerase-dependent episomal
replication. These results are consistent with previous results using these luciferase-based
replication assays [16,21,54].

Applying the optimization of transfection for HaCaT cells, we showed that under low-
Ca2+, subconfluent conditions, HPV11 origin-dependent replication produced increases
in FFluc/RLuc (the lower absolute induction levels were lesser than in C33A cells, likely
reflecting the differences in transfection efficiency). Episome replication in HaCaT was
dose-responsive, increasing with escalating E1 expression (2.5, 5, and 10 ng E1) and was
highly reproducible across experiments, consistent with published studies on this system
in other cell types [16,55,56]. Thus, HaCaT maintained in the basal proliferative state can
support transient papillomavirus origin-and E1-dependent DNA replication, consistent
with previous reports using these dual-luciferase systems [16,56–58]. Viral DNA repli-
cation in HaCaT cells was compared under low- and high-Ca2+ levels. Using 25K cells
per well, we performed replication assays in cells grown and transfected in either low
[0.06 mM] or high [1.8 mM] Ca2+ medium (Figure 5B). Remarkably, HaCaT cells cultured
and transfected under high Ca2+ showed an ~1.8-fold increase in HPV11 origin-dependent
replication activity compared with low-Ca2+ cells, despite lower transfection efficiency in
high Ca2+. This suggests that elevated extracellular Ca2+, which promotes keratinocyte
differentiation, facilitates increased viral DNA replication per transfected genome. The
magnitude of this enhancement is smaller than the ~3–5-fold differentiation-dependent
“amplification” reported in HPV stable episome systems [59–61]. This difference likely
reflects the fact that stable episome systems are uniformly HPV-positive, whereas transient
transfection assays interrogate replication in only a subset of cells, thereby constraining
the apparent dynamic range. Whether this modest increase reflects early components of
differentiation-associated amplification observed in stable episome systems remains to be
determined, as such effects have not previously been detected in transient transfection
assays. Nevertheless, these initial findings indicate that Ca2+-induced differentiation can
modulate replication in a short-term transfection of HaCaT cells and raise the possibility
that Ca2+-induced differentiation can modulate early episomal replication in HaCaT cells,
while later amplification stages are expected to require stratified three-dimensional models.
A transfectable system that recapitulates HPV genome amplification would be a useful tool
for studying requirements for amplification.
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Figure 5. DNA replication efficiency in C33A, HaCaT, and AD293 cells at different calcium levels.
HaCaT keratinocytes were maintained for ≥3 passages in DMEM containing either low [0.06 mM] or
high [1.8 mM] Ca2+ and used for transient replication assays. C33A and AD293 cells were cultured in
standard DMEM [1.8 mM Ca2+] and seeded at 25,000 cells per well in 96-well plates. A dual-luciferase
plasmid replication system was used to quantify replication from SV40 (blue) and HPV11 (orange)
origins. (A) Basic replication assay in C33A cells. Cells were transfected with 2.5 or 10 ng of the SV40
large T antigen expression plasmid (pLT) or HPV11 E1 expression plasmid (p11E1), together with
2.5 ng of the corresponding origin-containing vector (pFLORI40 or pFLORI11), 7.5 ng of HPV11 E2
expression plasmid (p11E2, for HPV11 assays), and 1 ng of Renilla luciferase plasmid (RLuc) as an
internal control. pUC19 carrier DNA was added to bring the total DNA to 100 ng per well. Maximum
replication was observed at 10 ng LT or E1 in both C33A and AD293 cells, and relative replication
efficiency was expressed as the percentage of the signal at this condition. To assess dependence on
host DNA polymerases, aphidicolin was added immediately after the 4–6 h transfection period at 0,
5, 10, or 50 µM in parallel assays. (B) Replication assays in HaCaT and AD293 cells. Conditions were
optimized to achieve ≥50% transfection efficiency in HaCaT, comparable to AD293. Assays were
performed in triplicate using HaCaT cells grown in low or high amounts of Ca2+ and AD293 cells in
standard DMEM. Cells were transfected with 2.5 (white), 5 (grey), or 10 ng (black) p11E1, plus p11E2,
pFLORI11, and RLuc at optimized ratios. DNA replication was both ori- and LT/E1-dependent in all
three cell lines (C33A, AD293 and HaCat). At 72 h post-transfection, firefly and Renilla luciferase
activities were measured using the Dual-Luciferase Reporter Assay System. Relative replication
efficiency in HaCaT cells was normalized to the 10 ng E1 condition in low-Ca2+ HaCaT, defined
as 100%.

Collectively, our data demonstrates that HaCaT cells provide a physiologically relevant
in vitro model for transient HPV DNA replication assays. When maintained in a low-Ca2+,
subconfluent state, they support robust origin-dependent replication, and when shifted to
high Ca2+ they reveal differentiation-linked enhancements in replication efficiency. This
positions HaCaT as a useful platform for investigating both calcium- and differentiation-
dependent regulation of HPV DNA replication in keratinocytes.

4. Conclusions
Overall, our findings show that modulation of extracellular Ca2+ enables a controlled

comparison of basal and differentiation-associated states in HaCaT-based replication assays.
Low Ca2+ preserves a basal, proliferative phenotype that is more amenable to plasmid
uptake, whereas high Ca2+ induces differentiation, alters morphology, and shifts keratin
expression (↑KRT1, ↓KRT5) without enforcing cell-cycle exit in this immortalized line [32].
Our optimized protocols (subconfluent seeding, basal medium, reagent titration) yielded
transfection efficiencies near the upper end of reported values (~50% with Lipofectamine
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3000 and TransIT-X2), including in HaCaT cells maintained under high-Ca2+ conditions.
These parameters enabled robust HPV11 and SV40 DNA replication assays using dual-
luciferase readouts, with kinetics and quantitative behavior comparable to established
systems [16].

We also emphasize an important limitation: unlike normal keratinocytes, HaCaT
differentiation is not tightly coupled to cell-cycle withdrawal [32]. Accordingly, while
this model is well suited for studying episomal replication and early viral processes, it is
less appropriate for late events requiring full stratification and barrier formation. Under
defined culture conditions, HaCaT cells therefore provide a flexible experimental platform
for probing early stages of the HPV life cycle. Finally, the ~1.8-fold increase in HPV11
replication observed under high-Ca2+ conditions highlights the utility of this system for
dissecting differentiation-associated regulation of early episomal replication.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/v18020230/s1, Table S1: Previously studied calcium-induced
marker expression in HaCaT cells [7,8,24,32,34–38]; Table S2: Previous lipid based transient transfec-
tion studies in HaCaT cells [9,27,39–41]; Table S3: Use of HaCaT cells in previous HPV Replication
Studies [12,42–48]; Figure S1: (A–L) Effect of calcium concentration, cell density, and transfection
reagent on DNA delivery efficiency in HaCaT cells; Figure S2: (A–F) Optimization of Lipofec-
tamine 3000 (LF3000)–mediated transfection in HaCaT cells under low-calcium conditions; Figure S3:
(A–F) Optimization of TransIT-X2–mediated transfection in HaCaT cells under low-calcium condi-
tions; Figure S4: (A–H) Optimization of FuGENE 6–mediated transfection in HaCaT cells under
low-calcium conditions.
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Abbreviations
The following abbreviations are used in this manuscript:

HPV Human papillomavirus
PyV Polyomavirus
ORI/ori Origin of DNA replication
GFP Green fluorescence protein
KRT Keratin
C33A human cervical squamous cell carcinoma cell line (-HPV)
HEK293 Human embryonic kidney (transformed with adenovirus DNA)
CIN612 human cervical epithelial cell line infected with Human Papillomavirus type 31 (HPV-31).
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