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a b s t r a c t

The spontaneously immortalized human keratinocyte cell line HaCaT is widely used as a human ker-
atinocyte model. In a previous comparative study between normal human keratinocytes (NHKs) and
HaCaT, we reported that Ca2+ concentrations greater than 1 mM induced differentiation in vitro in both
cell types, notably characterized by increased expression of differentiation markers keratins 1 (K1), 10
(K10) and involucrin. Surprisingly, cells had a higher proliferative activity than those cultured with low
Ca2+ levels. These results raised many questions; in particular concerning the emergence of HaCaT cells
subpopulation which would have different differentiation states and/or proliferation rates throughout
Ca2+-induced differentiation. To isolate these subpopulations, we used sedimentation field-flow frac-
tionation (SdFFF). Results demonstrated that the most differentiated cells (HC-F1), characterized by the
highest expression of keratinocyte differentiation markers, had the lowest proliferative activity. In con-

trast, less differentiated cells (HC-F2) maintained a higher proliferative activity. SdFFF is a tool to sort
differentiated and/or proliferating cells from a total pool previously treated with a Ca2+ concentration
inducing differentiation, and can be use to prepare biological models necessary for studying HaCaT cell
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. Introduction

In vitro, the normal human keratinocyte (NHK)
roliferation–differentiation switch is tightly regulated by extra-
ellular calcium (Ca2+) concentration. Normal human keratinocytes
NHKs) grow optimally when they are cultured in a medium having
Ca2+ concentration less than 0.1 mM [1]. Calcium addition (upto
mM) to cultures leads to induction of differentiation, correlated
ith a reduction in cell proliferation and progressive G1 cell cycle

rrest [2]. Ca2+-induced differentiation is notably characterized
y a series of coordinated morphological changes, such as stratifi-

ation and desmosome formation [3,4]. These events are coupled
ith the expression of keratins 1 (K1) and 10 (K10), the earliest
arkers of terminal differentiation [5,6] principally localized in

he upper layers of spinous cells [7], subsequently followed by
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increased expression of involucrin [8], localized in the lowest
layers of spinous cells as well as in the granular layer [9,10].

As NHKs cultured in an appropriate medium provide an ideal
experimental system to study mechanisms implicated in the
growth-differentiation switch in vitro, their use can be limited due
to the complexities involved in their cultivation, recovery from
donors, low number of passages, due to their restricted number
of cellular divisions, and fibroblast co-culture. The use of a cell
line such as the spontaneously immortalized keratinocyte cell line
HaCaT would overcome these inconveniences. It has been reported
that the HaCaT cell line was able to differentiate and form a strat-
ified epidermal structure [11]. Like NHKs, when HaCaT cells were
cultured in low calcium (LC, <0.1 mM) medium, differentiation was
induced with confluence state [12–15]. It was also demonstrated

that HaCaT cells, cultured in a keratinocyte serum free medium con-
taining high calcium (HC, 1.2 mM) concentration, had a high rate of
proliferation, compared to cells cultured with low calcium (opti-
mal culture conditions: LC, 0.09 mM) [14,16]. On the other hand,
in high calcium medium-cultured HaCaT cells (HC), this increased

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:serge.battu@unilim.fr
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Fig. 1. Preparation of different HaCaT cell subpopulations, ranging from LC (control:
low Ca2+ level) to HC (treated cells: high Ca2+ level). After 7 days culture, cells were
052 L. Micallef et al. / J. Chrom

roliferation did not prevent differentiation, as shown by an
ncrease in K1, K10 and involucrin expression [14]. These results
ppeared surprising and raised the following questions: (1) how
ould Ca2+-induced differentiation be associated with a prolifer-
tive activity higher than in LC conditions? (2) In this particular
ontext, was it possible that differentiated cells continued to pro-
iferate when logically, differentiated cells lose this ability? Could
his be due to the emergence of several sub-cellular populations
hroughout Ca2+-induced differentiation? In this paper, we wanted
o determine whether several sub-cellular populations existed, in
rder to confirm if proliferative activity could be attributed to dif-
erentiated or undifferentiated cells.

Cell separation methods play an increasing role in many
omains such as cell biology, molecular genetics, cellular ther-
pies or clinical diagnostics [17–24]. Sedimentation field-flow
ractionation (SdFFF) is a gentle, non-invasive and tagless method.
hese advantages are based on the drastic limitation of cell-solid
hase interaction by the use of (1) a specific separation device:
mpty ribbon-like channel without stationary phase; and (2) a
evice setup allowing the “Hyperlayer” elution mode, a size/density
riven separation mechanism. As are many other cell separation
echniques (elutriation, microfluidic devices, . . .), the principle of
ell separation is based on physical criteria (size and density)
17,18,20,22,25], depending to the differential elution of species
ubmitted to the combined action of (1) a parabolic profile gen-
rated by flowing a mobile phase through a ribbon-like capillary
hannel; and (2) an external field applied perpendicularly to the
ow direction [26,27]. In SdFFF, a multi-gravitational external field

s generated by rotation of the separation channel in a rotor bas-
et, constituting one of the most complex devices used in FFF
eparation [17,27,28]. Since the report of Caldwell et al. [29] on
ammalian cells, FFF, SdFFF and related technologies have been

sed in many biological fields such as hematology, microorganism
nalysis, biotechnology, molecular biology, neurology and cancer
esearch [18,30–39]. Over several years, we used SdFFF in cancer
esearch to study chemical induced apoptosis or differentiation in
ancer cell lines. Different aspects have been evaluated including
1) monitoring of biological events [40–43]; (2) cell sorting of spe-
ific subpopulations such as pre-apoptotic [43], or differentiated
ells [41]; (3) kinetics of biological events using both the moni-
oring and cell separation capacities of SdFFF [44,45]; and (4) cell
orting of specific phenotypes from complex cancer cell popula-
ions such as neuroblastomas [46,47]. Recently, we also used SdFFF
o better understand the possible link between the kinetics and the
xtent of a biological event, such as apoptosis, and cell status (cell
ycle position) at the start of induction [48].

The aim of this study was to determine the correlation between
a2+-induced differentiation (HC cells), and the surprising increase

n proliferative activity. To achieve this goal, we had to sort the
ifferent subpopulations in order to (1) characterize their differ-
ntiation stage, and (2) determine proliferative activity. To do this,
dFFF was preliminarily used as a cell sorter. As we already reported
hat K1 and K10 expression increased significantly from day 3,
hereas involucrin expression increased from day 6 in HaCaT cells

ultured with 1.2 mM Ca2+ [14], we chose to cultivate HaCaT cells
or 7 days before SdFFF elution. Afterwards, differentiation was
etermined by measuring the expression of specific differentia-
ion markers K1, K10 and involucrin, by semi-quantitative RT-PCR.
ize distribution, proliferative activity, as well as cell cycle position
ere also studied on the different fractions obtained after SdFFF

orting.

Results showed that SdFFF was able to take into account the

ariation in size/density balance throughout Ca2+-induced differ-
ntiation of HaCaT cells, resulting in the isolation of a differentiated
ubpopulation having a lower proliferative activity from a less dif-
erentiated subpopulation having a higher rate of proliferation.
eluted by SdFFF and fractions analyzed for expression of differentiation markers,
cycle stage and size distribution. Fractions were also subcultured (24, 72 and 96 h)
to measure proliferative activity (MTT assay).

2. Materials and methods

2.1. Cell culture

The spontaneously immortalized human keratinocyte cell line
HaCaT was cultured in Keratinocyte Serum Free Medium (KSFM,
Gibco, Cergy Pontoise, France) already containing 0.09 mM Ca2+,
supplemented with 25 �g/mL bovine pituitary extract (BPE, Gibco),
1.5 ng/mL of recombinant epidermal growth factor (rEGF, Gibco),
100 U/mL of penicillin and 100 �g/mL of streptomycin (Gibco).
HaCaT cells were maintained in a humidified 5% CO2 atmosphere
at 37 ◦C. Before SdFFF experiments, freshly trypsinized HaCaT cells
were seeded at a density of 3 × 104 cells/cm2. After 24 h adhe-
sion, medium was removed and replaced by fresh medium. To
induce differentiation, cells were cultured during 7 days either with
high Ca2+ KSFM (HC, 1.2 mM Ca2+) or with low Ca2+ KSFM (LC,
0.09 mM Ca2+) (Fig. 1). In LC, differentiation is induced by conflu-
ence state.

2.2. SdFFF device, cell elution conditions and subpopulation
preparation

The SdFFF separation device used in this study derived from
those previously described and schematized [43,45]. The appara-
tus was composed of two 880 mm × 66 mm × 2 mm polystyrene
plates, separated by a Mylar® spacer in which the channel was
carved. Channel dimensions were 781 mm × 10 mm × 0.125 mm
with two 70 mm V-shaped ends. The measured total void vol-
ume (channel volume + connecting tubing + injection and detection
device) was 1123 ± 2 �L (n = 6). Void volume was calculated after
injection and retention time determination of a non-retained com-
pound (0.10 g/L of benzoic acid, UV detection at 254 nm). The
channel rotor axis distance was measured at r = 13.80 cm. A Waters
515 programmable HPLC pump (Waters Associates, Milford, MA,
USA) was used to pump the sterile mobile phase. Samples were
injected by means of a Rheodyne® 7125i chromatographic injec-

tor (Rheodyne®, Cotati, CA, USA). The elution signal was recorded
at 254 nm by a Waters 486 Tunable Absorbance Detector (Waters
Associates) and a M1111 (100 mV input) acquisition system (Keith-
ley, Metrabyte, Tauton, MA, USA) operated at 4 Hz connected to a PC
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omputer. A M71B4 Carpanelli engine (Bologna, Italy) coupled to a
ininvert 370 pilot unit (Richard Systems, Les Ullis, France) con-

rolled the rotating speed of the centrifuge baskets. Sedimentation
elds were expressed in units of gravity, 1g = 980 cm/s2, and calcu-

ated as previously described [36]. Cleaning and decontamination
rocedures have been previously described [17].

The optimal elution conditions (“Hyperlayer” mode) were deter-
ined experimentally and were: flow injection through the accu-
ulation wall of 100 �L HaCaT cell suspension (2.5 × 106 cells/mL);

ow rate: 0.80 mL/min; mobile phase: sterile PBS (phosphate
uffered solution), pH 7.4 (Gibco); external multi-gravitational
eld strength: 30.00 ± 0.01g (441.0 ± 0.1 rpm).

Fig. 1 summarizes the protocol used to prepare the different
tudied subpopulations. After 7 days incubation with low (LC or
ontrol cells) or high (HC or treated cells) Ca2+ concentration, HaCaT
ells (2.5 × 106 cells/mL in sterile PBS pH 7.4) were eluted result-
ng in the separation of four cell fractions collected and designated
s follows (1) TP for total peak; and (2) Fn for fraction number
ith F1, F2 and F3. Fraction collection was done for LC as follows:

P: 2–5 min/F1: 2–3 min 20 s/F2: 3 min 20 s to 4 min/F3: 4–5 min
Fig. 2A). Fraction collection was done for HC as follows: HC-TP:
–5 min/HC-F1: 2 min to 3 min 10 s/HC-F2: 3 min 10 s to 3 min
0 s/HC-F3: 3 min 50 s to 5 min (Fig. 2B). To obtain a sufficient quan-

ity of cells for cell cycle studies, size distribution analysis, culture
nd proliferative activity studies, or for quantitative RT-PCR (Fig. 1),
uccessive SdFFF cumulative fraction collections were performed
10–14).

ig. 2. Representative fractograms of HaCaT cells and fraction collection. (A) LC cells; (
electivity curve for control and treated cells. Data points are provided from three inde
erformed as described below. The mean tR was used to calculate log tR. The mean cell d
ata are shown with linear regression curve which was used to calculate the slope of th
ow injection of 100 �L cell suspension (2.5 × 106 cells/mL), flow rate: 0.8 mL/min (sterile
etection at � = 254 nm. ER corresponds to the end of channel rotation (mean externally fie
ell-accumulation wall sticking. Fraction collection: (A) TP: 2–5 min (TP = F1 + F2 + F3)/F1:
–3 min 10 s/HC-F2: 3 min 10 s to 3 min 50 s/HC-F3: 3 min 50 s to 5 min.
B 878 (2010) 1051–1058 1053

2.3. Real-time semi-quantitative reverse-transcription-PCR

Cells were cultured during 7 days either with (1.2 mM) or with-
out (0.09 mM) Ca2+ addition before being fractionated by SdFFF
(Fig. 1). Next, total RNA was extracted from each sample by
using the PureLinkTM Micro-to-Midi Total RNA Purification System
(Invitrogen, Cergy Pontoise, France), according to the manufac-
turer’s instructions. The integrity of total mRNA extracted was
evaluated with 1% agarose gel electrophoresis and quantified spec-
trophotometrically. Total RNA (1 �g) was reverse-transcribed with
SuperScriptTM Reverse Transcriptase (Invitrogen). Resulting cDNAs
were analyzed by using the Rotor-Gene 6000 (LABGENE Scien-
tific Instruments, Archamps, France) and SYBR Green SensiMix dT
mix (Quantace, London, England) according to the manufacturer’s
instructions. Briefly, the reaction mixture containing cDNA, SYBR
Green and primer mix (300 nM) was placed in each reaction tube.
The reaction conditions were set at 95 ◦C for 3 min followed by 40
cycles at 95 ◦C for 15 s and 60 ◦C for 30 s. Specific primers were
designed for qPCR with Beacon Designer software (Bio-Rad, Her-
cules, CA, USA, Table 1) and their efficiency was calculated by using
cDNA dilution curves and linear regression.

None of the primer sequences showed genomic cross reac-
http://www.ncbi.nlm.nih.gov/BLAST/). The cycle threshold (Ct) val-
ues of the gene of interest (gi) were correlated to the amount of
targeted mRNA. For normalization, one housekeeping gene (hg)
was chosen among d-glyceraldehyde-3-phosphate dehydrogenase

B) HC cells; (C) superposition of LC and HC profiles; (D) experimental SdFFF size
pendent SdFFF elution for concordant LC and HC cells. Fraction collections were
iameter, measured by Coulter Counter, was used to calculate log d. Experimental
e curve—Sd, where Sd (SdObs) is the size selectivity coefficient. Elution conditions:
PBS, pH 7.4); external multi-gravitational field: 30.00 ± 0.01g, spectrophotometric
ld strength = 0g). RP: residual signal corresponding to the release peak of reversible
2–3 min 20 s/F2: 3 min 20 s to 4 min/F3: 4 min to 5 min. (B) HC-TP: 2–5 min/HC-F1:

http://www.ncbi.nlm.nih.gov/BLAST/
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Table 1
Expression of terminal differentiation markers at the mRNA level in NHK and in HaCaT cells. The SyBR Green primer sequences (FP forward, RP reverse) used in specific
semi-quantitative reverse-transcription/polymerase chain reactions for K1, K10, involucrin and hypoxanthine phosphoribosyl transferase (HPRT) were designed with Beacon
Designer software (Biorad). d-Glyceraldehyde-3-phosphate dehydrogenase primers were as described in [14].

Marker Primer pair GenBank accession number

K1 FP: 5′ ATTTCTGAGCTGAATCGTGTGATC 3′ RP: 5′ CTTGGCATCCTTGAGGGCATT3′ BC063697
K10 FP: 5′ TGATGTGAATGTGGAAATGAATGC 3′ RP: 5′ GTAGTCAGTTCCTTGCTCTTTTCA 3′ NM 000421

′ ′ ′ GCCA ′
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Involucrin FP: 5 GGGTGGTTATTTATGTTTGGGTGG 3 RP: 5
HPRT FP: 5′ GGACAGGACTGAACGTCTTGCT 3′ RP: 5′AA
GAPDH FP: 5′ TGCACCACCAACTGCTTAGC 3′ RP: 5′ GGCA
UBC FP: 5′ ATTTGGGTCGCGGTTCTTG 3′ RP: 5′ TGCCT

GAPDH), hypoxanthine phosphoribosyl transferase (HPRT) and
uman ubiquitin (UBC) and amplified in the same assay, after Ct
rocessing with a geNorm algorithm [49]. The Ct(hg) value was
ubstracted from the Ct(gi) value to give rise to �Ct, which repre-
ented the relative amount of gi transcripts. The fold increase was
hen calculated as 2−��Ct, by comparing each sample vs. reference
rom the ��Ct value (�Ctgi[sample] − �Ctgi[control]). Reference
orresponded to HC-TP.

.4. Proliferative activity assay

To evaluate proliferative activity of the different fractions, the
TT colorimetric assay was performed as described by Mosmann

50]. This test is based on the selective ability of cells which
onserve a metabolic activity to reduce the yellow salt MTT
3-(4,5-dimethylthiazol-2-yl-2,5-diphenyltetrazoliumbromide)]
Sigma, Saint-Quentin Fallavier, France) to a purple–blue insoluble
ormazan precipitate. MTT was dissolved in PBS at 5 mg/mL.
xperiments were performed in 100 �L medium in 96-well plates.

Briefly, cells were cultured during 7 days either with (1.2 mM) or
ithout (0.09 mM) Ca2+ addition before being fractionated by SdFFF

Fig. 1). Afterwards, each fraction containing cells was counted by
he trypan blue dye exclusion method before being strictly seeded
t the same density (3 × 103 cells/well) for further proliferative
ctivity comparisons. After 24, 72, and 96 h incubation, stock MTT
olution (10/100 �L medium) was added and plates were incubated
t 37 ◦C for 4 h (Fig. 1). Then, 100 �L sodium dodecyl sulfate (SDS;
igma; 10% in 0.01 M HCl) was added to each well and the amount
f formazan formed was obtained by scanning with an ELISA reader
t 550 nm. Six wells per dose and time point were counted in the
ifferent experiments.

.5. Analysis of DNA content by flow cytometry

Cells were cultured during 7 days either with (1.2 mM) or with-
ut (0.09 mM) Ca2+ addition before being fractionated by SdFFF
Fig. 1). Then, each cell sample was fixed in 1 mL cold 70% ethanol
n PBS, washed in PBS and stained with Propidium Iodide (PI,
0 �g/mL final concentration). Flow cytometric analyses were per-
ormed as previously described [51] using a FACS Vantage cell
orter (Becton-Dickinson, San Jose, CA) equipped with a 488 nm
rgon laser. For each sample, the forward vs. right-angle scatter
ytogram was used to exclude debris and aggregates. A minimum
f 2 × 104 cells were analyzed with linear amplification for PI flu-
rescence that was collected with a 600 nm long pass filter. Cell
istribution in the different phases of the cell cycle was estimated
sing ModFit LTTM (Verity Software House, Inc., Topsham, ME).

.6. Coulter Counter
A 256 channel Multisizer II Coulter Counter (Beckman Coulter,
ullerton, CA) was used to determine the mean cell population
iameter. Cells: crude population or SdFFF collected fraction were
iluted in Isoton® to a final volume of 15 mL. The counting con-
GGTCCAAGACATTCAAC 3 BC046391
TTTATAGCCCCCCTTGA 3′ NM 000194
CTGTGGTCATGAG 3′ BC020308

ATTCTCGATGGT 3′ M26880

ditions were 500 �L sample volume, cumulating three successive
assays. Results are displayed as the mean ± SD.

2.7. Statistical analysis

The medians and standard deviations (SD) were calculated
using Excel software (Microsoft, Version 2002). Statistical analy-
ses (Statview, Version 5.0) of differences between fractions were
carried out by ANOVA test. For real-time semi-quantitative reverse-
transcription-PCR experiments, significance was calculated from
�Ct values. Standard deviations were calculated as described above
[14]. Both parameters are given on graphs illustrating a “rate of
expression”. Asterisks correspond to p-values of LC TP, F1, F2 and
F3 vs. HC TP. *p < 0.05; **p < 0.01; ***p < 0.001. A value of p < 0.05 was
considered statistically significant.

3. Results and discussion

3.1. SdFFF cell elution and fraction collection

As previously described [17,47,52], the elution mode of cells
is described as “Hyperlayer”, a size/density dependent cell elu-
tion mode [27,29,53–57], which predicts that large and weaker
cells are focused in faster streamlines to be eluted first. Cells are
focused in a thin layer away from the accumulation wall enhanc-
ing subpopulation sorting and reducing cell-accumulation wall
interactions. Hyperlayer elution allowed cell sorting taking into
account many specific considerations such as (1) respect of cell
functional integrity; (2) providing a high level of short and long
term cell viability without induction of apoptosis; (3) not altering
the maturation and differentiation stages of eluted cells; and (4)
providing high repeatability, reproducibility and recovery. Device
setup, elution conditions, as well as cleaning and decontamina-
tion procedures [17] were optimized to enhance the “Hyperlayer”
elution mode. The different average velocities, and the retention
order of different species were compared by means of the observed
retention ratio Robs (retention ratio Robs = void time vs. retention
time = t0/tR [57,58]).

Fig. 2A–C displays representative fractograms of HaCaT cells
which consisted of two peaks, the first corresponding to the void
volume peak (Robs ≈ 1). The void volume was essentially due to
the UV absorbance of components such as residual trypsinization
and culture medium, cell fragments, proteins or organelles which
were not retained. Nevertheless, the use of flow injection process
lead to the presence of few cells [17]. The second corresponding
to the cell species with Robs = 0.374 ± 0.015 (n > 15) for LC (Fig. 2A)
and Robs = 0.396 ± 0.016 (n > 15) for treated cells (Fig. 2B). As pre-
viously described [4,6,7,10,18,25,39], the external field and flow
rate dependence of Robs is one of the most important parameters

to confirm the “Hyperlayer” elution mode. The Robs values depend
on conditions and culture time [42]. Results displayed in Table 2
demonstrated the external field and flow rate dependence of Robs
for LC and HC populations. Besides the field or flow dependence of
Robs, the “Hyperlayer” elution mode description also predicted that
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Table 2
Variation of the retention ratio Robs of HaCaT cells. Elution conditions: flow injection
of 100 �L HaCaT cells (2.5×106 cells/mL), mobile phase: sterile PBS pH 7, spec-
trophotometric detection at � = 254 nm. Results were expressed as mean ± SD for
n = 3 (independent SdFFF injection).

External field

20g 30g 40g

Flow rate (mL/min)

1.0 0.8 0.6
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then separated in three fractions: HC-F1, -F2 and -F3 (Figs. 1 and 2).
LC 0.603 ± 0.012 0.374 ± 0.015 0.251 ± 0.013
HC 0.604 ± 0.013 0.396 ± 0.016 0.254 ± 0.015

amples were not in close contact with the accumulation wall. By
sing the following equation [40,42,53],

= 6 s

ω
(1)

here R is the retention ratio, ω is the channel thickness (125 �m),
nd s the distance of the center of the focused zone from the chan-
el wall [53], we calculated the approximate average cell elevation
s) using Robs values. The LC and HC average s were respectively
.80 and 8.25 �m. The mean cell diameter was 14.67 ± 0.15 �m
control), and 14.90 ± 0.15 �m for treated cells (n = 6, Coulter
ounter). Thus, as cell radii (a) were less than s: 7.33 < 7.80 �m
LC) −7.45 < 8.25 �m (HC); the HaCaT cell “Hyperlayer” elution was
onfirmed.

As described above, “Hyperlayer” elution reduced harmful
ell/accumulation wall interactions which was demonstrated in
art by the low level of the corresponding cell release peak observed
t the end of fractogram (RP, Fig. 2A and B), when the external field
as turned off (ER: mean external field = 0.00g).

As widely described [40–44,59], a shift in Robs between control
nd treated cells is a proof of biological event induction. In the case
f Ca2+-induced differentiation of HaCaT cells, we observed only a
light shifting of Robs values in comparison to that of observed for
EL (human erythroleukemia cell line) cells for which we observe

hat Robs increase from 0.353 to 0.395 only after 24 h incubation
ith diosgenin [44]. After 96 h incubation the difference between

obs reached 0.100 units [41]. Thus, in the case of HaCaT cells only a
mall size increase was observed, leading to minor changes in Robs
Fig. 2C).

Then, we analyzed the change of the size/density balance ratio
hroughout differentiation. As previously described [41,43,60], size
electivity was experimentally established, by using the following
quation [61]:

og tr = −Sd log d + log tR1 (2)

here −Sd, the slope of the graph, represents the selectivity coef-
cient; tr is the retention time, d the mean cell diameter and tR1
constant value, equal to the retention time of a 1 �m particle. It
as been demonstrated [61] that in the case of elution of a popu-

ation containing particles of different sizes, but analogous density
rofiles, the size selectivity curve is a straight line. As previously
escribed [41,43,60], by using fraction collection (Fig. 2A and B)
nd the Coulter Counter, we established experimental size selec-
ivity curves (Fig. 2D) in order to calculate an observed Sd value:
dObs, which could be used to compare different devices, elution
onditions, or to compare the impact of biological event induction
n the size/density equilibrium [41,43].
In the case of LC cells, the size selectivity curve was a straight line
r = 0.991), allowing the calculation of a high SdObs = 7.18 (n = 3). For
C cells the size selectivity curve was also a straight line (r = 0.991),
iving SdObs = 5.00 (n = 3) (Fig. 2D). SdObs is defined as the slope of
B 878 (2010) 1051–1058 1055

the graph given by Eq. (3),

Sd =
∣
∣
∣

d log(tr)
d log(d)

∣
∣
∣ (3)

The difference between these populations was essentially linked
to the dlog(d), where the difference in diameter between the begin-
ning and end of the fractogram was ≈1.60 �m for HC cells, reducing
SdObs, and only ≈1.00 �m for LC. Principal differences specifically
concerned F1, with an increase of ≈0.5–0.6 �m in diameter for HC
cells compared to LC, while F2 and F3 did not have significant dif-
ference in size (Fig. 2D). Therefore, the effect of differentiation on
the size/density balance ratio seemed to concern essentially F1 of
HC cells.

In light of the results concerning (1) Robs field and flow depen-
dence; (2) s > a; (3) the linear size selectivity curve and high
value for SdObs; and finally (4) low levels of reversible cell release
(Fig. 2A–C); we could assume that HaCaT cells eluted under the
“Hyperlayer” mode.

From a biophysical point of view, SdFFF takes into account the
change in the size/density balance induced by Ca2+ treatment. As
shown in Fig. 2B, four cell fractions were collected from HC popula-
tion (1) the total peak fraction (TP) which corresponded to the total
HaCaT population eluted; and (2) peak fractions 1, 2 and 3 (HC-Fn)
which are the time-dependent collected fractions of the retained
peak profile.

Cell differentiation marker expression, proliferative activity and
cell cycle analysis were conducted both on SdFFF eluted fractions
and on crude populations (Fig. 1) in order to determine whether
SdFFF enhanced separation of a population of interest, in particular
if we were able to sort cells with different maturation stages and if
they expressed differences in proliferative activities.

3.2. Fraction characterization

3.2.1. Semi-quantitative RT-PCR
Semi-quantitative RT-PCR was used to measure mRNA levels

of K1, K10, and involucrin in HaCaT cells after SdFFF [14]. Keratin
genes code for intermediate filament proteins. K1 and K10 form
a differentiation-specific keratin pair. When basal keratinocytes
become committed to terminal differentiation, they stop dividing
and move into the suprabasal compartment. They then express K1
and K10 as the predominant keratin pair [7]. The involucrin gene
codes for a precursor protein of the cornified envelope, synthe-
sized in cells of the upper spinous and granular layers. In HaCaT
cells cultured with 1.2 mM Ca2+, K1 and K10 expression increased
significantly from day 3, whereas involucrin expression increased
from day 6. In HaCaT cells cultured without Ca2+ addition (0.09 mM)
and with the same seeding density as HC (3 × 104 cells/cm2), K1,
K10 and involucrin expression increased at day 6, in agreement
with confluence state [14]. These preliminary results led us to cul-
tivate HaCaT cells for 7 days at various Ca2+ concentrations before
using SdFFF to sort cells and consequently to analyze differentiation
markers expression in the different fractions obtained.

For all experiments, results are reported by comparing mRNA
expression of each sample (LC-TP, HC-F1, HC-F2 and HC-F3) vs.
HC-TP, which was considered as the reference (Fig. 3). For all differ-
entiation markers, we systematically observed a lower expression
in LC-TP, compared with HC-TP (Fig. 3), despite the fact that LC
cultured cells reached confluence. This result confirmed that SdFFF
cell elution did not alter expression of differentiation markers such
as K1, K10 and involucrin in HC cells. Using SdFFF, HC cells were
Results demonstrated that HC-F1 systematically showed the high-
est level of transcripts, compared with HC-F2 and HC-F3. Moreover,
HC-F1 expressed a higher level of K10 and involucrin than HC-TP.
In HC-F2 and HC-F3, differentiation marker expression was lower
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Fig. 3. Analysis of differentiation markers by semi-quantitative RT-PCR. K1, K10
and involucrin expression in HaCaT cells cultured in low (0.09 mM) or high (1.2 mM)
extracellular calcium concentrations during 7 days and after SdFFF. For each marker,
mRNA levels were normalized with a house keeping gene, as described in Sec-
t
i
2
*

t
a
d

3

t
i
w
s
a

c

Fig. 4. Proliferative activity of HaCaT cells after SdFFF sorting in high (HC-TP, F1,
F2 and F3) and low (LC-TP) calcium-containing medium. Graph depicts proliferative

cells were mainly in G0/G1 (Fig. 5). These results showed that differ-
ences in proliferation between HC-F2 and HC-F3 were intrinsically
correlated with cell cycle position. Here, HC-F3 cells had a lower
rate of proliferation than HC-F2 and were mainly in G0/G1. Gen-
ion 2, and expressed in fold vs. the HC-TP value. Values represent means of three
ndependent experiments respectively for HaCaT cells ± SD as described in Section
. Asterisks correspond to p-values of LC TP, HC-F1, HC-F2 and HC-F3 vs. HC TP.
p < 0.05; **p < 0.01; ***p < 0.001.

han in HC-TP. In this context, SdFFF clearly focused differenti-
ted cells in HC-F1, characterized by the strongest expression of
ifferentiation markers K1, K10 and involucrin (Fig. 3).

.3. Proliferative activity assay

To evaluate proliferative activity of HaCaT cells after SdFFF frac-
ionation, the MTT colorimetric assay was performed as described
n the literature [50]. After SdFFF fractionation, each cell sample
as counted by the trypan blue dye exclusion method. Then, cell
amples were seeded at the same density to compare proliferative
ctivity at 24, 72 and 96 h post-seeding (Fig. 4).

For TP fractions, the higher proliferative activity of HC cells, in
omparison to LC cells [14], was confirmed and conserved after
activity in which each cell sample was plated at the same density (3 × 103 cells/cm2)
and proliferative activity (Abs550) was assessed by MTT assay 24, 72 and 96 h post-
seeding. Values represent mean ± SD of three independent cell culture experiments.

SdFFF sorting. Cells in HC-F2 grew similarly to HC-TP, demon-
strating that this fraction contained cells responsible for HC cell
proliferation (Fig. 4). This was not the case for HC-F1 for which no
proliferative activity was detected after 24 h. Despite an increase
started at 72 h, HC-F1 proliferative activity was clearly delayed
compared to F2. Finally, it appeared that HC-F3 cells had an inter-
mediate profile, characterized by an increased proliferative activity
between 24 and 72 h, but not between 72 and 96 h.

3.4. Analysis of DNA content by flow cytometry

In contrast to LC, HC cultured HaCaT cells were mainly dis-
tributed in the S/G2-M phases of the cell cycle, which correlated
with their higher proliferative activity [14]. As it had been shown
that SdFFF could separate cells according to cell cycle distribution
[48], we determined whether or not fractionation was correlated
with cell cycle distribution (Fig. 5). Results obtained for LC-TP and
HC-TP were similar to those observed previously: (1) LC cells were
mainly in G0/G1, due in part to confluence, which induced differ-
entiation [12,13,15]; (2) whereas HC cells accumulated in S/G2-M
[14]. The cell cycle profile of HC-F2 (Fig. 5) was similar to HC-TP:
cells were mainly distributed in S/G2-M, in contrast to F3, where
Fig. 5. Cell cycle distribution in HaCaT cells after SdFFF sorting. Cells were cultured
in LC (0.09 mM Ca2+) or HC (1.2 mM Ca2+) medium for 7 days. Cell cycle distribution
was determined by PI staining and FACS analysis as described in Section 2. Data are
expressed as the mean ± SD of three independent experiments.
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rally, cells in G0/G1 were smaller than cells in S/G2-M, and were
luted later by SdFFF [48]. Interestingly, HC-F1 cells, which predom-
nantly expressed differentiation markers (K1, K10, involucrin) in
orrelation with the lowest proliferative activity, were mainly in
/G2-M (Fig. 5). More than likely their cell cycle would be arrested
t this stage. Although this result appeared to be in good agreement
ith those previously obtained for HC cells [14], further studies are
eeded to validate this hypothesis.

The HaCaT cell line is routinely used as a human keratinocyte
odel in vitro. Like NHKs, HaCaT differentiation is induced either
ith confluence, when cells are cultured in a calcium free medium

12–15] or with Ca2+ concentrations superior to 1 mM [62,63].
n both cell types, Ca2+-induced differentiation is observed by an
ncreased expression of differentiation markers, such as K1, K10
nd involucrin [5–10]. In NHKs, K1, K10 and involucrin expression
ignificantly increased from the first day after Ca2+ addition. On the
ther hand, in the same conditions, increased differentiation mark-
rs in HaCaT cells are delayed: K1 and K10 increase after 3 days, and
nvolucrin increases only 6 days after Ca2+ addition [14]. Surpris-
ngly, Ca2+ leads to an increase in HaCaT proliferation, in contrast to
HKs [14]. These results led to many questions, in particular con-
erning the emergence throughout the differentiation process of
ubpopulations having different differentiation states and prolifer-
tion kinetics. We used SdFFF in order to sort cells as a function
f proliferative activity and differentiation stage. SdFFF allowed
he “Hyperlayer” elution of both LC and HC cells. SdFFF takes into
ccount the change in size/density balance induced by Ca2+. HC and
C cells displayed different size selectivity (SdObs) values, due to the
ncreased size of HC-F1 cells, while HC and LC cells eluted in F2 and
3 behaved similarly. These biophysical changes were closely cor-
elated with biological processes. HC-F1 cells expressed the highest
evels of K1, K10 and involucrin compared to HC-F2/-F3 or LC cells.
hese differentiated cells appeared to be blocked in S/G2-M, which
as in agreement with previous results obtained from the total HC
opulation [14]. This accumulation was linked to a large decrease

n proliferative activity, in particular at 24 or 48 h post-seeding. In
ontrast, HC-F2 cells, less differentiated cells, showed the highest
ate of proliferation, which was in agreement with their cell cycle
osition (S/G2-M), as cells with high proliferative activity undergo
itosis. Finally, HC-F3 cells appeared to be the least differentiated

nd least proliferative cells due to their quiescent state (G0/G1 cell
ycle position).

. Conclusion

With the aim of understanding why HaCaT cells conserved high
ate of proliferation despite Ca2+-induced differentiation character-
zed by increased differentiation marker expression [14], we tried
o demonstrate the existence of several sub-cellular populations
uring Ca2+-induced differentiation of HaCaT cells. By using the
Hyperlayer” SdFFF cell sorting method, which takes into account
ariations of the size/density balance occurring throughout differ-
ntiation, we were able to isolate subpopulations as a function of
ifferentiation stages and proliferation rate.

Taken together, results demonstrated that HC-F1 cells which
ere the most differentiated cells, with increased expression of

eratinocyte differentiation markers, had the lowest proliferative
ctivity. This result was in good agreement with the classical
escription of differentiated cells which stop proliferating. In con-
rast, less HC differentiated cells had a greater proliferative activity

han that observed in the LC population. By using SdFFF, we have a
ool to sort differentiated and proliferating cells, allowing prepara-
ion of biological models for future studies in order to investigate
ow high Ca2+ levels increase proliferation of less differentiated
ells in the HC population.
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