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TO THE EDITOR

Malignancies and infection remain frequent causes of morbidity and mortality in
immunosuppressed human kidney transplant recipients (KTRs) (Legendre et al., 2014;
Marcen, 2009). Although the goal of immunosuppression is to prolong organ graft survival,
each drug class currently utilized in patients has drawbacks. The calcineurin inhibitor (CNI)
tacrolimus is the current best drug to minimize acute organ rejection (Goring et al., 2014),
but it is associated with the highest cancer risk (squamous cell carcinoma [SCC] included)
after organ transplantation (Arichi et al., 2008; Cowlrick et al., 2008; Navarro et al., 2008).

CNIs dampen DNA repair, cell cycle checkpoint signaling, and apoptosis after ultraviolet
light exposure in cultured human keratinocytes (Ming et al., 2015; Yarosh et al., 2005). CNIs
also dampen transcription of the tumor suppressor p53 and reduce its ability to promote
keratinocyte senescence, resulting in enhanced cellular tumorigenic potential (Dotto, 2011,
Wau et al., 2010). Inhibiting calcineurin using either CNI drugs or through genetic ablation in
mice reduces keratinocyte differentiation as assessed by examining keratins 1 and 10,
loricrin, filaggrin, involucrin, p21Wafl/ciP1 ‘and p27kiPl (Pena et al., 2010; Santini et al.,
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2001). These studies were conducted by culturing keratinocytes in the presence of
immunosuppressive drugs or by using mouse or mouse-human xenograft models. The
consequences of systemic CNI exposure on the epidermis of human KTRs and on
keratinocytes derived from these patients have not been fully characterized.

The desmosomal adhesion protein desmoglein 1 (Dsgl) is emerging as a regulator of
epidermal differentiation, an important contributor to the epidermal barrier, and a key player
in keratinocyte/immune cell communication (Getsios et al., 2009; Hammers and Stanley,
2013; Harmon et al., 2013; Samuelov et al., 2013). Decreased Dsgl expression may disrupt
the keratinocyte differentiation/proliferation balance, allowing SCC initiation. We recently
showed that compared with unexposed controls, ultraviolet light-exposed primary human
keratinocytes exhibit reduced Dsgl, concomitant with decreased differentiation and
increased pro-proliferative epidermal growth factor receptor pathway signaling. Increasing
Dsgl expression, either through genetic overexpression or through treatment with a histone
deacetylase inhibitor restores differentiation and decreases pro-proliferative signaling
(Johnson et al., 2014a). Because differentiation is reduced in keratinocytes cultured with
CNIs (Pena et al., 2010; Santini et al., 2001), we hypothesized that Dsg1 as an upstream
driver of epidermal differentiation would be reduced in the epidermis of KTRs systemically
treated with CNIs compared with immunocompetent patients (ICPs). Indeed, compared with
normal human skin, KTRs on systemic CNIs exhibited reduced epidermal Dsgl expression,
which remained reduced in cultured primary keratinocytes derived from KTRs compared
with ICPs.

A total of 16 ICPs and 15 KTRs were included in this study, which was approved through
Northwestern University’s Biomedical Institutional Review Board (project numbers
STU00069552 and STU00009443). KTRs gave written informed consent for participation in
the study. The skin utilized for the ICP group was predominantly discarded tissue removed
during abdominoplasty with 2 exceptions (buttock and breast skin, see Supplementary Table
S1 online). No consent was required for use of the majority of these tissues except patient
ICP-14 who was consented since tissue was sent to pathology for processing as standard of
care. Characteristics of the 31 individuals who donated skin biopsies, including coded
patient identifier, age, sex, ethnicity, body site from which the biopsy was taken, and
immunosuppressive drug regimen of the KTRs at the time of biopsy are given in
Supplementary Table S1. The majority of the KTRs (14 of 15) were on a combination of
tacrolimus and mycophenolate mofetil at the time of biopsy, whereas one patient (KTR-11)
was on cyclosporine (another CNI) and mycophenolate mofetil. The average
immunosuppressive therapy duration at the time of biopsy was 14 months (range, 8-24
months).

The epidermal morphologies of 1 ICP biopsy (ICP-2) and all 15 KTR biopsies appeared
normal (Supplementary Figure S1 online). Histological sections from these biopsies were
stained with antibodies against Dsg1, keratin 10, E-cadherin, and plakoglobin and examined
using indirect immunofluorescence microscopy (Figure 1a). Histological samples were not
available from many of the ICPs because the samples were purchased as vials of cultured
primary keratinocytes from companies or were considered discarded tissue not archived
within Northwestern University’s Skin Disease Research Center (Supplementary Table S2
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online). Therefore, to compare epidermal Dsgl expression levels between the KTR biopsies,
normal human skin, and SCC tissues, human tissue microarrays were utilized. All samples
were analyzed for Dsg1 mean fluorescence intensity using indirect immunofluorescence
automated microscopy and analysis software (Figure 1b). Data are shown as box and
whisker plots where whiskers indicate maximum and minimum Dsgl mean fluorescence
intensity, box boundaries indicate 25% and 75% values, and the midline indicates the
median. Dsgl expression was significantly reduced in skin biopsies from KTRs compared
with normal human skin on the arrays (P = 0.013) and further reduced in the staged SCC
tissues (P < 0.006 in each stage-control comparison). Dsgl levels were not significantly
reduced in cases of basal cell carcinoma included on the tissue microarrays compared with
normal skin.

Keratinocytes cultured from all 16 ICPs and 15 KTRs (Supplementary Table S2) were
induced to undergo differentiation in a high calcium medium. Expression levels of Dsg1,
keratin 10, E-cadherin, and plakoglobin proteins 48 hours after inducing differentiation were
examined by immunoblot and quantified using densitometry followed by normalization to a
protein loading control and a reference sample loaded on each gel (Figure 2, Supplementary
Figures S2 and S3 online, and Supplementary Tables S2 and S3 online). The greater
variability in expression levels of all four analyzed proteins in cells derived from ICPs
compared with those from KTRs may reflect the different culture initiation conditions,
because ICP-derived cells were purchased from three sources compared with one source for
the KTR-derived cells. When experimental replicates of cells cultured from each individual
human skin biopsy were averaged (Figure 2a), Dsgl levels were lower in keratinocytes
derived from KTRs than those from ICPs (P = 0.049), whereas the expression levels of
keratin 10, E-cadherin, and plakoglobin were not significantly different between groups
(Supplementary Figure S2). When data points from each cell culture were considered
individually rather than being averaged (Figure 2b), Dsgl levels were significantly lower in
keratinocytes derived from KTRs compared with ICPs when cultured <5 passages or <35
days (P=10.0012). This significance was lost in keratinocytes derived from the two groups
and cultured >6 passages or >36 days (P = 0.19). Analysis in this way considers each
individual cell culture to be independent because cultured cells undergo changes and the
cells used in this study were grown for different numbers of days and passages
(Supplementary Table S2).

As a readout of whether reduced Dsgl levels correlated with reduced overall differentiation,
loricrin levels were examined by immunoblot in samples harvested 72 hours after induction
of differentiation in a high calcium medium. Indeed, fewer KTR-derived keratinocyte
samples had detectable loricrin at that time point compared with those from ICPs (19% vs.
54% of samples, respectively). Immunoblots are shown in Supplementary Figure S3.
Detailed experimental methods are provided as Supplementary Materials and Methods
online.

In this study, we showed that compared with ICPs, KTRs systemically treated with CNIs and
mycophenolate mofetil exhibited significantly reduced epidermal expression of Dsgl, a
regulator of keratinocyte differentiation and barrier function. Although we did not
functionally connect Dsg1l loss with SCC development in this study, previous reports have
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shown that reduction in Dsgl expression increases epidermal growth factor receptor
signaling, which may allow pro-tumorigenic keratinocyte proliferation, especially in the
context of ultraviolet light exposure (Getsios et al., 2009; Hammers and Stanley, 2013;
Harmon et al., 2013; Johnson et al., 2014a). Reduction in Dsgl expression in KTRs
compared with normal skin was intermediate to Dsg1 reduction found in staged human SCC
tissues on tissue microarrays, consistent with the idea that Dsg1 loss is one of multiple
cellular changes that occur during progression to SCC in the KTRs. Because CNIs can
dampen transcriptional activation of p53 by the activating transcription factor 3 (Wu et al.,
2010), it is possible that transcriptional regulation of Dsg1, such as by AP-1, p63, or
grainyhead-like 1 (reviewed in Johnson et al., 2014b), may also be dampened by systemic
CNI exposure, a topic for future study. Further, we previously showed that Dsgl expression
can be increased through treatment of keratinocytes with a histone deacetylase inhibitor,
indicating possible epigenetic regulation of Dsgl expression Johnson et al., 2014a). Certain
histone deacetylase inhibitors have been approved for clinical use (Jawed et al., 2014),
suggesting a possible method to modulate Dsgl expression with the goal of protecting
against epidermal SCC and infections in KTRs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CNI calcineurin inhibitor

Dsg desmoglein

ICP immunocompetent patient

KTR kidney transplant recipient

SSC squamous cell carcinoma
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Figure 1. Epidermal Dsgl expression was reduced in KTRs and staged SCC tissues compared
with normal skin

(a) Indirect immunofluorescence microscopy of Dsgl (green, left panels in each column
with mean fluorescence intensity [MFI]), K10 (red, left panels in each column), Ecad (green,
right panels in each column with MFI), and Pg (red, right panels in each column) in
abdominal skin biopsies of 1 immunocompetent patient (ICP-2) and 15 immunosuppressed
kidney transplant recipients (KTR-1-15). 4”,6-Diamidino-2-phenylindole (DAPI, blue =
nuclear counterstain). Bar = 50 um. (b) Box and whisker MFI plots representing epidermal
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Dsgl expression in normal human skin cores, BCCs, and staged SCCs (tissue microarrays)
and in the samples shown in (a). TissueGnostics automated microscopy and tissue quest
analysis software were used to determine Dsgl MFI. Identical settings were applied for all
image acquisition and analysis. NS, not significant, A< 0.05 considered significant. BCC,
basal cell carcinoma; Dsgl, desmoglein 1; Ecad, E-cadherin; K10, keratin 10; Pg,
plakoglobin; SCC, squamous cell carcinoma.
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Figure 2. Dsgl expression remained reduced in cultured keratinocytesderived from KTRs
compared with those derived from | CPs

(a) Protein expression levels of Dsgl were compared using immunoblots of lysates
harvested from cultured keratinocytes derived from ICPs or KTRs. Keratinocytes were
grown to confluence in a low calcium-containing (0.07 mM) medium, switched to a high
calcium-containing medium (1.2 mM) to induce differentiation, and harvested after 48
hours. The Dsgl densitometry values averaged from up to five repeated experiments were
lower in keratinocytes derived from KTRs than those from ICPs (P = 0.049). (b) When each
densitometry data point was taken individually rather than averaging, Dsgl levels were
significantly lower in keratinocytes derived from KTRs compared with ICPs when cultured
<5 passages or <35 days (early, £=0.0012). This significance was lost in keratinocytes
derived from the two groups and cultured >6 passages or >36 days (late, 7= 0.19). Dsg1,
desmoglein 1; ICPs, immunocompetent patients; KTRs, kidney transplant recipients.
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