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cancer. The role of IncRNA LINC00346 in cutaneous squamous carcinoma (cSCC) was examined. The
expression of LINC00346 was up-regulated in ¢SCC cells compared with normal human epidermal ker-
atinocytes. Elevated expression of LINC00346 was noted in tumor cells in ¢SCC tissue sections in vivo, as
compared with ¢SCC in situ, and actinic keratosis by RNA in situ hybridization; and the expression in
seborrheic keratosis and normal skin was very low. Immunohistochemical analysis of ¢SCC tissue sec-
tions and functional assays of ¢SCC cells in culture showed that LINC00346 expression is down-regulated
by p53. Knockdown of LINC00346 inhibited invasion of cSCC cells in culture and suppressed growth of
human ¢SCC xenografts in vivo. Knockdown of LINC00346 inhibited expression of activated STAT3 and
resulted in down-regulation of the expression of matrix metalloproteinase (MMP)-1, MMP-3, MMP-10,
and MMP-13. Based on these observations LINC00346 was named p53 regulated carcinoma-associated
STAT3-activating long intergenic non-protein coding transcript (PRECSIT). These results identify PRE-
CSIT as a new p53-reqgulated (ncRNA, which promotes progression of cSCC via STAT3 signaling.
(Am J Pathol 2020, 190: 503—517; https://doi.org/10.1016/j.ajpath.2019.10.019)

Address correspondence to
Veli-Matti Kéhiri, M.D.,
Ph.D., Department of
Dermatology, University of
Turku and Turku University
Hospital, Hameentie 11 TEG6,
FI-20520 Turku, Finland. E-
mail: veli-matti.kahari@utu.fi.

Non-protein coding RNAs have emerged as functionally
important mediators in cell regulation, for example, during
tissue development and differentiation, as well as in
different pathological conditions." Long noncoding RNAs
(IncRNAs) present a widely uncharacterized group of
single-stranded RNA transcripts longer than 200 nucleo-
tides, which interact with DNA, RNA, or proteins, making
them versatile regulators in all cellular compartments.”
IncRNAs represent an important level of cell regulation,
especially due to their temporal and tissue-specific expres-
sion at different stages of tissue development, homeostasis,
repair, or stress response.’ Several IncRNAs have been
implicated in cancer, and specific IncRNAs exert either
tumor suppressive or tumor promoting functions.” IncRNAs
are generally stable in body fluids and tissues, and their
differential expression in cancer makes them attractive
biomarkers and putative therapeutic targets in cancer.’

Copyright © 2020 American Society for Investigative Pathology. Published by Elsevier Inc.

Keratinocyte-derived cutaneous squamous cell carcinoma
(cSCC) is the most common metastatic skin cancer glob-
ally.®” Although the majority of cSCCs arise in the sun-
damaged skin, other important risk factors for cSCC
include immunosuppression and chronic ulcers.*” Tumor
protein 53 (7P53) gene is usually mutated early in
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keratinocyte carcinogenesis in cSCC development, followed
by marked accumulation of UV-induced simple muta-
tions.'’~'? Other commonly mutated genes in cSCC include
NOTCHI, HRAS, and CDKN2A.'""? Currently, there is a
need for clinically useful biomarkers for predicting the risk
of recurrence and metastasis of primary cSCC. Many po-
tential markers have been identified, including
inflammation-related complement system proteins, *~'® PD-
L1,"" Serpin Al,"”® EphB2,"” AIM2,° and P300/CBP-
associated factor (PCAF).”' The authors have previously
elucidated the mechanistic role of IncRNA PICSAR (p38
inhibited cutaneous squamous cell carcinoma associated
lincRNA) in cSCC.**** PICSAR promotes cSCC growth by
increasing activity of ERK1/2 via down-regulation of the
expression of DUSP6.”> In addition, PICSAR decreases
adhesion and promotes migration of cSCC cells by down-
regulating a2B1 and «5P1 integrin expression,” However,
the role of IncRNAs in ¢SCC is still largely unknown.

In this study, the authors show that IncRNA LINC00346
is specifically overexpressed by ¢SCC cells in culture and
in vivo, and that LINC00346 is regulated by p53. The au-
thors demonstrate that LINC00346 regulates the expression
and activity of STAT3, which in turn up-regulates the
expression of matrix metalloproteinases (MMPs) MMP-1,
MMP-3, MMP-10, and MMP-13 and promotes invasion
of ¢SCC cells. On the basis of these observations, and with
the approval of HUGO Gene Nomenclature Committee,
LINC00346 was named p53 regulated carcinoma-associated
STAT3 activating long intergenic non-protein coding tran-
script (PRECSIT). Together, these results identify PRECSIT
as a p53-regulated IncRNA, which promotes progression of
c¢SCC via STATS3 signaling.

Materials and Methods

Ethical Issues

The use of tumor and normal skin (NS) samples was
approved by the Ethics Committee of the Hospital District
of Southwest Finland. All participants gave their written
informed consent, and the study was performed with the
permission of Turku University Hospital, according to the
Declaration of Helsinki. The experiments with mice were
performed with the permission of the State Provincial Office
of Southern Finland.

Cell Cultures

All cSCC cell lines were established from surgically
removed ¢SCCs in Turku University Hospital.'"® Normal
human epidermal keratinocytes (NHEKs) were established
from the skin of healthy individuals undergoing mammo-
plasty,'® and NHEK-PC was purchased from PromoCell
(Heidelberg, Germany). The spontaneously immortalized
human keratinocyte line (HaCaT) was kindly provided by
Dr. Norbert E. Fusenig (The German Cancer Research
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Center, Heidelberg, Germany). NHEKSs, HaCaT, and ¢cSCC
cells were cultured as previously described.'* The authen-
ticity of all cSCC cell lines has been verified by short tan-
dem repeat profiling.”* To determine the p53 mutational
status in NHEKs and cSCC cells, TP53 single-nucleotide
variants were examined by using the Integrative Genomics
Viewer software version 2.3”°) in the RNA sequencing
(RNA-seq) data of cSCC cells'® (hetps://www.ncbi.nlm.nih.
gov/geo; accession number GSE66412) (Supplemental
Figure S1 and Supplemental Table S1).

Real-Time Quantitative PCR

Total RNA was extracted from cultured ¢cSCC cells and
NHEKSs using RNeasy mini kit (Qiagen, Germantown,
MD). For cytoplasmic fractions, cSCC cells were washed
with ice-cold phosphate-buffered saline and lyzed in 0.1%
NP40 in phosphate-buffered saline with protease inhibitor
cocktail (cOmplete ULTRA Tablets; Roche, Basel,
Switzerland) and ribonuclease inhibitor (RNasin, 50 U/mL;
Promega, Madison, WI). Cell lysate was centrifuged, and
the supernatant was collected as cytoplasmic fraction. The
remaining pellet was collected as nuclear fraction. Com-
plementary DNA was synthesized from RNA extracted from
whole-cell lysates or cytoplasmic and nuclear fractions, and
used for real-time quantitative PCR (qPCR) analysis. Spe-
cific primers and probe for PRECSIT were designed with
RealTimeDesign Software (https://www.biosearchtech.com,
last accessed April 17, 2012; LGC Biosearch Technologies,
Teddington, UK) and purchased from Oligomer (Helsinki,
Finland) (Table 1). Primers and probe for MMP3 and
nuclear-retained IncRNA MALATI were purchased from
Thermo Fisher Scientific (Waltham, MA; catalog numbers
Hs00968305_m1, Hs00273907_s1). Primers and probes for
MMPI, MMPI10, and MMP13 (Table 1) were designed as
previously described.”® All qPCR reactions were performed
using the QuantStudio 12K Flex (Thermo Fisher Scientific)
system at the Finnish Functional Genomics Centre in Turku,
Finland. ACTB (B-actin) mRNA was used as reference
(Table 1). Samples were analyzed using the standard curve
method in three parallel reactions with threshold cycle
values <5% of the mean threshold cycle.

Tissue Samples and Immunohistochemical Analysis

Tissue microarrays consisting of samples from normal sun-
protected skin (n = 10), seborrheic keratosis (SK; n = 26),
actinic keratosis (AK; n = 50), cSCC in situ (n = 25), and
invasive cSCC (n = 81) were generated from the archival
paraffin blocks from the Department of Pathology, Turku
University Hospital.'”'? Sections were stained with mouse
monoclonal p53 antibody (DO-7, dilution 1:100; Sigma-
Aldrich, St. Louis, MO) at the Histology Core of the
Institute of Biomedicine at the University of Turku, Turku,
Finland, and visualized using the Pannoramic Midi FL slide
scanner (3DHISTECH Ltd., Budapest, Hungary).
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Table 1  List of Specific Primers and Probes for Real-Time Quantitative PCR
Gene/RNA Sequence
PRECSIT Forward 5'-CGAGGGTTGAACATTGTTGTGAC-3’

Reverse 5'-CCACAGCTCCACCACTAGAC-3’

Probe 5'-FAM-AAGCAACTTAAGTGCCATCTGTGGGA-BHQ1-3/
MMP1 Forward 5'-AAGATGAAACGTGGACCAACAATT-3’

Reverse 5'-CCAAGAGAATGGAAGAGTTC-3’

Probe 5'-FAM-CAGAGAGTACAACTTACATCGTGTTGCGGCTC-TAMRA -3’
MMP10 Forward 5/ -GGACCTGGGCTTTATGGAGATAT -3’

Reverse 5'-CCCAGGGAGTGGCCAAGT-3’

Probe 5'-FAM-CATCAGGCACCAATTTATTCCTCGTTGCT-TAMRA-3'
MMP13 Forward 5'-AAATTATGGAGGAGATGCCCATT-3’

Reverse 5'-TCCTTGGAGTGGTCAAGACCTAA-3'

Probe 5'-FAM-CTACAACTTGTTTCTTGTTGCTGCGCATGA-TAMRA-3’
ACTB Forward 5'-TCACCCACACTGTGCCCATCTACGC-3’

Reverse 5'-CAGCGGAACCGCTCATTGCCAATGG-3’

Probe 5'-FAM-CAGCGGAACCGCTCATTGCCAATGG-BHQ1 -3’

ACTB, R-actin; MMP1, matrix metallopeptidase 1; MMP10, matrix metallopeptidase 10; MMP13, matrix metallopeptidase 13; PRECSIT, p53 regulated
carcinoma-associated STAT3-activating long intergenic non-protein coding transcript.

RNA in Situ Hybridization

Formalin-fixed, paraffin-embedded tissue samples were
subjected to RNA in sifu hybridization (RNA-ISH) analysis
using RNAscope ISH Assay (Advanced Cell Diagnostics,
Newark, CA) by Bioneer A/S (Hgrsholm, Denmark). The
assay was performed by using automated Ventana Discov-
ery Ultra slide-staining system (Roche) as previously
described.”” PRECSIT-specific probe (catalog number
559389) was designed and purchased at Advanced Cell
Diagnostics (ACD, Newark, CA). Specific probes for
human PPIB (Cyclophilin B) and bacterial DapB (4-
hydroxy-tetrahydrodipicolinate reductase) mRNAs were
used as positive and negative controls, respectively (both
from ACD). PRECSIT expression was visualized using the
Pannoramic Midi FL slide scanner (3DHISTECH Ltd.).
PRECSIT expression was quantitated in the epidermis or
tumor cells by counting the visibly detectable PRECSIT
particles localized to the nucleus. Additionally, PRECSIT
expressing cells were grouped into cells detected with five
or more and fewer than five PRECSIT particles per cell. To
evaluate PRECSIT expression level in a tissue section, the
number of PRECSIT-positive cells was compared with the
number of total cell count in a section at x40 magnification
using QuPath bioimage analysis software version 0.1.2.%*

Adenoviral Infection

UT-SCC7, UT-SCCI12A, and HaCaT cells were infected
with recombinant adenovirus RAdp53 containing the gene
for human wild-type p53*’ (kindly provided by Dr. Prem
Seth, Des Moines University, Des Moines, IA) or with
empty adenovirus RAd66™ (kindly provided by Dr. Gavin
W.J. Wilkinson, University of Cardiff, Wales), and cells
were incubated for 6 hours in 0.5% fetal calf serum at a
multiplicity of infection of 600. Cell lysates were collected
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24 and 48 hours after infection and analyzed by qPCR and
Western blot. For determination of cell viability, cells were
plated on a 96-well plate 24 hours after infection, and the
number of viable cells was determined using a Cell
Counting kit-8 (Dojindo Laboratories, Kumamoto, Japan).
Absorbance was measured at 450 nm (Multiskan FC
microplate reader; Thermo Scientific, Vantaa, Finland).

Western Blot Analysis

Cell lysates from adenovirally infected (RAd66 and RAdp53)
UT-SCC7 and UT-SCC59A cells were analyzed with anti-
bodies specific for p53 (DO-1; Santa Cruz Biotechnology,
Santa Cruz, CA) and p21 (2G12; BD Biosciences, San Jose,
CA). Lysates of LINC00346 and control siRNA transfected
cultures were analyzed with antibodies specific for phos-
phorylated STAT3 (pSTAT3, D3A7) and total STAT3
(124H6; both from Cell Signaling Technology, Beverly, MA).
B-Actin (A1978; Sigma-Aldrich) expression level was used as
loading control. Matrix metalloproteinase levels in serum-free
medium were determined by Western blot analysis 72 hours
after transfection using antibodies specific for MMP-1 (41-
1ES; Merck Millipore, Temecula, CA), MMP-3 (HPA007875;
Sigma-Aldrich), MMP-10 (IVCS; Thermo Fisher Scientific),
and MMP-13 (Ab-3; Merck Millipore). Expression of tissue
inhibitor of matrix metalloproteinases 1, TIMP-1 (Ab-1;
Merck Millipore), was used as a sample control for MMPs.
Protein expression was quantitated using fluorescently labeled
secondary antibodies (LI-COR Biosciences, Lincoln, NE) and
the LI-COR Odyssey CLx fluorescent imaging system
(LI-COR Biosciences).

RNA Sequencing

RNA was isolated from PRECSIT siRNA1— and control
siRNA—treated c¢cSCC cell lines (n = 3; UT-SCC7,
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UT-SCC59A, and UT-SCC105) 72 hours after transfection
using miRNeasy Mini Kit (Qiagen), and the RNA-seq anal-
ysis was performed using [llumina HiSeq3000 system (Illu-
mina, San Diego, CA) at the Finnish Functional Genomics
Centre, Turku. The reads were aligned against the human
reference genome (hg38), and the TMM (trimmed mean of M
values) normalization method was used for data normaliza-
tion (R version 3.3/Bioconductor package edgeR version
3.3’"). Limma package version 3.10” and #-test was used for
statistical analysis of the mean expression values between
control siRNA and PRECSIT siRNA1—treated cSCC cell
lines. The top 40 most up- and down-regulated genes are
shown in Supplemental Tables S2 and S3. Morpheus soft-
ware (https://software.broadinstitute.org/morpheus, last
accessed January 26, 2018) was used for gene expression
visualization and to generate heatmaps. RNA-seq data were
further analyzed using the Gene Ontology Enrichment
Analysis (Gene Ontology, http://www.geneontology.org, last
accessed October 31, 2018), Kyoto Encyclopedia of Genes
and Genomes Pathway Analysis (KEGG, htp:/www.
genome.jp/kegg, last accessed October 31, 2018), and the
Reactome Pathway Knowledgebase (https://reactome.org;
last accessed October 31, 2018). RNA-seq data of
PRECSIT knockdown cSCC cells are available online at
the Gene Expression Omnibus (https.//www.ncbi.nlm.nih.
gov/geo; accession number GSE138232). The GeneHancer
database of genome-wide enhancer-to-gene associations’
was used to examine transcription factor binding sites in
PRECSIT gene promoter.

Knockdown of PRECSIT and Functional Studies in
Culture

¢SCC cells were cultured to 50% confluence and transfected
with negative control siRNA (AllStars Negative Control
siRNA; Qiagen) or following commercially available sSiRNAs
(75 nmol/L) targeting PRECSIT: Hs_C130rf29_2 (PRECSIT
siRNA1) (target sequence 5-GAGGTTCGGGAAG-
GAAAGGAAA-3'); Hs_Cl30rf29_4 (PRECSIT siRNA2)
(target sequence 5'-CAGGGATGGTGACAAGCGGAA-3');
Hs_C130rf29_1 (PRECSIT siRNA3) (target sequence 5'-
TAAGACATGAATAATAGTAGA-3'). Cell lysates were
collected 72 hours after transfection for Western blot and
gPCR analysis, and the cell culture medium was collected for
detection of MMP levels by Western blot analysis.

To study cell invasion, cSCC cells were plated on a
collagen type I—coated (5 pg/cm?, PureCol; Advanced
BioMatrix, San Diego, CA) ImageLock 96-well plate
(Essen Bioscience, Ann Arbor, MI) 24 hours after trans-
fection with PRECSIT siRNAs or negative control siRNA,
and cells were allowed to adhere overnight. For studying
cell invasion after STAT3 inhibition, cSCC cells were
plated on collagen I and treated with S31-201 (100 pmol/L;
Cayman Chemical, Ann Arbor, MI) 24 hours prior to
wounding. Cell monolayer was scratched and collagen type
I solution was added by mixing type I collagen (PureCol)
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with 5x Dulbecco’s Modified Eagle Medium and 0.2 mol/L
HEPES buffer (pH 7.4) at a ratio of 7:2:1, respectively.
Finally, 1 mol/L NaOH was added to obtain a final pH of
7.4. Cell culture medium with 0.5% fetal calf serum was
added after letting the collagen type I solution (2.2 mg/mL)
polymerize for 2 hours at 37°C. For STAT3-inhibited cSCC
cells, S31-201 was added to the culture medium, and fresh
medium with S31-201 was changed the next day. The gap
closure was imaged using the IncuCyte ZOOM real-time
cell imaging system (Essen Bioscience), and the relative
cell invasion was quantitated using the IncuCyte ZOOM
software version 2016B (Essen Bioscience).

To determine the effect of PRECSIT on cell proliferation,
¢SCC cells (UT-SCC7 or UT-SCC59A) were transfected
with negative control siRNA or three different siRNAs tar-
geting PRECSIT. Transfected cells were plated in a 96-well
plate 24 hours after transfection and imaged using the Incu-
Cyte ZOOM real-time cell imaging system (Essen Biosci-
ence). Quantitation of the cell confluence was measured using
the IncuCyte ZOOM software. After 24 hours of PRECSIT
siRNA transfection, cSCC cells were plated on a 96-well
plate, and the number of viable cells was determined using a
Cell Counting kit-8 (Dojindo Laboratories).

Human cSCC Xenografts

¢SCC cells (UT-SCC7) were transfected with PRECSIT
siRNA1 or control siRNA and incubated for 72 hours.
Transfected cells (5 x 106) were injected subcutaneously in
100 pL of phosphate-buffered saline into the backs of 6-
week—old female SCID (severe combined immunodefi-
cient) mice (CB17/Icr-Prkdcscid/IcrlcoCrl) (Charles River
Laboratories, Wilmington, MA) (control siRNA, n = 6,
PRECSIT siRNA1, n = 8). Tumor size was measured twice
a week, and the volume of tumors was calculated as™:

V = (length x width®)/2

Mice were sacrificed 16 days after tumor implantation,
and tumors were excised and embedded in paraffin. For
histologic analysis, tumors were stained with hematoxylin
and eosin. To examine localization of active STAT3, tumor
sections were stained with phosphorylated STAT3 antibody
(pSTAT3, D3A7; Cell Signaling Technology) with Mayer’s
hematoxylin (Sigma-Aldrich) as a counterstain.

Statistical Analysis

Statistical analyses were performed using SPSS Statistics
software for Windows, version 25 (IBM, Armonk, NY). The
sample size was determined to be adequate for statistical
analysis of the data. To determine the significance of differ-
ences between two sample groups, two-tailed #-test or U-test
was used. Fisher exact test was used for statistical comparisons
of the immunohistochemistry and RNA-ISH of tissue samples.
Linear regression test was used to analyze the correlation be-
tween the percentage of PRECSIT-positive cells and PRECSIT
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accumulation in tissue sections. Spearman correlation test was
used to compare the percentage of PRECSIT-positive cells and
pS3 immunoreactivity.

Results
PRECSIT Is Up-Regulated in c¢SCC Cells

The authors have previously observed that several IncRNAs
are differentially expressed in cSCC cells compared with
NHEKs.”” PRECSIT (LINC00346) was identified as one of
the most up-regulated IncRNAs in cSCC cells with very low
expression in NHEKs based on RNA-seq.”” Here, a sig-
nificant up-regulation of PRECSIT was detected in cSCC
cell lines (n = 7) compared with NHEKs (n = 6) by qPCR
(Figure 1A). PRECSIT was detected both in the cytoplasm
and nucleus of cSCC cells, but it was enriched in the nuclear
fraction by qPCR analysis (Figure 1B). MALATI and ACTB
(B-actin) mRNA levels were determined as controls for
nuclear’” and cytoplasmic localization, respectively
(Figure 1B).

Expression of PRECSIT Is Up-Regulated in Invasive
¢SCC, ¢SCC in Situ, and Actinic Keratosis in Vivo

Expression of PRECSIT in vivo was analyzed in paraffin-
embedded tissue sections of NS (rn = 10), benign
epidermal papilloma, SK (n = 26), AK (n = 50), ¢SCC in
situ (cSCCIS; n = 25), and invasive cSCC (n = 81) with
RNA-ISH (Figure 1, C—G). Primarily nuclear localization
was noted for PRECSIT in tissue samples (Figure 1, C—G).
The percentage of PRECSIT-positive cells was significantly
higher in invasive cSCC than in NS, SK, and noninvasive
¢SCC precursor lesions (AK and c¢SCCIS) (Figure 1H).
Expression of PRECSIT was also higher in AK and ¢cSCCIS
when compared with SK lesions (Figure 1H). Nearly half
(49%) of the invasive cSCCs showed strong (+++) PRE-
CSIT expression (>30% PRECSIT-positive cells), whereas
mostly weak (4) (<15% PRECSIT-positive cells) or mod-
erate (++) (15% to 30% PRECSIT-positive cells) expression
was noted in NS and SK (Figure 1I). PRECSIT copy number
per cell was quantitated by counting the number of nuclear
PRECSIT particles in tumor cells (cSCC, cSCCIS, AK, SK)
and keratinocytes (NS) in microscopic images. A signifi-
cantly higher percentage of tumor cells with a high level of
PRECSIT expression (five or more particles per cell) was
detected in invasive cSCC (Figure 1J), as compared with NS,
SK, or noninvasive malignant lesions AK and cSCCIS
(Figure 1J). In addition, the relative number of tumor cells
detected with five or more PRECSIT particles correlated with
the overall percentage of PRECSIT-positive cells in tissue
sections of AK, cSCCIS, and invasive cSCC (Supplemental
Figure S2). Human PPIB (Cyclophilin B) and bacterial
DapB (4-hydroxy-tetrahydrodipicolinate reductase) mRNAs
were used as positive and negative controls, respectively, for
RNA-ISH (Supplemental Figure S3).

The American Journal of Pathology m ajp.amjpathol.org

Accumulation of PRECSIT Is Associated with the
Absence of p53 Expression in Vivo

Elevated expression of PRECSIT noted in UV-induced
malignant lesions AK, c¢SCCIS, and invasive cSCC
compared with NS and SK suggested an association be-
tween p53 mutation and PRECSIT expression. The
expression of p53 in vivo was examined by immunohisto-
chemistry using an antibody that recognizes both the wild-
type and mutated p53. Based on the p53 staining intensity,
the tissues were categorized in four groups: weak (+),
moderate (++), strong (+++), and negative (—)
(Figure 2A and Supplemental Table S2). All NS lesions
showed weak nuclear staining in the basal epidermal kera-
tinocytes (Figure 2, A and B). By contrast, 52% of the AK
and cSCCIS, and 67% of ¢SCC lesions displayed strong or
moderate nuclear accumulation of p53 (Figure 2, A and B).
A subset of the AK, cSCCIS (8%), and cSCC (11%) lesions
were negative for p53 (Figure 2, A and B). Most SK tissue
sections showed weak p53 expression similar to NS
(Figure 2B). Strong or negative staining for p53 was only
detected in malignant tissue sections AK, cSCCIS, and
¢SCC (Figure 2, A and B).

Comparison of p53 level to PRECSIT expression in
parallel tissue sections revealed a high level of PRECSIT
expression (>30% PRECSIT-positive cells) in AK,
c¢SCCIS, and cSCC tissues within all p53 staining groups
(weak, moderate, strong, and negative), but there was no
correlation between the relative number of PRECSIT-
positive cells and p53 staining intensity (Figure 2C). All
NS samples with weak p53 staining showed also weak
(<15% PRECSIT-positive cells) or moderate (15% to
30% PRECSIT-positive cells) PRECSIT expression
(Figure 2C). Similarly, most of the SK sections with weak
or moderate p53 staining showed weak or moderate
PRECSIT expression (Figure 2C). However, 56% of all
c¢SCC tissue sections showed PRECSIT accumulation
(five or more PRECSIT particles per cell) and the majority
of these tissue sections (45%) showed negative p53
immunoreactivity (Figure 2, D and E, and Supplemental
Table S2). Interestingly, this represents 84% of all p53-
negative cSCC tissue samples, indicating that accumula-
tion of PRECSIT is associated with the absence of p53
expression in ¢SCC. A similar trend with PRECSIT
accumulation and p53 immunoreactivity was also noted in
AK and c¢SCCIS, in which PRECSIT accumulation was
noted in 75% of all p5S3-negative lesions (Figure 2E and
Supplemental Table S2). In addition, the portion of le-
sions with strong p53 staining intensity and PRECSIT
accumulation was higher in ¢SCC tissues (41%) when
compared with AK and c¢SCCIS (10%) (Figure 2E and
Supplemental Table S2). In contrast, minority of the AK,
¢SCCIS (10%) and c¢SCC tissue sections (10%) detected
with PRECSIT accumulation showed weak (+) p53
staining, as an indicative of a functional p53 in vivo
(Figure 2E and Supplemental Table S2).
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Figure 1  Expression of PRECSIT is specifically up-regulated in cutaneous squamous cell carcinoma (cSCC) cells in culture and in vivo. A: Expression of PRECSIT

in normal human epidermal keratinocytes (NHEKs) and ¢SCC cell lines was measured using real-time quantitative PCR and corrected for the levels of ACTB (B-actin)
mRNA. B: The subcellular localization of PRECSIT was determined by measuring its levels in the nuclear and cytoplasmic fractions of cSCC cells using real-time
quantitative PCR. ACTB (B-actin) mRNA and MALAT1 were used as controls for cytoplasmic and nuclear localization, respectively. C—G: Expression of PRECSIT
was analyzed with RNA-ISH in paraffin-embedded tissue sections of normal skin (NS) (C), invasive c¢SCC (D), ¢SCC in situ (cSCCIS) (E), actinic keratosis (AK) (F),
and seborrheic keratosis (SK) (G). Arrows indicate PRECSIT-positive cells; dashed lines, the boundary between the epidermal and dermal layers. Boxed areas are
shown at higher magnification below. H: The number of PRECSIT-positive cells was compared with the total cell number in a section using QuPath bicimage
analysis software version v0.1.2. Dashed lines depict the distribution of weak (4) (<15% PRECSIT-positive cells), moderate (4-+) (15% to 30% PRECSIT-positive
cells), and strong (+++) (>30% PRECSIT-positive cells) PRECSIT expression in distinct sample groups. I: Distribution of weak (+), moderate (4++), and strong
(+-++) PRECSIT expression in all sample groups. J: Percentage of cells detected with five or more PRECSIT particles compared with the total number of cells in a
section in all groups. Data are expressed as medians + SD (A, H, and J) or means + SD (B). n = 6 NHEKs (A); n = 7 ¢SCC (A); n = 10 NS (C); n = 81 invasive
¢SCC (D); n = 25 cSCCIS (E); n = 50 AK (F); n = 26 SK (G); n = 1 NS (3); n = 5 SK (3); n = 28 AK and cSCCIS (J); n = 46 ¢SCC (J). *P < 0.05, **P < 0.01, and

***P < 0,001 (U-test); TP < 0.05, P < 0.01, and '7TP < 0.001 (Fisher exact test). Scale bars = 20 um.
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Figure 2  Expression of PRECSIT is regulated by p53. A and B: Representative images and a semiquantitative analysis of p53 staining intensities in normal
skin (NS), seborrheic keratosis (SK), actinic keratosis (AK), ¢SCC in situ (cSCCIS), and invasive cSCC. Dashed lines delineate the boundary between epidermal
and dermal layers. C: PRECSIT expression level compared with p53 staining intensity in parallel tissue sections in vivo. Dashed lines depict the distribution of
weak (<15% PRECSIT-positive cells), moderate (15% to 30% PRECSIT-positive cells), and strong (>30% PRECSIT-positive cells) PRECSIT expression in tissue
sections. D: Representative images of parallel lesions of invasive c¢SCC in vivo showing negative p53 immunoreactivity (top panel) and PRECSIT accumulation
(black arrow, bottom panel). E: Distribution of p53 staining intensity in tissues detected with five or more or fewer than five PRECSIT particles per cell. Black
line indicates the distribution between tissues detected with five or more or fewer than five PRECSIT particles per cell. F: PRECSIT expression was determined in
p53-mutation bearing spontaneously immortalized human keratinocyte line (HaCaT) and NHEKs by real-time quantitative PCR. G: HaCaT and cSCC cells (UT-
SCC7 and UT-SCC12A) harboring a mutant p53 gene were infected with recombinant adenovirus RAdp53 containing the wild-type p53 or with an empty control
adenovirus RAd66 and incubated for 24 hours. PRECSIT expression was measured using real-time quantitative PCR. H: Protein levels for p53 and p21 were
determined from the cell lysates after adenoviral infection using Western blot analysis. B-Actin was used as a reference. Data are expressed as medians + SD
(C) or means + SD (F and G). n = 10 NS (A and B); n = 26 SK (A and B); n = 50 AK (A and B); n = 25 ¢SCCIS (A and B); n = 81 invasive cSCC (A and B); n
= 1NS (E); n = 5 SK (E) and NHEKs (F); n = 28 AK and cSCCIS (E); n = 46 ¢SCC (E). **P < 0.01, ***P < 0.001 (Fisher exact test); P < 0.01, TP < 0.001
(t-test). Scale bars = 20 um.

Expression of PRECSIT Is Down-Regulated by p53 and Supplemental Table S1). In addition, the spontane-

ously immortalized keratinocyte-derived cell line (HaCaT)
The ¢SCC cells used in this study (UT-SCC7, UT-SCCI2A, harbors mutations in both alleles of the TP53 gene.’’

UT-SCC59A) harbor mutations in the TP53 gene resulting Significantly higher PRECSIT expression was noted in
in inactivation of p53 protein®® (Supplemental Figure S1 HaCaT cells when compared with NHEKs (Figure 2F).
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Moreover, adenoviral delivery of the wild-type p53 into
HaCaT or cSCC cells resulted in down-regulation of PRE-
CSIT expression, showing that the expression of PRECSIT
is regulated by p53 (Figure 2G). Adenoviral expression of
P53 had no effect on cell viability (Supplemental Figure S4).
A marked up-regulation of p21 expression, as a marker of
p53 activity,”® was noted in ¢SCC cells after adenoviral
delivery of the wild-type p53, as compared with control
cells infected with empty vector (Figure 2H).

Knockdown of PRECSIT Down-Regulates Expression of
STAT3 and MMP-1, MMP-3, MMP-10, and MMP-13 in
cSCC Cells

To identify molecular targets for PRECSIT, RNA-seq
analysis was performed for three c¢SCC cell lines
following knockdown of PRECSIT expression (Figure 3A).
The most significant Gene Ontology terms associated with
differentially expressed genes after PRECSIT knockdown
included biological processes negative regulation of MAPK
cascade (P = 8.2 x 1075) and regulation of JAK-STAT
cascade (P = 9.7 x 107% (Figure 3B). Differentially
expressed genes after PRECSIT knockdown were also
associated with Jak-STAT signaling (P = 1.1 x 10~%) by
the Kyoto Encyclopedia of Genes and Genomes pathway
analysis (Figure 3B). The Reactome pathway analysis
revealed signaling by interleukins (P = 2.8 x 107°) and
cytokine signaling in immune system (P = 2.6 x 107°) as
the most significantly associated pathways with differen-
tially expressed genes after PRECSIT knockdown
(Figure 3B). One of the most frequent differentially
expressed genes following PRECSIT knockdown was
STAT3, which was among the top 40 most down-regulated
genes (fold change log2 = -—1.05) (Figure 3C and
Supplemental Table S4). In addition, genes for several
MMPs, that is, MMP1, MMP3, MMP10, and MMP13 (fold
change log2 = —1.07, —0.87, —2.16, and —0.84, respec-
tively) were down-regulated after PRECSIT knockdown
(Figure 3C and Supplemental Table S4). Decreased levels of
activated and total STAT3 protein were noted by Western
blot analysis of ¢SCC cells after PRECSIT knockdown
(Figure 3D). Also, decreased mRNA (Figure 3E) and pro-
tein levels (Figure 3F) of MMP-1, MMP-3, MMP-10, and
MMP-13 were noted in cSCC cells (UT-SCC7) after
knockdown of PRECSIT.

Knockdown of PRECSIT Inhibits Invasion of c¢SCC Cells

To investigate PRECSIT function, cSCC cells in culture
were transfected with two PRECSIT targeted siRNAs and
negative control siRNA. Invasion of cSCC cells through
three-dimensional collagen I matrix was significantly
decreased after PRECSIT knockdown (Figure 4A).
Knockdown of PRECSIT had no significant effect on pro-
liferation of ¢SCC cells (Supplemental Figure S5). Inhibi-
tion of STAT3 activity by chemical inhibitor S31 in ¢cSCC
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cells also resulted in a marked decrease in the production of
MMP-1, MMP-3, MMP-10, and MMP-13 (Figure 4B). In
addition, invasion of cSCC cells was also potently inhibited
after STAT3 inhibition (Figure 4C). Together with the re-
sults of PRECSIT knockdown experiments, these observa-
tions provide evidence that PRECSIT promotes invasion of
c¢SCC cells by up-regulating the expression of invasion-
associated MMPs by regulating the levels of active STAT3.

Knockdown of PRECSIT Suppresses Growth of ¢SCC
Xenografts in Vivo

The role of PRECSIT in invasion and growth of cSCC was
further studied in vivo using xenograft model in SCID mice.
c¢SCC cells were transfected with PRECSIT siRNA1 and
control siRNA, incubated for 72 hours, and subsequently
injected subcutaneously into the back of the SCID mice.
Xenograft growth was measured twice a week, and tumors
were harvested 16 days after implantation. PRECSIT
knockdown resulted in significantly decreased xenograft
tumor growth compared with control tumors (Figure 4D).
No difference in the histology of xenografts was noted be-
tween the control and PRECSIT knockdown groups
(Figure 4D). Interestingly, the highest PRECSIT expression
was noted evenly localized at the invasive edge of the
xenograft tumors, whereas the expression of PRECSIT in
the inner tumor mass was low (Figure 4E). Localization of
PRECSIT particles was noted in the cytoplasm and nucleus
of the tumor cells, with prevalent appearance in the peri-
nuclear region (Figure 4E). Furthermore, active STAT3 was
detected in ¢SCC cells at the invasive edge of the xenograft
tumor (Figure 4E).

Discussion

The role of IncRNAs in the cutaneous biology and patho-
genesis of skin diseases is not well known. IncRNAs
DANCR (differentiation antagonizing non-protein coding
RNA) and TINCR (tissue differentiation-inducing non-
protein coding RNA) have been shown to regulate differ-
entiation of epidermal keratinocytes,””*’ emphasizing the
role of IncRNAs in maintenance of the normal structure and
function of skin. Differential expression of IncRNAs has
also been reported in psoriasis*’ and in aberrant scarring.*
UV irradiation has been shown to affect the IncRNA
expression profile in normal keratinocytes with a differential
expression profile after exposure to UVA and UVB.***
Although several IncRNAs have been characterized in
melanoma,”’ the role of IncRNAs in keratinocyte cancers is
poorly known. The function of IncRNA PICSAR in the
progression of human cSCC has been previously identified
and characterized.”>>> In addition, recent studies have
implicated IncRNAs MALAT1, LINC00319, and SMRT-2
in cSCC."*™*
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Figure 3  PRECSIT regulates expression of activated STAT3 and matrix metalloproteinases. A: PRECSIT expression was silenced in cSCC cells (UT-SCC7,
UT-SCC59A, and UT-SCC105) by transfecting cells with PRECSIT siRNA1 or negative control siRNA. PRECSIT expression was determined 72 hours after
transfection by real-time quantitative PCR and corrected for ACTB (B-actin) mRNA levels in the same samples. B: Gene Ontology (GO), Kyoto Ency-
clopedia of Genes and Genomes (KEGG), and Reactome pathway enrichment analysis of differentially expressed genes (P < 0.01, fold change log2 > 1
between the control siRNA group and PRECSIT siRNA1 group) in the RNA-seq of PRECSIT knockdown cSCC cells. C: Heatmap showing the 40 most up- and
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Here, the authors have characterized the role of IncRNA
PRECSIT (LINC00346) in the progression of cSCC. Based
on the whole-transcriptome analysis in the authors’ previous
work, PRECSIT was identified among the most significantly
up-regulated IncRNAs in cSCC cells with very low expres-
sion in NHEKs.?” Recently, up-regulation of PRECSIT has
been reported in breast, bladder, pancreatic, non—small-cell
lung, and hepatocellular cancers,” > but its subcellular
localization, expression in situ, or the functional role in these
cancers have not been investigated. In this study, marked up-
regulation of PRECSIT expression was noted in cSCC cells,
and primarily nuclear localization was detected in cSCC cells
by analyzing the subcellular RNA fractions. Marked
expression of PRECSIT was detected in tumor cells in cSCC
in vivo, whereas the expression was very low in NS. PRE-
CSIT expression was also higher in AK lesions and cSCC in
situ when compared with NS or benign epidermal papil-
lomas, SK, suggesting a specific role for PRECSIT at the
early stage of cSCC development.

The mutation frequency of cSCC is higher than in mel-
anoma or in other squamous cell carcinomas.'”'*"* Muta-
tional inactivation of the tumor suppressor 7P53 gene is an
early event in epidermal carcinogenesis, leading to genomic
instability in keratinocytes and further malignant trans-
formation. Interestingly, 7P53 mutations are not detected in
SK, benign skin tumors with a clear UV mutation signa-
ture.”* The mutational status of the p53 protein is routinely
assessed by visualizing the nuclear accumulation of the
mutant p53 by immunohistochemical analysis.”” Total
absence of the immunoreactive p53 also implies nonsense
mutation in TP53 resulting in lack of functional p53.”°
Accordingly, strong p53 staining or absence of p53 was
detected only in malignant tissues, cSCC, cSCCIS, and AK.
The p53 staining intensities in our panel of tissue sections of
NS, SK, AK, ¢SCC in situ, and invasive cSCC are also in
accordance with the previous reports, where strong or
moderate nuclear accumulation of p53 has been noted early
in ¢SCC carcinogenesis.”’ >’

PRECSIT expression was examined together with the p53
expression levels in vivo in parallel tissue sections. Low or
moderate PRECSIT expression was noted in the majority of
the NS and SK tissues with low p53 staining intensity,
suggesting that the expression of PRECSIT is suppressed by
functional p53 in vivo in these lesions. A high level of
variation in PRECSIT expression level and p53 staining
intensities was noted in AK, ¢cSCCIS, and invasive ¢SCC
tissues, but the percentage of PRECSIT-positive cells did
not correlate with p53 mutational status. However, in the
majority of cSCC tissue sections, high PRECSIT expression
(five or more PRECSIT particles per cell) was associated
with negative p53 staining, suggesting that a high PRECSIT
copy number per cell in cSCC cells in vivo is due to the
absence of p53. Negative p53 immunoreactivity is pre-
sumably a result of a nonsense mutation in 7P53, which
resulit§ S(in production of truncated and nonfunctional
p53.°°
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These results suggest that very low basal level of PRE-
CSIT is important for normal growth and differentiation of
epidermal keratinocytes, whereas overexpression of PRE-
CSIT due to mutationally inactivated p53 is associated with
development and progression of ¢cSCC. Significantly higher
expression of PRECSIT was also noted in nontumorigenic
HaCaT cells, which harbor homozygously mutated p53, as
compared with NHEKs with functional p53. Moreover,
adenoviral delivery of wild-type p53 into cSCC cells
harboring mutated p53 resulted in potent down-regulation of
PRECSIT expression. Several p53-regulated IncRNAs have
been identified so far,°0 and certain IncRNAs including
MALATI1, RoR, and MEG3 have in turn been shown to
regulate p53.°' "’ No p53 binding site was found within the
PRECSIT gene promoter region (GeneHancer identifier
GH13J110868), suggesting that the expression of PRECSIT
is not directly regulated by p53. This is in accordance with
previous observations that p53 is a transcriptional activator
and that transcriptional repression by p53 is indirect.”*
Nevertheless, these results identify PRECSIT as a IncRNA
specifically overexpressed in cSCC and regulated by p53
signaling.

RNA-seq and bioinformatic analysis of ¢SCC cells after
PRECSIT knockdown revealed Jak-STAT signaling as one
of the most potential targets for PRECSIT. In addition,
significant down-regulation of STAT3 mRNA and protein
levels after PRECSIT knockdown was detected resulting in
potent reduction in the levels of activated STAT3, indicating
that the effect of PRECSIT is mediated via STAT3 signaling
in ¢SCC cells. Previously, STAT3 has been shown to play
an important role in cutaneous wound healing by promoting
keratinocyte migration.”” In addition, aberrant STAT3 ac-
tivity has been shown to contribute to cutaneous carcino-
genesis and cancer progression by regulating immune
suppression.®’

STAT3 functions as a transcriptional activator of several
MMP genes, including MMP1 56 and MMP3,%" and it can in
this way promote cell invasion. Accordingly, knockdown of
PRECSIT resulted in down-regulation in the expression of
collagenase-1  (MMP-1), collagenase-3  (MMP-13),
stromelysin-1 (MMP-3), and stromelysin-2 (MMP-10).
Knockdown of PRECSIT inhibited ¢cSCC cell invasion
through collagen type I matrix, and inhibition of STAT3
resulted in decreased ¢SCC cell invasion and in down-
regulation of the expression of MMP-1, MMP-3, MMP-
10, and MMP-13. It has been previously shown that
MMP-13 is specifically expressed by tumor cells in cSCCs
and head and neck squamous cell carcinomas.’®®’ The
expression of MMP-13 in head and neck squamous cell
carcinoma correlates with the local invasion in head and
neck squamous cell carcinoma, and its expression in head
and neck squamous cell carcinoma cells is potently inhibited
by p53.°>"" Elevated expression of MMP-3 and MMP-10
has also been reported in ¢cSCC.”" It is conceivable that
MMP-3 and MMP-10 can also promote cSCC progression
by activating latent MMPs, including MMP-1 and
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MMP-13.7* Together these results identify a novel mecha-
nism how p53 signaling inhibits invasion of ¢SCC cells by
suppressing the expression of PRECSIT. These results also
provide mechanistic evidence for the role of STAT3 in
mediating the effect of PRECSIT on invasion of ¢SCC cells
by generating a network of potent invasion proteinases in
the tumor microenvironment of cSCCs (Figure 5).

Mutant p53 may also aid in the modification of the tumor
microenvironment by modulating extracellular matrix
remodeling, by stimulating secretion of inflammatory cy-
tokines, and regulating crosstalk between tumor and stromal
cells.”? Moreover, mutant pS3 has been shown to bind and
constitutively activate STAT3, and hence aid in the pro-
gression of colorectal cancer.”* Here, the authors show that
PRECSIT accumulation in ¢SCC tumor cells is associated
with the absence of p53, but these results suggest that the
expression of PRECSIT is indirectly regulated by p53. As
the accumulation of PRECSIT is noted mainly in the cSCC
tumor cells lacking the wild-type or mutant p53 expression,
it can be suggested that mutant p53 retains some of the
suppressive effect of wild-type p53 on PRECSIT
expression.

Knockdown of PRECSIT results in significant inhibition
of ¢SCC xenograft growth in vivo. The highest level of
PRECSIT expression in the control xenografts was detected
at the edge of tumors, analogous to localization of active
STAT3, indicating that PRECSIT is associated with tumor
invasion and proteolytic activity of MMPs at the invasive
edge of tumors.”” It is likely that the inhibition of tumor
growth after PRECSIT knockdown is a result of impaired
c¢SCC tumor cell implantation and organization of the
extracellular matrix at the early stage of tumor formation
due to decreased proteolytic activity. In this respect, it is
important to note, that the structure of basement membrane
is altered in AK and ¢SCCIS, indicating that alterations in
the microenvironment of the premalignant and noninvasive
lesions is important in their progression to invasive cSCC.”°

In conclusion, the authors have identified a IncRNA,
PRECSIT, that is specifically expressed by c¢SCC cells in
culture and in vivo, and show that it is regulated by p53
(Figure 5). The levels of activated transcription factor
STATS3 are up-regulated by PRECSIT, and this in turn up-
regulates the expression of several invasion-associated
MMPs, that is, MMP-1 and MMP-13, which cleave
fibrillar collagens, and MMP-3 and MMP-10, which can
cleave a multitude of other extracellular matrix and base-
ment membrane components, including type IV collagen,
fibronectin, and laminin, and can activate latent MMP-1 and
MMP-13.°® In this way, simultaneous up-regulation of these
MMPs generates a potent proteolytic network capable of
cleaving the extracellular matrix in the tumor microenvi-
ronment of cSCC. On the basis of these findings, the authors
propose that PRECSIT promotes progression of cSCC by
specifically regulating invasion of ¢SCC cells via STAT3
signaling. Accordingly, PRECSIT may serve as a novel
potential biomarker and therapeutic target in cSCC.
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Figure 5  Proposed molecular model for the mechanistic role of PRECSIT in
cutaneous squamous cell carcinoma (cSCC). Low level of PRECSIT expression is
maintained in normal epidermal keratinocytes by functional p53. The blue
arrow indicates down-regulation of PRECSIT expression; red crosses, blockage
of the downstream signaling. In ¢SCC cells, mutational inactivation of p53,
particularly nonsense mutations leading to premature translation termination
and lack of functional p53 protein, results in up-regulation and accumulation
of PRECSIT in the nucleus. The red arrow indicates up-regulation of PRECSIT
expression. Elevated PRECSIT expression contributes to STAT3 activation and
up-regulation of the matrix metalloproteinases collagenase-1 (MMP-1),
collagenase-3 (MMP-13), stromelysin-1 (MMP-3), and stromelysin-2 (MMP-
10). MMP-3 and MMP-10 are capable of degrading several extracellular matrix
(ECM) components, including basement membrane type IV collagen, fibro-
nectin, and laminin. They also activate latent collagenases MMP-1 and MMP-13,
capable of cleaving fibrillar collagens type I and III in the dermal ECM. The
proteolytic remodeling of ECM and basement membrane by MMPs is essential
for ¢SCC cell invasion and tumor cell implantation, and it may also promote
progression of premalignant and noninvasive malignant lesions AK and c¢SCCIS
to fully invasive and metastatic cSCC.
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