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ABSTRACT
Background: Dystrophic epidermolysis bullosa (DEB) is a skin blistering disease caused by
mutations in the COL7A1 gene, which encodes type VII collagen (C7). There is potential
therapeutic benefit for DEB patients in identifying compounds that can increase C7 production in
skin.
Methods: A keratinocyte C7 reporter cell line was created and used in a genome-wide CRISPR
activation (CRISPRa) screen to identify genes and pathways that increase C7 expression. Based
on the CRISPRa screen results, a targeted drug screen was performed in three different
keratinocyte cell lines to evaluate C7 upregulation.
Results and Conclusions: The C7_tdTomato cell line was validated as an effective C7 reporter
cell line. The CRISPRa screen identified two genes, DENND4B and TYROBP as top hits and
pathway analysis showed enrichment of immune signaling pathways and regulators. The targeted
drug screen identified kaempferol as a potential precision medicine for DEB.
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CHAPTER 1
INTRODUCTION

A version of this thesis, Chapters 1-3 is to be submitted for publication in the near future
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Dystrophic Epidermolysis Bullosa
Epidermolysis bullosa (EB) is a heterogeneous group of genetic skin blistering disorders
characterized by increased fragility and impaired structural integrity of the skin(1). Dystrophic
EB (DEB) is a subtype of EB that is exclusively caused by mutations in the COL7A1 gene, which
encodes type VII collagen (C7). The incidence of all subtypes of DEB is 1 in 150,000 live births
in the United States (2).
C7 is the main component of anchoring fibrils (AFs), which provide mechanical strength
and stability to the skin by anchoring the epidermis to the dermis(1, 3). AFs are formed through
multiple steps of processing and complexing. Initial translation of COL7A1 results in a 350 kDa
proα1(VII) polypeptide chain that contains a central triple helical domain flanked by noncollagenous (NC) domains, NC-1 and NC-2. Proα1(VII) chains form a homotrimer called
procollagen VII. The triple helical domain is important for homotrimer formation and contains
repeats of -Gly-X-Y-, where X is often proline and Y hydroxyproline. Procollagen VII is
secreted from cells, where it self-assembles into tail to tail dimers and the C-terminal NC-2
domain is cleaved. Finally, these dimers bundle to form anchoring fibrils (4, 5).
DEB has a wide spectrum of disease severity and can be caused by either dominant
(DDEB) or recessive (RDEB) mutations. DEB subtypes are based on clinical criteria, but disease
severity often correlates with COL7A1 mutation type (3, 6-10). The clinical criteria used define
DEB subtype describe the blistering as generalized or localized and the overall severity of
blistering. Sometimes, the ability to form AFs is evaluated in severe cases. RDEB generalized
severe (RDEB-GS) makes up about 10% of DEB cases and is frequently caused by two COL7A1
null mutations and result in little to no functional expression of C7. RDEB other (RDEB-O) and
RDEB inversa (RDEB-I) typically result from missense mutations or both a null and missense
mutations and have intermediate phenotypes(9). DDEB has the mildest phenotype and often
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results from a single glycine substitution in the triple helical domain. Patients with missense
mutations in one or both alleles often can form AFs, just in reduced number or with
morphological alterations, and this can lessen the severity of disease (7).

Treatments for DEB
Despite significant advances in developing molecular therapeutics for DEB, there is
currently no cure (1, 3, 11, 12). Many of these therapeutics are designed for individuals with the
most severe DEB phenotypes, in which the disease-causing mutations in COL7A1 result in
complete loss of C7(12). Treatments with the highest potential for long-term benefit often involve
transplanting patient-derived skin cells or grafts that have been modified ex vivo to express
functional C7 (12-32). Other strategies of supplying functional C7 to the skin include direct
application of a gene therapy vector containing full-length COL7A1 cDNA, C7 protein therapy,
and allogeneic transplant of bone marrow-derived cells or skin cells (12, 33-49). However, these
potential therapeutic strategies all have limitations. For example, the large size of the COL7A1
cDNA makes engineering gene therapy vectors challenging, the specific localization and complex
formation of AFs reduces C7 protein therapy effectiveness, and bone marrow transplants are
associated with high risks. While complete restoration of fully functional C7 in the skin would be
ideal for treating DEB, previous work has shown that even partial C7 function in the skin (~10%)
can be sufficient to improve disease symptoms (12).
One method for restoring partial C7 function is exon skipping, where an exon containing a
disease-causing mutation is spliced out during pre-mRNA processing, resulting in a truncated, but
partially functional protein. Natural instances of exon skipping in DEB have been shown to lessen
the severity of disease symptoms (50-52). For example, one patient with premature termination
codon (PTC) mutations on each allele showed expression of a truncated C7 protein due to a splice
site mutation affecting one of the mutation-containing exons, resulting in a much milder disease
3

phenotype than expected (51). Preclinical studies have shown that antisense oligonucleotides
(ASOs) targeting mutation-containing exons in C7 can induce exon skipping, resulting in a
truncated, partially functional C7 protein that is able to be deposited at the basement membrane
zone (BMZ) (52-56). Similar to exon skipping, compounds that can induce readthrough of PTCs,
such as gentamicin, have been shown to increase C7 production in patients with nonsense mutations
(57-59). These therapies clearly demonstrate the potential benefits of increasing C7 production in
DEB patients that produce a partially functional C7 protein, but the usefulness of these therapies is
limited because they require the mutation to either be located in a non-essential exon (exon
skipping) or cause a PTC (gentamicin). Identifying genes and/or compounds that can increase C7
production independent of mutation type could significantly improve the quality of life for many
DEB patients, especially those who are not eligible for other types of treatments.

CRISPR Screens for Precision Medicine
Genome-wide screening methods have identified targetable genes and pathways for
precision medicine development and helped determine the mechanisms of drug action and
resistance (60, 61). One such screening approach, called CRISPR activation (CRISPRa), utilizes
the clustered regularly interspaced short palindromic repeats (CRISPR)/ CRISPR associated
protein 9 (Cas9) system to activate gene expression in a targeted manner. The CRISPRa system
employs a catalytically dead Cas9 (dCas9) fused to a transcriptional activation domain (VP64) (62).
When this dCas9-VP64 fusion is directed by a programmable single guide RNA (sgRNA) to
localize to the promoter region of a gene, it increases expression of the target gene without making
genetic alterations. A genome-wide CRISPRa screen utilizes the dCas9-VP64 in conjunction with
a viral library of sgRNAs that are designed to target the promoter region of thousands of different
genes (62). CRISPRa screens have been used primarily in the cancer field, however, these powerful
screening techniques could also be adapted for a rare genetic disease, like DEB.

Precision Medicine for genetic diseases
4

Precision medicine focuses on developing the most effective treatment based on
an individual’s genes, lifestyle and environment. While many people think of gene
therapy as the ultimate precision medicine for genetic diseases, targeted drugs that
attenuate disease severity are more economical, accessible and potentially impactful to
patients worldwide. Examples of targeted drugs for a genetic disease are the modulator
therapies that have been developed for cystic fibrosis (CF) targeting a common mutation,
F508del in the cystic fibrosis transmembrane conductance regulator (CFTR) gene (63).
These modulator therapies do not correct the gene mutation but improve the function of
the protein. These modulator therapies are already making an impact for patients now,
while gene therapy for CF is still developing and has been since 1990 (63).
Summary and Research Objectives
In summary, DEB is a painful and debilitating disease and most patients only
receive palliative care for treatment. Increasing the expression of C7 in the skin of DEB
patients could potentially alleviate severity of disease for many patients, particularly
those with missense mutation that produce some functional AFs. Therefore, the objective
of this research is to develop precision medicines for DEB by utilizing a CRISPRa screen
to identify pathways and genes that can increase the expression of C7 in skin cells.

5

CHAPTER 2

Genes and Compounds that Increase Type VII Collagen Expression as Potential
Treatments for Dystrophic Epidermolysis Bullosa
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OVERVIEW
Increasing C7 expression in the skin holds the promise of preventing blistering, and could form the
basis of precision medicine for DEB. Towards this goal, we utilized a CRISPRa screen to identify
genes and pathways that increase C7 expression in skin cells (Figure 1). To enable this screen, we
engineered a novel keratinocyte C7 reporter cell line by tagging the endogenous C-terminus of
COL7A1 with a red fluorescent marker (tdTomato), called C7_tdTomato. In this construct, C7 and
tdTomato are separated by a viral 2A sequence, which releases tdTomato from C7 during mRNA
translation. Thus, tdTomato is produced in equal molarity with C7, and serves as a readout of C7
expression. We subsequently performed a genome-wide CRISPRa screen with the C7_tdTomato
cells and a sgRNA library targeting over 18,000 genes (62) to identify the sgRNAs and genes
associated with high tdTomato/C7 expression (Figure 1). Several promising gene candidates,
including TYROBP and DENND4B, and pathways, including toll-like receptor (TLR) and
interferon signaling and calcium uptake were identified and led us to test 25 potential targeted
therapies for increasing C7 expression in keratinocytes. The compound kaempferol, a plant
flavonoid, significantly increased C7 expression in multiple keratinocyte cell lines, including
RDEB cells, demonstrating its potential therapeutic benefit for DEB patients. In summary, creation
of a novel C7 reporter cell line and adaptation of CRISPRa screening to a rare disease gene resulted
in a promising precision medicine candidate for DEB.

MATERIALS AND METHODS
Cell culture: All keratinocyte cell lines were maintained in keratinocyte complete media
(KCM): EpiLife medium with 60 uM Calcium / EpiLife Defined Growth Supplement (EDGS)
(ThermoFisher). Cells were grown and maintained with 50 U/mL Penicillin-Streptomycin, unless
7

another antibiotic for selection is indicated. WT and RDEB keratinocytes were obtained from
patients following informed consent, IRB approval, and in accordance with the Declaration of
Helsinki Principles and subsequently immortalized.
Creating C7_tdTomato reporter cell line: CRISPR/Cas9 homology independent knock-in was
used to mediate the COL7A1 gene editing because it relies on non-homologous end joining
(NHEJ) instead of homology directed repair (HDR). Repair by NHEJ results in insertion of the
P2A_tdTomato into the COL7A1 gene, such that even a small percentage of edited cells can be
isolated using fluorescence-activated cell sorting (FACS) (Figure 2).
Guide selection: Three guide sequences preceding the stop codon in COL7A1 were
identified using CRISPOR (http://crispor.tefor.net/ ) and evaluated for cutting efficiency.
Briefly, the guides were cloned into the px458 plasmid as previously described, and 0.5
mg of each guide plasmid was transfected in triplicate into HEK293T cells (1x10^6 cells;
Neon 1100V; 20 ms; 2 pulses). Cells recovered for 2 days, then DNA was isolated and
the Cas9 cut site PCR amplified and sequenced. Based on TIDE analysis
(https://tide.deskgen.com/), guide 1 had the highest indel formation and was selected for
targeting in the N/TERT cells (Supplemental Figure 1).
Plasmid donor DNA: A plasmid containing P2A_tdTomato flanked with the COL7A1
guide 1 sequence was engineered as the donor DNA for knock-in gene tagging.
CRISPR/Cas9 targeting of guide 1 sequence can linearize the P2A_tdTomato donor DNA
and create a double-strand DNA break in COL7A1 for NHEJ incorporation of the tag
(Figure 2A). The donor plasmid was created by PCR amplification of the P2A and
tdTomato gene from the pCDH-EF1-Luc2-P2A-tdTomato plasmid (Addgene; 72486)
with primers containing guide 1 target sequence and BspQI restriction enzyme sites
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(BSPQ1_guide1_P2A_F and BSPQ1_guide1_tdT_R). The amplified product was
incorporated into the pGG_MCS_ROCK plasmid with BSPQ1 digestion and T4 ligation.
The plasmid was sequence-confirmed and referred to as
pGuide1_P2A_tdTomato_Guide1.
Transfection and FACS sorting: N/TERTs were transfected with 1.5 µg Donor
pGuide1_P2A_tdTomato_Guide1 and 2 µg px458_Guide1 in triplicate (1 x10^6 cells:
Neon 1500 V; 20 ms; 2 pulses). Transfected cells were expanded for 4 weeks and then
FACS sorted at the University of Minnesota Flow Cytometry Resource facility for
tdTomato positive cells. Approximately 0.1% of the cells were tdTomato positive
(Figure 2B ). A second FACS sort was used to further purify the targeted population and
the tdTomato positive cells were sorted into a 96 well plate at 5, 10, and 20 cell densities.
Colonies grew in all three cell dilutions and were visually screened by fluorescent
microscopy for tdTomato expression.
Confirmation of C7_tdTomato cell line: PCR was used to confirm correct integration
(Figure 2C) and Sanger sequencing used to confirm the genotype of the C7_tdTomato
cell line. Multiple subclones were sequence-confirmed to carry an identical heterozygous
C7_tdTomato in-frame fusion genotype and these clones were used for subsequent
analysis (Supplemental Figure 2). Primer sequences are provided in Supplement Table 1.
Functional confirmation of C7_tdTomato reporter cell line was performed using C7
stimulation with TGF-beta. Both unedited N/TERTs and C7_tdTomato cells were plated
in 6 well plates, TGF-beta (5 ng/µL) was added to half the wells and incubated for 3
days. The cells were then collected, fixed in 4% paraformaldehyde for 15 minutes at
room temperature, and analyzed by FACS for tdTomato expression (Figure 2E-F).
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Vectors and plasmid library for CRISPRa screen: The individual lentiviral sgRNAs with
puromycin resistance were engineered with customizable plasmid, pXPR_050 (Addgene 96925).
Stably expressing dCas9_VP64 cell lines with blasticidin resistance were created using lenti
dCAS-VP64_Blast (Addgene 61425).
The Human CRISPRa sgRNA library Calabrese in backbone XPR_502 (Addgene 1000000111),
Set A was the sgRNA library with puromycin resistance used in these experiments.
CRISPRa sgRNA Library Amplification: 400 ng of the Human CRISPRa sgRNA library
Calabrese was electroporated into 100 µL STBL4 electrocompetent cells (Invitrogen). To
maintain library diversity, transformed bacteria were plated on 16-20 x 150 cm2 agar plates
containing 100 µg/mL carbenicillin and grown for 18 hours at 30˚C. Bacteria colonies were
scraped from the plates and library plasmid DNA isolated (ZymoPURE II Plasmid Midiprep Kit,
Genesee Scientific). The plasmid library was sequenced to confirm sgRNA representation and
distribution (Supplemental Figure 5A).
Lentivirus production: 8 million HEK293T cells were seeded in 0.1% gelatin coated T-150
plates with 293T complete media (DMEM / 10% FBS / 1X GlutaMAX / 50 U/mL PenicillinStreptomycin). The next day, 293T cells were transfected using Lipofectamine 2000 with cargo
plasmid (15 µg), and 3rd generation lentivirus packaging plasmids: pMDGLg/pRRE (10 µg),
pRSV-rev (1 µg) and pMD2.G (2 µg). Plates were incubated overnight, media removed and
replaced with 293T complete media without GlutaMAX. After 36 hours, virus production
confirmed with Lenti-X GoStix (Takara), media collected, and virus concentrated with Lenti-X
concentrator (Takara) according to manufacturer’s instructions. Pelleted virus reconstituted in
EpiLife medium. Virus stored at -80˚C in single use aliquots. Large scale sgRNA library virus
production for screens was performed in 10-20 x T-150 flasks.
10

Virus transduction efficiency testing: A 6-well plate was pre-coated with type IV collagen.
The N/TERTs were harvested and counted, and 6x10^6 cells resuspended in 6 mL transduction
solution: 6 mL KCM plus 10 µM Rock inhibitor (BD BioSciences), 30 µL LentiBlast A and 6 µL
LentiBlast B (Oz Biosciences). Then 1 mL of cells in transduction solution was aliquoted per
well of the prepared 6-well plate. Increasing CRISPRa library lentivirus was added to each well
(0, 25, 50, 75, 100, 125 µL). The next day, the cells were harvested from each well, washed with
KCM, and divided 50% to selection media, KCM +2 µg/mL puromycin, and 50% to untreated
KCM. Cells were grown for 4 days with media changes on day 1 and 3, and then harvested and
counted. The transfection efficiency for each virus concentration was determined as the percent
cell survival in puromycin selection compared to non-transduced cells (0 µL lentivirus)
(Supplemental Figure 5B).
Creating stable cell lines with dCas9-VP64_Blast: A 24-well plate was coated with type IV
collagen (20 µg/mL PBS) for 30 minutes at 37˚C and removed just prior to cell plating.
Approximately 50,000 cells were collected and resuspended in 1.0 mL KCM plus 10 µM Rock
inhibitor (BD BioSciences) with 5 µL LentiBlast A and 1 µL LentiBlast B (Oz Biosciences).
Cells plated 0.5 mL per well of coated 24-well plate and 50 µL of dCas9-VP64_Blast lentivirus
added to one well and incubated overnight. The next day, media was removed and KCM + 0.5
µg/mL blasticidin added to each well. The dCas9-VP64_Blast positive cells were expanded and
maintained in blasticidin selection.
CRISPRa Primary screen: C7_tdTomato + dCas9-VP64_Blast cells were expanded to over 90
million cells and transduced with the CRISPRa sgRNA library at 30-50% transduction efficiency
to have representation of a minimum of 500 cells per sgRNA(62, 64, 65). C7_tdTomato +
dCas9-VP64_Blast cells were resuspended in 85 mL KCM plus 10 µM Rock inhibitor with 450
µL LentiBlast A, 90 µL LentiBlast B, and 4.5 mL CRISPRa sgRNA library lentivirus. The
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transduction solution was aliquoted 1 mL/ well into 15 x 6-well plates precoated with type IV
collagen and incubated overnight. The next day, the cells were harvested from each well and
pooled together into one tube, washed with KCM, and plated evenly into 17 x T-150 flasks with
KCM + 2 µg/mL puromycin. Cells were in puromycin selection for 3 days and placed in KCM
without selection for 24 hours prior to FACS. FACS was performed at the University of
Minnesota Flow Cytometry Resource core, and three cell populations were collected: High, Mid
and Low tdTomato expressing cells (Supplemental Figure 6). High tdTomato population
contained 650,782 cells. Genomic DNA was isolated using Puregene DNA isolation kit.
Differences in Pilot Screen: Approximately 35 million C7_tdTomato + dCas9-VP64_Blast cells
were transduced at 30-50% transduction efficiency. Cells were in puromycin selection for 5 days
and placed in KCM without selection for 24 hours prior to FACS. High tdTomato population
contained 439,602 cells.
Individual sgRNA lentiviral plasmid cloning: Individual guide sequences from the library
were cloned into pXPR_050. Briefly, the guide forward and reverse oligos were annealed by
incubation in 1X T4 Ligase buffer at 95˚C for 5 minutes and cooled to room temperature for 20
minutes. The annealed oligos were Golden Gate cloned into pXPR_050 with Esp31 digestion
and T4 ligase. Ligated plasmids were transformed and plated on LB agar plates with 100 µg/mL
carbenicillin. Colonies were PCR screened with U6 promoter forward primer and guide reverse
primer. Correctly cloned colonies were grown up overnight in LB with 100 µg/mL carbenicillin,
plasmid isolated and sequence confirmed. Primer sequences can be found in Supplemental Table
1.
Western blot: Cell lysates were collected directly from the cell culture plate in RIPA buffer with
protease inhibitor cocktail (Roche, 11836153001) using a cell scraper. Lysates were incubated on
ice for 15 minutes and centrifuged at max speed in a microcentrifuge for 15 minutes. Supernatant
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was collected and the BCA protein assay kit (Thermo Scientific, 23227) used to quantitate
protein. Samples were prepared in NuPAGE LDS Sample Buffer (Thermo Fisher) for
polyacrylamide gel electrophoresis in using 4-12% Tris-Glycine Mini Gels (Novex) and
transferred for 8 minutes at 20 volts using iBlot2 (Invitrogen). We used the following antibodies:
Primary antibodies: rabbit anti-type VII collagen (Abcam, ab93350, 1:500) and mouse anti-alphaactinin (Santa Cruz, sc-17829, 1:1,000). Secondary antibodies: goat anti-mouse IgG HRP and
goat anti-rabbit IgG HRP (BioRad, 1:5,000). Quantification was performed using ImageJ.
Drug Screens: Cells were plated in 6 well plates and when the cells reached 25% confluency, the
specified drug was added at the specified concentration in 2 mL KCM (Table 1). After 3 days,
cells were harvested for analysis.
FACS analysis: For FACS analysis, cells were fixed in 4% paraformaldehyde for 10 minutes at
room temperature and washed with PBS. FACS performed at the University of Minnesota Flow
Cytometry Resource facility. Analysis performed with FlowJo software (v10).
qRT_PCR: Total RNA was isolated from cell pellets using the RNeasy Mini Kit (QIAGEN) and
reverse transcribed using SuperScript II Reverse Transcriptase (ThermoFisher) according to
manufacturer instructions. qRT-PCR was performed using PrimeTime Gene Expression Master
Mix and FAM-labeled, probe-based qPCR assays for each gene (Integrated DNA Technologies).
GAPDH was used as the reference gene for normalization of Ct values. The comparative Ct
method was used to calculate gene expression differences. Samples were run in duplicate in each
plate and each sample was run on a minimum of three separate plates.
Sequencing of CRISPRa Library: The sgRNA region of the plasmid was amplified using PCR
primers containing Illumina P5 and P7 adapter sequences such that the PCR products could be
sequenced using Illumina sequencing instruments (62). Successful amplification was confirmed
13

via gel electrophoresis. Agencourt AMPure XP beads (Beckman Coulter) were used to clean up
PCR products/sequencing libraries, and library concentrations were determined using a
NanoDrop (ThermoFisher). Libraries were diluted, denatured, and sequenced on an Illumina
MiniSeq using 75-cycle kits according to the manufacturer’s instructions (Illumina, San Diego,
CA). Primer sequences can be found in Supplemental Table 1.
Processing Sequencing Data: Reads were first filtered using Cutadapt (66) based on the
presence of the CACCG sequence that appears immediately 5’ to the sgRNA sequence in the
vector. After trimming the CACCG sequence and any bases preceding it, the first 20 bases in
each read represented the sgRNA sequence. Reads were then trimmed from the 3’ end to leave
only the 20 base sgRNA sequence. After filtering and trimming, the reads were analyzed to
determine unique 20-base sequences, and the number of reads that corresponded to each unique
sequence. This list of unique sequences was cross-referenced with the list of sgRNA sequences in
the library to identify which sgRNAs were present in the sequencing data and to remove reads
that did not correspond to an sgRNA. Raw read counts for each sgRNA were converted into
counts-per-million (CPM) sgRNA reads to normalize for differences in read totals for the sgRNA
library input (plasmid DNA - pDNA) and the screen results.
Determining Input sgRNA Diversity: Prior to cell transfection, we sequenced sgRNAs
in the plasmid library to confirm that the library had sufficient sgRNA diversity and to
establish baseline relative abundance values for each sgRNA. sgRNA diversity is
presented in Supplemental Figure 3A.
Calculating sgRNA Enrichment: After processing screen data and calculating CPM
values for each sgRNA identified in the screen, fold change (FC) for each sgRNA was
calculated by dividing the screen CPM by the plasmid DNA library CPM. The log2 of the
FC values were used to calculate a Z-score for each sgRNA via the following formula:
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(logFC of sgRNA - mean logFC) / (standard deviation of logFC). sgRNAs with a Z-score
greater than 1.75 were used for pathway and gene set enrichment analyses.
Pathway and Gene Set Enrichment Analysis: Genes with sgRNAs enriched in the CRISPRa
screen (Z > 1.75), along with CPM and fold change values, were inputted into the Ingenuity
Pathway Analysis desktop application. A core analysis was performed to identify upstream
regulators, canonical pathways, and diseases and functions that were enriched in the gene set
based on the log2FC values of each gene. Results for enriched upstream regulators and
diseases/functions were filtered based on activation Z-score.

RESULTS
Engineering and validation of a C7_tdTomato reporter cell line
To develop a targeted therapy for DEB patients and screen potential therapeutics, we
created a reporter cell line to easily identify increased C7 production. For this reporter system,
we selected the immortalized N/TERT keratinocyte cell line because the endogenous expression
of C7 in keratinocytes (67) and is high enough to allow identification of a correctly engineered
reporter cell line. We marked C7 with the fluorescent protein tdTomato such that an increase in
C7 production would result in an easily detectable and quantifiable increase in red fluorescence.
To do so, we used a P2A self-cleaving peptide sequence to co-express independent C7 and
tdTomato proteins at equal molarity from the same mRNA molecule (Figure 2A).
Homology-independent knock-in is a genome engineering technique for inserting a gene
tag at an endogenous locus using non-homologous end joining (NHEJ) (68). NHEJ is
advantageous for genome engineering because it can occur in non-dividing cells and at a higher
15

rate than homology directed repair (HDR). Therefore, we used CRISPR/Cas9 homologyindependent knock-in for COL7A1 gene editing in N/TERTs. Our design used only one sgRNA to
direct Cas9 cutting to release the P2A_tdTomato sequence from the plasmid and also to create a
DNA double-strand break preceding the stop codon in COL7A1 (Figure 2A). NHEJ repair then
inserted P2A_tdTomato into the COL7A1 gene (Figure 2A). Fluorescence activated cell sorting
(FACS) was used to collect the small percentage of edited cells (0.11%) (Figure 2B). After
expansion, a second round of FACS of tdTomato positive cells into a 96-well plate at low cell
density was used to further purify the edited population. This procedure resulted in a stable,
tdTomato-positive population, to which we refer as the C7_tdTomato cell line in the remainder of
this paper (Figure 2D). PCR was used to confirm the correct integration of the isolated
C7_tdTomato clones, and clones 1 and 2 were heterozygous for the tdTomato knock-in (Figure
2C). Sequencing of both C7_tdTomato clones resulted in the same genotype with a heterozygous
in-frame insertion of the P2A_tdTomato tag in COL7A1 (Supplemental Figure 2), suggesting that
these two clones originated from the same targeted cell.
TGF-beta stimulation has been found to increase C7 production in keratinocytes (69),
but its proinflammatory and cancer promoting effects minimize its potential benefit for DEB
patients (70, 71). Here we used TGF-beta stimulation to evaluate the C7_tdTomato reporter cell
line. Stimulation with TGF-beta for 3 days resulted in a significant 2.1-fold increase in tdTomato
mean fluorescence intensity (Figure 2E-F). Increased C7 expression was further confirmed by
qRT-PCR and Western blot (Figures 2G- H, Supplemental Figure 7A). Strong and highly
significant correlation of C7 and tdTomato expression in the experiments throughout this paper is
demonstrated in Supplemental Figure 4A-B. Taken together, these results validated the
C7_tdTomato cells as a C7 reporter cell line, in which measurable increases in tdTomato
fluorescence indicate increases in COL7A1 mRNA and C7 protein expression.
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CRISPRa screen with C7_tdTomato cells reveals positive regulators of C7 production
To perform a CRISPRa screen, we first transduced C7_tdTomato cells with a lentiviral
construct containing dCas9_VP64 and confirmed that the CRISPRa system was functional. We
tested the CRISPRa system with a lentiviral pool of three sgRNAs targeting the promoter region
of the COL7A1 gene. This treatment resulted in significant increases in both COL7A1 and
tdTomato mRNA in C7_tdTomato cells with stably integrated dCas9-VP64, compared to a nontargeting (NT) sgRNA control (Supplemental Figure 3A). COL7A1 mRNA was significantly
increased in the original N/TERTs with dCas9-VP64 we had edited, ruling out the possibility that
the observed increase was a consequence of the tdTomato insert (Supplemental Figure 3B).
Crucially, COL7A1 sgRNAs significantly increased tdTomato fluorescence in the C7_tdTomato
+ dCas9_VP64 cells (Supplemental Figure 3C-E). These results indicate that the CRISPRa
system in the C7_tdTomato cells could upregulate the expression of a targeted gene and detect
increased C7 expression with a measurable increase in tdTomato fluorescence.
We utilized a previously validated sgRNA plasmid library (62), and prior to performing
the CRISPRa screen, this plasmid library was expanded, sequenced, made into lentivirus, and
tested for transduction efficiency in keratinocytes. Sequencing of the expanded sgRNA plasmid
library was used to determine library diversity and to establish the baseline abundance of each
sgRNA (65)(Supplementary Figure 5A). The transduction efficiency was used to determine the
optimal volume of virus for the CRISPRa screen as in Sanson, et al (62, 65) (Supplementary
Figure 5B).
To perform the CRISPRa screen, C7_tdTomato + dCas9-VP64 cells were expanded to 90
million cells and transduced with the lentiviral sgRNA library. A 50% transduction efficiency
was used with the intention of integrating one sgRNA per cell, with a minimum of 500 cells per
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guide (64, 65). Cells were selected with puromycin for guide integration and subsequently
separated by FACS based on td_Tomato (C7) expression (Supplemental Figure 6). To enrich
those sgRNAs which increased C7 abundance by CRISPRa, we collected the highest 10% of
tdTomato-expressing cells (tdTomato high). Genomic DNA was isolated from these cells, the
variable region of the guide construct (containing the sgRNA sequence) was PCR-amplified with
primers containing Illumina adapters, and the resulting library sequenced to a depth of ~20
million reads. Over 80% of the sequencing reads mapped to designed sgRNAs, and 53,928 out of
56,762 sgRNAs in the design had at least one read. After calculating the relative abundance of
each sgRNA (counts-per-million sgRNA reads, CPM) and removing sgRNAs with less than 5
CPM, we calculated the fold change (FC) and logFC relative to the input pDNA sgRNA library,
as well as a Z-score for each sgRNA based on the logFC value. We chose a Z-score cutoff of 1.75
(FC ~ 2.5) in order to focus on sgRNAs that became much more abundant relative to the original
sgRNA plasmid library, leaving 1544 sgRNAs.
Only two sgRNAs had a Z-score of more than 5.0: one sgRNA targeting COL7A1 (FC =
15.31) and one sgRNA targeting DENN domain containing 4B (DENND4B, FC = 27.87).
DENND4B encodes a RAB guanine nucleotide exchange factor (GEF) that may be involved in
membrane trafficking and/or vesicle-mediated transport, but very little work has been done on
this gene. We focused on genes for which multiple sgRNAs showed enrichment among the cells
with high C7 expression. There were 75 genes that had two enriched sgRNAs (including
DENND4B). One gene showed enrichment of all three sgRNAs in the design: transmembrane
immune signaling adapter protein (TYROBP). TYROBP encodes a protein that interacts with cell
surface receptors on a variety of immune cell types to mediate their activation, including natural
killer cells, neutrophils, macrophages, and dendritic cells (72). Furthermore, DENND4B and
TYROBP were the only two genes with all three sgRNAs represented among the cells with high
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C7 expression in the pilot CRISPRa screen, providing further evidence that they are positive
regulators of C7 expression (Figure 3A).
Due to the strong enrichment of sgRNAs targeting DENND4B and TYROBP, we chose to
use these genes for validation (Figure 3A). A pool of the three sgRNAs for each gene was
created and introduced into the C7_tdTomato + dCas9-VP-64 cells. The sgRNA pools for
TYROBP, DENND4B, and COL7A1 all significantly increased tdTomato fluorescence over NT
sgRNA control (Figure 3B-C). While COL7A1 mRNA was not significantly increased in cells
with sgRNAs for DENND4B or TYROBP (Figure 3D), C7 protein expression was significantly
increased relative to the NT sgRNA control (Figure 3E, Supplemental Figure 7B). These results
suggest that upregulation of the TYROBP and DENND4B genes increases C7 expression by
increasing COL7A1 translation more than COL7A1 transcription. Alternatively, upregulation of
these two genes could reduce degradation of the C7 protein.
We probed the list of gene targets for genes that have been previously shown to increase
C7 production. Several sgRNAs targeting known positive regulators of C7 expression were
enriched, including two sgRNAs for the SP-1 transcription factor (SP1, FC = 2.87 and 2.72), one
sgRNA for estrogen receptor beta (ESR2, FC = 3.37), and one sgRNA for TP53 (FC = 2.51)
(Figure 4A). SP-1 is a transcription factor that drives basal expression of genes without a
canonical TATA box, including COL7A1 (73). ESR2 is a receptor for beta-estradiol, which was
previously shown to increase C7 expression (74). Inhibition of TP53 expression using siRNAs
was previously shown to decrease C7 mRNA and protein (75). Our list also contained genes
whose products are known to interact with C7 in some way, including CYFIP1, ELOC, LAMA5,
NFKBIE, and THBS1 (Figure 4A). The enrichment of these sgRNAs provides further evidence
that our screen identified regulators of C7 expression.
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To identify potential mechanisms by which our top candidate genes increase production
of C7, we probed our list for genes whose products have been previously shown to physically
interact with DENND4B and TYROBP. The only gene in our list whose product has been
previously shown to interact with DENND4B is CTU2 (FC = 2.54), which encodes a component
of a cytosolic thiouridylase, but the only evidence for this interaction is from a single coimmunoprecipitation experiment (76). By contrast, there were several genes whose products are
known to interact with TYROBP, including CD69 (FC = 3.18), LAT2 (FC = 2.94, 2.63), MMP9
(FC = 2.50), SIGLEC1/CD169 (FC = 2.61), SIGLEC14 (FC = 3.11), and SIRPB1 (FC = 3.26),
which are all involved in activating immune cells and/or mediating cell-cell interactions between
different types of immune cells (Figure 4B).
To investigate if the candidate genes share common biological functions, we used
Ingenuity Pathway Analysis (IPA, QIAGEN) to determine whether the candidate genes were
enriched for shared upstream regulators. The top enriched upstream regulators (based on
activation Z-score) are listed in Table 1. The enrichment of SMARCA4 as an upstream regulator
is relevant because previous work has shown that it is a positive regulator of C7 expression (75,
77). The list also includes numerous regulators of interferon and toll-like receptor signaling,
which are involved in the activation, migration, cell-cell communication, and differentiation of
immune cells, suggesting that immune cells in the skin could potentially promote C7 production.
We also used IPA to determine whether the candidate genes were enriched for any
canonical pathways, diseases, or functions. The canonical pathways with the strongest enrichment
included two pathways related to immune cell signaling, two related to apoptosis, and three
related to the pathogenesis of influenza (Figure 4C). Thirteen significantly enriched diseases and
functions were predicted to be activated (Z > 2.0), and eight of these are related to immune cell
signaling and differentiation (Table 2), providing further evidence that various immune cell
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signaling pathways have the potential to increase C7 production. There were also functions that
are directly related to keratinocyte biology (“uptake of Ca2+” and “formation of skin”) and axon
biology (“axonogenesis” and “shape change of axons”; Table 2). Calcium signaling regulates
numerous processes in keratinocytes, including proliferation, differentiation, and adhesion, so the
enrichment of genes involved in calcium signaling could be important in regulating C7
production. Taken together, these results identified numerous signaling pathways and processes
that could potentially be targeted to increase C7 production.
Targeted Drug Screen
The results of the CRISPRa screen suggested that C7 production could be increased
through upregulation of specific candidate genes, such as TYROBP and DENND4B, and through
various signaling pathways, including immune cell signaling (interferon, toll-like receptor, and
cytokine signaling), calcium signaling, and apoptosis. To determine if these genes and pathways
are promising candidates for drug targeting in DEB, we selected compounds that have been
shown to affect these genes/pathways for further testing. We also selected two other groups of
compounds: (1) compounds that have shown efficacy in improving wound healing, either in EB
or in general; and (2) senolytics, since senescence is a driving pathway for the limited cell growth
of primary keratinocytes in culture (78). Table 3 highlights the relationship of each drug chosen
to test in our targeted drug screen.
Drugs were initially tested at three concentrations to evaluate each compound for toxicity
and to identify the best concentration for induction of tdTomato/C7 expression by FACS analysis
(Figure 5A). The specific drug concentrations and normalized fluorescence values can be found
in Supplemental Table 3. Based on this initial screen, the drugs that induced the largest increase
in tdTomato fluorescence were screened again with a minimum of three replicate samples at the
21

concentration that had worked best in the initial screen (Figure 5B). Two drugs, ATP and
dasatinib, were evaluated at two concentrations to optimize cell growth, which was notably
diminished at higher drug concentrations. ATP, dasatinib, diacerein, indomethacin, kaempferol,
and four of the anthocyanins found in bilberry extract (cyanidin, delphinidin, malvidin, and
peonidin) reproducibly and significantly increased tdTomato fluorescence and C7 protein levels
(Figure 5B). Four of these drugs (kaempferol, dasatinib, cyanidin, and peonidin) were also able to
significantly increase COL7A1 mRNA expression (Figure 5C). Kaempferol is a plant flavonoid
that was chosen because it has been shown to increase p53 (which was enriched in our screen)
and inhibit NFkB (multiple NFkB inhibitors were enriched in the screen), in addition to reducing
inflammation and fibrosis (79, 80). Cyanidin and peonidin are two of the four bilberry
anthocyanins tested, which were chosen based on recent work that showed increased TYROBP
and decreased inflammation in APP/PSEN1 mice that received a diet supplemented with bilberry
anthocyanin (BA) extract (81). Dasatinib is a tyrosine kinase inhibitor that was chosen because of
its well-established senolytic properties (82-84).
To evaluate the compounds that increase tdTomato/C7 expression as potential precision
medicines for DEB, drugs were tested in two additional immortalized keratinocyte cell lines. One
was another normal keratinocyte cell line (WT) and the other an RDEB patient cell line (RDEB).
Indomethacin, kaempferol and peonidin significantly increased COL7A1 mRNA in WT, but
kaempferol was the only compound that increased COL7A1 mRNA in RDEB (Figure 6A).
Interestingly, the RDEB keratinocytes showed a significant decrease in COL7A1 mRNA when
treated with dasatinib (Figure 6A). Most importantly, kaempferol (and to a lesser extent
indomethacin) significantly increased C7 protein expression in RDEB cells (Figure 6B,
Supplemental Figure 7C). This indicates possible therapeutic utility of kaempferol in reducing or
preventing chronic blistering in DEB patients.
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CONCLUSION
In this study, we successfully developed a method for identifying and screening potential
precision medicines for DEB. Creating a successful reporter cell line for C7 expression was
instrumental to this success. Detection of a single gene with a fluorescent tag is often difficult
because it is dependent on both the expression level of the gene and the fluorescent intensity of
the tag. Keratinocytes were the obvious cell choice for the reporter cell line since they are the
highest C7 expressing cells and the most physiologically relevant cell type for DEB patients. We
chose the fluorescent protein tdTomato since it is almost three times brighter than EGFP (85),
making it possible to detect tdTomato/C7 expression in unstimulated cells heterozygous for the
fluorescent tag (Figure 2D and Supplemental Figure 3E). The linkage in expression of these two
genes was demonstrated by the strong correlation between tdTomato and COL7A1 mRNA in
multiple experiments (Supplemental Figure 4). Further investigation of potential therapeutics
with the C7_tdTomato cell line could lead to additional compound discovery and the
development of highly accessible precision medicines for DEB patients.
Combining a functional genomics screen with FACS analysis is a powerful method for
identifying genes influencing a specific cellular phenotype. Using the CRISPRa screen with the
C7_tdTomato cell line was successful in identifying genes and pathways associated with high C7
expression. We identified two genes that were cross-validated in our two screens, TYROBP and
DENND4B. During validation of the screen, we confirmed that these two genes increase C7
protein, but not mRNA levels, suggesting that their ability to increase C7 is related to translation,
stability, modification, and/or deposition of C7 protein. DENND4B encodes a RAB-GEF
involved in vesicle-mediated transport (86), suggesting that increased production of this protein
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could facilitate C7 processing and/or cellular export, but additional testing and confirmation are
necessary. DENND4B is expressed in keratinocytes and seems to have feedback regulation with
C7 since DENND4B expression significantly increased with both DENND4B and COL7A1
sgRNAs (Figure 3D). The other top candidate gene, TYROBP, encodes a protein that mediates
the activation, migration, maturation, and signaling of cells by interacting with a variety of
different immune receptors through its immunoreceptor tyrosine-based activation motif (ITAM)
(72). TYROBP expression in keratinocytes was minimal, therefore stimulation with the TYROBP
sgRNAs resulted in a large fold increase in expression (Figure 3D). TYROBP is normally
expressed in lymphoid cell types (natural killer (NK) cells, gamma delta T cells, and some
subsets of T and B lymphocytes), myeloid cell types (dendritic cells (DCs),
monocytes/macrophages, granulocytes, basophils, and mast cells), osteoclasts in bones (derived
from monocyte lineage), and microglia in the brain (72).
Pathway analysis of genes with enriched sgRNAs found significant activation of immune
signaling pathways. Many of the upstream regulators with the highest Z-scores were involved in
interferon (IFN) and toll-like receptor (TLR) signaling, which are important initiators of innate
and adaptive immune responses (Table 1). TYROBP has been shown to amplify TLR-dependent
inflammatory responses in macrophages and granulocytes through its interaction with the TREM1 receptor (72), suggesting another potential mechanism by which TYROBP could increase C7
production. These results led us to test compounds that modulate these signaling pathways and/or
increase production of TYROBP, including bexarotene, the bilberry anthocyanins, decitabine,
diacerein, kaempferol, methapyrilene, and norepinephrine. Several of these candidate drugs
increased C7 in at least one of the keratinocyte cell lines, indicating a high success rate for
compounds influencing TYROBP and immune signaling pathways.
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Genes encoding components of purinergic and calcium signaling, important regulators of
keratinocyte proliferation, differentiation, adhesion, and cell signaling, were also enriched in our
pathway analysis. This led us to test compounds that affect purinergic signaling, including ATP
itself, cholera toxin (increases cAMP), cyclosporin A and FK-506 (inhibit calcineurin signaling),
indomethacin (decreases cAMP) and norepinephrine (increases purinergic signaling).
Indomethacin was the only candidate in this group of compounds that increased C7 in multiple cell
lines (Figures 5B and 6A). In addition, ATP increased tdTomato fluorescence in the initial
screening but was observably toxic to cells at the 50-400 µM doses and reducing the concentration
to 25 µM neutralized its effect on C7 expression (Figure 5A-B). While none of these compounds
significantly increased C7 production in the RDEB keratinocyte line, the complex interplay of these
pathways and their potential impact on C7 function warrants further investigation.
Surprisingly, compounds used in wound healing that we tested did not increase C7
production. In fact, only one of these compounds, diacerein, increased tdTomato fluorescence in
the initial screening, but it did not increase COL7A1 mRNA levels. Diacerein is an IL1B inhibitor
and is currently being evaluated in the treatment of epidermolysis bullosa simplex (14).
Interestingly, one of the senolytics, dasatinib increased C7 expression the C7_tdTomato cells, but
not in the other two keratinocyte cell lines, and even significantly decreased C7 expression in the
RDEB keratinocytes.
The results from the CRISPRa screen, literature searches and our knowledge of DEB led
to the focused and targeted drug screen of 25 compounds. The small size of the screen allowed
testing of multiple doses to avoid toxicity and find doses that create larger effects. In addition,
this method had a high success rate: over a third of the compounds tested significantly and
consistently increased tdTomato fluorescence/C7 expression (Figure 5B). This screen also led to
the potentially therapeutic discovery that kaempferol can increase both COL7A1 mRNA
25

expression and C7 protein expression in RDEB patient keratinocytes (Figure 6A-B). Kaempferol,
a plant flavonoid, was the only compound tested that significantly increased C7 production in the
RDEB keratinocytes. There are numerous potential mechanisms by which kaempferol could
increase C7 production due to its wide-ranging effects on cells. Kaempferol has been shown to
reduce inflammation, oxidative stress, DNA damage, fibrosis, and cancer development in a
variety of different cell types (79, 80, 87, 88). Further development and testing of kaempferol as
a therapeutic for wound healing and for DEB is necessary. One potential limitation to this
research is that all experiments were performed using in vitro cell culture. Additional studies
including in vivo experiments to determine drug delivery and confirmation of in vitro studies need
to be performed.

FIGURE LEGENDS
Figure 1. CRISPR activation (CRISPRa) screen to identify genes that increase C7
expression. The CRISPRa system utilizes a catalytically dead (dCas9) that is fused with a VP64,
transcription activation domain. Therefore, when dCas9_VP64 is localized to the promoter
region of a gene designated by the sgRNA sequence, it will turn on transcription of that gene.
The dCas9_VP64 was stably integrated into the C7_tdTomato cell line, then expanded and
transduced with the lentiviral sgRNA library containing over 56,000 guides targeting over 18,800
genes with 3 guides per gene. Activation of some genes can upregulate C7 expression, which can
be visualized by an increase in tdTomato red fluorescence. After transduction, FACS was used to
isolate the top 10% tdTomato expressing cells. DNA was isolated from this population, followed
by PCR and next generation sequencing (NGS) to identify the sgRNA sequences that produced
the highest tdTomato expression. The genes that can increase C7 expression are determined by
the sgRNAs that have the strongest representation in the high tdTomato population.
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Figure 2. Creation of C7 reporter cell line, C7_tdTomato. A. Targeting scheme for
CRISPR/Cas9-mediated homology independent gene tagging for knock-in of a P2A self-cleaving
peptide (purple) and tdTomato gene (red) into the C-terminus of the COL7A1 gene in N/TERT
cells. gRNA sequence (yellow) was selected that cut just prior to the stop codon (red) in exon
118. Donor plasmid was created with the same gRNA sequence (yellow) flanking the P2A
_tdTomato. Transfection of a plasmid containing Cas9 and gRNA (yellow) and the donor
plasmid could result in three cuts, one in the COL7A1 C-terminus and the other two cuts to
release the donor P2A_tdTomato sequence from the plasmid. Incorporation of the
P2A_tdTomato gene into the COL7A1 gene at the cut site using non-homologous end joining
(NHEJ). Correct integration allows C7 and tdTomato to be transcribed and translated at the same
time as independent proteins. B. After transfection, keratinocytes were expanded and FACS used
to isolate the tdTomato positive cells. The tdTomato positive population was 0.11% of the
transfected cells. C. PCR was used to confirm correct 5’ and 3’ integration of the P2A_tdTomato
into the COL7A1 gene. All of the C7_tdTomato clones amplified both the 5’ or 3’ fusion
product, but not in the untargeted, wild type N/TERT cells (WT). All of the cell lines amplified
the wild type allele, indicating the C7_tdTomato knock-in was heterozygous. D. FACS analysis
of C7_tdTomato cells demonstrates peak shift in fluorescence compared to original N/TERT
cells. E. TGF-beta (5ng/mL) stimulation of C7_tdTomato cells for 3 days resulted in peak shift
in fluorescence compared to unstimulated cells. F. Mean fluorescence intensity (MFI) for
replicate samples of C7_tdTomato cells unstimulated and with TGF-beta, n=4. G. qRT-PCR
analysis of C7_tdTomato cells unstimulated and with TGF-beta. H. Quantification of Western
blot analysis of C7_tdTomato cells unstimulated and with TGF-beta for C7 expression, see
Supplemental Figure 7 for Western blots. Significance was determined by a p-value: p < 0.05 = *;
p < 0.0001 = ****.
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Figure 3. Results and Validation of CRISPRa screen. A. Flow diagram of CRISPRa screen
sequencing results analysis. B. C7_tdTomato +dCas9_VP64 cells were transduced and selected
for integration of sgRNA lentivirus for non-targeting (NT), DENND4B, TYROBP, or COL7A1.
Analysed by FACS for tdTomato, and MFI normalized to average MFI for NT, n=6-9. C.
Representative histograms for each sgRNA transduction compared to NT. D. qRT-PCR of each
sgRNA transduction with corresponding probes. Ct values were normalized to NT control. E.
Quantification of Western blot analysis of C7 expression after sgRNA transduction, see
Supplemental Figure 7 for Western blots. Significance was determined by a p-value: p < 0.05 =
*; p < 0.01 = **; p < 0.001 = ***.
Figure 4. Pathway analysis of CRIPSRa screen A. Map of interactions between C7 and genes
enriched in the screen whose products have been previously shown to interact with C7. B. Map of
interactions between TYROBP and genes enriched in the screen whose products have been
previously shown to interact with TYROBP. C. Top ten canonical pathways found to be enriched
among the genes that were enriched in the screen using Ingenuity Pathway Analysis.
Figure 5. Drug Screen with C7_tdTomato Cells. C7_tdTomato cells were incubated with the
indicated compound for 3 days and collected for analysis. A. FACS analysis, each point
represents a different concentration of the corresponding drug (see Supplemental Table 2 for
specific drug concentrations and associated MFI). MFI normalized to average MFI of untreated
C7_tdTomato cells. B. FACS analysis, each point represents a replicate sample with indicated
drug concentration. Bar represents mean. C. qRT-PCR of samples treated with the indicated drug
concentration in B. Ct values were normalized to Untreated controls. Significance was
determined by a p-value: p < 0.05 = *; p < 0.01 = **; p < 0.001 = ***; p < 0.0001 = ****.
Figure 6. Drug Screen with WT and RDEB Keratinocytes. WT and RDEB keratinocyte cells
were incubated with the indicated compound at concentrations indicated in Figure 5B for 3 days
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and collected for analysis. A. qRT-PCR of cells treated with the indicated drug. B.
Quantification of Western blot analysis of C7 expression in RDEB cells treated with indicated
drug, See Supplemental Figure 7 for Western blots. Significance was determined by a p-value: p
< 0.05 = *; p < 0.01 = **; p < 0.001 = ***.
Supplemental Figure 1. Gene Targeting Design for Creation of C7_tdTomato cells. A. Nterminal sequence of COL7A1 with stop codon indicated in red letters. Three different guide
sequences highlighted by blue (guide 1), red (guide 2) and green (guide 3) colored rectangles.
Location of Cas9 cut site indicated with yellow triangles and numbered for each guide. B.
Sequence for each guide and PAM. C. Guides were evaluated by transfection into 293T cells
along with Cas9 and cutting efficiency of each guide was determined by % indel formation from
TIDE analysis.
Supplemental Figure 2. Sequence analysis of C7_tdTomato cells. Sequence analysis of the
C7_tdTomato cell line indicated a heterozygous knock-in of tdTomato into the C-terminus of
COL7A1. Allele 1 contains a 3 bp deletion at the Cas9 cut site and inframe integration of
P2A_tdTomato insert into the COL7A1 C-terminus. Allele 2 contains a single nucleotide deletion
at the Cas9 cut site and frameshift resulting in a slightly longer peptide sequence.
Supplemental Figure 3. Validation of the CRISPRa System in C7_tdTomato Cell Line. A.
qRT-PCR demonstrates induced transcription by the CRISPRa system. C7_tdTomato
+dCas9_VP64 cells transduced with a pool of COL7A1 sgRNA exhibited proportional
upregulation of COL7A1 and tdTomato mRNA compared to non-targeting (NT) sgRNA.
N/TERTs + dCas9_VP64 also demonstrated upregulation of COL7A1 mRNA with COL7A1
sgRNAs compared to NT sgRNA. FACS analysis shows induced tdTomato/C7 protein
expression by the CRISPRa system, as measured by mean fluorescence intensity (MFI). C.
Representative histogram comparing C7_tdTomato + dCas9_VP64 cells transduced with either
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COL7A1 sgRNAs or NT sgRNA. D. The tdTomato MFI plotted for replicate samples transduced
with each guide. E. Fluorescent microscopy images represent tdTomato fluorescence
upregulation in C7_tdTomato + dCas9_VP64 cells transduced with COL7A1 sgRNAs. Bright
field images shown for comparison. Statistical analysis performed on a minimum of 3 replicates
and significance determined by a p-value: p < 0.01 = **; p < 0.001 = ***; p < 0.0001 = ****
Supplemental Figure 4. C7_tdTomato Correlation of C7 and tdTomato Expression
Correlation curves of qRT-PCR data for tdTomato (y-axis) and C7 (x-axis) for A. C7_tdTomato
+ dCas9-VP64 cells transduced with specified sgRNAs and B. drug-treated C7_tdTomato cells.
Ct values for each gene were normalized to the mean Ct value of cells transduced with nontargeting sgRNAs (A) or untreated cells (B).
Supplemental Figure 5. sgRNA Library Validation. A. sgRNA distribution was assessed by
plotting the number of unique 20-base sequences in the sgRNA library by number of reads
corresponding to each unique sequence, resulting in a normal distribution of the unique sgRNA
representation in the library. B. The transduction efficiency assay was performed with the
N/TERTs using one aliquot of a large production batch of sgRNA library lentivirus to determine
the volume of sgRNA library lentivirus to use for CRISPRa screen. Optimal transduction
efficiency for the CRISPRa screen is 30-50% to maximize the number of transduced cells with
only one sgRNA/cell (62, 65).
Supplemental Figure 6. CRISPRa Primary Screen FACS Sort. The lentiviral sgRNA library
was transduced into the C7_tdTomato +dCas9_VP64 cells and selected for integration. FACS
used to collect the highest tdTomato/C7 expressing cells for PCR and sequence analysis. The sort
box labeled tdTomato High population was used for analysis, and 650,782 cells were collected.
Supplemental Figure 7. Western blot analysis. Western blot (WB) analysis for C7 protein
(size 295 kDa) performed on whole cell lysates including extracellular matrix collected from
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culture plates with alpha-actinin (size 100 kDa) as loading control. A. WB images of three
replicates of TGFbeta (5ng/mL) stimulation (+) for 3 days compared to unstimulated (-) cells
with 10.0 µg protein loaded per well. C7 protein quantification was normalized to unstimulated
well. B. WB images of three replicate transductions of C7_tdTomato +dCas9-VP64 cells with
sgRNAs for NT (non-targeting control), DENND4B, TYROBP, and COL7A1. Puromycin
selection for 5 days to ensure sgRNA integration and 9.6 µg protein loaded per well. C7 protein
quantification was normalized to NT sgRNA well. C. WB images of two replicates of RDEB
cells incubated with the respective compound for 3 days and 12.5 µg protein loaded per well.
Drug concentrations were the following: Cyanidin 25 µg/mL, Peonidin 25 µg/mL, Dasatinib 50
nM, Indomethacin 10 µg/mL, and Kaempferol 20 µM. C7 protein quantification was normalized
to untreated well. Quantification performed using ImageJ.
Table 1. CRISPRa Screen Identified Upstream Regulators of C7 Expression. Top upstream
regulators (by activation Z-score) of genes enriched in the CRISPRa screen identified using
Ingenuity Pathway Analysis.
Table 2: CRISPRa Screen Identified Disease or Function in C7 Expression. Diseases and
functions predicted to be activated based on the genes that were enriched in the CRISPRa screen
using Ingenuity Pathway Analysis.
Table 3. Targeted Drug Screen Compounds. Drug compounds tested in the C7_tdTomato
screen. Bilberry extract anthocyanins: Cyanidin-3-O-Galactoside, Delphinidin-3-O-Glucoside,
Malvidin-3-O-Glucoside, Peonidin-3-O-Glucoside.
Supplemental Table 1. Primer and Guide Sequences
Supplemental Table 2. CRISPRa Screen Results. Genes with multiple sgRNAs in tdTomato
High population.
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Supplemental Table 3. Figure 5A Drug Concentrations and Results. C7_tdTomato were
treated with indicated drug compound and concentration for 3 days, collected and fixed for FACS
analysis. MFI fold change was determined by FlowJo analysis and normalized to untreated
control.
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Data generated in Figure 1 A-F, H by Elizabeth Thompson, G by Michael PickettLeonard
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Data generated in Figure 2 B, C, E by Elizabeth Thompson, and A, D by Michael PickettLeonard
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Data generated in Figure 4 by Michael Pickett-Leonard
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Data generated in Figure 5 A-B by Elizabeth Thompson, and C by Michael PickettLeonard
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Data generated in Figure 6 A by Michael Pickett-Leonard and B by Elizabeth Thompson
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Data generated in Supplemental Figure 4 by Michael Pickett-Leonard
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Data generated in Supplemental Figure 5 A by Michael Pickett-Leonard and B by
Elizabeth Thompson
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Data generated in Supplemental Figure 6 by the University of Minnesota Flow Cytometry
Resource facility.
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Table 1. CRISPRa Screen Identified Upstream Regulators of C7 Expression
Activation Zscore

p-value

Targets in
Dataset

Consistent
with
Activation

NFkB complex

5.809

3.08E-02

52

38

IFNG

5.716

4.03E-02

106

76

TLR9

4.681

1.63E-02

24

23

SMARCA4

4.585

3.58E-02

51

33

IRF7

4.434

2.16E-03

21

21

TLR4

4.100

1.01E-02

36

22

PRL

3.912

1.64E-02

27

24

RAF1

3.904

8.03E-03

23

18

IFNA2

3.818

4.71E-03

26

22

STAT1

3.630

3.09E-02

32

23

IRF3

3.603

2.62E-02

20

17

CEBPB*

3.360

3.10E-02

37

26

IFN beta

3.273

1.64E-03

19

14

SREBF1

3.243

2.62E-02

24

17

KLF4

3.223

3.93E-02

27

21

IFNL1

3.097

3.87E-02

10

10

IFI16*

3.080

2.13E-02

10

10

SRC

3.059

8.77E-03

15

12

CTNNB1

3.023

2.27E-02

74

25

DOCK8

3.000

2.54E-02

9

9

Upstream
Regulator

Data generated in Table 1 by Michael Pickett-Leonard
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Table 2: CRISPRa Screen Identified Disease or Function in C7 Expression
p-value

Activation
Z-score

# Genes

Inflammatory response

3.16E-04

4.321

107

iImmune response of leukocytes

8.34E-03

4.173

41

Differentiation of PBMCs

1.45E-03

2.828

8

Uptake of Ca2+

9.72E-03

2.816

12

Transport of carboxylic acid

7.94E-03

2.522

16

Reactivation of virus

7.08E-03

2.433

6

Axonogenesis

9.25E-03

2.392

31

Differentiation of TREG cells

2.05E-03

2.368

6

Response of peritoneal macrophages

5.25E-03

2.252

8

Differentiation of peripheral blood monocytes

7.39E-03

2.236

5

Internalization of virus

4.01E-03

2.200

6

Formation of skin

4.03E-04

2.132

60

Shape change of axons

3.80E-03

2.084

15

Diseases or Functions Annotation

Data generated in Table 2 by Michael Pickett-Leonard
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Table 3: Targeted Drug Screen Compounds
Drug

Category

Function/Rationale

Reference

Allantoin

Wound
Healing

Wound treatment in phase 3
clinical trial

(89)

ATP

CRISPRa
Screen

Increases signaling through
P2RX7 (enriched)

(90)

Beta-estradiol

CRISPRa
Screen

Increases C7 & TYROBP

(74, 91)

Bexarotene

CRISPRa
Screen

Increases TYROBP; Decreases
Inflammation

(92, 93)

Cyanidin-3-Oglucoside

CRISPRa
Screen

Bilberry anthocyanin;
increases TYROBP, decreases
inflammation

(81)

Cholera Toxin

CRISPRa
Screen

Increases cAMP; ADCY2
enriched

(94)

Clobetasol

Wound
Healing

Corticosteroid used to treat
skin conditions

(95, 96)

Cyclosporin A

Wound
Healing

Inhibits calcineurin activity;
immunosuppressive activity;
used to treat dermatological
diseases

(97)

Dasatinib

Senolytic

Tyrosine kinase inhibitor;
inhibits ephrin B ligands

(82, 83)

Decitabine

CRISPRa
Screen

Affects TGFB Signaling

(98)

Delphinidin-3O-glucoside

CRISPRa
Screen

Bilberry anthocyanin;
increases TYROBP, decreases
inflammation

(81)
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Drug

Category

Function/Rationale

Reference

Wound
Healing

Small molecule isolated from
rhubarb; IL1B inhibitor; phase
II/III clinical trial in EB
simplex

(14)

FK-506

Wound
Healing

Inhibits calcineurin activity;
immunosuppressive activity;
used to treat dermatological
diseases

(97)

Fludarabine

CRISPRa
Screen

Nucleoside analog; inhibits
HIF1a and VEGF

(99, 100)

Gentamicin

Wound
Healing

Antibiotic; increases C7;
induces readthrough of PTC
codons

(58)

Indomethacin

CRISPRa
Screen

Decreases cAMP; ADCY2
enriched

(101)

Ionomycin

CRISPRa
Screen

Initiates Ca2+ influx; Ca2+
uptake enriched

(102)

Kaempferol

CRISPRa
Screen

Flavonoid; increases p53
(enriched); may increase
TYROBP/TREM2 through
p53; reduces inflammation and
fibrosis generally; inhibits
NFkB (NFKB inhibitors
enriched)

(79, 87, 103)

Losartan

Wound
Healing

Inflammation, Fibrosis

(104)

Malvidin-3-Oglucoside

CRISPRa
Screen

Bilberry anthocyanin;
increases TYROBP, decreases
inflammation

(81)

Methapyrilene

CRISPRa
Screen

Increases TYROBP

(91)

Norepinephrine

CRISPRa
Screen

Increased purinergic and TGFbeta signaling

(105)

Diacerein
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Drug

Category

Function/Rationale

Reference

PDGF

Wound
Healing

Increases wound healing
capacity; secreted by senescent
cells to induce myofibroblast
differentiation

(106-109)

Peonidin-3-Oglucoside

CRISPRa
Screen

Bilberry anthocyanin;
increases TYROBP, decreases
inflammation

(81)

Quercetin

Senolytic

Flavonoid; inhibits
PI3K/Akt/mTOR pathway

(82, 83)

Data generated in Table 3 by Michael Pickett-Leonard and Elizabeth Thompson
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Supplemental Table 1. Primers and sgRNA sequences
Guide oligos for COL7A1 C-terminal targeting
Guide oligo
Sequence
COL7A1_guide1_F
CACCGTCCTCACCAGGTACTGCCC
COL7A1_guide1_R
AAACGGGCAGTACCTGGTGAGGAC
COL7A1_guide2_F
CACCGCATTATCTGGGCCTCAGTCC
COL7A1_guide2_R
AAACGGACTGAGGCCCAGATAATGC
COL7A1_guide3_F
CACCGATTATCTGGGCCTCAGTCCT
COL7A1_guide3_R
AAACAGGACTGAGGCCCAGATAATC
COL7A1 Guide Evaluation
PCR Primers
COL7A1_CC_F1
COL7A1_CC_R1
Sequencing Primer
COL7A1_CC_R2

Sequence
CCACTTCCTGTTGTAGCC
AATCAGCACCATGTCATCA
Sequence
ATGTCATCACAGGCTTGG

Creating Donor: Guide1_P2A_tdTomato_Guide1
Primer
BSPQ1_guide1_P2A_F
BSPQ1_guide1_tdT_R

Sequence

GACGCTCTTCACCGGTCCTCACCAGGTACTGCCCAGGACGCTACTAACTT
CAGCCTGCT
GACGCTCTTCCATGGTCCTCACCAGGTACTGCCCAGGTTACTTGTACAGC
TCGTCCA

Confirmation of C7_tdTomato fusion
5’ Fusion PCR Primers
COL7A1_CC_F2
tdTom_R2
3’ Fusion PCR Primers
tdTom_F1
COL7A1_CC_R1
WT PCR Primer
COL7A1_CC_F2
COL7A1_CC_R2

Sequence
CTTCCATGTTCCCTCCTTTA
GGTCTTCTTCTGCATTACG
Sequence
CGCTGATCTACAAGGTGAA
AATCAGCACCATGTCATCA
Sequence
CTTCCATGTTCCCTCCTTTA
ATGTCATCACAGGCTTGG

Confirmation of dCas9-VP64 integration
PCR Primers
Sequence
dCas9_4121_F1
AGAACCGCCAGAAGAAGA
dCas9_4846_R1
TCTCAGGATGTCGCTCAG
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Oligos for individual CRISPRa sgRNA cloning
Primer Sequence Name
TYROBP_sgRNAa1F
TYROBP_sgRNAa1R
TYROBP_sgRNAa2F
TYROBP_sgRNAa2R
TYROBP_sgRNAa3F
TYROBP_sgRNAa3R
DENND4B_sgRNAa1F
DENND4B_sgRNAa1R
DENND4B_sgRNAa2F
DENND4B_sgRNAa2R
DENND4B_sgRNAa3F
DENND4B_sgRNAa3R
COL7A1_sgRNAi1F
COL7A1_sgRNAi1R
COL7A1_sgRNAi2F
COL7A1_sgRNAi2R
COL7A1_sgRNAi3F
COL7A1_sgRNAi3R
NonTarget_F1_gRNA
NonTarget_R1_gRNA

Sequence
CAC CGA ATC AGG CCC AGA CAC CCA G
AAA CCT GGG TGT CTG GGC CTG ATT C
CAC CGC CCC AGC AAC TAG ACG TGA A
AAA CTT CAC GTC TAG TTG CTG GGG C
CAC CGC CTT CAC GTC TAG TTG CTG G
AAA CCC AGC AAC TAG ACG TGA AGG C
CAC CGA GTC AGC CTA TGG GTG TGT G
AAA CCA CAC ACC CAT AGG CTG ACT C
CAC CGC AGC CTA TGG GTG TGT GTG G
AAA CCC ACA CAC ACC CAT AGG CTG C
CAC CGT ATA GTC TGA GAT TCC AAC T
AAA CAG TTG GAA TCT CAG ACT ATA C
CAC CGA GAC CAG GAC TCG GGC TGG A
AAA CTC CAG CCC GAG TCC TGG TCT C
CAC CGC GCA GGC AAG ACC AGG ACT
AAA CAG TCC TGG TCT TGC CTG CGC
CAC CGC GGA CGC GCA GGC AAG ACC
AAA CGG TCT TGC CTG CGC GTC CGC
CAC CGA CAA AGA TCG CAT GGC ATA C
AAA CGT ATG CCA TGC GAT CTT TGT C

Sequencing primers (as described in Sanson, et al.)
P5/P7 flowcell attachment sequence
Illumina sequencing primer
Vector primer binding sequence
Stagger region / Barcode region
P5 primer:
5’AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT[s]TTG
TGGAAAGGACGAAACACCG
P7 primer:
5’CAAGCAGAAGACGGCATACGAGATNNNNNNNNGTGACTGGAGTTCAGACGTGTGCTCTTCC
GATCTTCTACTATTCTTTCCCCTGCACTGT

P5 stagger primers

Name Sequence
CRISPRa_P5_0stagger: AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTTTGTGGAAAGGACGAAACACCG
CRISPRa_P5_1stagger: AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
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CTCTTCCGATCTCTTGTGGAAAGGACGAAACACCG
CRISPRa_P5_2stagger: AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTGCTTGTGGAAAGGACGAAACACCG
CRISPRa_P5_3stagger: AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTAGCTTGTGGAAAGGACGAAACACCG
CRISPRa_P5_4stagger: AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTCAACTTGTGGAAAGGACGAAACACCG
CRISPRa_P5_6stagger: AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTTGCACCTTGTGGAAAGGACGAAACACCG
CRISPRa_P5_7stagger: AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTACGCAACTTGTGGAAAGGACGAAACACCG
CRISPRa_P5_8stagger: AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
CTCTTCCGATCTGAAGACCCTTGTGGAAAGGACGAAACACCG

P7 barcode (index) sequences for all designs (NNNNNNNN )
CRISPRa_P7_BC1:
CAAGCAGAAGACGGCATACGAGATCGGTTCAAGTGACTGGAGTTCAGACGTGTGCTCTTCCG
ATCTTCTACTATTCTTTCCCCTGCACTGT
CRISPRa_P7_BC2:
CAAGCAGAAGACGGCATACGAGATGCTGGATTGTGACTGGAGTTCAGACGTGTGCTCTTCCG
ATCTTCTACTATTCTTTCCCCTGCACTGT
CRISPRa_P7_BC3:
CAAGCAGAAGACGGCATACGAGATTAACTCGGGTGACTGGAGTTCAGACGTGTGCTCTTCCG
ATCTTCTACTATTCTTTCCCCTGCACTGT
CRISPRa_P7_BC4:
CAAGCAGAAGACGGCATACGAGATTAACAGTTGTGACTGGAGTTCAGACGTGTGCTCTTCCG
ATCTTCTACTATTCTTTCCCCTGCACTGT
CRISPRa_P7_BC5:
CAAGCAGAAGACGGCATACGAGATATACTCAAGTGACTGGAGTTCAGACGTGTGCTCTTCCG
ATCTTCTACTATTCTTTCCCCTGCACTGT

qRT-PCR Probes: TaqMan®
Hs00164310_m1
Hs00924511_g1
Hs00208230_m1
Hs00972874_m1
Hs02786624_g1
Mr07319439_mr

COL7A1 Gene Expression Assay
TYROBP Gene Expression Assays
DENND4B Gene Expression Assays
DENND4B Gene Expression Assays
GAPDH Gene Expression Assays
tdTomato Marker& Reporter Assay
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Supplemental Table 2. CRISPRa Screen Results
Gene

pDNA
Total
CPM

Screen
Total
CPM

Mean
FC

Genomic
Location

APOL5

18.42

52.14

2.83

22q12.3

BIVM
CALML5
CLDN22

28.75
27.25
17.91

86.72
77.41
53.63

3.02
2.84
2.99

13q33.1
10p15.1
4q35.1

apolipoprotein L5
basic, immunoglobulinlike variable motif
containing
calmodulin like 5
claudin 22

13q22.3

CLN5 intracellular
trafficking protein

CLN5

20.71

61.02

2.95

Gene Description

CCR4-NOT transcription
complex subunit 9
carboxypeptidase N
subunit 1
cathepsin S
defensin beta 103A
defensin beta 121
DENN domain containing
4B

CNOT9

14.96

46.80

3.13

2q35

CPN1
CTSS
DEFB103A
DEFB121

19.15
20.83
10.84
19.51

71.63
55.99
42.65
54.19

3.74
2.69
3.93
2.78

10q24.2
1q21.3
8p23.1
20q11.21

DENND4B

62.44

1305.87

20.91

1q21.3

DLEC1

20.20

63.25

3.13

3p22.2

DNAJC2
DTHD1
ELAC1
EPHA2

26.94
13.34
25.02
20.68

127.38
41.28
69.46
62.57

4.73
3.10
2.78
3.03

7q22.1
4p14
18q21.2
1p36.13

FCGR2C
FOLR1
FOXD1
GASK1A

18.88
13.37
16.77
20.41

50.53
53.76
50.16
78.09

2.68
4.02
2.99
3.83

1q23.3
11q13.4
5q13.2
3p22.1

HTR1F
IFNB1
IFNE

10.99
22.31
11.47

31.72
76.41
32.53

2.89
3.43
2.84

3p11.1
9p21.3
9p21.3

DLEC1 cilia and flagella
associated protein
DnaJ heat shock protein
family (Hsp40) member
C2
death domain containing 1
elaC ribonuclease Z 1
EPH receptor A2
Fc fragment of IgG
receptor Iic
folate receptor alpha
forkhead box D1
golgi associated kinase 1A
5-hydroxytryptamine
receptor 1F
interferon beta 1
interferon epsilon

7p14.3

indolethylamine Nmethyltransferase

INMT

17.55

68.22

3.89
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Gene

IRF2BP1

pDNA
Total
CPM
36.19

Screen
Total
CPM
102.92

Mean
FC
2.84

Genomic
Location
19q13.32

Gene Description
interferon regulatory factor 2
binding protein 1

KBTBD2

24.02

67.10

2.79

7p14.3

KLRC4

22.40

61.89

2.76

12p13.2

KRTAP1-3

6.98

32.22

4.61

17q21.2

KRTAP19-6

25.62

79.95

3.12

21q22.11

KRTAP19-7
LYZL4
MRLN

14.72
19.93
29.86

50.72
50.53
84.98

3.44
2.54
2.85

21q22.11
3p22.1
10q21.2

kelch repeat and BTB
domain containing 2
killer cell lectin like receptor
C4
keratin associated protein 13
keratin associated protein
19-6
keratin associated protein
19-7
lysozyme like 4
myoregulin

MRPL51

39.98

109.93

2.75

12p13.31

mitochondrial ribosomal
protein L51

MYORG
NHSL1
NPS
NUDT17

12.19
15.02
19.48
30.44

42.65
39.60
57.11
94.91

3.50
2.64
2.93
3.12

9p13.3
6q24.1
10q26.2
1q21.1

myogenesis regulating
glycosidase (putative)
NHS like 1
neuropeptide S
nudix hydrolase 17

11q12.1

olfactory receptor family 10
subfamily AG member 1

7q35

olfactory receptor family 2
subfamily A member 25

6p22.1

olfactory receptor family 2
subfamily B member 6

1q44

olfactory receptor family 2
subfamily L member 2

11q11

olfactory receptor family 4
subfamily A member 16

14q11.2

olfactory receptor family 4
subfamily M member 1

11p15.4

olfactory receptor family 52
subfamily B member 2

11p15.4

olfactory receptor family 52
subfamily K member 2

OR10AG1
OR2A25
OR2B6
OR2L2
OR4A16
OR4M1
OR52B2

OR52K2

18.06
18.48
22.22
18.03
24.17
6.89
15.50

21.10

51.15
62.70
69.09
47.74
79.02
24.40
52.76

63.32

2.83
3.39
3.11
2.65
3.27
3.54
3.40

3.00
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Gene

pDNA
Total
CPM

Screen
Total
CPM

Mean
FC

Genomic
Location

OR5AP2

30.08

76.10

2.53

11q12.1

olfactory receptor family 5
subfamily AP member 2

OR5AU1

10.51

38.73

3.69

14q11.2

olfactory receptor family 5
subfamily AU member 1

OR5T3

23.21

63.63

2.74

11q12.1

olfactory receptor family 5
subfamily T member 3

P3H1
PCDHGA10
PKHD1L1
PLA1A

12.07
41.33
9.09
22.46

35.88
124.27
38.92
66.17

2.97
3.01
4.28
2.95

1p34.2
5q31.3
8q23.1
3q13.33

PNLIPRP3

18.27

51.03

2.79

10q25.3

prolyl 3-hydroxylase 1
protocadherin gamma A10
PKHD1 like 1
phospholipase A1 member A
pancreatic lipase related
protein 3

PPP1R17

19.87

61.58

3.10

7p14.3

protein phosphatase 1
regulatory subunit 17

PRUNE1

25.44

84.73

3.33

1q21.3

ROS1

16.44

49.66

3.02

6q22.1

SERPINB12

22.70

66.42

2.93

18q21.33

SINHCAF

28.03

73.37

2.62

12p11.21

SNX22

24.90

68.97

2.77

15q22.31

SOX11
SP1
STK32C
STOML3

14.93
25.56
35.07
23.18

47.05
80.88
93.30
65.36

3.15
3.16
2.66
2.82

2p25.2
12q13.13
10q26.3
13q13.3

TAAR2

26.04

68.10

2.61

6q23.2

sorting nexin 22
SRY-box transcription factor
11
Sp1 transcription factor
serine/threonine kinase 32C
stomatin like 3
trace amine associated
receptor 2

TAAR6

20.26

70.45

3.48

6q23.2

trace amine associated
receptor 6

TEX38

17.58

57.92

3.29

1p33

testis expressed 38
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Gene Description

prune exopolyphosphatase 1
ROS proto-oncogene 1,
receptor tyrosine kinase
serpin family B member 12
SIN3-HDAC complex
associated factor

Gene

pDNA
Total
CPM

Screen
Total
CPM

Mean
FC

Genomic
Location

TM4SF18

16.20

48.73

3.01

3q25.1

TMEM209

20.74

55.37

2.67

7q32.2

TYROBP

57.26

309.82

5.41

19q13.12

UBTFL1

15.38

39.11

2.54

11q14.3

UGT2B4

23.27

68.59

2.95

4q13.3

VARS1
VNN1

27.22
21.37

80.76
74.74

2.97
3.50

6p21.33
6q23.2

ZCCHC13

18.76

55.56

2.96

Xq13.2

valyl-tRNA synthetase 1
vanin 1
zinc finger CCHC-type
containing 13

ZNF267
ZNF510
ZNF875

17.01
22.04
34.56

44.69
59.59
96.53

2.63
2.70
2.79

16p11.2
9q22.33
19q13.12

zinc finger protein 267
zinc finger protein 510
zinc finger protein 875

Gene Description
transmembrane 4 L six
family member 18
transmembrane protein 209
transmembrane immune
signaling adaptor TYROBP
upstream binding
transcription factor like 1
UDP
glucuronosyltransferase
family 2 member B4

Data generated in Supplemental Table 2 by Michael Pickett-Leonard
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Supplemental Table 3. Drug Screen Data
Allantoin
ATP
MFI Fold
MFI Fold
Concentration
Concentration
Change
Change
1.14
0.95
25 µM
6.25 µM
1.04
1.31
50 µM
12.5 µM
1.48
1.22
100 µM
12.5 µM
1.15
25 µM
1.45
25 µM
1.76
50 µM
0.93
100 µM
1.28
200 µM
1.15
400 µM
Bexarotene
Cholera Toxin
MFI Fold
MFI Fold
Concentration
Concentration
Change
Change
250 nM
0.72
0.78
2.5 µg/mL
500 nM
0.77
0.77
5 µg/mL
0.96
0.8
1 µM
10 µg/mL

β-Estradiol
MFI Fold
Concentration
Change
100 nM
0.99
1.06
1 µM
2.02
10 µM

Clobetasol
MFI Fold
Concentration
Change
250 nM
0.82
500 nM
1.3
0.82
1 µM

Cyclosporin A
MFI Fold
Concentration
Change
500 nM
0.8
0.68
1 µM
0.85
2 µM
1.39
5 µM

Dasatinib
MFI Fold
Concentration
Change
6.25 nM
1.06
12.5 nM
1.19
25 nM
0.96
50 nM
1.39
100 nM
1.67
200 nM
1.12

Decetibine
MFI Fold
Concentration
Change
1.37
0.875 µM
1.17
1.75 µM
1.19
2.5 µM
0.81
5 µM
1.22
10 µM
0.94
20 µM

Diacerein
MFI Fold
Concentration
Change
1.53
12.5 µM
1.64
25 µM
2.21
50 µM

FK-506

Fludarabine
MFI Fold
Concentration
Change
10 nM
0.74
100 nM
1.08
0.86
1 µM

Gentamicin
MFI Fold
Concentration
Change
0.76
2.5 µg/mL
0.74
5 µg/mL
0.89
10 µg/mL

Concentration

MFI Fold
Change
1.32
0.88
0.96

2.5 µg/mL
5 µg/mL
10 µg/mL
Indomethacin
MFI Fold
Concentration
Change
0.78
2.5 µg/mL
1.28
5 µg/mL
1.34
10 µg/mL
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Ionomycin
MFI Fold
Concentration
Change
250 nM
1.13
500 nM
0.74

Kaempferol
MFI Fold
Concentration
Change
1.27
5 µM
1.33
10 µM
1.66
20 µM

Losartan
MFI Fold
Concentration
Change
100 nM
0.97
0.94
1 µM
1.11
10 µM

Methapyrilene
MFI Fold
Concentration
Change
0.97
5 µg/mL
0.42
10 µg/mL
1
20 µg/mL

Norepinephrine
MFI Fold
Concentration
Change
0.87
2.5 µM
0.69
5 µM
0.64
10 µM

PDGF

Quercetin
MFI Fold
Concentration
Change
25 nM
0.57
50 nM
0.52
100 nM
0.55

Concentration
2.5 ng/mL
5 ng/mL
10 ng/mL

MFI Fold
Change
0.8
1
1.06
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CHAPTER 3
DISCUSSION AND FUTURE DIRECTIONS
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DISCUSSION
Wound management is the only treatment available for most DEB patients with chronic,
painful blistering. Precision medicines that could prevent this blistering and wounding are
desperately needed. Increased expression of even mutant C7 in DEB patients with missense
mutations in COL7A1 could improve skin integrity and reduce blistering. Therefore, a therapy to
increase C7 expression either topically or systemically could have therapeutic benefits for many
DEB patients with either the dominant or recessive forms of the disease. Even RDEB patients
with premature termination codons (PTC) could potentially benefit from C7 upregulation when
used in conjunction with a PTC read-through drug, like gentamicin. Merging the power of
CRISPRa screens with a novel C7 reporter cell line enabled us to identify potential targeted
therapies for DEB. Further investigation of potential therapeutics with the C7_tdTomato cell line
could lead to additional compound discovery and the development of highly accessible precision
medicines for DEB patients.
Using the CRISPRa screen with the C7_tdTomato cell line was successful in identifying
genes and pathways associated with high C7 expression. We identified two genes that were crossvalidated in our two screens, TYROBP and DENND4B. During validation of the screen, we
confirmed that these two genes increase C7 protein, but not mRNA levels, suggesting that their
ability to increase C7 is related to translation, stability, modification, and/or deposition of C7
protein. Based on the complexity of C7 processing including its large size, oligomerization,
secretion and assembly into anchoring fibrils, there are several stages after transcription that
could influence C7 expression levels. DENND4B encodes a RAB-GEF involved in vesiclemediated transport (86), suggesting that increased production of this protein could facilitate C7
processing and/or cellular export, but additional testing and confirmation are necessary. The other
top candidate gene, TYROBP, encodes a protein that mediates the activation, migration,
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maturation, and signaling of cells by interacting with a variety of different immune receptors
through its immunoreceptor tyrosine-based activation motif (ITAM) (72). TYROBP is normally
expressed in lymphoid cell types (natural killer (NK) cells, gamma delta T cells, and some
subsets of T and B lymphocytes), myeloid cell types (dendritic cells (DCs),
monocytes/macrophages, granulocytes, basophils, and mast cells), osteoclasts in bones (derived
from monocyte lineage), and microglia in the brain (72). One such receptor that was enriched in
our screen is signal regulatory protein beta (SIRPB1). SIRPB1 activation in macrophages has
been shown to suppress the release of the proinflammatory cytokines TNFa and iNOS and
increase phagocytic functions (110-112). TNFa has been shown to inhibit C7 expression in
keratinocytes (113), suggesting a potential mechanism of action for TYROBP/SIRPB1expressing macrophages to promote C7 production in the skin.
Without functional C7, RDEB skin blisters with minor trauma and wounds are not able to
heal properly, resulting in chronic inflammation, fibrosis, and susceptibility to infection. RDEB
skin and serum show increased levels of activators and mediators of immune signaling pathways
and proinflammatory cytokines relative to healthy controls, and these increases correlated with
disease severity (114-116). We performed pathway analysis of genes with enriched sgRNAs and
found significant overlap with numerous upstream regulators, canonical pathways, and
diseases/functions related to the activation of immune signaling pathways. Many of the upstream
regulators with the highest Z-scores were involved in interferon (IFN) and toll-like receptor
(TLR) signaling, which are important initiators of innate and adaptive immune responses (Table
1). TYROBP has been shown to amplify TLR-dependent inflammatory responses in macrophages
and granulocytes through its interaction with the TREM-1 receptor (72), suggesting another
potential mechanism by which TYROBP could increase C7 production. These results led us to
test compounds that modulate these signaling pathways and/or increase production of TYROBP,
and these were some of the most successful compounds in the screen including kaempferol.
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Genes encoding components of purinergic and calcium signaling, important regulators of
keratinocyte proliferation, differentiation, adhesion, and cell signaling, were also enriched in our
pathway analysis. Keratinocytes have been shown to consistently release ATP, but release more
ATP in response to mechanical stimulation, heating, hypoxia, and inflammation (117-120).
Extracellular ATP has been shown to promote IL-6 production in keratinocytes through
purinergic signaling receptors (119), and IL-6 has been shown to increase TGFb signaling in the
skin through MAPK/ERK signaling (105), suggesting a potential mechanism by which increased
purinergic signaling could increase C7 production. P2X7 (encoded by P2RX7, enriched in our
screen) is a ligand-gated ion channel and purinergic receptor that induces calcium influx and
potassium efflux (120, 121). P2X7 is expressed in differentiated keratinocytes, where it regulates
the induction of apoptosis (90, 120). P2X7 is also expressed in various immune cell types,
including macrophages (monocytes), lymphocytes, and granulocytes (120). P2X7 was recently
shown to regulate the differentiation and persistence of CD8+ Trm cells in the skin by inducing
calcineurin-mediated TGFb signaling (90), highlighting the wide variety of roles that purinergic
signaling plays in the skin. ATP is rapidly converted to other forms of adenosine (adenosine,
AMP, cAMP, ADP), and these compounds can also affect cell signaling. The enrichment of genes
whose products are involved in these processes led us to test compounds that affect purinergic
signaling, including ATP itself, cholera toxin (increases cAMP), cyclosporin A and FK-506
(inhibit calcineurin signaling), indomethacin (decreases cAMP) and norepinephrine (increases
purinergic signaling). While none of these compounds significantly increased C7 production in
the RDEB keratinocyte line we tested, the complex interplay of these pathways and their potential
impact on C7 function warrants further investigation. Indomethacin is of particular interest in
this group of compounds since it was able to stimulate some detectable, although not significant,
upregulation of C7 protein in the RDEB keratinocytes.
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Results from the CRISPRa screen, literature searches and our knowledge of DEB led to
the focused and targeted drug screen of 25 compounds. This method had a high success rate and
over a third of the compounds tested significantly and consistently increased tdTomato
fluorescence/C7 expression (Figure 5B). Most importantly, this screen also led to the potentially
therapeutic discovery that kaempferol can increase both COL7A1 mRNA expression and C7
protein expression in RDEB patient keratinocytes (Figure 6A-B). Kaempferol, a plant flavonoid,
was the only compound tested that significantly increased C7 production in the RDEB
keratinocytes. There are numerous potential mechanisms by which kaempferol could increase C7
production due to its wide-ranging effects on cells. Kaempferol has been shown to reduce
inflammation, oxidative stress, DNA damage, fibrosis, and cancer development in a variety of
different cell types (79, 80, 87, 88). Kaempferol was found to help heal wounds in both normal
and diabetic rats (122, 123) and suppress fibrosis and oxidative stress in a mouse model of
systemic sclerosis (88), but has not been tested in human wound healing or in conjunction with
DEB. Our findings, taken together with previous research, suggest that kaempferol could provide
substantial therapeutic benefits to individuals with DEB.

FUTURE DIRECTIONS
Investigation of kaempferol as therapeutic for DEB
In this research study, kaempferol demonstrated the highest potential as a therapeutic for DEB
patients. This compound stimulated COL7A1 mRNA and C7 protein expression in all the
keratinocyte cell lines tested, including the RDEB patient cells. Kaempferol is a flavonoid found
in many common fruits and vegetables, therefore it is expected to have low toxicity. Delivery of
the drug for optimal benefit needs to be determined because kaempferol could be ingested or
administered topically. Experiments in mice could be used to determine the best method of
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delivery and confirm the validity of the in vitro results. If the study in mice demonstrates clinical
utility, then clinical trials could be proposed.

Senescence and wound healing
The screen results with dasatinib, a senolytic, were interesting because C7 expression increased in
the C7_tdTomato cell line and decreased C7 in the RDEB patient keratinocytes. The contribution
of senescence cells in wound healing is conflicting because initially senescent cells can facilitate
wound closure, however they have also been found to participate in the pathology non-healing
wounds (109, 124). This seems to mimic the differing response that was observed in these two
keratinocyte cell lines treated with a senolytic and is curious considering RDEB patients often
have chronic wounds that do not heal. Senolytics may have potential therapeutic benefit for DEB
patients whether they increase C7 expression or not, particularly regarding non-healing wounds.
Further investigation of senolytics as a precision medicine for DEB is necessary.
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