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Identification of Collagen-Suppressive Agents in
Keloidal Fibroblasts Using a High-Content,
Phenotype-Based Drug Screen

Anpuchchelvi Rajadurai1 and Hensin Tsao1,2
Keloids are characterized by excessive extracellular collagen and exaggerated scarring. Large-volume lesions
can be functionally debilitating, therapeutically intractable, and psychologically devastating. A key barrier to
translational momentum for novel antikeloid agents is the lack of a faithful high-content screen. We devised,
to our knowledge, a previously unreported phenotype-based assay that measures secreted collagen by
keloidal fibroblasts in tissue hypoxic conditions (1% oxygen). Four keloidal fibroblasts and 1 normal dermal
fibroblast line were exposed to 199 kinase inhibitors. Of 199 kinase inhibitors, 41 (21%) and 71 (36%) increased
and decreased the CI norm (mean collagen inhibition normalized to viability) by more than 10%, respectively.
The most collagen suppressive agents were CGP60474 (CI norm ¼ 0.36), KIN001-244 (CI norm ¼ 0.55), and RAF265
(CI norm ¼ 0.58). The top candidate, CGP60474, consistently abolished collagens I and VII production, exhibited
minimal global toxicity, and induced a fivefold increase in phosphorylated extracellular signaleregulated ki-
nase. This proof-of-concept high-content screen can identify drugs that appear to target critical keloidal
pathophysiology—collagen secretion.
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INTRODUCTION
Keloids are benign cutaneous tumors characterized clinically
by exuberant scar formation and pathologically by excessive
and disorganized deposition of collagens I and III (Gauglitz
et al, 2011). To date, treatments for keloids include proce-
dural approaches (eg, surgery, lasers, radiation, and cryo-
therapy), injectable drugs (eg, corticosteroids, 5-fluorouracil,
and verapamil), topical adjuncts (eg, silicon, imiquimod), or
a combination thereof (eg, laser-assisted topical drug de-
livery) (Frech et al, 2023). Although many of these can miti-
gate the clinical appearance of keloids, none are explicitly
directed at the central phenotype, which is excessive
collagen production and secretion.

One barrier to developing a more robust therapeutic
pipeline for keloids is the lack of biologically meaningful
endpoints. For instance, cellular viability—a critical measure
for cancer cell lines—is unlikely to yield appropriate com-
pounds in non-neoplastic tumors such as keloids.
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Furthermore, standard assay conditions such as 20% oxygen
may not be consonant with in vivo drug effects because the
dermal tissue oxygen concentration is reported to be 1e4%
(Wang et al, 2003). Several groups have documented the
expression of HIF1-a in human keloidal tissue, suggesting
that the in situ ambient oxygen might be even less (Kang et al,
2020; Lei et al, 2019; Qiu et al, 2023; Zhang et al, 2006).
Taken together, there is a clear need to devise a screen in
tissue conditions using secreted collagen as the phenotypic
endpoint and 1% oxygen to hypoxia. Our initial screen un-
covered a collagen I/VIIesuppressive drug, CGP60474, a
panecyclin-dependent kinase (CDK) inhibitor that potently
depletes Col1a1 and Col7a1 production with little effect on
global viability. These results uncover candidates for anti-
collagen agents and suggest a different approach to assay
design that can be optimized to identify drugs that target
specific phenotypes.
RESULTS
Previous reports (Kang et al, 2020; Lei et al, 2019; Qiu et al,
2023; Zhang et al, 2006) have suggested that keloid tumors
likely exist in a state of relative hypoxia, which is at odds with
standard cell culture incubators (ie, 20% oxygen). A high-
content screen (Figure 1) that can profile drug effects in tis-
sue conditions (ie, hypoxia) was developed. Although
repeated viability measurements for 5 keloid fibroblast (KF)
lines were comparable between 20% oxygen and 1% oxygen
(Figure 2a), ELISA measurements (anti-Col1a1) revealed a
trend toward greater extracellular Col1a1 secretion in 1%
than in 20% oxygen. However, this was not observed with all
the KFs and was not globally significant (Figure 2b). Thus, in
the time frame of our screen, there was minimal variation in
stigative Dermatology. This is an open
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Figure 1. Study schema. Primary human fibroblast and human keloid fibroblast lines were plated into 96-well plates 1 day before drug treatment. One hundred

ninety-nine kinase inhibitors from the HMS LINCS collection were added to replicate 96-well plates. One plate each was placed in 20% oxygen or 1% oxygen

incubators concurrently. Twenty-four hours after drug addition, the supernatants were removed and assayed for Col1a1 by anti-Col1a1 ELISA, whereas Cell-

TiterGo was used to determine viability. The percentage CI for each drug is calculated as the drug COL1A1 levels relative to the average COL1A1 levels from

multiple DMSO wells in that specific drug plate (ie, Drugcol1a1 O DMSOaverage col1a1) � 100. The percentage viability is defined as the drug viability levels to the

average viability from multiple DMSO wells in that specific drug plate (ie, Drugviability O DMSOaverage viability) � 100. The CInorm is an approximation of the

amount of collagen suppression per cell (ie, divided by viability): (drugcol1a1 O DMSOaverage col1a1)/(drugviability O DMSOaverage viability). The mean normalized CI

index (denoted as CI norm) is the average of the CInorm from all the cell lines. The most suppressive agent (CGP60474) was then subjected to secondary validation

with confocal, doseeresponse curves, phosphokinome, and western blot analyses. O2 denotes oxygen. CI, collagen inhibition; CInorm, normalized collagen

inhibition index; HMS, Havard Medical School.
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the baseline viability of cells between 20 and 1% oxygen in
the absence of drugs.

Little is known about the effectiveness of drugs on human
fibroblasts in hypoxic conditions. When BJ fibroblasts, KF5,
and KF6 lines were exposed to 199 kinase inhibitors at either
20 or 1% oxygen (Figure 3a and Supplementary Table S1), a
total of 36.7, 50.8, and 69.3% of the drugs, respectively,
exhibited >10% differential viability between the 2 oxygen
JID Innovations (2024), Volume 4
concentrations. Figure 3c tabulates the top 10 drugs that were
most (left red panel) and least (right blue panel) devitalizing
in 1% oxygen compared with those in 20% oxygen. Thus,
standard in vitro culture conditions (ie, atmospheric 20%
oxygen) may not generally reflect the biological activity of
these drugs in vivo (ie, closer to 1e4% oxygen). Given the
biological implausibility of 20% oxygen in keloidal tissue, we
performed downstream drug interrogation in 1% oxygen.



Figure 2. Effects of hypoxia on relative viability and collagen I secretion. Differences in viability (RLU by CellTiter-Glo) and extracellular collagen I (pg/ml by

ELISA) between 20 and 1% oxygen levels. Data obtained from drug-free DMSO wells from independent replicate studies at 48 hours after plating. For viability,

each green circle represents a comparison of 20% oxygen with 1% oxygen for a single DMSO control well: KF4 (n ¼ 4 replicates), KF5 (n ¼ 3 replicates), KF3/

KF1/KF6 (n ¼ 2 replicates), and BJ (n ¼ 1). For collagen, each red square represents a comparison of 20% oxygen with 1% oxygen for a single DMSO control

well: KF4 (n ¼ 3 replicates), KF5 (n ¼ 2 replicates), and KF3/KF1/KF6 (n ¼ 1 each). O2 denotes oxygen. RLU, Relative Luminescence Units.
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To better target the keloid phenotype without collateral
toxicity, we sought compounds that minimally affected
cellular viability while maximally diminishing extracellular
collagen. We therefore assayed for viability and extracellular
Col1a1 separately. Figure 4a shows the percentage change in
viability plotted against the percentage change in extracel-
lular Col1a1 (both against DMSO control in 1% oxygen) for
BJ fibroblasts and 4 KF lines: KF1, KF4, KF5, and KF6.
Because the amount of collagen produced and secreted can
fluctuate with cell death or proliferation, we estimated the
amount of collagen suppression on a cellular basis by
calculating the ratio of percentage collagen inhibition to
percentage viability (eg, normalized collagen inhibition
[CInorm]). Figure 4b shows the mean normalized collagen
inhibition (denoted as CI norm; ie, average CInorms for BJ, KF1,
KF4, KF5, and KF6) calculated for each drug (orange circles).
Of 199 kinase inhibitors, 41 (21%) and 71 (36%) increased
and decreased the CI norm by more than 10%, respectively
(Supplementary Table S2). The top 10 most collagen-
suppressive drugs ranked from the lowest CI norm are listed
in Figure 4c, with the top 5 being CGP60474 (CI norm ¼ 0.36
� 0.25), KIN001-244 (CI norm ¼ 0.54 � 0.36), RAF265 (CI

norm ¼ 0.58 � 0.37), omipalisib (CI norm ¼ 0.60 � 0.21), and
sapanisertib (INK128; CI norm ¼ 0.62 � 0.34). Among the top
most collagen-inducing drugs (Supplementary Table S2) were
SB216763 (CI norm ¼ 1.58 � 0.75), NVP-BHG712 (CI norm ¼
1.49 � 0.75), R406 (CI norm ¼ 1.47 � 0.55), PF573228 (CI

norm ¼ 1.44 � 0.74), and vandetanib (CI norm ¼ 1.42 � 0.90).
Because CGP60474 was the most potent (CI norm ¼ 0.36) and
consistently suppressive agent (BJ, CInorm ¼ 0.80; KF1,
CInorm ¼ 0.37; KF4, CInorm ¼ 0.39; KF5, CInorm ¼ 0.10; and
KF6, CInorm ¼ 0.16), we chose this compound for subsequent
analyses.

To determine whether the drop in extracellular collagen
by CGP60474 was due to a reduction in synthesis or
secretion, we subjected BJ fibroblasts and 4 KFs (KF1, KF4,
KF5, and KF6) to the drug. We observed individual cellular
effects by confocal immunofluorescence microscopy
(Figure 5a). CGP60474 demonstrated uniform depletion of
intracellular collagen I in all KF lines, suggesting that
Col1a1 production is likely suppressed. After 24 hours of
drug exposure, doseeresponse curves (at 1% oxygen) for
KF5 and KF6 showed the half-maximal inhibitory con-
centration for Col1a1 to be w300 nM, whereas the
viability was largely unaffected (Figure 5b), suggesting that
CGP60474 had minimal toxic effects, at least in the short
term. To determine whether CGP60474 had a similar ef-
fect on other dermal collagens, we also examined
collagen VII and observed comparable anti-Col7a1 activ-
ity (Figure 5c).

Little is known about the mechanism of CGP60474’s ac-
tivity. The published structure of CGP60474 is shown in
Figure 6a. The Target Affinity Spectrum (TAS) is a bio-
informatic approach that summarizes all the available known
information about a compound and its targets (Moret et al,
2019). The TAS vector combines published doseeresponse
data, gene expression profiles, and curated annotations
from the literature. By TAS, the leading targets were Cdk1,
Cdk2, and Dyrk1a (Supplementary Table S3 and Figure 6b).
The KINOMEscan is a phage-based in vitro competition assay
where an output range of 100% of control indicates identical
competition as DMSO (eg, no test drug binding), and 1% of
control reflects tight drug binding. KINOMEscan results at 1
(very tight binding), 5, and 35% (less tight binding) are shown
in Figure 6c. For CGP60474, the drug selectively binds the
CMGC class of protein kinases, with Clk2, Cdk16, extracel-
lular signaleregulated kinase (Erk)8, Clk1, Ick, Dyrk1b,
Hipk1, and Mak being the top 8 binding partners
(Supplementary Table S4 and Figure 6c). These are consistent
with reported in vitro assays of CGP60474 (Cdk2, Cdk5,
Cdk9, Cdk1 half-maximal inhibitory concentrations ¼ 3, 10,
13, and 26 nM, respectively) (Jorda et al, 2018). Other CDK1/
www.jidinnovations.org 3
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Figure 3. Effect of oxygen concentration on viability in response to kinase inhibitors. (a) Ranked differences in DMSO-normalized cell viability (for BJ, KF5, and

KF6 cell lines) between 20 and 1% oxygen in response to 199 protein kinase inhibitors. Y-axis was calculated using the formula: (drugviability@20% oxygen O

DMSOaverage viability@20% oxygen) e (Drugviability@1% oxygen O DMSOaverage viability @1% oxygen). Red dots represent drugs that are more effective in 1% oxygen by

>10%. Blue dots represent drugs that are less effective in 1% oxygen by>10%. Data are presented in Supplementary Table S1. (b) Mean differences (for BJ, KF5,

and KF6) in DMSO-normalized viability for all drugs. The red, pink, and light blue lines represent the cubic fitted functions for the mean, 95% upper CI, and

95% lower CI, respectively. (c) Tables showing the top 10 drugs that had the most (left panel) and least (right panel) activity in 1% versus 20%. Raw counts,

normalized values, and relative normalized viabilities for each drug are in Supplementary Table S1. O2 denotes oxygen. CI, confidence interval.
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2/9 inhibitors in our screen did not replicate CGP60474’s
dramatic anti-Col1a1 effect (Supplementary Table S2) (SNS-
032 CI norm ¼ 0.79 � 0.29, AT7519 CI norm ¼ 0.78 � 0.11,
alvocidib CI norm ¼ 0.85 � 0.25, PHA-793887 CI norm ¼ 1.27
� 0.38, AZD5438 CI norm ¼ 1.30 � 0.64, and KIN001-270 CI

norm ¼ 1.37 � 0.49). Thus, among CDK inhibitors,
CGP60474’s collagen-suppressive effect appears to be
distinct from and selective among those of other CDK
inhibitors.

To broadly examine CGP60474’s impact on intracellular
signaling, we subjected KF-1762, KF5, and KF6 to 1 mM
CGP60474 in 1% oxygen and performed phosphokinase
JID Innovations (2024), Volume 4
profiling. An unexpected finding was the uniform activation
of phosphokinase signaling by CGP60474 without any
notable phosphoprotein inhibition (representative blot for KF-
1762 shown in Figure 7a). Densitometric quantitation
(Figure 7b) showed that the most substantial changes were in
phosphorylated Erk (p-Erk)T202/Y204,T185/Y187; phosphorylated
Hsp27S78/S82; and, to a lesser extent, phosphorylated Gsk-3a/
bS21/S9, with mean fold increases of 3.99� (P ¼ .0073, un-
paired t-test), 2.58� (P ¼ .038), and 1.33� (P ¼ not signifi-
cant). Given the magnitude and consistent effects of
CGP60474 on p-Erk, we further examined the effect of the
drug on p-Erk.



Figure 4. Screen of 199 kinase inhibitors on normal and KFs. (a) BJ fibroblasts and 4 KFs were treated with kinase inhibitor drug panel at 1% oxygen. Relative

viability was measured with CellTiter-Glo and normalized to DMSO. Extracellular COL1A1 was measured using ELISA and normalized to DMSO. Each blue dot

represents the percentage viability (drugviability O DMSOaverage viability [Y-axis]) graphed against the percentage collagen inhibition (drugcol1a1 O DMSOaverage

col1a1 [X-axis]) for a single drug. The experiment was replicated 5 times each using a different cell line once. (b) The mean CInorm (CI norm; ie, the average CInorm
for BJ, KF1, KF4, KF5, and KF6; orange line) is ranked from most suppressive (left side) to most inductive (right side). The SDs for each drug across the 5

biological replicates (ie, the 5 cell lines) are shown as blue bars. (c) Table showing the top 10 most COL1A1-suppressive and collagen-inducive drugs ranked by

CI norm. Akt, protein kinase B; KF, keloid fibroblast; MET, MAPK/extracellular signaleregulated kinase; PI3K, phosphoinositide 3-kinase.

A Rajadurai and H Tsao
Novel Collagen-Suppressive Agents for Keloids
As shown in Figure 7c, CGP60474 appears to upregulate p-
Erk but reduce total Erk levels simultaneously. Both effects
were abolished by a selective MAPK/ERK kinase (Mek) in-
hibitor—trametinib—suggesting that the CGP60474 site of
action is proximal to Mek. Although trametinib alone
(Figure 7c, top blot strip, lanes 3) increased collagen pro-
duction in KF-1762, it had a more modest effect in KF5. In
neither line did trametinib rescue the collagen depletion
caused by CGP60474 (Figure 7c, top blot strip, lanes 4). Of
note, trametinib was also included in our screen and had an
overall inductive effect on collagen (CI norm ¼ 1.34 � 0.31).
As a group, Mek/Erk inhibitors significantly increased Col1a1
production (Supplementary Table S2) (average CI norm ¼ 1.13
� 0.19) compared with noneMEK/ERK inhibitors (average CI

norm ¼ 0.96 � 0.19; D ¼ �0.168, 95% confidence
interval ¼ �0.319 to �0.0172, P ¼ .029, unpaired t-test)
(Figure 8). Taken together, CGP60474 appears to concomi-
tantly suppress collagen production and activate the MAPK
pathway in an MEK-dependent fashion.

Finally, CGP60474 has also been reported to reduce IL-6
secretion in mouse macrophages and attenuate
lipopolysaccharide-induced endotoxemia (Han et al, 2018).
Moreover, IL-6 has been shown to play putative but critical
roles in keloidogenesis, both in cellular and functional
studies (Ghazizadeh, 2007; Ghazizadeh et al, 2007;
Kurachi et al, 2021; McCauley et al, 1992; Uitto, 2007; Xue
et al, 2000) and in small studies showing associations be-
tween IL-6 polymorphisms and keloid development (Abdu
Allah et al, 2019; Tosa et al, 2016; Zhu et al, 2017). Thus,
one working hypothesis is that the CGP60474 effects are
www.jidinnovations.org 5
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Figure 5. Cellular screen for CGP60474. (a) Confocal microscopy shows loss of intracellular COL1A1 (green) in the BJ fibroblast and 5 KF lines after exposure to

1 mM CGP60474 for 24 hrs. DAPI stain is shown in blue. Bar ¼ 20 mm (b) Doseeresponse curves for CGP60474 in 2 KF lines showing normalized (to DMSO)

viability and extracellular COL1A1. (c) Effect of 1 mM CGP60474 on both Col1a1 and Col7a1 in KF-1762, KF1, KF4, and KF6 showing suppression of both

collagens. hr, hour; KF, keloid fibroblast.
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mediated through IL-6. Except for KF4, we observed
consistent decreases in secreted IL-6 among KFs treated
with CGP60474 (Figure 9a). Relative to DMSO, there was a
mean IL-6 decrease of �53.3% (1 mM) and �30.1% (3 mM)
in 20% oxygen and �8.4% (1 mM) and �30.7% (3 mM) in
1% oxygen. However, adding either IL-6 or anti�IL-6 re-
ceptor had minimal effects on Col1a1 levels (Figure 9b).
Furthermore, neither rescued the collagen depletion
induced by CGP60474. Thus, it is unlikely that the anti-
collagenic effects of CGP60474 are due solely to the
reduction in IL-6 levels.

DISCUSSION
Current strategies for keloid mitigation have focused mainly
on procedural approaches and met with limited success.
Keloidal tissue is characterized by excessive accumulation of
extracellular collagen, which partly defines its pathological
JID Innovations (2024), Volume 4
phenotype. Unlike cancer therapeutic screens, where cyto-
toxicity is often the measurable endpoint, fibroblast destruc-
tion is not necessarily desirable for translational
development. To this end, we devised a proof-of-concept
phenotype-based drug screen whereby collagen production
is mitigated without significant short-term cellular injury. To
our knowledge, this represents a previously unreported high-
content screen that uses primary KFs, targets the keloidal
tissue phenotype (ie, secreted collagen), and attempts to
simulate native hypoxic conditions.

Our high-content screen was designed to assay drug
behavior within the context of tissue oxygenation. Because
extant data suggest that dermal oxygen levels reside around
1e4%, we constructed the screen in hypoxia. Interestingly, we
show differential viability effects from the drugs between 20
and 1% oxygen (Figure 3). Such variations underscore poten-
tial discrepancies between the in vitro pharmacophenotype



Figure 6. CGP60474 structure and function. (a) Structure of CGP60474 (b) targets as assayed by Target Affinity Spectrum (original results at https://lincs.hms.

harvard.edu/db/sm/10025-101-1/?sort¼classmin). (c) KINOMEscan results for CGP60474 (original data at https://lincs.hms.harvard.edu/db/datasets/20054/).

Dendrogram mapping for hits is at cutoffs of 1, 5, and 35% of DMSO. Also shown are tabulations of rank, percentage control, and target identity of hits. Target

Affinity Spectrum and KINOMEscan platforms are summarized in the Methods and available in detail at the webpages listed earlier. Primary data are available in

Supplementary Tables S3 and 4. ERK, extracellular signaleregulated kinase; CDK, cyclin-dependent kinase.
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and clinical response of any given agent. Our screens also
utilized primary KFs, which should more accurately reflect
keloidal physiology. However, one caveat is that the KFs were
initially cultivated and established at 20% oxygen and may
thus have undergone some irreversible reprogramming or se-
lection already.

It has been reported that KFs exist in a state of hypoxic
alarm, with constitutively higher levels of Hif1a expression
both in vitro and in vivo (Kang et al, 2020; Wu et al, 2004;
Zhang et al, 2003). Compared with normal fibroblasts, Wang
et al (2021) reported that even in normoxic conditions, KFs
exhibit a higher degree of glycolysis, glycolytic reserve,
glycolytic capacity, and nonglycolytic acidification while
attenuating important mitochondrial functions such as
adenosine triphosphate production, spare respiratory capac-
ity, maximal respiration, nonmitochondrial respiration, and
coupling efficiency. Similarly, Vincent et al (2008) docu-
mented higher hexokinase, Gapdh, and lactate dehydroge-
nase activities in KFs than in normal fibroblasts. The
increased use of glycolysis rather than oxidative phosphory-
lation is reminiscent of tumor physiology where cancer cells,
under conditions of oxygen deprivation, will experience the
www.jidinnovations.org 7
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Figure 7. CGP60474 and MAPK

signaling. (a) Representative

phosphokinome array for KF-1762

(Proteome Profiler—Human Phospho-

Kinase Array—(R&D Systems,

ARY003C) showing most upregulated

phosphoproteins (p-ErkT202/Y204,T185/

Y187, p-Hsp27S78/S82, p-Gsk-3a/bS21/
S9). (b) Normalized (to background)

and relative (to DMSO) densitometry

units for the p-ErkT202/Y204,T185/Y187, p-

Hsp27S78/S82, and p-Gsk-3a/bS21/S9

based on 3 independent

phosphokinome arrays. (c) Western

blots showing levels of COL1A1, p-

ERK, total ERK, and GAPDH in KF-

1762 and KF5 at 20 and 1% oxygen.

ERK, extracellular signaleregulated

kinase; KF, keloid fibroblast;

p-ERK, phosphorylated extracellular

signaleregulated kinase; p-Gsk,

phosphorylated Gsk; p-Hsp27,

phosphorylated Hsp27.
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Warburg effect (Bhattacharya et al, 2016). Apropos to our
study, the shift toward glycolysis has been shown to affect
pharmacologic response in a variety of systems by mecha-
nisms including augmented glucose entry, upregulation of
glycolytic enzymes leading to inhibition of mitochondrial
apoptosis (Jang et al, 2013; Mathupala et al, 2010), genera-
tion of cancer stem cells (Heddleston et al, 2010), increased
starvation stress signaling, and activation of autophagy
(Altman and Rathmell, 2012). One of the key regulators of
the glycolytic transition is the phosphoinositide 3-kinase/
protein kinase B/mTOR pathway (Jaworska et al, 2023).
Although speculative, it is interesting to note that several
drugs that targeted phosphoinositide 3-kinase and mTOR
appeared to be associated with much less viability in 1% than
in 20% oxygen (Figure 3c).

Through our screen, we discovered a previously unre-
ported and potent collagen I and VII suppressor, CGP60474,
which appears to elicit little change in short-term viability.
Figure 8. Antiecollagen I activity with Mek/Erk kinase inhibitors. Mean

CInorms between Mek/Erk inhibitors and non-Mek/Erk inhibitors

(Supplementary Table S2). *P < .05. Trametinib exhibited the greatest

collagen-inductive effect among all Mek/Erk inhibitors (CI norm ¼ 1.34 �
0.31). Erk, extracellular signaleregulated kinase; Mek, MAPK/extracellular

signaleregulated kinase.
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Because proliferation and apoptosis assays were not per-
formed, there is the distinct possibility that CGP60474 may
affect proliferation, which may be offset by apoptosis or other
mechanisms of cell death. Although the collagen-suppressive
effects of CGP60474 appear particularly dramatic, the in-
hibitor itself is not specific. A somewhat surprising finding is
the paradoxical activation of many signaling molecules by
CGP60474, especially MAPK. As the upregulation of p-ERK
and the depletion of collagen by CGP60474 can both be
reversed by MEK inhibition, these findings are consistent with
previous studies that show inhibition of collagen I/III
expression in fibroblasts upon specific activation of Erk1/2
(Reunanen et al, 2000). However, the reciprocal relationship
between MAPK and collagen synthesis is likely cell specific.
For instance, collagen I expression in osteoblastic cells after
exposure to Tgfb and Bmp2 paralleled and required MAPK
signaling (Palcy and Goltzman, 1999). Similarly, the induc-
tion of a(1)-procollagen mRNA expression by Igf-1 in hepatic
stellate cells was completely abrogated by the Mek inhibitor,
PD98059 (Svegliati-Baroni et al, 1999). Interestingly, rosco-
vitine, a selective Cdk2/5 inhibitor, can also activate the
MAPK pathway (Whittaker et al, 2004) and inhibit collagen
and fibronectin expression in normal and scleroderma fi-
broblasts (Steinman et al, 2012). However, Steinman et al
(2012) did not notice an induction of p-Erk in response to
roscovitine and suggested that roscovitine’s effects were
mediated through Cdk2 or Cdk9 rather than through MAPK.
However, in our screen, none of the other Cdk inhibitors
reproduced CGP60474’s effects. Our data, along with those
published, suggest that MAPK activation in dermal fibroblasts
contributes to the downregulation of collagen I, although the
precise mechanism of action is not known.

There are several limitations to our study. First, given the
multiple KF lines and the many drugs screened, we could
not test drug effects on other extracellular matrix compo-
nents, including various substrates such as additional



Figure 9. CGP60474 and IL-6. (a)

Various primary KFs (different color

circles) were treated with 1 and 3 mM
CGP60474 for 24 hrs in either 20

oxygen or 1% oxygen (raw data are in

Supplementary Table S5). Levels of

secreted IL-6 (pg/ml) were assayed by

ELISA (human IL-6/IL-6 ELISA Kit

PicoKine). Except for KF4, in general,

there were decreases in secreted IL-6.

(b) Effect of adding IL-6 (100 nM) and

antieIL-6R (3 mg) on COL1A1, p-ERK,

and total ERK in KF6. Erk, extracellular

signaleregulated kinase; hr, hour; IL-

6R, IL-6 receptor; KF, keloid fibroblast;

p-Erk, phosphorylated extracellular

signaleregulated kinase; RLU,

Relative Luminescence Units.
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collagens, glycosaminoglycans, and other fiber-forming
proteins (eg, fibronectin). These are currently being built
into our second-generation content screen. Second, we
chose a fixed 1% oxygen environment for our hypoxic
input. We may not be capturing the range of ambient
oxygenation because actual tissue levels likely fluctuate
between anatomic site and degree of vasodilatation. Third,
although we identified MAPK signal flux as a possible
mediator of CGP60474 effects, the compound’s exact
target(s) in keloid cells under hypoxic conditions are un-
known. Fourth, the lack of a faithful animal keloid model
precludes rapid in vivo validation of CGP60474 and other
candidate antifibrotic drugs (Supp, 2019). One option is to
include Food and Drug Administrationeapproved agents
in future keloid therapeutic screens in hopes of more rapid
translation into humans. In addition, effective compounds
could also be tested in other murine models of sclerosing
disorders (Artlett, 2014). Finally, although collagens I/VII
are predominant collagens in the human dermis, the ef-
fects of CGP60474 on other extracellular matrix constit-
uents are unknown. Future studies will characterize the
CGP60474 and related agents on global expression
patterns.
Although keloids are often considered a major cosmetic
concern, significant functional and psychosocial burdens are
associated with these lesions (Bijlard et al, 2017). In this
study, we created a phenotypically based assay and identified
CGP60474 as a previously unreported inhibitor capable of
suppressing collagen I synthesis >80% with little detectable
effects on aggregate cellular viability. In time, multidimen-
sional screens that integrate precise phenotypic and molec-
ular information could lead to better drug designs, preclinical
development, and clinical translation.
MATERIALS AND METHODS
Cell lines

Primary KF lines 1, 3, 4, 5, and 6 (KFs 1, 3, 4, 5, and 6) were isolated

from specimens of keloids excised from Korean patients and were

gifts from Mi Ryung Roh (Department of Dermatology, Gangnam

Severance Hospital, Yonsei University College of Medicine, Seoul,

South Korea). Both BJ fibroblasts (CRL-2522TM) and human KF line

KEL FIBCRL-1762 (KF-1762) were purchased from the ATCC. The

KEL FIBCRL-1762 line from the ATCC is a cell line exhibiting

fibroblast-like morphology isolated from the keloid of a Black, fe-

male patient aged 35 years.
www.jidinnovations.org 9
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Cell culture and treatments

KF1, KF3, KF4, KF5, and KF6 were cultured in a mixture of DMEM

(Gibco BRL) and Ham’s nutrient mixture F12 (Gibco BRL) medium,

by a 3:1 ratio. The supplements included 10% fetal bovine serum

(Hyclone), 100 U/ml of penicillin, 100 mg/ml streptomycin, 1 � 10-

10 M cholera toxin, 0.4 mg/ml hydrocortisone, 5 mg/ml insulin, 5 mg/
ml transferrin, and 2 � 10-11 M triiodothyronine. BJ cells were

cultured in ATCC-formulated Eagle’s Minimum Essential Medium

(30-2003) with 10% fetal bovine serum (S11150, Atlanta Biological).

KF-1762 cells were cultured in DMEM (Gibco BRL), 10% fetal

bovine serum (Hyclone), and 100 U/ml of penicillin. Cells were

maintained in incubators at 37 �C and exposed to normoxia (20%

oxygen, 5% CO2) or hypoxia (1% oxygen, 5% CO2).

Western blot analysis

Whole-cell lysates were prepared with RIPA buffer (BP-115, Boston

BioProducts), including complete Protease Inhibitor Cocktail

(11697498001, Sigma-Aldrich). Protein was fractionated by precast

4e20% precast SDS-PAGE (456-1096, Bio-Rad Laboratories) and

transferred to nitrocellulose membranes (1620115, Bio-Rad Labo-

ratories). Membranes were incubated with primary antibody (anti-

COL1A1, NB600-408, Novus Biologicals; anti-COLA1, 3995, Cell

Signaling Technology; antiep-Erk, 9101, Cell Signaling Technology;

anti-Erk, 4695, Cell Signaling Technology, anti-GAPDH, ab8245,

Abcam) overnight at 4 �C and secondary antibody (anti-rabbit IgG,

horse radish peroxidaseelinked antibody number 7074s, Cell

Signaling Technology; anti-mouse IgG, horse radish

peroxidaseelinked antibody number 7076s, Cell Signaling Tech-

nology) for 2 hours at room temperature. The western blot signal was

elaborated with chemiluminescence ECL substrate (170-5061, Bio-

Rad Laboratories).

Immunofluorescence

Cells were seeded on coverslips and cultured for 24 hours and then

fixed with 4% polyformaldehyde (BM-155, Boston BioProducts) for

15 minutes, blocked with 5% goat serum for 30 minutes, and

incubated with primary antibody (anti-Col1a1-[E6A8E], number

39952, Cell Signaling Technology) overnight at 4 �C. The next day,

the secondary antibody (Rabbit Alexa Fluro -488, Thermo Fisher

Scientific) was added for 2 hours at room temperature. DAPI was

Prolong Gold Antifade Reagent with DAPI (number P36935). All

images were then obtained using Zeiss Axiovert microscope and

confocal microscope.

Drug screen

The 199 kinase inhibitors (Supplementary Table S1) were a subset of

compounds from the Harvard Medical School Library of Integrated

Network-based Cellular Signatures (https://lincs.hms.harvard.edu/).

BJ and keloid cells (2000e3000 cells per well) were plated in 96-

well plates (Clear bottom, white polystyrene TC-treated micro-

plates, number 3903, Corning) and incubated for 48 hours either in

20% oxygen or 1% oxygen before the addition of drugs. The media

was then removed, and drugs (final concentration of 1 mM drug)

along with fresh media were added to the cells for another 24 hours

at either 20% oxygen or 1% oxygen. Cell viability was then assessed

using CellTiter-Glo Luminescent Cell Viability Assay (Promega). For

the secondary screen, drugs were purchased from commercial

vendors: CGP60474-(number E2642, Selleck), trametinib-

GSK1120212, (number S4484, Selleck), antieIL-6 receptor (Tocili-

zumab biosimilar MCA 6106, Bio-Rad Laboratories).
JID Innovations (2024), Volume 4
Collagen secretion and IL-6 secretion

The BJ and keloid cells (2000e3000 cells per well) were plated and

incubated for 48 hours. After 48 hours, the media was removed.

Fresh media with drug (final concentration of 1 mM drug-CGP60474

and different concentrations of trametinib and antieIL-6 receptor)

was added and incubated. After 24 hours of drug treatment, the

supernatant was removed and saved at �80 oC. Collagen I secretion

(Col1a1) and IL-6 secretion were measured using ELISA after opti-

mization by Human Procollagen I alpha 1/Col1a1 PicoKine ELISA

Kit and Human IL-6/Interleukin-6 ELISA Kit PicoKine from Boster Bio

(Pleasanton, CA).

Drug screen analysis

The 199 drugs were screened in 4 plates. The average of the DMSO

wells within each plate was used as the blank control for both the

viability and the Col1a1 ELISA within each plate. For each drug (D)

added,

% viability Dviability ¼ (Draw viability [Cell Titer Glo]/average DMSOraw

viability [Cell Titer Glo]) � 100

% collagen inhibition DCI ¼ (Draw col1a1 [ELISA]/average DMSOraw

col1a1 [ELISA]) � 100 collagen inhibition normalized (CInorm) to

viability ¼ DCI/Dviability

For each drug across all cell lines, mean CI ¼ P
CInorm/N cell

lines

CGP60474 data

Structural analysis for the compound is described on the Havard

Medical School LINCS webpage (https://lincs.hms.harvard.edu/db/

sm/10025-101-1/?sort¼classmin). Briefly, as described on the web-

site (https://lincs.hms.harvard.edu/db/datasets/20000/), the TAS is a

vector of binding assertions on the basis of doseeresponse affinity

constants, 1-dose percentage inhibition data, and manual literature

curation. For assay protocol, to compare compounds on the basis of

on all known targets and known nontargets, we sought a means to

summarize all available target data on a compound, including

doseeresponse data, profiling data, and curated annotations from

the literature (eg, "drug X was found to not inhibit ..." or "was

equipotent for ..."). The resulting TAS vectors summarize binding

information from multiple assay formats weighted for the degree of

evidence for high-affinity binding and also for nonbinding (Kd > 10

mM). TAS vectors contain several best-guess weighting parameters

and are therefore less precise than selectivity scores, but they pro-

vide a more complete picture of available data. For the LINCS li-

brary, TAS vectors varied in length from a median of 10 features for

probe compounds (range ¼ 1e394) and 15 for approved drugs

(range ¼ 1e420) (Wilcoxon rank-sum test P ¼ .07). In no cases did a

TAS include assertions for all 545 human kinases let alone for all

w3000 members of the druggable genome, which illustrates the

sparseness of target annotation. TAS similarities for all compound

pairs were calculated using a weighted Jaccard similarity metric. The

data are shown in Supplementary Table S3.

The KINOMscan image and data are available online and in

Supplementary Table S4 (https://lincs.hms.harvard.edu/db/datasets/2

0054/). To avoid over or understringency, we chose the 5% cutoff

level. As described on the webpage, “The KINOMEscan assay plat-

form is based on a competition binding assay that is run for a

compound of interest against each of a panel of 317 to 456 kinases.

The assay has three components: a kinase-tagged phage, a test

compound, and an immobilized ligand that the compound com-

petes with to displace the kinase. The amount of kinase bound to the

immobilized ligand is determined using quantitative PCR of the

https://lincs.hms.harvard.edu/
https://lincs.hms.harvard.edu/db/sm/10025-101-1/?sort=classmin
https://lincs.hms.harvard.edu/db/sm/10025-101-1/?sort=classmin
https://lincs.hms.harvard.edu/db/sm/10025-101-1/?sort=classmin
https://lincs.hms.harvard.edu/db/datasets/20000/
https://lincs.hms.harvard.edu/db/datasets/20054/
https://lincs.hms.harvard.edu/db/datasets/20054/
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DNA tag. Results for each kinase are reported as ‘Percent of control,’

where the control is DMSO and where a 100% result means no

inhibition of kinase binding to the ligand in the presence of the

compound and where low percent results mean strong inhibition.

The KINOMEscan data are presented graphically on TREEspot Ki-

nase Dendrograms (http://www.kinomescan.com/Tools—Resources/

Study-Reports—Data-Analysis). For this study, HMS LINCS in-

vestigators have graphed results for kinases classified as 35 ‘percent

of control’ (in the presence of the compound, the kinase is 35% as

active for binding ligand in the presence of DMSO), 5 ‘percent of

control’ and 1 ‘percent of control.’ Details can be found in Fabian

et al (2005).

Phosphorylated kinase array and phosphorylated RTK array

Proteome Profiler Human Phospho-Kinase Array Kit (ARY003C) and

Proteome Profiler Human Phospho-RTK Array Kit (ARY001B) were

purchased from R&D Systems (Minneapolis, MN). Sample collec-

tion, storage, array preparation, array procedure, and data analysis

were performed per the manufacturer’s guidelines.
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