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Abstract 

 

A series of compounds (including CCG-1423 and CCG-203971) discovered 

through an MRTF/SRF dependent luciferase screen has shown remarkable 

efficacy in a variety of in vitro and in vivo models, including melanoma metastasis 

and bleomycin-induced fibrosis.  Although these compounds are efficacious, the 

molecular target is unknown.  Here, we describe affinity isolation-based target 

identification efforts which yielded pirin, an iron-dependent co-transcription factor, 

as a target of this series of compounds.  Using biophysical techniques including 

isothermal titration calorimetry and X-ray crystallography, we verify that pirin 

binds these compounds in vitro. We also show with genetic approaches that pirin 

modulates MRTF-dependent SRE.L Luciferase activation. Finally, using both 

siRNA and a previously validated pirin inhibitor, we show a role for pirin in TGF- 

induced gene expression in primary dermal fibroblasts.   A recently developed 

analog, CCG-257081, which co-crystallizes with pirin, is also effective in the 

prevention of bleomycin-induced dermal fibrosis. 
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Introduction 

Myocardin-Related Transcription Factor (MRTF) and Serum Response Factor 

(SRF) are transcription factors activated downstream of the Rho family of 

GTPases, which regulates actin cytoskeleton and motility.1,2 The MRTF/SRF 

complex activates a gene transcription program involved in the expression of 

structural and cytoskeletal genes, as well as pro-fibrotic genes.3 This mechanism 

feeds back on cell motility control and has been strongly implicated in cell 

migration and proliferation. Rho/MRTF/SRF signaling has also been linked to 

melanoma metastasis and to fibrotic pathological mechanisms.4,5 In 2007, we 

reported the first tool compound inhibitor of the Rho/MRTF/SRF pathway, CCG-

1423.6 It was identified in a pathway screen using a modified MRTF-dependent 

serum-response element (SRE.L) luciferase assay.6 CCG-1423 was shown to 

have anti-migratory and anti-proliferative effects in prostate cancer and 

melanoma cells in vitro.6 It has been extensively used as an “MRTF inhibitor” in 

many biological contexts, including reduction of endothelial cell migration and 

angiogenesis7, and it has efficacy in multiple preclinical disease models, 

including improvement of glycemic control of insulin-resistant mice8 and reduction 

of mouse peritoneal fibrosis.10  

Subsequent chemical modification and structure-activity relationship (SAR) 

studies based on the cell-based SRE-luciferase assay yielded the nipecotic acid 

derivatives CCG-100602 and CCG-20397111-12, which removed the labile and 

potentially reactive N-alkoxybenzamide functionality of CCG-1423. These 

analogs provided improved tolerability in vivo as exemplified by their capability to 

reduce bleomycin-induced skin and lung fibrosis13,14 and melanoma lung 

metastasis in two separate preclinical murine models.15 Further improvements to 

the series resulted in CCG-222740 and CCG-232601, which prevented ocular 

fibrosis and skin fibrosis in vivo.16-17 Recent optimization for metabolic stability 

yielded CCG-257081, which has improved pharmacokinetic properties but it has 

not been tested in vivo (Figure 1A-D).17 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 31, 2018. ; https://doi.org/10.1101/458554doi: bioRxiv preprint 

https://doi.org/10.1101/458554


 

A major limitation to the development of this series of inhibitors has been the 

unknown molecular mechanism.  Prior target identification campaigns for this 

series have been inconclusive.  For instance, it has been reported that CCG-

1423 can interact with the N-terminal nuclear localization sequence (NLS) in the 

RPEL domain of MRTF-A and block MRTF-A nuclear translocation by inhibition 

of the interaction between MRTF-A and importin 1/1.18 CCG-1423 was also 

shown to bind directly to MICAL-2—an atypical intranuclear actin regulatory 

protein that mediates SRF/MRTF-A-dependent gene transcription.19 MICAL-2 is 

proposed to function by inducing redox-dependent depolymerization of nuclear 

actin, ultimately decreasing nuclear G-actin and increasing MRTF-A in the 

nucleus.19 Moreover, a photolysis photoprobe was synthesized and specifically 

labelled an approximate 24 kDa protein band in PC3 cells; however, the identity 

of the protein band was never validated by mass spectrometry.20 Finally, a 

microarray analysis of gene transcription changes in PC3 cells treated with CCG-

1423 had significant overlap with effects of Latrunculin B — an actin 

polymerization inhibitor — as well as effects on cell cycle, ER stress and 

metastasis gene networks, suggesting shared biological targets between these 

two inhibitors.21 

Despite multiple potential molecular targets for the series, there has been no 

robust biophysical evidence presented.  Consequently, we undertook an 

unbiased mass spectrometry-based target identification approach and identified 

pirin — a conserved iron binding co-transcription factor that has not previously 

been associated with Rho/MRTF signaling or fibrosis — as the top biological 

target candidate for the series. Pirin was the most highly enriched protein upon 

affinity pulldown with an immobilized active compound.  It was subsequently 

validated through various biophysical techniques, such as X-ray crystallography 

and isothermal titration calorimetry (ITC), which show that our compounds bind 

directly to pirin. Moreover, we show that pirin is involved in MRTF/SRF 
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dependent pro-fibrotic signaling. Finally, we also report anti-fibrotic effects of 

CCG-257081 in a bleomycin-induced skin fibrosis model. 

 

 

Results and Discussion 

Identification of pirin as a potential target of CCG-222740 

To develop an affinity matrix for target enrichment, CGG-222740 was 

used as the starting chemical scaffold, mostly because of its superior inhibition of 

TGF-induced ACTA2 gene expression as compared to CCG-203971.17 To 

identify optimal linker placement, we performed a methoxy scan followed by an 

ethoxymethoxy scan on each aryl ring (Supplemental Table I). Taking into 

consideration the flat SAR, retained potency, efficacy, and availability of starting 

material, we chose to attach the PEG linker at the 5-position of the 3-furyl phenyl 

ring. Since attaching either small (1a) or large (2a) functional groups at that 

position did not markedly reduce activity, we were confident that attaching the 

probe linker and resin there would allow for the probe to maintain acceptable 

binding affinity to the biological target(s) (Figure 1E-G).   3 was synthesized and 

linked to NHS-agarose beads using solid phase amine coupling chemistry 

followed by blocking of residual reactive groups with ethanolamine to produce 4 

(Supplementary Schemes 1-3), which was subsequently used as our affinity 

pulldown probe.   

The agarose-bound probe was mixed with whole cell lysates from HEK-

293T cells containing DMSO (unblocked) or 30 M CCG-222740 (blocked) 

(Figure 1H).  Beads were then washed several times with cold PBS (adapted 

from22).  Pulldown mixtures were analyzed after trypsin digestion and subsequent 

proteomic analysis (see Supplemental Methods).   Comparison between the 

normalized peptide abundance in the DMSO control lysates and the CCG-

222740 treated cell lysates revealed one protein that stood out with 5-fold greater 

peptide abundance in the DMSO control lysates and a p-value of 1.3 e-13 (Table I 
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and Supplemental Table II).  Consistent with the known activity of our 

compounds to modulate gene transcription, it was encouraging that the enriched 

protein was a known co-transcription factor — pirin.  

 

 

Pirin binds to CCG-222740 and CCG-257081 

Pirin is a well-conserved protein originally identified in a yeast two-hybrid screen 

with the transcription factor NF-1.23  Pirin has also been implicated in NF-B 

signaling through its interaction with Bcl3, a NF-B co-activator, and through 

direct interaction with a p65/p65 homodimer.24-26 Pirin is expressed ubiquitously, 

and basal expression is, in part, regulated through Nrf2-regulated gene 

transcription.27 Two drug discovery campaigns have previously been described 

for pirin. The first published campaign used fluorescently labeled pirin to identify 

small molecules in an immobilized compound library that directly bound to pirin; 

however, the cellular effects of the identified compound, TphA, were modest.25  A 

second study identified the compound CCT251236 while screening for inhibitors 

of the Heat Shock Factor 1 (HSF1) transcription pathway.28  Their target 

identification efforts yielded pirin as the target of CCT251236, which has efficacy 

in an ovarian cancer model in vivo and inhibits melanoma migration in vitro.28  

The structural comparison between CCT251236 and our series of 

Rho/MRTF/SRF-mediated gene transcription inhibitors reveals high similarity. 

This supports our initial rationalization of pirin as a biological target for our series 

of inhibitors. 

 

To understand whether our series of compounds and pirin regulate a similar set 

of genes, we took a bioinformatics approach to compare a gene expression 

signature of CCG-1423 target genes with 12,922 MSigDB or in-house gene sets 

(Supplemental Table V). Only 347 (2.7%) of the gene sets showed a statistically 

significant correlation with the CCG-1423 regulated genes at the Bonferroni-

corrected p-value (p < 3.87x10-6). A siPirin gene set was the most significantly 
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enriched (p = 4.44x10-72), with an overlap of 44 genes with the CCG-1423 

signature (Figure 2A and Supplemental Table IV). By comparison, the overlap 

between our in-house MRTF signature and the CCG-1423 gene signature was 8 

genes (data not shown).  Therefore, the bioinformatics analysis, comparing the 

CCG-1423 microarray dataset and the siPirin microarray dataset, was very 

encouraging and consistent with the idea that pirin may be a direct target of our 

series.   

To validate pirin as a molecular target, recombinant pirin was purified in order to 

test whether CCG-222740 and CCG-257081 engaged with pirin in vitro.  As a 

comparison, we also tested 5, a structurally related inhibitor that was nearly 

inactive in our G12 induced SRE.L Luciferase assay (Figure 2B and C). Purified, 

recombinant pirin was used in isothermal titration calorimetery (ITC) experiments 

to determine the KD of our compounds.  CCG-222740 and CCG-257081 bound to 

pirin with a KD of 4.3 M and 8.5 M, respectively.  The change in enthalpy for 

the ‘inactive’ compound 5 was much less than that seen for either CCG-222740 

or CCG-257081; it did not provide a reliable fit for binding analysis.  Although this 

is a small set of compounds, it is encouraging to note that an inactive compound 

in our cell-based assay shows minimal binding to pirin in vitro  (Figure 2C). 

Furthermore, to understand how our small molecules bind to pirin, we solved 

high-resolution x-ray co-crystal structures of pirin in complex with CCG-222740 

and CCG-257081 (1.7 Å and 1.5 Å, respectively) (Figure 2D).  The two 

compounds bind very similarly, with the 4-chloroaniline projecting deep into the 

hydrophobic pocket and the furan/pyridine rings projecting out into solvent 

(Figure 2D and Figure 2E).  There are no direct contacts between the compound 

and the iron;  the interaction is mostly mediated by hydrogen bonds with Fe-

ligated waters (Figure 2E).   When these compound-bound pirin co-crystal 

structures are compared to both the inactive (Fe2+ bound), and the active (Fe3+ 

bound) forms described in the literature, a high level of similarity exists.  There is 

an overall RMSD between 257081-bound pirin and Fe2+ bound pirin of 0.251 Å 

and between 257081-bound pirin and  Fe3+ bound pirin of  0.582 Å.  Overall, 
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these results support the idea that pirin is a molecular target of the CCG-222740 

series of compounds.   

 

Modulation of pirin can affect MRTF/SRF dependent SRE.L Luciferase  

To explore the connection between pirin and MRTF/SRF signaling, we tested 

whether the literature pirin inhibitor, CCT251236, could inhibit G12 mediated 

SRE.L Luciferase, the same assay used to discover CCG-1423.  The SRE.L 

Luciferase reporter contains several SRF binding sites that were modified to be 

dependent on MRTF, but lack responsiveness to ETS factors.1   CCT251236 has 

nM potency in a cell-based assay to identify inhibitors of Heat Shock Factor 1 

transcription and binds to pirin in vitro with a KD of 44 nM as measured by SPR.28  

CCT251236 had a remarkable effect on SRE.L luciferase expression, with an 

IC50 of 3.3 nM, without affecting luciferase catalytic activity directly (Figure 3A 

and Supplemental Figure 3).  This pharmacologically validates pirin in the same 

G12 driven SRE.L Luciferase assay that we discovered and developed our 

series of compounds.  To determine whether overexpression of pirin alone can 

modulate SRE.L dependent luciferase, pirin was overexpressed in HEK293T 

cells with a SRE.L Luciferase reporter.  Pirin alone was capable of modestly 

increasing SRE.L driven luciferase expression, suggesting that pirin can enhance 

MRTF/SRF transcription (Figure 3B).  Moreover, to determine whether reduction 

of pirin through siRNA could suppress MRTF-A-dependent SRE.L Luciferase, 

primary human dermal fibroblasts were treated with a Dharmacon smartpool 

siRNA targeting pirin.  MRTF-A-driven SRE.L Luciferase was significantly 

reduced when pirin mRNA levels were decreased.  This suggests that pirin 

modulates gene transcription at the MRTF-A level of regulation (Figure 3C and 

D).  Taken together, these results support an interplay between pirin and MRTF- 

and SRF-driven luciferase transcription. 

 

Inhibition or ablation of pirin reduces TGF- induced profibrotic gene expression 
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The CCG-203971/CCG-222740 series is known to inhibit pro-fibrotic signaling 

and a large body of literature exists that suggests this is through 

MRTF/SRF.13,16,30-31However, to pharmacologically verify that pirin is involved in 

TGF- dependent gene expression, we used CCT251236, the previously 

published pirin inhibitor.28  Human primary dermal fibroblasts were activated with 

TGF- for 24 hours with or without CCG-222740 or CCG-257081 as well as 

CCT251236.  All three compounds significantly reduced TGF induced ACTA2 

expression (Figure 4A).  ACTA2 is the gene for -Smooth Muscle Actin (-SMA), 

which is a marker of myofibroblast transition, and a direct target of MRTF/SRF-

mediated transcription31.  In addition, we tested these compounds against CTGF 

expression (CCN2).  CTGF is a pro-fibrotic mediator that is also, in part, 

regulated by MRTF/SRF.5 We also observed a decrease in CTGF mRNA levels 

after compound treatment (Figure 4B).   

 

To further confirm that pirin is involved in TGF- mediated gene expression, we 

reduced pirin expression through siRNA.  Knockdown of pirin led to a 50% 

decrease in TGF- induced ACTA2 and CTGF mRNA, further verifying the role of 

pirin in TGF- mediated gene expression (Figure 4C and 4D). Pirin mRNA levels 

were reduced 80% in primary dermal fibroblasts after siRNA treatment 

(Supplemental Figure 4) and protein amounts were reduced approximately 50% 

(Figure 4E and 4F)  

 

CCG-257081 prevents bleomycin induced skin fibrosis 

We have previously shown that CCG-20397113 and CCG-23260117 can prevent 

bleomycin-induced fibrosis in mice.  However, the most recently developed 

compound in this series, CCG-257081, which has improved pharmacokinetics, 

has not yet been tested in vivo.17  Therefore, CCG-257081 was tested in a 

bleomycin-induced skin prevention model in mice at 50 mg/kg/day. Fibrosis was 

induced with daily bleomycin injections and mice were treated with CCG-257081 

(50 mg/kg/day by oral gavage) for 14 days.  At the conclusion of the experiment, 
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mice were sacrificed and the skin was paraffin-embedded. Tissue slices were 

used for histological analysis by Masson’s trichrome staining.  As shown in 

Figure 5, treatment of mice with CCG-257081 significantly reduced skin 

thickening and total collagen content (Figure 5).  

The CCG-series of compounds has been published in many papers and has 

demonstrated efficacy in a wide range of disease models.  Although these 

compounds were originally identified in a cell-based luciferase assay that relied 

on MRTF/SRF-regulated gene transcription, no molecular target was fully 

validated.  Our own preliminary work failed to confirm the report that our series of 

compounds could inhibit an actin:MRTF interaction18  (Supplemental Figure 5), 

suggesting that the RPEL domain of MRTF was not a direct target of these 

compounds.  In this study, we describe the identification and validation of pirin as 

a molecular target of CCG-222740 and CCG-257081.   

Further work will yield insights into the biology of pirin and how it relates to the 

MRTF/SRF signaling pathway and pro-fibrotic mechanisms.  Pirin has been 

implicated in melanoma migration and progression25, 32-33 but has not been 

explored in terms of fibrotic disease.  This is the first report implicating pirin in a 

pro-fibrotic signaling pathway, so dissecting the exact role of pirin in TGF-  

mechanisms will be an important question to address in the future. 

The exact mechanism of compound effects on pirin activity is also unknown.  It is 

possible that these compounds stabilize either an oxidized or reduced form of 

pirin, and therefore affect the ability of pirin to bind to co-activators or 

transcription factors; it has been shown that only Fe3+ bound pirin will bind to 

p65, whereas Fe2+ bound will no.t26  Also,  CCG-1423 has been shown to 

displace MRTF-A and SRF from the ACTA2 promoter34 which suggests that 

compound binding to pirin may disrupt a pirin/MRTF-A/SRF/DNA complex.  

Future work will address these and other questions, including exploring the 

implications of pirin modulation on global measures of gene transcription. 
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Materials and Methods 

For Materials and Methods, see Supporting Information. 
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Table I. List of putative targets for CCG-222740. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Accession Description

Peptide 

count

Unique 

peptides

Normalized 

Unblocked/ 

Blocked 

Beads p-value

PIR_HUMAN Pirin 4 3 4.98 1.32E-13

RBM4B_HUMAN;E9PLB0;E9PM61;U3KQD5 RNA-binding protein 4B 14 1 2.87 5.41E-04

CKAP4_HUMAN Cytoskeleton-associated protein 4 2 1 2.85 1.28E-04

WAPL_HUMAN;Q8WVX6 Wings apart-like protein homolog 6 3 2.69 2.44E-05

SNX4_HUMAN Sorting nexin-4 3 2 2.65 2.18E-02

RU1C_HUMAN;A0A0A0MRR7 U1 small nuclear ribonucleoprotein C 5 5 2.51 1.88E-04

PRPS1_HUMAN;B1ALA9 Ribose-phosphate pyrophosphokinase 1 3 1 2.46 4.68E-03

B4DWR3;PFD3_HUMAN B4DWR3_HUMAN Prefoldin subunit 3 3 2 2.22 2.81E-02

HSP72_HUMAN Heat shock-related 70 kDa protein 2 19 3 2.22 1.57E-03

CRIPT_HUMAN Cysteine-rich PDZ-binding protein 2 1 2.21 1.80E-05

HSP76_HUMAN Heat shock 70 kDa protein 6 12 1 2.20 4.77E-05

CNBP_HUMAN Cellular nucleic acid-binding protein 15 12 2.18 3.59E-06

PLSL_HUMAN Plastin-2 4 1 2.14 1.10E-05

RL38_HUMAN;J3KSP2;J3KT73;J3QL01 60S ribosomal protein L38 6 3 2.09 6.98E-06

K7EKX7;A0A087WT12;A0A087X2I2;A0A0A0MTT1;GPX4_HUMAN K7EKX7_HUMAN Glutathione peroxidase (Fragment) 6 4 2.08 1.09E-04

SYDC_HUMAN;H7C278 Aspartate--tRNA ligase, cytoplasmic 4 3 2.07 1.07E-05

XPO2_HUMAN Exportin-2 10 5 2.06 1.49E-03

ZN706_HUMAN Zinc finger protein 706 2 2 2.05 1.71E-06

GSTP1_HUMAN;A0A087X2E9;A8MX94 Glutathione S-transferase P 12 11 2.00 5.49E-04
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Figure Legends: 

Figure 1. Key analogs of the Rho/MRTF/SRF-mediated gene transcription 
inhibitors and probe development analogs. (A-D) Important analogs within the 
series that have led to the development of biologically active inhibitors.  (E-G) 
Probe mimic analogs of CCG-222740 (1a and 2a) retained activity in Q231L 

G12 driven SRE.L Luciferase (2 M and 2.3 M, respectively).  Based on this 
activity, the 5-position of the 3-furyl aromatic ring was selected for PEG-linker 
attachment for NHS-agarose beads (3).  (H) HEK 293T lysates were incubated 

with probe 4 bound to NHS beads, with or without preblocking lysates with 30 M 
of CCG-222740. Proteins bound to the beads were then analyzed by mass 
spectrometry. 

Figure 2. Pirin is a molecular target of CCG-222740 and CCG-257081. (A) 
Differential gene expression (based on fold change) was calculated for Pirin 
knockdown (GSE 17551) and CCG-1423 treatment (GSE 30188) and found to 
have high significance and an overlap of 44 genes in their datasets. (B) 

HEK293T cells co-transfected with Q231L G12 and a SRE.L Luciferase reporter 
were treated with CCG-222740, CCG-257081 or CCG-258531 (C) Isotherm 
generated by ITC shows that CCG-257081 (black) has a greater enthalpy 
change upon binding to pirin, as compared to CCG-258531 (red), indicative of 
better binding to recombinant pirin.  (D) Crystal structure overlap of pirin bound to 
CCG-222740 (gray) and CCG-257081 (salmon).  (E) Detailed view of the 
compound binding pocket with overlaid CCG-222740 (gray) and CCG-257081 
(salmon) pirin-bound structures.  Also indicated is the metal ion (orange) as well 
as coordinating residues and water molecules (dashed lines), and hydrogen 
bonds (solid lines).   

Figure 3. Pirin interacts with the MRTF/SRF pathway.  (A) CCT251236 

inhibits Q231L G12 activated SRE.L Luciferase in HEK293T cells;n=4 (B)  
Overexpression of C-terminally V5 tagged pirin induces SRE.L Luciferase signal 
in HEK293T cells. Results are expressed as the mean ± SEM. ***p< 0.05 using 
Student’s t-test; n=3 (C) Knockdown of pirin also reduces MRTF-A driven SRE.L 
Luciferase in primary dermal fibroblasts.  Results are expressed as the mean 
±SEM **p<0.01 using 2-way ANOVA; n=3 (D) Validation of pirin knockdown 
using qPCR.  Results are expressed as the mean ± SEM  ***p<0.001 using 
Student’s t-test; n=3. 

Figure 4: Inhibition or ablation of pirin reduces TGF- dependent gene 
expression (A) Primary dermal fibroblasts from healthy donors were treated with 

TGF- and either vehicle control, CCG compounds, or CCT251236.  Levels of 
ACTA2 were measured by qPCR. Results are expressed as the mean ± SEM. 
***p< 0.001, ****p<0.0001 using One-way ANOVA; n=3 (B). Similarly, CTGF 

mRNA levels were measured after treatment with TGF- and pirin inhibitors. 
Results are expressed as the mean ± SEM. *p<0.05, **p<0.01 using One-way 

ANOVA; n=3 . (C) Pirin knockdown reduces TGF- stimulated ACTA2 in human 
primary dermal fibroblasts. Results are expressed as the mean ± SEM 
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****p<0.0001 using One-way ANOVA; n=3. Non-targeting siRNA was used in 

siPirin (-) conditions. (D) Pirin knockdown reduces TGF- stimulated CTGF. 
Primary dermal fibroblasts were treated similarly to C. The results are expressed 
as the mean ± SEM of ****p=0.0001; n=3. (E) Western blot of pirin protein after 
siRNA treatment.  The results are expressed as the mean ± SEM of two 
independent experiments (*p<0.05, **p<0.01, using One-way ANOVA). (F) 
Quantification of E. 

Figure 5.  CCG-257081 prevents bleomycin induced fibrosis. Mice treated 
with 50 mg/kg CCG-257081 had significantly reduced skin thickness as 
compared to vehicle control. (A) Masson’s trichrome stained skin sections from 
vehicle treated mice (left panel) bleomycin treated mice (middle panel) and 
bleomycin+CCG-257081 treated mice (right panel). N=7 (B) Quantification of (A) 
by measuring the maximal distance between the epidermal-dermal junction and 
the dermal-subcutaneous fat junction ***p<0.001 using One-way ANOVA. (C) 
Quantification of collagen using hydroxyproline measurements *p<0.05 using 
One-way ANOVA. 

 

Table I.  Proteins with >2 fold enrichment  

HEK 293T lysates were blocked either with 30 M CCG-222740 or DMSO 
control, and incubated with NHS-agarose bound CCG-262545.  Peptides aligning 
with proteins and counts were compared in unblocked and blocked samples, and 
arranged in order of decrease in fold differences between the two samples.  All 
protein samples with >2 fold differential peptide amounts are shown.   
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