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Pirin, an evolutionary conserved non-heme Fe-containing family member of the cupin superfamily of proteins, is

regulated by Nrf2 in human and mouse cells and in the mouse colon in vivo. Moreover, pirin is overexpressed in

human colorectal tumours where pirin expression correlates with Nrf2 activation, suggesting Nrf2 dependence. The

depletion of pirin in the human colorectal cancer cell line DLD1 does not affect cell viability or migration.

Understanding the functional consequences of the observed pirin upregulation in colorectal cancer requires further

investigation.
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1. Introduction

Pirin is a highly evolutionary conserved non-heme Fe-containing family member of the cupin superfamily of

proteins, which in its oxidized (Fe -bound) form, binds to the RelA (p65) subunit and enhances the activity of

transcription factor NFκB . Pirin can also form complexes with B-cell lymphoma 3-encoded protein (Bcl3) and

NFκB1 (p50) on NFκB DNA binding sites . Furthermore, several reports have implicated pirin as an important

factor in cancer cell proliferation, migration, and tumour progression in the context of melanoma, breast, lung,

cervical, prostate, and oral cancer .

Although the molecular details of how pirin is regulated are incompletely understood, increasing evidence points to

the role of transcription factor nuclear factor erythroid 2 p45-related factor 2 (Nrf2, gene name NFE2L2) in

mediating the gene expression of pirin. Thus, a gene expression study comparing the small airway epithelium of

healthy non-smokers to that of healthy smokers using samples obtained by fiberoptic bronchoscopy identified pirin

as a “smoking-responsive Nrf2-modulated gene”, and further showed that the promoter region of the human PIR

gene contains two antioxidant response elements (AREs), the DNA sequences to which Nrf2 binds, located at

−3209 bp and −5566 bp upstream of the transcription start site . It was also reported that the basal expression of

pirin in HeLa cells is regulated by Nrf2 . A chemical proteomics approach suggested pirin as one of the proteins

regulated by Nrf2 in non-small cell lung cancer cell lines . Recent studies have implicated Nrf2 in the

overexpression of pirin caused by the high-risk human papillomavirus (HR-HPV) E7 oncoprotein , as well as by

small-molecule inducers of ferroptosis . Interestingly, RNA-sequencing (RNA-seq) expression profiling of

HEK293T cells has shown that pirin expression is induced upon treatment with the electrophile 4-hydroxynonenal

(HNE), but not by the oxidant H O  . Both HNE and H O  induce Nrf2-mediated transcription following chemical

modification of specific cysteine sensors of Kelch-like ECH associated protein 1 (Keap1), the principal negative
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regulator of Nrf2 . Curiously, inhibition of the expression of pirin was seen when cervical carcinoma cells were

exposed to curcumin , a dietary plant Michael reaction acceptor, which we and others have found to activate

Nrf2 .

2. Pirin Is a Transcriptional Target of Nrf2 in Human Cell
Lines

The research first compared the mRNA levels for pirin in the human colorectal cancer cell line DLD1 (Nrf2-WT) as

well as Nrf2-knockout (Nrf2-KO) and Nrf2-gain-of-function (Nrf2-GoF) mutant isogenic lines that had been

generated using CRISPR/Cas9 genome editing . In comparison with Nrf2-WT, the mRNA levels for pirin were 2-

fold higher in Nrf2-GoF DLD1 cells, and 50% lower in their Nrf2-knockout counterparts (Figure 1A). This pattern of

expression of pirin was similar to that of the classical Nrf2 target protein NAD(P)H:quinone oxidoreductase 1

(NQO1) (Figure 1B), confirming Nrf2 activation. Similar to NQO1, the mRNA levels for pirin were increased 1.5-fold

by exposure to TBE-31, and this increase was diminished in Nrf2-knockout DLD1 cells (Figure 1A). The protein

levels of pirin were higher in Nrf2-gain-of-function DLD1 cells than in their WT counterparts, and treatment with

both TBE-31 and the classical Nrf2 inducer sulforaphane increased the protein levels of pirin in WT cells with no

further effect in Nrf2-gain-of-function cells (Figure 1C).
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Figure 1. Pirin is a transcriptional target of Nrf2 in human cells. (A,B) mRNA levels for pirin (A) and NQO1 (B) in

Nrf2-wild-type (WT), Nrf2-knockout (Nrf2-KO), and Nrf2 gain-of-function mutant (Nrf2-GoF) human DLD1 colorectal

cancer cells treated with vehicle (V) or 10 nM TBE-31 (T) for 16 h. (C) Protein levels for pirin in Nrf2-wild-type (WT)

and Nrf2 gain-of-function mutant (Nrf2-GoF) human DLD1 colorectal cancer cells treated with vehicle, 50 nM TBE-

31, 100 nM TBE-31, or 5 μM sulforaphane (SFN) for 16 h. (D) mRNA levels for pirin in Caco2 colorectal cancer

cells treated with vehicle or 5 μM SFN for 24 h. (E) mRNA levels for pirin in A549 cells (high Nrf2 levels, “Hyper-

Nrf2”) and their Nrf2-knockout (Nrf2-KO) mutant counterparts. (F) mRNA levels for pirin in U2OS cells (normal Nrf2

levels, WT Nrf2) and their Nrf2-knockout (Nrf2-KO) mutant counterparts. (G) mRNA levels for pirin in IMR90 normal
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human lung fibroblasts treated with vehicle, 5 μM SFN or 100 nM TBE-31 for 16 h. * p < 0.05. The TaqMan data

were normalized using human hypoxanthine phosphoribosyltransferase 1 (Hprt1) as an internal control.

Sulforaphane treatment also increased (by 1.6-fold) the mRNA levels for pirin in the colorectal cancer cell line

Caco2 (Figure 1D). Conversely, the mRNA levels for pirin decreased by 90% upon knockout of Nrf2 in the human

lung cancer cell line A549, which has constitutively high levels of Nrf2 due to a mutation in Keap1 and

hypermethylation of its promoter (Figure 1E). Similarly, the mRNA levels for pirin decreased by 50% upon

knockout of Nrf2 in the human osteosarcoma cell line U2OS, in which the levels of Keap1 and Nrf2 are normal

(Figure 1F).

In addition to cancer cells, the dependence on Nrf2 for the expression of pirin was also observed in normal human

lung fibroblast IMR90 cells, where treatment with TBE-31 or sulforaphane caused similar levels of induction (by

~2.5-fold) of the expression of pirin (Figure 1G). Collectively, these experiments establish the dependence of pirin

expression on Nrf2 in human cells.

3. Pirin Is a Transcriptional Target of Nrf2 in Mice

The dependence on Nrf2 of both basal and inducible expression of pirin and NQO1 was also observed in primary

cultures of mouse embryonic fibroblast (MEF) cells, intestinal organoids, and in the murine colon in vivo. For these

experiments, we used wild-type (WT), Nrf2-knockout (Nrf2-KO, Nrf2 ) and Keap1-knockdown (Keap1-KD,

Keap1 ) mice . Compared to WT, the mRNA levels for pirin were 60% lower and not inducible by TBE-

31 in Nrf2-knockout MEF cells, whereas these levels were 1.5-fold higher in their Keap1-knockdown counterparts

(Figure 2A). The basal and TBE-31 induced expression of NQO1 in the three genotypes paralleled that of pirin

(Figure 2B).
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Figure 2. Pirin is a transcriptional target of Nrf2 in mouse cells and in vivo. (A,B) mRNA levels for pirin (A) and

NQO1 (B) in Nrf2-wild-type (WT), Nrf2-knockout (Nrf2-KO), and Keap1-knockdown (Keap1-KD) mouse embryonic

fibroblast (MEF) cells treated with vehicle (V) or 50 nM TBE-31 (T) for 24 h. The TaqMan data were normalized

using eukaryotic 18S rRNA (18S) as an internal control. (C) mRNA levels for pirin in Nrf2-wild-type (WT), Nrf2-

knockout (Nrf2-KO), and Keap1-knockdown (Keap1-KD) mouse intestinal organoid cultures treated with vehicle (V)

or 10 nM TBE-31 (T) for 24 h. (D) mRNA levels for pirin in the colon of wild-type (WT), Nrf2-knockout (Nrf2-KO),

and Keap1-knockdown (Keap1-KD) C57BL6 mice (n = 6–8). (E) mRNA levels for pirin in the colons of wild-type

(WT) and Nrf2-knockout (Nrf2-KO) mice (n = 4–5), which had been treated with TBE-31 (5 nmol/g body weight, 3

times, at 24-h intervals, per os, black bars) or vehicle (0.7% DMSO in corn oil, white bars). * p < 0.05. The TaqMan

data were normalized using mouse ribosomal protein lateral stalk subunit P0 (rplp0) as an internal control.

Next, organoids from the small intestine of WT, Nrf2-KO, and Keap1-KD mice were prepared. In agreement with

the data in human and MEF cells, compared to WT, the mRNA levels for pirin were 3.3-fold higher in Keap1-

knockdown organoids, whereas these levels were >90% lower in their Nrf2-knockout counterparts (Figure 2C).
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Treatment with TBE-31 induced pirin 3.9-fold in WT organoids, but this induction was greatly diminished in

organoids from Nrf2-knockout or Keap1-knockdown mice (Figure 2C).

In the colons of mice from the three genotypes, the expression of pirin was 70% lower and 2-fold higher in Nrf2-

knckout and Keap1-knckdown, respectively (Figure 2D). Oral administration of TBE-31 to mice induced the

expression of pirin in wild-type animals, but had no effect in their Nrf2-knockout counterparts (Figure 2E). Thus,

using genetic and pharmacologic approaches, we have demonstrated that pirin is a transcriptional target of Nrf2 in

human colorectal cancer cells, mouse intestinal organoid cultures and in vivo in the murine colon.

4. Pirin Is Overexpressed in Human Colorectal Tumors

The authors determined the gene expression of pirin in 48 primary human colorectal tumours and matched normal

tissue from the same patients. Using 18S as a reference gene and a 2-fold increase or a 50% decrease relative to

normal tissue as a cut-off, we found that the mRNA levels for pirin were increased in 30/48 and decreased in 2/48

tumour samples in comparison with their corresponding matched normal tissues (Figure 3A). The mRNA levels for

NQO1 were increased in 25/48 tumours and decreased in the same two tumour samples, which also had lower

pirin expression (Figure 3B). Based on Spearman and Kendall rank correlation test, the folds change of pirin

expression in tumour vs. the corresponding normal tissues correlated with the fold change of NQO1 expression (p

= 0.001271 and p = 0.0008092). Furthermore, when we examined the mRNA levels for Nrf2 in the human tissues,

we found them to be increased in 18/48 and decreased in 2/48 tumour samples in comparison with their matched

normal tissues (Figure 3C). The correlation test also found that the fold change of pirin expression correlated with

the fold change of Nrf2 expression (p = 1.49E-05 and p = 9.32E-06). Together, these data strongly suggest that the

overexpression of pirin in the tumour tissues is dependent on Nrf2.
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Figure 3. Pirin is overexpressed in human colorectal tumours. mRNA levels for pirin (A), NQO1 (B), NFE2L2 (C),

AKR1B10 (D), and AKR1C1 (E) in matched tumour and normal tissues from human colorectal cancer patients (n =

48). p < 0.05 in all cases. The TaqMan data were normalized using eukaryotic 18S rRNA (18S) as an internal

control.

Although Nrf2 is primarily regulated on the protein level, oncogene-induced Nrf2 overexpression has also been

reported . Thus, it has been shown that the expression of an endogenous oncogenic allele of K-Ras(G12D) in

mouse embryonic fibroblasts increases the transcription of Nrf2 . Therefore, we compared the expression of

Nrf2, pirin, and NQO1 in K-Ras  and K-Ras  DLD1 cell lines. We found that the mRNA levels for Nrf2 were

1.3-fold higher in the oncogenic K-Ras-expressing cell line compared to its wild-type K-Ras-expressing counterpart

(Figure 4A), confirming the transcriptional upregulation of Nrf2 under conditions of K-Ras activation. The mRNA

levels for pirin (Figure 4B) and NQO1 (Figure 4C) were also increased in the oncogenic K-Ras-expressing cells by

1.3- and 2.5-fold, respectively, in agreement with Nrf2 activation. Together with the analysis of the human tissues,

these data indicate that Nrf2 is activated in human colorectal cancers, and this activation is likely mediated by both

transcriptional and post-transcriptional mechanisms.

[23]
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Figure 4. Constitutive activation

of K-Ras enhances NFE2L2 transcription. mRNA levels for NFE2L2 (A), pirin (B), and NQO1 (C) in K-Ras  and

K-Ras  mutant DLD1 cell lines. p < 0.05 in all cases. The TaqMan data were normalized using eukaryotic 18S

rRNA (18S) as an internal control.

Curiously however, the expression of the aldo-keto reductase family 1 members AKR1B10 and AKR1C1, which are

well-established Nrf2 targets in humans, showed the opposite pattern to that of pirin, Nrf2 and NQO1 in the human

tissues. Thus, compared to matched normal tissue, the mRNA levels for AKR1B10 and AKR1C1 were decreased in

39/48 and 28/48 tumour samples, respectively (Figure 3D,E). In both cases, the differences between the tumour

and normal tissues were statistically significant. This finding suggests that transcriptional mechanism(s) other than

regulation by Nrf2 are responsible for the downregulation of the gene expression AKR1B10 and AKR1C1 in human

colorectal tumours.

5. Pirin Does Not Affect the Viability or Migration of DLD1
Colorectal Cancer Cells

The authors then addressed the potential functional consequences of the observed pirin upregulation in colorectal

tumours. Several reports have implicated pirin as an important factor in cancer cell proliferation, migration, and

tumour progression . Thus, first we asked whether pirin affects the viability of DLD1 colorectal cancer cells

using two approaches: (i) pharmacological, by treatment with triphenyl compound A (TPhA), a small molecule

inhibitor of pirin , and (ii) genetic, by knockdown of pirin using siRNA. Exposure to TPhA concentration-

dependently inhibited the viability of DLD1 cells (Figure 5A). By contrast, depleting pirin by siRNA had no effect on

cell viability (Figure 5B), in spite of the high efficiency of the knockdown at both the mRNA (Figure 5C) and the

protein (Figure 5D) levels. Furthermore, the TPhA-mediated inhibition of cell viability occurred at a similar level in

cells transfected with pirin siRNA as it did in siRNA negative control-transfected cells (Figure 5E), strongly

suggesting that the inhibitory effect of this compound in this experimental system was pirin-independent.

WT/−

G13D/−
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Figure 5. Pirin does not affect the viability of DLD1 colorectal cancer cells. (A) DLD1 cells (5 × 10  per well) plated

in 96-well plates were treated with the indicated concentration of TphA for 24-, 48- and 72 h. Cell viability was

assessed using the Alamar Blue fluorometric assay. (B) DLD1 cells (5 × 10  per well) were transfected with 20 nM

ON-TARGET plus Smart Pool siRNA against human PIR (siPir) or ON-TARGET plus Non-targeting Control Pool

(siNeg). Cell viability was monitored for four days after transfection with Alamar Blue reagent. (C) mRNA levels for

pirin in DLD1 cells transfected with 20 nM siNeg or siPir for 24-, 48- and 72 h. (D) Protein levels for pirin in DLD1

cells transfected with 20 nM siNeg or siPir for 48-, 72- and 96 h. (E) DLD1 cells (5 × 10  per well) were transfected

with 20 nM siNeg or siPir for 48 h, and then treated with 0.1% DMSO, 10 μM or 50 μM TPhA. Cell viability was

assessed using the Alamar Blue fluorometric assay at 0- and 48 h after treatment.

The authors then asked whether pirin affects the migration of DLD1 colorectal cancer cells using a well-established

functional wound-healing assay. To this end, cells were transfected with pirin siRNA or siRNA negative control as

3

3
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above, grown to confluency, and subsequently serum starved to prevent cell proliferation. A uniform scratch wound

was then introduced in the confluent cell monolayer in a tightly-controlled manner, and the resulting wound closure

was monitored by real-time imaging. Depleting pirin by siRNA had no significant effect on wound closure (Figure

6), suggesting that under these experimental conditions, pirin does not affect cell migration.

Figure 6. Pirin does not affect the migration of DLD1 colorectal cancer cells. DLD1 cells were transfected with 20

nM ON-TARGET plus Smart Pool siRNA against human PIR (siPir) or ON-TARGET plus Non-targeting Control

Pool (siNeg) and grown for 48 h. Transfected cells (1.5 × 10  cells per well, 6 replicate wells for each condition)

were seeded in 96-well ImageLock plates (Essen BioScience) and grown for a further 48 h to confluence. Cell

migration was monitored at 2-h intervals for two days using IncuCyte™.
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