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Inhibition of ABCG2 prevents phototoxicity
in a mouse model of erythropoietic
protoporphyria

Junjie Zhu1, Fu-Ying Qin1, Saifei Lei1, Ruizhi Gu1, Qian Qi1, Jie Lu1,
Karl E. Anderson 2, Peter Wipf 3 & Xiaochao Ma 1

Erythropoietic protoporphyria (EPP) is a genetic disease characterized by
protoporphyrin IX-mediated painful phototoxicity. Currently, options for the
management of EPP-associated phototoxicity are limited and no oral medi-
cation is available. Here, we investigated a novel therapy against EPP-
associated phototoxicity by targeting the ATP-binding cassette subfamily G
member 2 (ABCG2), the efflux transporter of protoporphyrin IX. Oral ABCG2
inhibitors were developed, and they successfully prevented EPP-associated
phototoxicity in a genetically engineered EPP mouse model. Mechanistically,
ABCG2 inhibitors suppress protoporphyrin IX release from erythroid cells and
reduce the systemic exposure to protoporphyrin IX in EPP. In summary, our
work establishes a novel strategy for EPP therapy by targeting ABCG2 and
provides oral ABCG2 inhibitors that can effectively prevent protoporphyrin IX-
mediated phototoxicity in mice.

Erythropoietic protoporphyria (EPP) is an inherited disease caused by
loss-of-functionmutations of ferrochelatase (FECH)1,2, thefinal enzyme
in the heme biosynthesis pathway that converts protoporphyrin IX
(PPIX) to heme. A deficiency of FECH disrupts PPIX metabolism and
leads to PPIX accumulation in the body1,3. PPIX is photoactive because
it contains the electron-rich tetrapyrrole moiety4,5. Once PPIX is exci-
ted by sunlight, it produces reactive oxygen species (ROS), subse-
quently resulting in cellular damages in the skin4,6. Due to
phototoxicity-induced pain, EPP patients have to wear protective
clothing and limit outdoor activities, which markedly impair their
quality of life7,8. Children with EPP struggle with the disease and find it
difficult to navigate school life7.

Limited options are currently available for themanagement of EPP-
associated phototoxicity. Afamelanotide is a synthetic analog of α-
melanocyte-stimulating hormone, which increases skin pigmentation,
decreases the penetration depth of light into the skin, and thus helps to
prevent PPIX-mediated phototoxicity9. Afamelanotide is approved by
the FDA for thepreventionof EPP-associatedphototoxicity in adults but
not children10, even though EPP is the most common porphyria in

children8,11. In addition, afamelanotide is provided as a subcutaneous
implant10, which is inconvenient for patients.Multiple antioxidants have
also been considered for alleviating EPP-associated phototoxicity12–15,
but their effectiveness has not been fully confirmed in clinical studies or
bypatient experience12,13,16. Therefore, novel therapeutic approaches are
needed for the management of PPIX-mediated phototoxicity in EPP.

Under EPP condition, PPIX is primarily produced in bone marrow
and accumulated in erythroid cells1,3. The ATP-binding cassette sub-
family Gmember 2 (ABCG2) pumps PPIX out of erythroid cells into the
plasma17,18, leading to the exposure of PPIX to the skin and resulting in
phototoxicity when PPIX is excited by sunlight. Our recent work
established an important role of ABCG2 in PPIX-mediated photo-
toxicity by finding that phototoxicity was abolished in an EPP mouse
model deficient in ABCG219. These data suggest that ABCG2 is a pro-
mising target for preventing phototoxicity in EPP. The present work
investigated the therapeutic potential ofABCG2 inhibitors against EPP-
associated phototoxicity. Oral ABCG2 inhibitors were developed and
their efficacywasevaluated in an EPPmousemodel causedby a loss-of-
function mutation of FECH (Fech-mut)20,21. Our results revealed that
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oral ABCG2 inhibitors can effectively prevent phototoxicity in EPP by
modulating PPIX distribution.

Results
Development of oral ABCG2 inhibitors
We first tested the effect of Ko143, a classic ABCG2 inhibitor22, on PPIX-
mediated phototoxicity in Fech-mutmice. Thesemicewere pretreated
orally with Ko143 followed by exposure to light (395–410 nm, the
range of maximum absorption by PPIX) (Supplementary Fig. 1a).
However, Ko143 failed to protect against PPIX-mediated phototoxicity
because of its poor metabolic stability (Supplementary Fig. 1b, c). We
next conducted metabolism-guided drug design to develop novel
Ko143 analogs with better metabolic stability (Supplementary Fig. 2
and Table 1). K31 is a chain-truncated, isopropyl-substituted amide
analog of Ko143 (Fig. 1a). K31 showed a similar ABCG2 inhibitory
activity as Ko143 (Fig. 1b), but its metabolic stability was significantly
improved in the incubation with human liver microsomes (Fig. 1c). In
addition, studies in mice showed outstanding pharmacokinetic pro-
files of K31 after oral treatment (Fig. 1d). Furthermore, K31 is less
cytotoxic when compared to other Ko143 analogs (Table 1). Moreover,
the unbound fraction of K31 in mouse serum is 5.85%, and it has no
inhibitory effect on ABCB1, also known asmultidrug resistance protein
1 or P-glycoprotein 1 (Supplementary Fig. 3). These data suggest that
K31 is an ideal candidate for evaluating the efficacyof ABCG2 inhibitors
in preventing EPP-associated phototoxicity.

Efficacy of oral ABCG2 inhibitors against EPP-associated
phototoxicity
Using the same protocol as for Ko143 (Supplementary Fig. 1a), Fech-
mut mice were pretreated orally with K31 followed by light exposure.
Light-triggered phototoxicity was significantly decreased in the K31
groups (30 and 100mg/kg) as shown by the gross appearance of the
skin of Fech-mut mice in both sexes (Fig. 1e, f, Supplementary Fig. 4).
Histological analysis revealed that the epidermis of skin was missing
and subepidermal collagenwas damaged in the control group of Fech-
mutmice after light exposure, but these changeswereprevented in the
groups with K31 treatment (Fig. 2a, b, Supplementary Fig. 4). In addi-
tion, pretreatment with K31 attenuated oxidative stress and inflam-
mation in the skin of Fech-mut mice exposed to light (Fig. 2c–e).

We noted the differences of histological findings in the skin
between EPP mouse models and EPP patients, which can be explained
by the followings: (1) the EPP mice received a high amount of irradia-
tion without protection, whereas EPP patients usually avoid light with
self-protection; and (2) the histological changes in the skin of EPP
patients are built up formany years because of the repeated injury and
repair, leading to the thickness of vessel walls (Timonen et al., 2000);
but the current study on EPP-related phototoxicity in mice only lasted
for several days. To further verify the efficacy of K31, a withdrawal test
was conducted in Fech-mut mice. The recurrence of light-triggered
phototoxicity was observed in the skin of Fech-mut mice from the
second day of K31 withdrawal (Fig. 3, Supplementary Fig. 5), indicating
the ABCG2 inhibitor-dependent effect against EPP-associated photo-
toxicity. Moreover, throughout multiple years of investigations in this
project, we have been using both male and female mice and no sig-
nificant sex difference was observed for the efficacy of ABCG2 inhibi-
tors in preventing EPP-related phototoxicity.

Mechanisms for the prevention of EPP-associated phototoxicity
by ABCG2 inhibitors
After K31 treatment in Fech-mut mice, we observed a significant
decrease of PPIX in serum (Fig. 4a). These results were consistent with
the data fromFech-mutmicedeficient in ABCG2 (Fech-mut/Abcg2-null
mice),which showeda lower level of serumPPIX than in Fech-mutmice
(Fig. 4b). The levels of PPIX in serum are determined by ABCG2 in
erythroid cells17–19. The expression of ABCG2 in red blood cells (RBCs)
was detected in Fech-mutmice but was absent in Fech-mut/Abcg2-null
mice (Fig. 4c), which contributes to a significantly higher level of PPIX
in the RBCs of Fech-mut/Abcg2-null mice than that in Fech-mut mice
(Supplementary Fig. 6). The role of ABCG2 in PPIX efflux from RBCs
was further investigated using genetic andpharmacologic approaches.
As expected, the releaseof PPIX from theRBCsof Fech-mut/Abcg2-null
mice was significantly lower than that in Fech-mut mice (Fig. 4d).
Likewise, inhibition of ABCG2 by K31 also markedly decreased PPIX
release from the RBCs of Fech-mut mice (Fig. 4e). These data suggest
that suppression of ABCG2 blocks PPIX efflux from erythroid cells and
decreases PPIX levels in plasma, consequently decreasing the systemic
distribution of PPIX, reducing its exposure to the skin, and preventing
phototoxicity in EPP (Fig. 4f).

Safety of ABCG2 inhibitors for EPP therapy
Wenext evaluated the safety profile of K31 with a focus on its potential
adverseeffects onbonemarrow, liver, andkidney,whereABCG2 is also
expressed17,18,23. Biochemical analysis revealed that 5 days of treatment
with K31 had no significant impact on the mean corpuscular hemo-
globin and total hemoglobin in the blood of Fech-mut mice (Supple-
mentary Fig. 7a, b). In addition, short-term treatment with K31 did not
alter PPIX levels in the liver of Fech-mut mice (Supplementary Fig. 7c)
and did not potentiate liver damage in Fech-mut mice, as indicated by
the liver injury marker alanine aminotransaminase (Supplementary
Fig. 7d). Furthermore, short-term treatment with K31 did not cause
morphological changes in the liver and kidney of Fech-mut mice

Table 1 | Characterization of newly developed Ko143 analogs

Cpd R IC50 (μM) CC50

(μM)
Stability in HLM
(% remaining)

30min 60min

Ko143 0.18 ± 0.08 22.3 ± 0.6 6 ± 0.8 2 ± 1

K16 -OBzl 0.12 ± 0.01 49.6 ± 2.8 22 ± 4 9 ± 2

K17 -OH 15% @ 1 μM N.D. N.D. N.D.

K3 0.18 ± 0.12 58.9 ± 5.3 74 ± 25 60 ± 3

K23 0.13 ± 0.07 46.6 ± 0.9 45 ± 2 26 ± 2

K25 3.14 ± 1.42 26.5 ± 2.5 N.D. N.D.

K31 0.27 ± 0.04 > 100 65 ± 3 49 ± 9

K33 0.25 ± 0.06 31.1 ± 3.7 37 ± 3 18 ± 1

All data are expressed as mean ± SD (n ≥3). Source data are provided as a Source Data file.
IC50 half-maximal inhibitory concentration on ABCG2, CC50 half-cytotoxic concentration, HLM
human liver microsomes, N.D. not determined.
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(Supplementary Fig. 7e, f). Moreover, our sub-chronic study (23 days)
in WT mice showed that treatment with K31 did not alter growth, the
ratios of organ (liver, kidney, and spleen) to body weight, and the
biomarkers of liver toxicity (Supplementary Figs. 8 and 9).

Discussion
Using the newly developed ABCG2 inhibitors together with genetically
engineered EPP mouse models, our work demonstrated that pharma-
cological inhibition of ABCG2 can effectively prevent PPIX-mediated
phototoxicity in EPP. This ABCG2-inhibiting approach is

mechanistically different from the currently available methods used
for preventing EPP-associated phototoxicity, such as drugs that
increase skin pigmentation. In addition, our ABCG2-inhibiting
approach will be convenient for clinical practice because ABCG2
inhibitors can be administered orally.

Three key steps are involved in the pathogenesis of PPIX-
mediated phototoxicity in EPP: (i) delivery of PPIX to the skin, (ii)
light-triggered PPIX excitation and ROS production, and (iii) ROS-
mediated cellular damages4,6,16. Theoretically, suppression of each of
these three steps will protect against EPP-associated phototoxicity.
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Fig. 1 | The oral ABCG2 inhibitor K31 prevents phototoxicity in an EPP
mouse model. a The development of K31 through the structural modification of
Ko143. b The inhibitory activity of K31 and Ko143 on ABCG2 (n = 4 for each con-
centration). Data are expressed as mean ± SEM. c Metabolic stability of Ko143 and
K31 in incubations (n = 3 for each time point) with human liver microsomes. Data
are expressed asmean ± SEM. ****P <0.0001, two-way ANOVAwith Šidák’s multiple
comparisons test.d Pharmacokinetics of Ko143 and K31 inWTmice. Blood samples
(n = 4 for each time point) were collected from the mice treated with Ko143 or K31
(100mg/kg, po). Ko143 and K31 in sera were analyzed by UPLC-QTOFMS. The inset

panel shows the areas under the curve (AUC) of Ko143 and K31. Data are expressed
asmedianwith range. *P =0.0286, two-tailedMann–Whitney test. e, fThe effects of
K31 on phototoxicity in Fech-mut mice (male). The back skin of Fech-mutmice was
shaved, and they were then treated with K31 (100mg/kg, po, once daily for 5 days).
Fortymin after K31 treatment, thesemice were exposed to light for 20min. eGross
appearance of the skin in Fech-mut mice pretreated with K31. f The ratio of injured
areas vs shaved areas of skin. Data are expressed as mean ± SEM (n = 6 mice).
****P <0.0001, one-way ANOVA with Dunnett’s multiple comparisons test. N.D. not
detected. Source data are provided as a Source Data file.
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Afamelanotide targets step (ii) by increasing skin pigmentation, and in
turn decreasing light penetration and reducing light-triggered PPIX
excitation and ROS production9,24. Antioxidants potentially target step
(iii) by quenching ROS and protecting against ROS-mediated cellular
damages12–15. Our current work provides evidence that ABCG2 inhibi-
tors target step (i) to reduce PPIX transport from erythroid cells to
plasma and therefore decrease its delivery to the skin.

Apart from EPP, X-linked protoporphyria (XLP) is another type of
porphyria caused by gain-of-function mutations of delta-
aminolevulinate synthase 2, the rate-limiting enzyme in the heme
biosynthesis pathway, leading to PPIX over-production and
accumulation25,26. XLP shares the same biochemical basis and clinical
phenotypes asEPPandalsohas limited therapeuticoptions12,13,25,26. Based
upon the present study on EPP, we expect that ABCG2 inhibitors could
also be used for the prevention of PPIX-mediated phototoxicity in XLP.

Our short-term and sub-chronic studies in mice showed that
treatment with K31 did not alter growth, the ratios of organ to body
weight, and the biomarkers of bonemarrow, liver, and kidney toxicity,

suggesting that ABCG2 inhibitors are unlikely to cause adverse
effects on these organs. We also do not expect toxicities from
ABCG2 suppression itself because: (i) growth and breeding of Abcg2-
deficient mice are normal, and no health issue was observed in these
mice19; (ii) compared to Fech-mut mice, the health condition of Fech-
mut/Abcg2-null mice is significantly better even with a high level of
PPIX in RBCs19, which is consistent with a previous report showing that
the Fech-mutmice in SJLbackgroundhave ahigher level of erythrocyte
PPIX but less severe liver damage than the Fech-mut mice in BALB/c
and C57BL/6 backgrounds27; and (iii) humans with a genetic
deficiency of ABCG2 live normally and show no associations with any
particular diseases28–30. Despite the facts mentioned above, long-term
studies are needed to further profile the safety of ABCG2 inhibitors for
EPP therapy because EPP is a life-long disease. Further studies are also
needed to determine the fate of erythrocyte PPIX under
ABCG2 suppression.

In summary, the current work has established a novel strategy
against EPP-associated phototoxicity by inhibiting ABCG2. Our work
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Fig. 2 | K31 attenuates necrosis, oxidative stress, and inflammation in the skin
of an EPPmousemodel. Fech-mutmice (male) were pretreated with K31 (100mg/
kg, po) for 40min followed by light exposure (once daily for 5 days).
a,bHistological analyses of the skinwithhematoxylin and eosin (H&E)or Sirius Red
staining. Scale bars, 50μm. cThe ratio of glutathione (GSH) to glutathione disulfide
(GSSG) in the skin. GSH and GSSGwere analyzed by UPLC- QTOFMS. ***P =0.0004,

**P =0.0082. d, e Expression of interleukin 1β (Il-1β) and tumor necrosis factor α
(Tnfα) in the skin. Il-1β and Tnfα were analyzed by qPCR. For the date in Fig. 2d,
****P <0.0001, ***P =0.0002; for the date in Fig. 2e, **P =0.0093, **P =0.0077. All
data are expressed as mean ± SEM (n = 6 mice). One-way ANOVA with Tukey’s
multiple comparisons tests were used for statistical analysis. Source data are pro-
vided as a Source Data file.
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could fill a therapeutic gap in EPP by providing oral ABCG2 inhibitors
for preventing PPIX-mediated phototoxicity.

Methods
Animals and reagents
Fech-mutmice (BALB/cbackground)werepurchased fromthe Jackson
Laboratory (Bar Harbor, ME), and Fech-mut/Abcg2-null mice were
developed as recently described19. All mice were housed in a tem-
perature and humidity-controlled room (23 °C, 45%) with an alternat-
ing 12-h dark and light cycle. CO2 was used to euthanize mice. The
reporting of mouse experiments in this study abides by the ARRIVE
guidelines. All protocols for mouse studies in the current work were
approved by the Institutional Animal Care and Use Committee of the

University of Pittsburgh. PPIX, 5-aminolevulinic acid (ALA), glutathione
(GSH), and glutathione disulfide (GSSG) were purchased from Sigma-
Aldrich (St. Louis, MO). Reduced β-nicotinamide adenine dinucleotide
phosphate (NADPH) was purchased from Cayman (Ann Arbor, MI).
Human liver microsomes (HLM) were purchased from XenoTech
(Lenexa, KS). Ko143 was purchased from MedChemExpress (Mon-
mouth Junction, NJ).

Synthesis of Ko143 analogs
The route for the synthesis of Ko143 analogs is shown in Supplementary
Fig. 2. Briefly, compound 1 was synthesized following previous
reports31,32. Through condensation followed by intramolecular cycliza-
tion,N-Fmoc-L-aspartic acid 4-benzyl ester reactedwith compound 1 to
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Fig. 3 | The impact of K31 withdrawal on phototoxicity in Fech-mut mice. The
mice (female, n = 3) were pretreatedwith K31 for 40min followed by light exposure
for 20min, once daily for 4 days. Afterward, K31 was withdrawn, but the exposure
to light (20min/day) continued for 4 more days. a Gross appearance of the skin

after K31 withdrawal. The pictures were taken from the same mouse on different
days. b, c Histological analyses of the skin with hematoxylin and eosin (H&E) or
Sirius Red staining after K31 withdrawal. Scale bars, 50 μm.
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form K16. Deprotection of the benzyl group in K16 by hydrogenation
gave the acid K17, which was further coupled with various substituted
amines to yield the final Ko143 analogs, including K3, K23, K25, K31,
and K33. The structures of these Ko143 analogs were verified by high
resolution mass spectrometry and nuclear magnetic resonance (NMR).

ABCG2 inhibitory activity of Ko143 analogs
The A549 cells (ATCC, CCL-185) were seeded onto 12-well plates
(300,000 cells per well) and cultured in DMEM medium (Sigma-
Aldrich, St. Louis, MO) overnight at 37 °C. Next, 1mMALA, a precursor
of PPIX, was added to the culture medium and incubated for 4 h.
Afterward, the culture medium was replaced by fresh medium con-
taining different concentrations of Ko143 or Ko143 analogs. After 2 h
incubation, themediumwas removed and the cells were washed twice
with 1mL of 1× phosphate-buffered saline (PBS, pH 7.4). Then cell
lysates were prepared to measure PPIX by ultra-performance liquid
chromatography-quadrupole time of flight mass spectrometry (UPLC-
QTOFMS, Waters Corporation, Milford, MA).

Metabolic stability of Ko143 analogs
Metabolic stability of Ko143 analogs was determined by in vitro
studies using HLM and in vivo studies using wild-type (WT, male)
mice. Briefly, the in vitro incubations were performed in 1 × PBS,
containing 1mg/mL HLM, 1mM NADPH, and 20 µM Ko143 or Ko143
analogs in a final volume of 100 µL. The reactions were conducted at

37 °C for up to 60min. For in vivo studies, WTmice were treated with
100mg/kg Ko143 or K31 (po). Blood samples were collected at 0, 0.5,
1, 2, 4, 8, 12, and 24 h after drug treatment (n = 4 at each time point).
The concentrations of Ko143 and Ko143 analogs in HLM incubations
or mouse sera were analyzed by UPLC-QTOFMS.

Cytotoxicity assays
The cytotoxicity of Ko143 analogs was evaluated by the MTT
assay. Briefly, A549 cells were seeded onto 96-well plates at a
density of 3000 cells/well in DMEM medium. After 16 h incuba-
tion, different concentrations of test compounds were added and
cells were cultured for 72 h. Afterward, the culture medium was
replaced by fresh medium with 0.5 mg/ml MTT and incubated for
3 h. Finally, the supernatant was removed, and cell lysates were
prepared and read by spectrophotometer. The half-cytotoxic
concentration (CC50) of Ko143 analogs was calculated by Graph-
Pad Prism 9.

Effects of ABCG2 suppression on EPP-associated phototoxicity
Thehair on the back skin of Fech-mutmice (bothmale and female)was
removed and the mice were then treated orally with Ko143 or K31 (30
and 100mg/kg). Forty min later, these mice were exposed to DULEX
Flashlight (395–410 nm, 294 lumens (lm)/m2) for 20min. This treat-
mentwas repeatedoncedaily for 5 days. For thewithdrawal test of K31,
Fech-mut mice were pretreated with K31 (100mg/kg, po) followed by
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the membrane of red blood cells (RBCs). Na+,K+-ATPase was used as a
loading control for Western blotting. The effect of ABCG2 deficiency (d) or

inhibition (e) on the percentage of PPIX efflux from RBCs. RBCs were
collected from Fech-mut and Fech-mut/Abcg2-null mice and cultured with K31
(10 µM) or without K31 (Cont) for 1 or 3 h (n = 3 for each genotype, duplicate
incubations for each sample). PPIX in the culture medium of RBCs was
analyzed by fluorescence. Data are expressed as mean ± SEM. ***P = 0.0009,
****P < 0.0001, two-tailed t test. f A scheme showing that ABCG2 inhibitors pre-
vent phototoxicity in EPP by modulating PPIX distribution. Source data are pro-
vided as a Source Data file.
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light exposure (20min) from the 1st to 4th day. From the 5th to 8th day,
K31 treatment was stopped, but the exposure to light continued. The
gross appearance ofmouse skin was recorded every day. All micewere
sacrificed 4 h after the last treatment. The back skin, liver, and blood
samples were harvested for further analysis.

Clinical biochemistry
Blood mean corpuscular hemoglobin (MCH) and total hemoglobin
(tHb) were analyzed by HESKA HemaTrue (Loveland, CO) and
AVOXimeter 4000 (Edison, NJ), respectively. Serum alanine amino-
transaminase (ALT), aspartate transaminase (AST), and alkaline phos-
phatase (ALP) were analyzed according to the procedures of standard
assay kits from Pointe Scientific Inc (Canton, MI).

Histological analysis
Skin, liver, and kidney tissues were fixed in 4% formaldehyde phosphate
solution overnight and then dehydrated and embedded in paraffin.
Four μm sections were cut for staining. For hematoxylin and eosin
(H&E) staining, tissue sections were stained in hematoxylin solution for
5min, washed with tap water for 1min, differentiated in 1% acetic acid
solution for 1min, and then stained in eosin solution for 1min. For Sirius
Red staining, tissue sections were stained in 0.1% Picro-Sirius Red
solution for 1 h, and then washed twice with 1% acetic acid solution.

Sub-chronic study of K31
WTmice (male, 8 weeks old) were treated orally with vehicle (control,
n = 4) or K31 (100mg/kg, n = 4) for 23 days. The body weight of each
mouse was measured every day before treatment. On day 24, all mice
were sacrificed to collect blood, liver, kidney, and spleen. The ratios of
organ to body weight were calculated. In addition, serum biomarkers
of liver functions, including ALT, AST, and ALP, were measured by
enzymatic assay kits (Point Scientific Inc, Canton, MI). Furthermore,
histological analysis was conducted to determine the effect of K31 on
the liver.

Effects of ABCG2 suppression on PPIX distribution in serum
Fech-mut mice (male) were treated with or without K31 (100mg/kg,
po). Thirty min later, the mice were sacrificed to collect blood. Blood
samples were also collected from Fech-mut and Fech-mut/Abcg2-null
mice (male) without any treatment. To measure PPIX, 20μL of serum
was mixed with 80μL methanol/acetonitrile (1:1, v/v) and then cen-
trifuged at 21,130 g for 10min. TwoμL of supernatant was injected into
the UPLC-QTOFMS system for PPIX analysis.

Role of ABCG2 in PPIX efflux from RBCs
To determine the effect of ABCG2 deficiency on PPIX efflux fromRBCs,
blood samples were collected from Fech-mut and Fech-mut/Abcg2-null
mice (female). RBCs were isolated and cultured in RPMI 1640 medium
without phenol red (Thermo Fisher Scientific,Waltham,MA), according
to previous reports33,34. Next, RBCs were seeded onto 48-well plates at a
density of 2 ×108 cells per well in a final volume of 200μL. RBCs were
incubated at 37 °C with gentle shaking and light protection by alumi-
num foil. After 1 h and 3 h, the culture medium in each well was col-
lected for PPIX analysis. To determine the effect of ABCG2 inhibitors on
PPIX efflux, RBCs from Fech-mut mice were incubated with the culture
medium containing K31 (10μM) for up to 3 h. Afterward, the culture
medium was collected for PPIX analysis by fluorescence detection
(λex = 405nm; λem=630nm)35. PPIX levels in RBCs at 0 timepoint of
incubation were also measured to determine the percentage of PPIX
release from RBCs with ABCG2 deficiency or inhibition.

Analyses of PPIX and other compounds
The analysis of PPIX was performed on an Acquity UPLC BEH C18
column coupled with a SYNAPT G2-S mass spectrometer (Waters
Corporation, Milford, MA). The QTOFMS system was operated in a

positive mode with electrospray ionization. The source and desolva-
tion temperatures were set at 150 and 500 °C, respectively. The
capillary and cone voltages were set at 0.8 kV and 40V. Light protec-
tion was considered in the whole process of PPIX analysis. Themethod
for PPIX detection by UPLC-QTOFMS is highly reproducible with an
inter-day difference <5% (Supplementary Fig. 10a). In addition, we
developed a method for PPIX detection by using a fluorescence plate
reader (Biotek, Winooski, VT), which is also reproducible with an inter-
day difference <10% (Supplementary Fig. 10b). Furthermore, Ko143,
Ko143 analogs, GSH, GSSG, and paclitaxel were also analyzed by UPLC-
QTOFMS.

Statistical analysis
Dependent on groups and sample sizes, statistical analyses were con-
ducted usingMann–Whitney test, Kruskal–Wallis test, one-way or two-
way analysis of variance (ANOVA), or two-tailed Student’s t test. All
statistical analysis was performed by GraphPad Prism 9.0. A P value <
0.05 was considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data needed to evaluate the conclusions in the paper are present in
the main text and the supplementary information. Source data are
provided with this paper.
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