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DIM (3,3′-diindolylmethane), a small molecule compound, is a pro-
posed cancer preventive agent that can be safely administered to
humans in repeated doses. We report that administration of DIM
in a multidose schedule protected rodents against lethal doses of
total body irradiation up to 13 Gy, whether DIM dosing was initi-
ated before or up to 24 h after radiation. Physiologic submicromo-
lar concentrations of DIM protected cultured cells against radiation
by a unique mechanism: DIM caused rapid activation of ataxia-
telangiectasia mutated (ATM), a nuclear kinase that regulates
responses to DNA damage (DDR) and oxidative stress. Subse-
quently, multiple ATM substrates were phosphorylated, suggest-
ing that DIM induces an ATM-dependent DDR-like response, and
DIM enhanced radiation-induced ATM signaling and NF-κB acti-
vation. DIM also caused activation of ATM in rodent tissues.
Activation of ATM by DIM may be due, in part, to inhibition of
protein phosphatase 2A, an upstream regulator of ATM. In con-
trast, DIM did not protect human breast cancer xenograft tumors
against radiation under the conditions tested. In tumors, ATM
was constitutively phosphorylated and was not further stimu-
lated by radiation and/or DIM. Our findings suggest that DIM is
a potent radioprotector and mitigator that functions by stimulating
an ATM-driven DDR-like response and NF-κB survival signaling.

Adiet rich in cruciferous vegetables (e.g., cabbage, broccoli,
cauliflower) is linked to a reduced risk of several human

cancers (1, 2), and dietary supplementation with indole-3-carbi-
nol (I3C), a phytochemical from cruciferous vegetables, prevents
tumors in animals (3–5). I3C is hydrolyzed to various products in
the stomach, including DIM (3,3′-diindolylmethane), which is
acid stable and is a major bioactive metabolite (6). I3C and DIM
are proposed cancer preventive agents and each can be given
safely in oral form in repeated doses to rodents and humans (7–
12). In humans, oral I3C or DIM at nontoxic doses yielded peak
plasma levels of 0.25–2.5 μM (9–12).
The mechanism by which DIM prevents cancer is unknown.

Most studies have used supraphysiological concentrations of
DIM (10–30 μM) and indicate that DIM can inhibit invasion,
angiogenesis, and proliferation and induce apoptosis in tumor
cells by modulating signaling pathways involving AKT, NF-κB,
and FOXO3 (13-17). It can also inhibit estrogen-inducible gene
expression and cause an endoplasmic reticulum stress response
(17–22). DIM alters estrogen metabolism by shifting metabolism
from carcinogenic 16α-hydroxy to inert 2-hydroxy derivatives, and
it antagonizes estrogen and androgen receptor activity (17, 20–24).
Low concentrations of DIM that can be achieved safely in

humans (≤1 μM) protect cells against oxidative stress (25). Pro-
tection required the tumor suppressor BRCA1 and, in particular,
its ATM (S1387 and S1524). ATM is activated via autophos-
phorylation in response to DNA double-strand breaks (DSBs), and
phospho-ATM then phosphorylates multiple substrates involved in
the DNA damage response (DDR), resulting in activation of DNA
repair mechanisms, cell cycle checkpoints, antioxidant pathways,
and survival pathways (e.g., NF-κB signaling) (26, 27).

Here, we describe an activity for DIM as a radioprotector and
mitigator; and we establish a unique mechanism, i.e., stimulation
of ATM signaling without causing DNA damage.

Results
In Vivo Radioprotection and Mitigation by DIM. DIM can be given
to mice by gavage at 250 mg/kg with no toxicity and wide tissue
distribution (7). We usually gave DIM by i.p. injection for
convenience, because preliminary studies showed DIM was
most effective against total body irradiation (TBI) when given in
multiple once-daily doses. Fig. 1A shows dose-dependent pro-
tection of Sprague–Dawley (SD) rats given daily injections of
DIM for 14-d starting 10 min after TBI (13 Gy). Although
control animals died by day 10, the 30-d survival rates were 60%
(P < 0.001 vs. vehicle control, log-rank test), 50% (P < 0.001),
20%, and 0% for 75, 45, 15, and 7.5 mg/kg DIM, respectively.
When the first DIM dose was given 24-h before TBI (13 Gy),
a lower daily dose of DIM (7.5 mg/kg) yielded 55% 30-d survival
(P < 0.001), suggesting that if one DIM dose is given before
exposure, radioprotection is achieved with a much lower dose.
DIM similarly protected C57BL/6 mice against TBI, indicating
that protection is not species specific. In C57BL/6 mice, five
treatments with DIM significantly attenuated the reductions in
red blood cells, white blood cells, and platelets due to lower
doses of TBI (2–6 Gy) (Table S1).

Significance

DIM (3,3′-diindolylmethane) is a small molecule compound under
investigation as a cancer preventive agent. This research ad-
dresses a potential usage of DIM as a medical countermeasure to
prevent or mitigate acute radiation syndrome due to whole
body exposure. In this regard, DIM can be administered safely to
humans and animals by oral or subcutaneous routes. DIM may
also be useful in preventing or mitigating late normal tissue
damage due to partial body radiation exposure during cancer
treatment. DIM works, in part, by a mechanism distinct from
other radioprotectors and mitigators involving stimulation of
the DNA damage response, including DNA repair, and activation
of cell survival signaling through the transcription factor NF-κB.
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When different TBI doses were given followed by daily DIM
injections (75 mg/kg for 14 d starting 10 min after TBI), DIM
conferred large increases in survival at each radiation dose (Fig.
1 B and C). From the data, we estimate the dose-modifying
factor (DMF) for DIM (ratio of LD50/30 values ± DIM) ad-
ministered shortly after TBI is 1.9. Using a TBI dose of 13 Gy,
30-d survival was 50%, 60%, 40%, and 30%, respectively, when
the first DIM dose was given 10 min, 2 h, 4 h, or 24 h after TBI
(P < 0.01, DIM vs. no DIM) (Fig. 1D). Thus, delaying DIM
treatment for 2 h caused no loss of survival, and when DIM was
delayed for 24 h, survival was still appreciable (30%), suggesting
that DIM can mitigate radiation injury.
We tested another route for DIM delivery. SD rats were given

TBI (13 Gy), and starting 10 min after TBI, rats were given daily
s.c. DIM injections for 14 d. This route was chosen because after
13 Gy, it was expected that the oral route is compromised because
of damage to the gastrointestinal (GI) system. At 75 mg/kg DIM,
30-d survival was 40% (Fig. 1E), compared with 50–60% for i.p.
DIM. The 40% survival rate (P < 0.001, compared with control)
is still an impressive result, because most radioprotectors do not
yield 30-d survivors at doses higher than 9–11 Gy.
In further studies, DIM (75 mg/kg) was given i.p. for 14 d starting

24 h after TBI. The 30-d survival rates were 60%, 40%, and 20%
for vehicle-treated animals at 5, 7, and 9 Gy, respectively, and 90%,
70%, and 50% for DIM-treated rats (Fig. S1A). Together with the
13 Gy data, the DMF for DIM started 24 h after TBI was 1.6.
Finally, in several experiments, (DIM+TBI)-treated rats that

survived 30 d were carried for longer time intervals. There was

little or no falloff in survival after 30 d and up to 90 d, and the
animals appeared healthy and regained their original weight
(Fig. S1B).

DIM Does Not Alter Growth or Radiosensitivity of MDA-MB-231 Breast
Cancer Xenografts. Here, MDA-MB-231 cells grown as xenograft
tumors in the flanks of nude mice were sham treated or irradi-
ated by using a fractionated regimen of five treatments of 7 Gy
(one per day). Starting 1 d before irradiation, the mice were
given once-daily injections of DIM (75 mg/kg) or vehicle for 6 d.
DIM had no effect on the growth of unirradiated or irradiated
tumors (Fig. 2A). Similar results were observed in a second ex-
periment by using four 5-Gy treatments.

DIM Activates ATM in Normal Tissues. We tested the ability of DIM
to activate ATM in vivo, using phospho-ATM (S1981) as a marker
of activation (26, 27). ATM was constitutively phosphorylated in
MDA-MB-231 tumors and was not further activated by DIM and/
or radiation (20 Gy) (Fig. 2B). No increases in phospho-ATM
were observed whether DIM was given 4 or 24 h before or 10 min
after radiation. In contrast, in normal mouse kidney tissue, basal
phospho-ATM levels were low, and the levels were increased by
DIM and/or radiation (Fig. 2C). Phospho-ATM levels 24 h after
irradiation and appeared to be greater after treatment with DIM+
radiation than either agent alone. Under different conditions, DIM
caused ATM phosphorylation and enhanced radiation-induced
phosphorylation in normal rat kidney, liver, and brain (Fig. S2
A–C). Similar results were observed for DIM administered 24 h
before, 1 h before, or 10 min after irradiation. Phospho-ATM

Fig. 1. DIM protects rats against total body irradiation (RT) when the first dose is administered after RT. (A) SD rats (n = 20 per group) were exposed to 13 Gy
of 60Co γ rays and given once-daily doses of DIM for 14 d, with the first dose 10 min after RT. (B and C) Rats (n = 20 per group) were exposed to different doses
of RT and given once-daily doses of DIM (75 mg/kg) for 14 d starting 10 min after RT. (D) Rats (n = 20 per group) were given 13 Gy, and DIM (75 mg/kg) was
administered starting at different times after RT. In A–D, DIM was administered by i.p. injection. Control animals were irradiated but received injections of
vehicle. (E) Rats (20 per group) were given 13 Gy of RT, and starting 10 min after RT, daily doses of DIM were given s.c. for 14 d. Survival was plotted by
Kaplan–Meier method.
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levels were elevated at 24 h after TBI, consistent with the idea
that radiation causes ongoing oxidative stress in normal tissues
(28, 29), because most DSBs in irradiated cells are repaired in
2–3 h (30, 31).
Although ATM was constitutively activated (at least phos-

phorylated) in MDA-MB-231 tumors, downstream signaling was
defective, in the sense that there was little phosphorylation of
several substrates (e.g., p53, CHK2, and SMC1) in the tumors,
whereas phosphorylation of p53, CHK1, and SMC1 was increased
in kidney tissue in (DIM+radiation)-treated animals (Fig. S2 D
and E). Our results suggest that DIM can enhance radiation-
induced ATM signaling activation in vivo. BRCA1 and CHK2
antibodies cross-reactive in mouse tissue were not available.

Radioprotection of Cultured Cells. Cells were exposed to DIM (0.3
μM) for 24 h, irradiated, and harvested for clonogenic survival
assays (32). Fig 3 A and B illustrate DIM protection of two
nontumorigenic human mammary epithelial cell lines, 184A1
and Hs578Bst (P < 0.001 for all but the lowest radiation doses,
two-tailed t tests). show the effect of DIM concentration on
protection, Using a single radiation dose (8 Gy), concentra-
tion-dependent protection was observed up to 0.3 μM of DIM
(Fig. 3 C and D).

DIM Stimulates ATM Signaling. DIM alone caused rapid activation
of ATM, indicated by phosphorylation on S1981, in 184A1 cells
(Fig. 4A) and other cell types. Subsequently, phosphorylation was
observed on two ATM substrates (BRCA1 and CHK2) at their

ATM sites. These events were blocked by a selective ATM in-
hibitor (KU55933) (33), suggesting the pathway is ATM driven.
With combined DIM+radiation, at 30 min after radiation, the
combination gave greater phosphorylation of ATM and several
substrates than either agent alone (Fig. 4B), suggesting DIM can
“hyperactivate” ATM. Increased phosphorylation of ATM and
NBS1, a key substrate, was observed after a 1-min exposure toDIM,
followed by phosphorylation of p53, BRCA1, and CHK2 (Fig. 4C).
DIM also stimulated phosphorylation of CHK1 on S345. CHK1 is
usually phosphorylated by ATR rather than ATM (34), but some
studies indicate a role for ATM in CHK1 phosphorylation. High
levels of the six phosphoproteins were maintained for ≥24 h (Fig.
4D). Total protein levels remain unchanged (Fig. S3). These find-
ings suggest DIM stimulates an ATM-driven DDR-like response.

ATM, BRCA1, and MRE11 Are Required for Radioprotection. Knock-
down of ATM using siRNA radiosensitized 184A1 cells and abol-
ished radioprotection by DIM, whereas cells treated with control-
siRNA were protected (Fig. 5A). Using a genetic approach,
ATM−/−

fibroblasts (AT5) were more radiosensitive than
ATM+/+ human fibroblasts (MRC5) and were not protected by
DIM (Fig. 5 B and C). Brca1−/− mouse embryo fibroblasts (MEFs)
were also more sensitive to radiation than Brca1+/+ MEFs and
were not protected by DIM (Fig. 5D). MRE11 is a component of
the MRN (MRE11-RAD50-NBS1) complex, which acts as a DNA
damage sensor and upstream activator of ATM (35). MRE11
mutations cause an ataxia-telangiectasia–like disorder (ATLD)
(36). Whereas wild-type human dermal fibroblasts (CWAT) were
protected by DIM (0.3 μM), MRE11-deficient cells (ATLD2 and
ATLD3) were more radiosensitive than CWAT and were not
protected by DIM (Fig. S4 A–C). MRE11-deficient cells showed
no phosphorylation of ATM or BRCA1 after a 30-min exposure
to DIM (Fig. S4D). These findings suggest that MRE11, ATM,
and BRCA1 are required for DIM radioprotection.

DIM Stimulates DNA Repair and Inhibits Apoptosis.We tested whether
DIM could stimulate DNA repair. The neutral comet assay is an
electrophoretic method to measure DNA damage that reflects

Fig. 2. DIM does not protect MDA-MB-231 xenografts against fractionated
radiation. (A) Tumor cells (4 × 106) were injected into each flank of 40 nude
mice, and mice were given the indicated treatments. Fractionated irradi-
ation (RT) was carried out so that one flank was exposed while the other
flank and the rest of the mouse were shielded. Tumor sizes are means ±
SEMs of n = 20 tumors per group. (B) Nude mice containing MDA-MB-231
xenografts were treated without or with one dose of DIM (75 mg/kg) at
different times before or after irradiation (20 Gy). Mice were killed at 24 h
after irradiation, and tumor extracts were Western blotted for phosphor-
ATM or total ATM. (C ) Mice were treated ± DIM (75 mg/kg) at the in-
dicated time before or after TBI (20 Gy). Twenty-four hours after TBI, the
animals were killed and extracts of kidney tissue were subjected to
Western blotting. S1988 in rat ATM corresponds to S1981 in human ATM.

Fig. 3. Radioprotection of cultured cells by DIM. (A and B) The 184A1 (A)
and Hs578Bst (B) cells were pretreated with DIM (0.3 μM) or vehicle for 24 h,
irradiated by using different doses of 137Cs γ rays, harvested, plated at dif-
ferent densities, incubated for 14 d, and counted for colony formation. (C–D)
Clonogenic survival of 184A1 (C) and Hs578Bst (D) cells was determined by
using one dose of radiation (8 Gy) and different concentrations of DIM.
Values are means ± SEMs of three replicate dishes.
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DSBs (37). The percent of tail DNA reflects the number of DSBs.
Pretreatment with DIM (0.3 μM) for 24 h reduced the percent
comet tail DNA at 30 min and 2 h after radiation (3 Gy), sug-
gesting more rapid DNA repair (Fig. 6 A and B). The data in Fig. 6
A and B are representative of three independent experiments per
each cell line. We also performed a DNA strand-rejoining assay
based on the ability of cell nuclei to rejoin a linearized plasmid,
detected by Southern blotting. This assay reflects DSB repair by
nonhomologous end joining. Vehicle-treated 184A1 cells showed
a modest ability to rejoin DNA strands that was greatly enhanced
by pretreatment with DIM (Fig. 6C). KU55933 blocked DIM-
induced strand rejoining, suggesting it is ATM dependent. Based
on three independent experiments per cell line, quantification
revealed the following strand rejoining: 184A1; vehicle, 1.2 ±
2.3%; KU55933, 1.9 ± 2.1%; DIM, 32.2 ± 6.3%; and DIM+
KU55933, 1.0 ± 0.4%; Hs578Bst: vehicle, 5.5 ± 1.6%; KU55933,
5.1 ± 2.1%; DIM, 46.1 ± 7.9%; and DIM+KU55933, 3.8 ± 1.3%.
Comparison of DIM vs. vehicle yielded P < 0.001. In other cell
lines, DIM-treated cells showed 30–60% strand rejoining, whereas
control cells gave 0–2%.
Pretreatment with DIM (24 h) blocked radiation-induced apo-

ptosis in 184A1 cells, determined by flow cytometry of annexin V-
labeled cells (Fig. 6D). Based on three independent experiments,
the percent of apoptotic cells were as follows: radiation: early
apoptosis, 24.5 ± 3.7%; late apoptosis, 37.0 ± 5.5%; and DIM+
radiation: early apoptosis, 2.4 ± 0.6% (P < 0.001); late apoptosis,
4.5 ± 1.1% (P < 0.001). Protection of 184A1 cells against radia-
tion-induced apoptosis was blocked by a selective cell permeant
NF-κB activation inhibitor (CAS 545380-34-5), as was the pro-
tection observed in clonogenic survival assays, suggesting that in
addition to ATM, BRCA1, and MRE11, DIM radioprotection
also depends on the survival-promoting transcription factor NF-κB
(Fig. S5 A and B). We also found that DIM potentiated radiation-

induced stimulation of NF-κB reporter activity (Fig. S5C). These
findings are consistent with the ability of ATM to stimulate NF-κB
survival signaling in irradiated cells (38).

DIM Inhibits PP2A Activity. Previous studies showed that protein
phosphatase 2A (PP2A; a three subunit protein) acts as an up-
stream regulator of ATM. PP2A is normally bound to ATM in
undamaged cells and maintains ATM in the unphosphorylated
state (39). In response to ionizing radiation, PP2A dissociates
from ATM, allowing its autophosphorylation. Using a commer-
cial assay kit, we found that a 30-min exposure to DIM caused
a dose-dependent inhibition of PP2A activity in 184A1 cells,
with 70% inhibition at 0.3 μMDIM (Fig. S6). As a control, 5 nM
okadaic acid, a selective PP2A inhibitor, gave approximately
80% inhibition of PP2A activity.

Discussion
DIM protects against γ radiation by a unique mechanism: stim-
ulation of an ATM-driven DDR-like response, without causing
DNA damage. This response involves signaling through an MRN/
ATM/BRCA1 pathway. Because multiple doses of DIM after
radiation were superior to a single dose in protecting rodents
against TBI, it seems likely that in vivo radioprotection is due to
more than acute stimulation of DNA repair. Most DSBs are
repaired by 2–3 h after irradiation, but some (∼15%) are repaired
very slowly, and these breaks may cause delayed cell death (40–
42). Thus, DSB repair might contribute to mitigation, even when
DIM is started 24 h after TBI.
Oxidative stress in irradiated tissues contributes to tissue

damage, which can be ameliorated by antioxidants (e.g., su-
peroxide dismutase and tocopherols) (28, 29). DIM stimulates
and BRCA1 mediates antioxidant defenses, in part, by stim-
ulating antioxidant gene expression via the transcription fac-
tor NFE2L2 (25, 43). BRCA1 also protects against oxidative
stress by up-regulating the base excision repair pathway, which
mediates repair of oxidative DNA lesions (44). A role for
ATM in the antioxidant response is well established (45–47).
Studies suggest ATM acts as a redox sensor and is activated by
oxidative stress (48, 49). Thus, DIM-stimulated ATM/BRCA1
signaling to the DNA repair and antioxidant machinery could
contribute to tissue radioprotection.
Our findings suggest that DIM function as a radioprotector/

mitigator is due, in part, to its ability to activate ATM. Whether the
physical target for DIM is ATM, one of its upstream regulators, or
a component of chromatin, is uncertain. However, the finding that
DIM inhibits PP2A, a negative regulator of ATM activity (39),
suggests that DIM may activate ATM, in part, by inhibiting PP2A
or a PP2A-like phosphatase.
The finding that NF-κB participates in DIM radioprotection is

consistent with a known role for NF-κB in modulating survival in
irradiated cells (38). DIM-induced NF-κB signaling may proceed
through ATM-dependent (38) and/or ATM-independent activation
processes. The finding that NF-κB is required for DIM radiopro-
tection is consistent with the finding that DIM likely stimulates DSB
repair, because DSBs are the major driver of radiation-induced cell
killing and DSB repair takes time. Thus, a survival mechanism
serves to prevent DSB-driven apoptosis.
As a radioprotector, DIM has several desirable features. It is

a small molecule (246 Da) and can be administered safely by oral
route to humans (9–12, 23). Although we used i.p. dosing for con-
venience, DIM can be given to mice (250 mg/kg) by oral gavage,
with no acute toxicity and excellent bioavailability (7). One po-
tential use is to mitigate radiation sickness in individuals acci-
dentally exposed to radiation. The ability of DIM to protect
against TBI when administered starting 24 h after TBI is impor-
tant, because access to treatment may be delayed. Delivery by
a route other than oral (e.g., s.c.) is useful, because GI syndrome
may preclude oral administration after whole body exposures.
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Fig. 4. DIM activates ATM signaling. (A) The 184A1 cells were exposed to
DIM for different times and Western blotted to detect phosphorylated or
total levels of ATM and substrates. As a control, cells were treatedwith an ATM
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DIM exhibits suitable bioavailability and strong radioprotection
when administered s.c. to mice (50–52). We demonstrated 40%
survival in rats given DIM s.c. after 13 Gy of TBI.
Although TBI affects multiple organ systems, death within the

first 30-d is primarily due to (i) GI syndrome, which usually
causes death within 10 d after exposure to 8–20 Gy of γ-rays, due
to fluid and electrolyte imbalance and sepsis; and (ii) hemato-
poietic syndrome, which causes death within 30 d after exposure
to 3–8 Gy, due to neutropenia and thrombocytopenia. DIM

improved survival over a wide range of doses (5–13 Gy), sug-
gesting that it can mitigate both GI and hematopoietic injury.

Methods
Cells Lines and Culture. Brca1-deficient and wild-type MEFs were provided by
Chuxia Deng (National Institute of Diabetes and Digestive and Kidney Diseases,
Bethesda, MD). MRC5 and AT5 cells were a gift from F. d’Adda di Fagagna
[Wellcome Cancer Research Campaign (CRC) Institute, Cambridge, UK]; and
Hs578Bst, 184A1 and MDA-MB-231 cells were obtained from the ATCC. CWAT,

A B

C D
Fig. 5. ATM and BRCA1 are required
for DIM radioprotection. (A) The 184A1
cells were pretreated with control-siRNA
or ATM-siRNA, treated ± DIM for 24 h,
irradiated, and assayed for clonogenic
survival. Knockdown of ATM is shown in
the inset Western blot. (B and C) ATM-
competent (+/+) MRC5 (B) or ATM mu-
tant (−/−) AT5 (C) fibroblasts were pre-
treated ± DIM for 24 h, irradiated, and
assayed for survival. The Western blot
inset in C shows ATM protein levels. (D)
Brca1-competent (Brca1+/+) or deficient
(Brca1−/−) MEFs were pretreated ± DIM
for 24 h, irradiated, and assayed for
survival.
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Fig. 6. DIM stimulates DNA repair and inhibits apo-
ptosis. (A and B) The 184A1 (A) or Hs578Bst (B) cells
were pretreated ± DIM (0.3 μM x 24 h), exposed to
radiation (3 Gy) on ice, and subjected to neutral comet
assays at different times after irradiation. Values of %
tail DNA are means ± ranges of two determinations. (C)
Plasmid strand-rejoining assays were performed by us-
ing nuclear lysates from 184A1 cells that were treated
as indicated for 24 h. (D) The 184A1 cells were pre-
treated ± DIM for 24 h and irradiated (6 Gy). Twenty-
four hours after irradiation, cells were analyzed by flow
cytometry for apoptosis, by measuring membrane re-
distribution of phosphatidylserine. The percentage of
early and late apoptotic cells for unirraduated control
cells were as follows: vehicle treated, 1.3% and 1.3%;
and DIM-treated, 0.5% and 1.0%, respectively. Images
are representative of three independent experiments.
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ATLD2, and ATLD3 cells were provided by M. Taylor (CRC Institute for Cancer
Research, Birmingham, UK). Hs578Bst cells were cultured in Hybri-Care Medium
(American Type Culture Collection), supplemented with 30 ng/mL mouse EGF
and 10% (vol/vol) FCS. The 184A1 cells were cultured in mammary epithelium
basal medium supplemented with the MEGM BulletKit (CC-3150; BioWhittaker).
MRC5, AT5, and CWAT were cultured in Ham’s F-10 medium with 15% (vol/vol)
FCS and antibiotics. ATLD2 and ATLD3 cells were maintained in DMEM with
high glucose and 10% (vol/vol) FCS. MDA-MB-231 cells were grown in DMEM

plus 5% (vol/vol) FCS, L-glutamine (5 mM), nonessential amino acids (5 mM),
penicillin (100 U/mL), and streptomycin (100 μg/mL) (BioWhittaker).
Further details are given in SI Methods.
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