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Abstract

LKB1-inactivated tumors are vulnerable to the disruption of pyrimidine metabolism, and
leflunomide emerges as a therapeutic candidate because its active metabolite, A77-1726, inhibits
dihydroorotate dehydrogenase, which is essential for de novo pyrimidine biosynthesis. However, it
is unclear whether leflunomide inhibits LKBZ1-inactivated tumors /n vivo, and whether its
inhibitory effect on the immune system will promote tumor growth. Here, we carried out a
comprehensive analysis of leflunomide treatment in various LKB1-inactivated murine xenograft,
PDX, and genetically engineered mouse models. We also generated a mouse-tumor derived cancer
cell line, WRJ388, that could metastasize to the lung within a month after subcutaneous
implantation in all animals. This model was used to assess the ability of leflunomide to control
distant metastasis. Leflunomide treatment shrank a HeLa xenograft and attenuated the growth of
an H460 xenograft, a PDX, and lung adenocarcinoma in the immune-competent GEMM.
Interestingly, leflunomide suppressed tumor growth through at least three different mechanisms. It
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caused apoptosis in HelLa cells, induced G1 cell cycle arrest in H460 cells, and promoted S-phase
cell cycle arrest in WRJ388 cells. Finally, leflunomide treatment prevented lung metastasis in 78%
of the animals in our novel lung cancer metastasis model. In combination, these results
demonstrated that leflunomide utilizes different pathways to suppress the growth of LKB1-
inactivated tumors, and it also prevents cancer metastasis at distant sites. Therefore, leflunomide
should be evaluated as a therapeutic agent for tumors with LKB1-inactivation.

Introduction

LKBI (liver kinase B1), also known as STK11 (Serine/threonine kinase 11), encodes a
Ser/Thr kinase initially discovered as the tumor suppressor gene responsible for the inherited
Peutz-Jeghers syndrome (1,2). It is somatically inactivated in several cancer types, such as
lung adenocarcinoma, cervical cancer, and melanomas (3-7) with a somatic mutation rate of
14%, 7.7%, and 2.5%, respectively in TCGA PanCancer Atlas Studies (cBioPortal). LKB1/
STK11is one of the most frequently mutated cancer driver genes in lung adenocarcinoma
(after p53 and Kras) (8,9). Currently, there are limited therapeutic options for cancers with
LKB1-inactivation. For example, LKB1 inactivation mostly occurs in smoking-related lung
cancers, which lack £GFR mutation. Thus, they are unlikely to respond to TKI-based
therapies (10). Immune checkpoint therapies have shown promise in the treatment of
NSCLC, yet recent work has identified distinct molecular features of LKB1/KRAS-mutant
tumors, which include suppression or lack of immunoediting (11,12). Furthermore, several
clinical trials have demonstrated that lung cancers with LKB1-inactivation are not
responsive to immune checkpoint blockade therapy (13,14). Therefore, there is a clinical
need for novel treatments for LKB1-inactivated cancers.

Many laboratories have attempted to identify vulnerabilities specifically associated with
LKB1-inactivation (15), and 5-amino-1-p-D-ribofuranosyl-imidazole-4-carboxamide
(AICAR) was found to induce apoptosis in LKB1-inactivated cells (16-18). Our previous
work revealed that AICAR-induced decreases in intracellular UMP or UMP-related
metabolites are responsible for this cell killing mechanism (18). This finding is consistent
with a more recent study, indicating that LKBZ1-inactivated cancers are sensitive to the
disruption of pyrimidine metabolism (19). AICAR is not a viable therapeutic agent because
of its short half-life (20), but its ability to induce apoptosis in LKB1-inactivated cancer cells
prompted the notion to treat this tumor type by inhibiting de novo UMP synthesis (21).

Dihydroorotate dehydrogenase (DHODH) catalyzes the fourth step in de novo pyrimidine
biosynthesis, which converts dihydroorotate to orotate. Inhibition of this enzyme is used to
treat autoimmune disease because it leads to the depletion of pyrimidine supply for T cells
(22). DHODH has previously been evaluated as a target for human cancer, and early studies
focused on brequinar, but brequinar was found to be inactive in a phase 2 clinical trial (23).
Leflunomide is an immunomodulatory drug that is currently used for the treatment of
rheumatoid arthritis and psoriatic arthritis (24). The active metabolite of leflunomide, A77
1726, is an inhibitor of DHODH. It has been shown to share a common binding site with
brequinar in a tunnel that leads to the catalytic site but has a different binding region (25).
Leflunomide was evaluated in the 1990s as an anti-cancer agent in the form of an EGFR
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inhibitor (26,27), and several recent publications have renewed interest in its use to treat
breast or prostate cancers (28,29). We previously reported that leflunomide is capable of
inducing apoptosis in two LKB1-inactivated lung cancer cells /n vitro (18), but it is unclear
whether leflunomide has the same efficacy as AICAR in promoting apoptosis in all LKB1-
inactivated cancer cells, and whether it has /n vivo efficacy. Another relevant clinical
concern for the use of leflunomide in cancer treatment is that the suppression of the immune
system by leflunomide may promote tumor growth in the immunocompetent host. Here, we
carried out a comprehensive analysis of the /n vivo activity of leflunomide in xenografts,
patient-derived xenografts, and immune-competent genetically-engineered mouse model,
and we also evaluated leflunomide as an agent to prevent the metastasis of LKB1-inactivated
cancers.

Materials and methods

Reagents and antibodies

Cell culture

Leflunomide was purchased from Enzo life sciences (ALX-4300-095-G001). AICAR was
purchased from Toronto Research Chemicals Inc (North York, Canada). Uridine was
purchased from Sigma (St. Louis, MO). Antibodies against LKB1 (3047s), Caspase-3
(9962s), Cleaved caspase-3 (9664s), PARP (9542s), Kras-G12D (14429), p53 (2524s) were
purchased from Cell Signaling Technology (Beverly, MA). Ki67-antibody (ab1667) and
TTF-1 antibody (ab76013) were purchased from Abcam (Cambridge, UK). DAB substrate
kit was purchased from Vector Laboratories (SK-4100, Burlingame, CA). Mouse
monoclonal anti-p-actin antibody (a1978) was purchased from Sigma (St. Louis, MO).
Matrigel was purchased from Corning (Cat#356255, Corning, NY).

H460, H1299, and HeLa cells were purchased from the American Type Culture Collection
(ATCC) (Manassas, VA, USA) and were propagated according to the conditions
recommended by ATCC. The identities of these two cell lines were validated by STR
genotyping service at Emory University. H1299-Cas9 is derived from H1299 with the stable
expression of Cas9. T2 and 634 cell lines are generous gifts from Kwok-Kin Wong. WRJ388
cell line was isolated from metastatic lung adenocarcinoma in the lymph node of a
KrasG12D/1 kb1 GEMM. It is propagated in DMEM medium (Corning cat#10-013CV,
Corning, NY) with EGFR 12.5ng/ml (Invitrogen, Carlshad, CA, #13247-051) and insulin
10ug/ml (Sigma, #10516) until the majority of fibroblast were eliminated. The genotype of
WRJ388 was determined by IDEXX BioAnalystics (Columbia, MO, USA).

Immunoblot analysis

The procedure for the preparation of whole-cell protein lysates and immunaoblot was
described previously (30). The same blots were used for probing different proteins, and actin
was used as a loading control. The immunoblot analyses presented in this study were carried
out at least twice, and representative images are shown in the figures.
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2000-3000 cells were seeded in 96-well plates, treated with the indicated chemicals and
durations followed by SRB assay as described previously (31). Reactions were carried out in
quadruplicate, and error bars represent one standard deviation. Dose-response data under
each concentration was normalized and fitted with the “inhibitor vs. response—variable
slope analysis” to determine the 50% inhibitory concentration (IC50) in GraphPad Prism
(version 8.4.1, GraphPad Software Inc., San Diego, CA, USA).

Apoptosis analysis

Cells were seeded in 6-well plates and subjected to indicated treatment. Both floating and
attached cells were collected and analyzed by flow cytometry using the Annexin V/7-AAD
Apoptosis Detection kit (BD Pharmingen, San Jose, CA) with previously described protocol
(32).

Cell cycle analysis

Cell cycle analysis was carried out as previously described (18). Briefly, cells were seeded in
6-well plates and treated with the indicated chemicals for the indicated times. Cells were
stained with PI/RNASE staining kit (BD Biosciences, San Jose, CA) and analyzed by FACS
analysis (BD Biosciences). A total of 10,000 gated cells were acquired for each analysis.
Results were analyzed using FlowJo version 7 software (FlowJo. L.L.C., Ashland, OR).

Leflunomide treatment of xenografts and PDX

All animal studies were approved and conducted according to the Emory University
Institutional Animal Care and Use Committee (IACUC) guidelines. 5-6 week old female
athymic nude mice (18-20g) were purchased from Harlan Laboratories. Exponentially
growing HeLa cells were trypsinized, washed twice with PBS, and diluted to 3x106 cells per
50 uL PBS and 50 uL Matrigel. The cell suspension was injected subcutaneously into the
right flank of mice with a 0.5 ml-syringe with a 26%2-gauge needle. Mice were randomly
allocated into 2 groups (vehicle control and leflunomide treatment), 9 mice per group. A
rolling enroliment scheme was used, and treatment began in three different batches when
tumors grew to about 91-192 mma3 (at 6, 9, and 15 days after implantation). Leflunomide
was prepared in a mixture of 1.5% carboxymethyl-cellulose at a concentration of 3.5 mg/ml
and was administered orally at 10 uL/g of body weight (35 mg/kg/day). The control group
was administered with 1.5% carboxymethyl-cellulose. All treatments were administered
once a day for 21 days. Tumor size and weight were measured every three days, and the
tumor volume was calculated with the formula [volume = height x width x width)/2].
Tumors were harvested at the end of the experiment and weighed.

For H460 xenografts, mice were randomly allocated into 2 groups (vehicle control and
leflunomide treatment), 10 mice per group. 35 mg/kg/day leflunomide treatment began four
days later when tumors grew to about 40 to 80 mm3. All treatments were administered once
a day for 23 days. Two mice in the control group were sacrificed on day 21 due to excessive
tumor burden, and two paired mice in the treatment group were sacrificed at the same time
for proper control.
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An LKB1-null patient-derived xenograft (PDX) model (TM00213, Passage 3) was
purchased from the JAX laboratory and passaged in NSG mice (JAX laboratory). This PDX
was derived by surgical resection from a patient with AJCC (American Joint Committee on
Cancer) stage Il lung adenocarcinoma. It contains a splice-acceptor mutation in S7K7Z and
a Kras G12S mutation. This PDX was excised and cut into small ~3x3x3 mm fragments and
then implanted subcutaneously. Mice were randomly allocated into two groups (vehicle
control and leflunomide treatment), 5 mice per group. A rolling enrollment scheme was
used, and 35 mg/kg/day leflunomide treatment began when tumors grew to about 200 mm3
(from 6-15 days after implantation).

Leflunomide treatment of KL-GEMM

We used KrasC12P1 kb1™"fRosa-luc GEMM (KL-GEMM) generated previously in our
laboratories (33), and animals of both sexes were used in this experiment. We induced lung
tumors in anesthetized KL mice by intra-tracheal infection of 1x108 lentiviral-Cre-GFP
virus (SL100277, SignaGen Laboratories, Rockville, MD). A cohort of 32 KL-GEMM mice
was infected, and mice underwent bioluminescent imaging (BLI) at 6 weeks post-infection.
Mice with BLI signals in the lung greater than 3x105 and count over 600 for two
consecutive weeks were enrolled in the study with a rolling enrollment design. The mice
were treated with 30 mg/kg leflunomide once a day for 44 days using the methods described
above. One mouse in the control group was sacrificed on day 40 due to excessive tumor
burden.

Leflunomide treatment of WRJ388 in nude mice

WRJ 388 cells were isolated from a lymph node of a female KL-GEMM. 5x106
exponentially growing WRJ-388 cells were implanted using the methods described above.
Mice were randomly allocated into two groups (vehicle control and leflunomide treatment,
10 mice per group). 35 mg/kg/day leflunomide treatment began four days later when tumors
grew to about 200 mm3. Leflunomide and vehicle control were prepared in the same way
above, and all treatments were administered once a day for 24 days except for days 6 and 7.
All organs and tumors were harvested and underwent BLI imaging at the end of the
experiment.

Statistical methods for xenograft, PDX, and GEMM analysis

The SAS statistical package v9.4 (SAS Institute, Inc., Cary, North Carolina) was used for
analyses with a significance level of 0.05. A mixed-effects model was implemented to
estimate and compare the growth rate among two experimental groups. The correlation
among the repeated measurements in each mouse overtime was accounted for accordingly.
The tumor volume was log-transformed to meet the normality and equal variance
assumption for the statistical model. The p-value was adjusted for multiple comparisons
whenever needed. Kruskal-Wallis p-value was calculated for tumor weight comparison.

Immunohistochemistry analysis

5-um-thick paraformaldehyde-fixed OCT-embedded mouse lung sections or formalin-fixed
paraffin-embedded mouse tumor lung sections were used for IHC analyses as previously
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described (34). Slides were stained with antibodies against TTF-1, Ki-67 or cleaved
caspase-3, and horse anti-rabbit 1gG (Vector) was used as the secondary antibody. DAB
substrate kit was used to develop immunohistochemistry signals. These samples were
blinded and analyzed by a lung cancer pathologist (G.L. Sica).

Leflunomide treatment induces apoptosis in HeLa cells and results in the regression of
HelLa xenografts.

We initiated our study with HeLa cells, which we have shown previously to contain a
homozygous deletion of LKB1 (5). SRB analysis indicated that the 1C50 of leflunomide /n
vitro against HeL a cells was between 20 to 51 uM at days 3 to 6 (Figure 1A), and 50 uM
leflunomide was sufficient to induced detectable caspase-3 and PARP cleavage in 24 hrs
(Figure 1B). Leflunomide-induced apoptosis was verified by Annexin-V/7AAD flow
cytometry (Figure 1C, 100 uM at 48 and 72 hrs, only shown for 72 hrs). This data led us to
evaluate the effect of leflunomide on HelLa xenografts. When Hel a xenografts reached an
average size of 137 mm3, mice were treated with vehicle control or 35 mg/kg/day
leflunomide through oral gavage (N=9) for 21 days. A rolling enrollment scheme was used,
and mice were enrolled in three different batches on days 6 (n=10), 9 (n=4), and 15 (n=4)
after initial implantation. As shown in Figure 1D and Supplemental Table 1A, the treatment
group had a significantly smaller tumor size compared to the control group on days 3, 6, 12,
and 21. We also estimated the increase in log tumor volume per day as growth rate, and
found that the treatment group had a negative growth rate compared to the control group
(Supplemental Table 1B). There was a significant decrease in tumor weight in the group
receiving leflunomide treatment (Figure 1F and Supplemental Table 1C), indicating the
regression of HeLa-derived xenografts after this treatment. Leflunomide treatment
significantly altered animal weight compared to the control group on day 21, but not on days
3, 6, and 12 before adjustment for p-value for multiple comparisons. After adjusting for
multiple comparisons, the animal weight did not significantly differ between the two groups
(Supplemental Table 1D). We also compared the animal growth rate between the two
groups, and the treatment group had a slower growth rate compared to the control group, but
it was not significant at a level of 0.05 (Supplemental Table 1E). Therefore, our analysis
indicated that leflunomide treatment led to the regression of HeLa-derived xenografts.

Leflunomide induces G1 cell cycle arrest but not apoptosis in H460 cells and is capable of
attenuating the growth of H460-derived xenografts.

We next evaluated leflunomide treatment against LKB1-inactivated H460 NSCLC cells.
While the 1C50 of leflunomide /n vitro against H460 cells was 80.5 uM at 48hrs and 27 uM
at 72 hrs (Figure 2A), we only observed a slight increase in caspase-3 or PARP cleavage
with 100 pM leflunomide treatment (Figure 2B). Annexin-V/7AAD flow-cytometry analysis
also did not identify substantial increases in apoptotic cells with 100 uM leflunomide
treatment at 48 or 72 hrs. We used AICAR as a positive control, and 1 mM of AICAR
induced extensive PARP and caspase-3 cleavage in the H460 cells as previously reported
(18) (Figure 2B). This result indicated that leflunomide and AICAR had different effects in
H460 cells. Cell cycle analysis revealed an increase in G1-phase cells and a decrease in S
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and G2/M phase cells, suggesting that the dominant mechanism of growth suppression
mediated by 100 uM leflunomide treatment was G1 cell cycle arrest (Figure 2C).

We also carried out leflunomide treatment analysis with the H460 xenograft model. Because
the H460 xenograft had a fast xenograft growth rate (Supplemental Table 2b), we initiated
leflunomide treatment four days after subcutaneous tumor implantation. The treatment group
had a significantly smaller tumor size compared to the control group by day 14, 18, and 23
(Supplemental Table 2A). The treatment group also had a slower tumor growth rate
compared to the control group (Supplemental Table 2B), but there was no regression of
H460-derived xenograft with leflunomide treatment (Figure 2D). Two mice in the control
group were sacrificed on day 21 due to excessive tumor burden, and two xenografts from the
treatment group were harvested at the same time as a control. There was also a significant
decrease in the final tumor weight in the group receiving leflunomide treatment (Figure 2E,
Supplemental Table 2C). Comparison of leflunomide-induced animal weight loss between
the two groups at different time points did not reach statistical significance, but the
comparison of animal weight growth rate did reveal a statistically significant negative
growth rate (Supplemental Table 2E). This data indicated that leflunomide does not induce
apoptosis in all LKB1-inactivated cancer cells. Nevertheless, the treatment was still capable
of attenuating the growth of H460-derived xenografts.

Leflunomide attenuated the growth of LKB1-inactivated patient-derived xenografts.

We obtained an early passage, LKB1-null patient-derived xenograft (PDX) model from the
JAX laboratory. The absence of LKB1 expression was confirmed by immunoblot analysis
using LKB1 mutant A549 and H460 cell lysates as negative controls and LKB1-wild-type
H1299 cell lysate as positive controls (Figure 3A). Because the time required for the
establishment of this PDX varied in different NSG mice host, we used a rolling enrollment
experimental design and initiated 35 mg/kg/day leflunomide treatment for approximately 30
days after the tumor reached a size above 200 mm3. Leflunomide treatment significantly
attenuated the growth of this PDX (Figure 3B and Supplemental Table 3A and 3B),
decreasing the daily growth rate from 0.063+/-0.02 in the control group to 0.015+/-0.002
(P<0.001, Supplemental Table 3C). At the end of the treatment period, the tumor weight was
significantly lower in the treatment group (0.3 g versus 1.42 g, Kruskal-Wallis p-value
=0.009, Figure 3D). The animal weight did not change in the treatment group over time, but
mice in the control group grew heavier over time, and there was a statistically significant
difference in animal growth rate (Figure 3E and Supplemental Table 3D/3E). Therefore,
leflunomide treatment is also capable of suppressing the growth of LKB1-null PDX.

Leflunomide suppresses the progression of lung adenocarcinomas in immune-competent

KL-GEMM.

Leflunomide is an immune suppressor, and one reasonable concern is whether leflunomide-
mediated immune suppression will promote the growth of LKB1-mutant tumors in an
immunocompetent background. To address this issue, we carried out a full-scale pre-clinical
trial to test the effects of leflunomide as monotherapy on tumor growth in the
Kras®12D] kb1~ Rosa-luc genetically-engineered mouse model (KL-GEMM). Thirty-two
mice were infected with lentivirus via intratracheal delivery, and weekly bioluminescent
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imaging (BLI) was carried out to monitor tumor development in the lung. We used a rolling
enrollment trial design (Figure 4A), and mice with a BLI score over 3x10° and count over
600 in the lung area for two consecutive weeks were enrolled in our study. Twenty-eight
mice eventually developed lung adenocarcinoma, and 20 mice were enrolled in this study
(control group n=10 and treatment group n=10). Drug toxicity was observed at 35
mg/kg/day dose of leflunomide in our GEMM as several mice lost significant weight or
became visually impaired, and 30 mg/kg/day leflunomide was used in this study. The control
group had equal sex distribution, and the treatment group had seven males and three females
due to a bias against the generation of lung adenocarcinoma in female mice. Enrollment
dates ranged from 43 to 113 days after virus infection. Mice were treated with vehicle
control or 30 mg/kg/day of leflunomide through oral gavage for 44 days. The BLI score in
the control group increased over 100-fold on average in the chest area. At the same time,
leflunomide treatment significantly attenuated the increase in BLI signal in the same area
(Figure 4B/C and Supplemental Table 4). There was no significant alteration in animal
weight with this leflunomide dose (Figure 4D and Supplemental Table 4). Lung weight in
control mice was higher than in the treatment group, probably due to the presence of more
tumor cells in the lung (Supplemental Table 4). Lungs from the control group contained lung
adenocarcinomas similar to the ones described previously (33). All of them stained positive
for TTF-1, and we did not observe a significant difference in Ki-67 staining. The overall
signal for cleaved caspase-3 was also low in both groups, indicating that leflunomide did not
induce caspase-3 cleavage at the end-stage of this treatment. Three mice in the control group
had BLI signals above background in the low body area, which may be indicative of distant
metastases in these mice (Figure 4B, number 3, 4, and 6 in the control group). No BLI signal
outside the chest area was detected in mice treated with leflunomide, suggesting that
leflunomide may prevent the formation of distant metastasis.

Isolation of a novel tumor-derived cancer cell line from lymph node metastasis of the KL-
GEMM model

We and others have shown that the loss of LKB1 leads to the aberrant activation of FAK
signaling, which significantly enhanced tumor invasion to local tissues and lymph nodes
(33,35,36). However, the only distant metastasis reported for the KrasG220/L kb1~ GEMM
is to the axillary skeleton (36). In addition, it was not possible to isolate cancer cell lines
with only Krasand LKBI1 mutations, and the functional studies were done with cell lines
containing Kras, LKB1, and 7P53triple mutation (37). We isolated a novel tumor-derived
cancer cell line, WRJ388, from a lymph node metastasis of a female KL mouse. The
detailed isolation methods will be published elsewhere. Species-specific PCR analysis
indicated this cell line was of mouse origin, and a 27-Marker STR strain analysis revealed its
profile is novel and consistent with cells derived from the FVB/N mouse strain. Immunoblot
analysis indicated that this cell line contained Kras-G12D mutant and full-length p53 protein
but completely lacked LKB1 expression (Figure 5A). We also carried out RNAseq analysis
in this cell, which verified the expression transcripts containing Kras-G12D mutation,
deletion of exons 3-6 of LKB1/STK11, and the lack of mutations in 7P53. Therefore,
WRJ388 contains Kras and LKB1 mutation but wild-type p53.
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We and others have shown previously that LKB1-inactivated cells are sensitive to the
disruption of pyrimidine metabolism (18), and WRJ388 was sensitive to leflunomide
treatment with an 1C50 of 36 UM on Day 2 and 15 pM on Day 4 (Figure 5B). Therefore, we
used 50 pM leflunomide for the remaining analyses for WRJ388 /n vitro. Leflunomide-
mediated growth suppression was mostly rescued by uridine, which is consistent with the
notion that leflunomide inhibits UMP synthesis (Figure 5C). Cell cycle analysis indicated
that leflunomide treatment led to a significant decrease in G1 cells and an increase in S-
phase cells at 72 hrs, both of which were restored by 2.5 mM uridine rescue (Figure 5D). We
also used Annexin V/7-AAD flow cytometry to assess apoptosis. Whereas extensive
apoptotic cells were observed with 200 uM leflunomide treatment, we only observed a mild
increase in apoptotic cells with 50 uM leflunomide treatment (Figure 5E). In addition, we
failed to observe extensive caspase-3 cleavage or PARP-cleavage, which is consistent with
the lack of cleaved caspase-3 staining in our GEMM analysis.

Leflunomide inhibits the metastasis of LKB1-inactivated tumors in a novel lung cancer
metastasis model.

The subcutaneous implantation of WRJ388 cells in nude mice resulted in a fast-growing
tumor (Figure 6A left panel, 6B, and Supplemental Table 5A), and multiple micro-
micrometastases were observed in the lung 22 days after the initial tumor implantation
(Figure 6A, right panel, and Supplemental Figure 1). The animal weight growth in the
control group was not linear, and there was a dramatic decline after day 17 (Figure 6C, and
Supplemental Table 5A). Therefore, we used this cell line model to determine whether
leflunomide can also be used to prevent the formation of lung metastasis. We initiated daily
oral gavage of 35 mg/kg of leflunomide four days after the subcutaneous implantation of
WRJ388 cells when the average tumor volume reached 200 mma3. Ten mice were used for
each group, and treatment lasted 24 days except for days 6 and 7 when leflunomide was not
administered. We excluded one mouse in the treatment group because cells were implanted
into the muscle, which prevented the accurate measurement of tumor volume. 35 mg/kg of
leflunomide was not toxic to nude mice because animal weight remained stable in the
treatment group (Figure 6C and Supplemental Table 5D). Leflunomide treatment
significantly attenuated tumor growth for 21 days (Figure 6B), and we observed a significant
decrease in tumor size (Figure 6D and Supplemental Table 5B) and final tumor weight
(Figure 6E and Supplemental Table 5C) in the treatment group at the end of the study.
Tumor growth resumed in the treated mice from day 22-24. However, WRJ388 cells isolated
from these tumors were still sensitive to leflunomide treatment /n vitro (Supplemental Figure
2). Therefore, this resumed tumor growth is not due to intrinsic changes in WRJ388 cells
after leflunomide treatment. We used two methods to assess the micrometastasis of WRJ388
to the lung. First, we measured the BLI signal from the lung and observed a significant
decrease in lung BLI signals after leflunomide treatment (Figure 6F and Supplemental Table
5F). We also confirmed this finding by histological analysis of the lung (Supplemental
Figure 1). The sample with the highest lung BLI signal in the control group was lost due to
poor tissue preservation, but the remaining nine samples all had lung metastasis, and 89% of
them were multi-focal (Figure 6G). In contrast, 78% of the lung in the treated group did not
have micro-metastasis of WRJ388 cells. Of the two mice that had lung metastases, one of
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them only had a single focus. This data indicated that leflunomide was also capable of
suppressing the metastasis of WRJ388 cells in this mouse model.

Discussion

AICAR is capable of inducing apoptosis in most LKB1-inactivated cell lines (16-18), but
the short half-life of this compound limits its clinical utility (20). We previously
demonstrated that AICAR-induced apoptosis could be rescued by uridine (18), which is
consistent with the notion that LKB1-inactivated cells are sensitive to the disruption of
pyrimidine metabolism (19). Here, we chose to target the de novo synthesis of UMP by
leflunomide, which is an FDA-approved agent for the treatment of rheumatoid arthritis with
well-characterized human clinical pharmacokinetics (38). This agent has a 14-day half-life
and 80% bioavailability through oral gavage. Unlike most chemotherapeutic agents that
work in the nanomolar range, this agent works in the hundred-micromolar range. The
standard daily dosage of 20 mg leflunomide in humans leads to 125-230 pM A77 1726
average steady-state plasma concentration (39,40). Therefore, the concentration of
leflunomide used in the /n vitro study here is clinically relevant. The pharmacokinetics of
leflunomide in animal models are also established (41), and 35 mg/kg/day oral gavage is
commonly used in mouse studies (42-44), but we did not determine the corresponding A77
1726 plasma concentration. In the pharmacology review prepared by Hoeschst Marion
Roussel Inc for leflunomide (41), at 15 mg/kg oral dose, the average A77 1726 serum levels
in mice 24 hours post-dose is 102 pg/ml (377 uM) in males and 71.7 pg/ml (265 uM) in
females. They also concluded that “an increase in the dose over 15 mg/kg would have not
increased the levels of A 771726 further” based on the exposure data. Therefore, the 30 or
35 mg/kg dose of leflunomide used in this work does result in a higher A77 1726 plasma
concentration than the steady-state human plasma concentration.

While leflunomide induced extensive apoptosis in HeLa cells and led to the regression of
HeLa xenograft, it did not significantly promote apoptosis in H460, WRJ388, or KrasC12/
LKBI™~ lung adenocarcinoma in our GEMM. Therefore, AICAR and leflunomide had
different effects on some LKB1-inactivated cancer cells. AICAR-induced apoptosis in HeLa
cells is unlikely to be p53-dependent because HeL a cells express HPV18 E6 protein that
leads to p53 degradation. H460 and WRJ388 cells both contain wild-type p53, but the
presence of p53 was not sufficient to induce apoptosis in the presence of AICAR. Therefore,
p53 is unlikely to play a role in AICAR-induced apoptosis; thus, additional mechanistic
studies will be needed to elucidate the difference between AICAR and leflunomide
treatment in these tumors. Given the concentration of leflunomide used in this study,
multiple targets may be inhibited in our models. We carried out /in vitro uridine rescue
experiments for WRJ388 (Figure 5C), H460, and HeLa cells, and uridine only reversed
approximately 80% of leflunomide-mediated growth suppression, suggesting that other
signaling pathways may also be targeted. Nevertheless, the most important finding of our
work is that leflunomide treatment significantly attenuates the growth of LKB1-inactivated
tumors even in the absence of substantial apoptosis. The ability of leflunomide to suppress
the growth of LKB1-inactivated tumors through different mechanisms indicates that this
agent may be able to suppress a diverse tumor cell population.
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Leflunomide is currently approved for the treatment of autoimmune diseases, such as
rheumatoid arthritis or psoriatic arthritis, and it is capable of reducing cycling CD4 T cells
and CD8 T cells in peripheral blood (22). Consequently, a reasonable concern with this
agent is whether the inhibition of the immune system promotes the growth of KL-mutant
lung adenocarcinoma. Our pre-clinical analysis in the immune-competent GEMM refuted
that hypothesis, as leflunomide treatment significantly attenuated the growth of
adenocarcinoma in the lung. There are two unexpected findings in our GEMM study. The
toxicity of leflunomide was well-established in the mouse model (41), and 35 mg/kg of
leflunomide was commonly used with xenograft studies (45,46). This dose, however, had a
significant toxic effect in the KL-GEMM, as two mice became blind one week after
treatment began, and we eventually reduced the dose to 30 mg/kg to avoid the toxicity. The
molecular basis of this strain-specific toxicity is not known, but leflunomide was capable of
controlling the growth of LKB1-inactivated lung adenocarcinoma at this reduced dose.
Another unexpected finding of our GEMM study was female GEMM had reduced frequency
of tumor formation in the lung. STKZ71/L KB1 was found to be more frequently mutated in
males than in females in the TCGA dataset (47). The biological basis of the bias in our
model is not known, but it will be interesting to determine in the future whether this sex-bias
can be studied in the future using our GEMM model.

Most lung cancer patients die of cancer metastasis, and the prevention of micrometastasis
after local treatment in early-stage lung cancer patients will significantly improve disease
prognosis. In our GEMM study, three mice had distant metastasis in the control group, but
none of the mice had such metastasis in the leflunomide treated group. To quantitatively
evaluate this phenomenon, we generated a novel subcutaneous tumor model, which formed
lung metastasis in 100% of the animals within a month. Leflunomide treatment prevented
the formation of lung metastasis in 78% of these animals, indicating that it is a potent agent
in preventing the formation of lung metastasis. In combination, our study strongly supports
the notion that leflunomide should be considered as a therapeutic option for cancer patients
with LKB1-inactivated tumors. The next logical step in this research will be to determine
whether leflunomide can be used in combination with existing therapies to promote the
elimination of LKB1-inactivated tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Leflunomide induced apoptosis and tumor regression in HeL a cells.
(A). SRB analysis of leflunomide dose-response in HeL a cells from Day 3 to 6. (B) HelLa

cells were treated with the indicated concentration of leflunomide for 24 hrs, and cell lysates
were analyzed using indicated antibodies. (C) Annexin-V/7AAD flow cytometry analysis of
HelLa cells treated with 0 or 100 pM of leflunomide for 72 hrs. (D) HelLa xenograft growth
over the 21-day treatment period (X-axis). Y-axis represents Ln(Tumor Volume in mm3). (E)
A rolling enrollment was used for the treatment of HeLa xenografts, and treatment was
initiated on day 6 (left), 9 (middle), and 15 (right) after tumor implantation. All mice were
treated with vehicle or leflunomide for 21 days. Top panels are photos of nude mice bearing
subcutaneous Hel a xenografts 21 days after treatment. The bottom panel is the comparison
of isolated HelLa xenografts. (F) Tumor Weight (in grams) comparison in the control and
treated group with indicated Kruskal-Wallis p-value.

Mol Cancer Ther. Author manuscript; available in PMC 2021 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Jinetal. Page 16

-8 Day 11C50=285.4 R?=0.96

100
an— —- Day 2 1C50=80.50 R%=0.97
§, =4~ Day 31C50=27.36 R?=0.98
-: -
&
§ 50
S
© Cleaved
g Cas-3
0 1 T T 1 1
0 100 200 300 400 Acti
C Leflunomide (uM) CH
400 C I ] (<] l600 1 G2
tr 1100 pM
] subG1: 0.93% H subG1: 1.91%
2 G1: 43.08% Lef G1: 54.77%
s: 37.27% (] s: 28.09%
200 G2/M:  16.65% G2/M:  10.28%
SuperG2: 1.76% | SuperG2: 2.56%
1200 i
1004 L
\'me\
0 f T T ™1 0 T T T T
0 50k 100k 150k 200k O 50k 100k 150k 200

°
= H460-xenograft € 34 °
£ °l-—ctl(n=10) I 5 .
5 7| Lef(n=10) p o
S A +-] % 24
5 6 + 5 "
£ f €, : |
3 5 -1 S ' P
=
€ for = °
O 4 0 []
0 5 10Day 15 20 Ctrl Lef

F

wﬁn

Figure 2. Leflunomideinduced G1 cell cycle arrest and attenuated the growth of H460 xenogr aft.
(A) SRB analysis of leflunomide dose-response in H460 cells from Day 1 to 3. (B) H460

cells were treated with 1 mM AICAR, 0 mM, or 100 uM leflunomide for 48 hrs. Cell lysates
were analyzed by immunoblot using indicated antibodies. (C) Cell cycle analysis of H460
cells treated with 0 or 100 uM leflunomide for 48 hrs. (D) H460 xenograft growth over the
23-day treatment period (X-axis). Y-axis represents Ln(Tumor Volume in mm3). (E). Tumor
Weight (g) comparison in the control and treated group with indicated Kruskal-Wallis p-
value. (F) Photos of isolated H460-xenografts at the end of the study. Four xenografts on the
left were harvested on Day 21, and the remaining xenografts were collected on Day 23.
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Figure 3. Leflunomide treatment of LK B1-null patient-derived xenogr aft.
(A) Immunoblot analysis of LKB1 protein expression in indicated PDX or cell lines using

actin as a loading control. (B) Estimated PDX growth over the 31-day treatment period (X-
axis). Y-axis represents Ln(Tumor Volume in mm3). (C) Photos of isolated PDX at the end
of the study. (D). Tumor Weight (g) comparison in the control and treated group with
indicated Kruskal-Wallis p-value. (E). Animal weight (g) over the 31-day treatment period
(X-axis).
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Figure 4. Leflunomideinhibited the development of lung adenocarcinoma in an immune-
competent GEMM.

(A) Scheme of the rolling enrollment pre-clinical trial design. LV-Cre: intratracheal delivery
of Cre-GFP lentivirus. (B) BLI image of the control and treated mice at the end of the
treatment cycle. (C) BLI score for mice at the time of enrollment (Enroll) and the end of the
treatment cycle (Final). (D) Animal weight measured at the time of enrollment and the end
of the treatment cycle.
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Figure 5. Molecular characterization of WRJ388 cells.
(A) Immunoblot analysis of WRJ388, T2 (KrasC42PLkb17~p5377), and 634

(KrasG12Pp537/7) cell lysate with indicated antibodies. (B) SRB analysis of leflunomide
dose-response in WRJ388 cells at Days 1-4. (C) Uridine rescue of WRJ388 cells treated
with 50 uM leflunomide at 72 hrs. (D) Cell cycle analysis of WRJ388 cells treated with 50
UM leflunomide, 2.5 mM uridine, or their combinations at 72 hrs. (E) Annexin-V/7AAD
flow cytometry analysis of WRJ388 cells treated with 0, 50, or 200 uM of leflunomide for
72 hrs.
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Figure 6. Leflunomide treatment attenuated lung metastasisin a WRJ388-based subcutaneous
model.

(A) Hematoxylin and eosin (H&E) and TTF1 immunohistochemically stained lung tissue
sections from a mouse with subcutaneously implanted WRJ388. (B) Tumor volume analysis
with (red) or without (blue) 35mg/kg/day leflunomide treatment. (C) Animal weight analysis
during the same period. (D) Photos of isolated subcutaneous WRJ388 tumors on Day 24. (E)
Tumor weight comparison in both groups. (F) BLI signal comparison in the lung in control
and leflunomide-treated groups. (G) Type of metastasis in the lung by pathological analysis.
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