
The cytochrome P450 enzyme CYP24A1 increases
proliferation of mutant KRAS-dependent lung
adenocarcinoma independent of its catalytic activity
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We previously reported that overexpression of cytochrome
P450 family 24 subfamily A member 1 (CYP24A1) increases
lung cancer cell proliferation by activating RAS signaling and
that CYP24A1 knockdown inhibits tumor growth. However, the
mechanism of CYP24A1-mediated cancer cell proliferation
remains unclear. Here, we conducted cell synchronization and
biochemical experiments in lung adenocarcinoma cells, reveal-
ing a link between CYP24A1 and anaphase-promoting complex
(APC), a key cell cycle regulator. We demonstrate that CYP24A1
expression is cell cycle– dependent; it was higher in the G2-M
phase and diminished upon G1 entry. CYP24A1 has a functional
destruction box (D-box) motif that allows binding with two APC
adaptors, CDC20-homologue 1 (CDH1) and cell division cycle
20 (CDC20). Unlike other APC substrates, however, CYP24A1
acted as a pseudo-substrate, inhibiting CDH1 activity and pro-
moting mitotic progression. Conversely, overexpression of a
CYP24A1 D-box mutant compromised CDH1 binding, allowing
CDH1 hyperactivation, thereby hastening degradation of its
substrates cyclin B1 and CDC20, and accumulation of the
CDC20 substrate p21, prolonging mitotic exit. These activities
also occurred with a CYP24A1 isoform 2 lacking the catalytic
cysteine (Cys-462), suggesting that CYP24A1’s oncogenic
potential is independent of its catalytic activity. CYP24A1 deg-
radation reduced clonogenic survival of mutant KRAS-driven
lung cancer cells, and calcitriol treatment increased CYP24A1
levels and tumor burden in Lsl-KRASG12D mice. These results
disclose a catalytic activity-independent growth-promoting role
of CYP24A1 in mutant KRAS-driven lung cancer. This suggests

that CYP24A1 could be therapeutically targeted in lung cancers
in which its expression is high.

Barely 35% of patients with metastatic lung cancer survive 1
year after diagnosis using modern chemoimmunotherapy reg-
imens (1). Increased understanding of the molecular biology of
lung cancer has led to the identification of specific oncogenic
drivers that have been successfully targeted to improve the sur-
vival of a small minority of patients (e.g. those driven by EGFR
mutations, ALK or ROS1 rearrangements) (2, 3). However, for
the majority of tumors, the genetic drivers are still poorly
defined with limited treatment options. CYP24A1 is a member
of the cytochrome P450 superfamily of enzymes that encodes
for 24-hydroxylase, which catabolizes 1,25-D3, the biologically
active form of vitamin D (4). CYP24A1 is overexpressed at base-
line in numerous cancers (compared with surrounding nor-
mal), including breast (associated with amplification) and
esophageal cancers (5, 6). We earlier reported a correlation
between CYP24A1 in lung adenocarcinoma and survival; the
probability of survival at 5 years was 42% (in patients with high
CYP24A1, n � 29) versus 81% (low CYP24A1, n � 57) (p �
0.007) (7). In the same study, a validation set of 101 lung ade-
nocarcinomas confirmed that CYP24A1 was independently
prognostic of poor survival. We also reported that overexpres-
sion of CYP24A1 promotes lung cancer cell proliferation and
invasion, whereas, knockdown reduces tumor growth (8). Sim-
ilarly, various inducers of CYP24A1 expression, such as bile
salts, cigarette smoke etc., are known to increase cell prolifera-
tion. Besides CYP24A1, few other cytochrome P450 family
members (e.g. CYP1A1, 11A1) are also reported to induce cell
proliferation (9, 10). However, the molecular regulators
involved in CYP-mediated regulation of cell proliferation is yet
unclear.

Several cell cycle regulators, particularly the cyclins, contain
consensus amino acid sequence (RXXLXXXN/D/E, where X
could be any amino acid) termed the destruction box, or D-box.
This sequence is recognized by a multisubunit ubiquitin ligase
(E3) complex called the anaphase-promoting complex or cyclo-
some (APC/C).6 APC is primarily responsible for ubiquitin-
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mediated proteasomal degradation of several cell cycle regula-
tors (11, 12), including cyclins, various CDK regulators and
even other ubiquitin ligases (13), thus intricately orchestrating
the regulation of nuclear division. Such regulated proteolysis
triggers the progression of various phases of cell cycle (14).
Importantly, the ubiquitin ligase activity of APC/C is regulated
in a cell cycle oscillating fashion by phosphorylation and by
sequential recruitment of two activators of WD40-repeat pro-
teins called CDH1 (or HCT1) and CDC20 (or Fizzy) (15). An
additional layer of APC/C activity regulation is achieved by the
binding of pseudo-substrates (such as EMI1, ACM1, MAD3,
etc.) that competitively inhibit APC/C substrate binding utiliz-
ing their own D-boxes (16 –18). Although CYP24A1 has been
recognized as an oncogene in multiple cancer types, all target-
ing efforts have been focused on modulating enzymatic activity.
The thought was that inhibiting the catalytic activity of
CYP24A1 would increase the concentration of its key substrate
Vitamin D and this would lead to anti-tumor effects. Studies
testing nonselective CYP catalytic inhibitor (ketoconazole)
demonstrated limited benefit (19). Herein, we report an enzy-
matic activity independent role of CYP24A1 in lung cancer pro-
gression. Specifically, we discovered that the CYP24A1 putative
D-box motifs function to potently inhibit the ubiquitin ligase
activity of APC-CDH1, a well-documented tumor suppressor.
We describe experiments that establish the importance of the
physical presence (as opposed to the catalytic activity) of
CYP24A1 in lung cancer progression that can inform strategies
to physically abolish CYP24A1. Additionally, such information
may provide insights about the possible oncogenic properties of
other CYP family members, many of which have similar
D-boxes.

Results

CYP24A1 expression is cell cycle regulated

Cytochrome P450 is a large family of 57 genes with over 1000
alternately spliced transcript variants, all of which have been
primarily studied to understand their roles in various drug and
xenobiotics metabolism (20). We previously reported that
CYP24A1 overexpression enhances lung cancer cell prolifera-
tion (8) and also associated with poorer survival in lung adeno-
carcinoma. However, we had not assessed the relative contri-
bution of catalytic activity on proliferation. CYP24A1 is
predicted to express multiple isoforms. Among those, isoform 1
(Iso1) with 11 exons is the full-length (514 amino acids) and the
most abundant isoform with vitamin D catalytic activity. An
alternate isoform (Iso2) lacks exon 10, encoding heme-binding
domain and the catalytic cysteine (Cys-462), thereby unable to
catalyze vitamin D. As reported in prostate (21) and colon can-
cers (22), we too noted Iso2 transcript abundance compared
with matched normal tissue in a cohort of 58 lung cancers
derived from the TCGA RNA-Seq data (23, 24) (Fig. 1A). To
understand the impact of isoform-specific overexpression of
CYP24A1 on cell proliferation we overexpressed either DDK-
or V5-tagged Iso1 and Iso2, respectively, in SK-Lu1 and Hcc827
cells (Fig. 1B). Overexpression of CYP24A1 in mutant KRAS
containing human lung adenocarcinoma, SK-Lu1 cells (with
undetectable levels of endogenous CYP24A1), showed in-

creased proliferation compared with vector control assessed
using cell counting and MTT assays (Fig. 1C). In comparison,
Iso2 also showed increased proliferative potential, suggesting
that CYP24A1 cell proliferating ability is independent of its
catalytic activity. Surprisingly, in Hcc827 cells (WT KRAS),
overexpression of CYP24A1 (either Iso1 or Iso2) reduced pro-
liferation rates, suggesting a cooperativity between mutant
KRAS and CYP24A1 (Fig. 1D).

To determine whether CYP24A1 has any direct role in cell
cycle, we examined the levels of endogenous CYP24A1 protein
in HeLa cells synchronized by double thymidine block and
release (Fig. 1E), a validated model for such studies. The expres-
sion of CYP24A1 was highest 8 –10 h after release and
decreased promptly by 12 h, which closely matched the expres-
sion pattern of mitotic cyclin B1 expression (Fig. 1F). As there
are no isoform-specific CYP24A1 antibodies currently avail-
able, we performed synchronization and release experiments in
SK-Lu1 cells (a lung adenocarcinoma cell line with mutant
KRAS and undetected levels of CYP24A1) stably expressing
V5-tagged Iso2. Using V5 antibody, we observed increases in
CYP24A1 protein at 4 and 14 h following double thymidine
block and release, which again mirrored cyclin B1 expression
(Fig. 1G). Cellular DNA content analyzed using fluorescence-
activated cell sorting (FACS) revealed that the cells expressing
highest Iso2-V5 were in G2/M phase of the cell cycle and
decreased upon exit (Fig. 1H). Together, we conclude that
CYP24A1 including the Iso2 is a cell cycle–regulated protein
that accumulates during G2/M, subsequently undergoing deg-
radation while exiting mitosis.

CYP24A1 contains D-boxes, critical for APC-CDH1 regulation

As CYP24A1 expression closely overlapped with cell cycle-
dependent expression of cyclin B1, we analyzed the amino
acid sequence of CYP24A1 and identified two D-boxes
(98RMKLGSFE105 and 223RFGLLQKN230), hereby referred to
as D#1 and D#2, respectively (Fig. 2A). Both D-boxes are con-
served among vertebrates including human, mouse, rat, and
zebrafish. Phylogenetic analyses of cytochrome P450 family
members grouped CYP24A1 closer to CYP11A1, 1A1, and
17A1 family members with previously reported roles in cell
proliferation (Fig. 2B). Primary amino acid sequence analysis
further revealed the presence of D-boxes (Fig. 2B) in the afore-
mentioned members as well as in few others (2A6, 21A2, etc.),
which supports a common mechanistic involvement in cell
cycle regulation using a common regulatory domain (D-box).

To understand the functional importance of D-boxes in
CYP24A1, we performed immunoprecipitation analysis using
the V5 antibody and noted stable interactions of CYP24A1-Iso2
with both APC/CCDH1 and APC/CCDC20 (Fig. 2, C and D).
Mutation of Arg-98 and Lys-101 of the D#1 to alanine (A) had
no impact on CYP24A1–CDH1 interaction (Fig. 2C, lanes 4 and
5). While analyzing the catalogue of somatic mutations in can-
cer (COSMIC) database, we identified mutations at Arg-223
and Lys-226 positions of D#2. We, therefore, mutated both
Arg-223 and Lys-226 to alanine (A) and tested the mutant
CYP24A1 interaction with APC/C, where we noted reduced
interaction with the D#2 mutant, demonstrating the impor-
tance of CYP24A1 D#2 (Fig. 2D, lanes 5–7). D-box– containing
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proteins appear to be either substrates (able to bind and be
ubiquitinated and degraded by APC) or pseudo-substrates (able
to bind but not be ubiquitinated and degraded by APC; how-
ever, this binding competitively blocks the degradation of other
CDH1 substrates). We tested the steady state levels of WT
CYP24A1 protein in the presence and absence of CDH1. A
dose-dependent increase of CDH1 failed to down-regulate

CYP24A1-Iso2; instead, an increase in steady state level was
noted, suggesting it may not be a true APC/C substrate (Fig.
2E). Using in vivo ubiquitination assay using CDC20 as a CDH1
substrate (25), we discovered that CYP24A1-WT overexpres-
sion inhibits CDH1-mediated CDC20 polyubiquitination,
whereas, D#2 mutant overexpression resulted in CDC20 hyper-
polyubiquitination (Fig. 2F). Using an in vitro ubiquitination

Figure 1. CYP24A1 is a cell cycle–regulated protein involved in cell proliferation independent of its catabolic activity. A, CYP24A1 expression data from
TCGA matched paired lung tissue RNA-Seq cohort (n � 58) of lung adenocarcinoma patients showing higher expressions of both Iso1 and Iso2 in the tumor
tissue compared with normal lung. B, immunoblotting using specified antibodies showing overexpression of CYP24A1 Iso1 construct tagged with DDK and
Iso2 construct tagged with V5 on different days (D1–D4) post irradiation in SK-Lu1 and Hcc827 cells. C and D, cell counting (left panels) and MTS assay (right
panels) in SK-Lu1 (in C) and Hcc827 (in D) cells showing increased proliferation upon overexpression of both Iso1 and Iso2 in SK-Lu1 cells, however, similar
studies in Hcc827 cells shows growth delay. E, HeLa cells were synchronized using double thymidine block and released. E and F, cells and cell lysates were
collected at the indicated times and were subjected to either FACS (in E) or immunoblotting (in F). G and H, SK-Lu1 cells stably expressing CYP24A1-Iso2-V5
protein were synchronized and released and cell lysates were subjected to immunoblotting using indicated antibodies and assessed for cell cycle distribution
(in H).
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assay where a 1–102 amino acid fragment of cyclin B1 (a known
CDH1 substrate) was incubated with APC-CDH1 complex
(immunoprecipitated from G1-synchronized HeLa cells), we
noted a robust polyubiquitination of purified cyclin B1 frag-
ment, which was significantly inhibited upon addition of
increasing concentrations of recombinant CYP24A1-Iso2 (Fig.
2G). Furthermore, the D#2 mutant protein half-life was shorter
(�60 min) compared with �240 min for WT Iso2 protein (Fig.
2, H and I), suggesting the D#2 box may not be a degradation
signal for CYP24A1 but instead acts as a pseudo-substrate to
regulate APCCDH1 activity. Upon D#2 mutation, loss of its
interaction with APC/C contributed to faster decay by a yet
unknown E3 ligase.

Overexpression of WT CYP24A1-Iso2 enhances cell
proliferation, whereas D#2 box mutant prevents mitotic exit
and leads to cell death

As we discovered CYP24A1’s ability to inhibit APC/CCDH1

ubiquitin ligase activity, we next addressed the effect of
CYP24A1 expression on cell cycle progression. For this study,
SK-Lu1 cells stably expressing either WT or D#2 mutant were
used. The cells were then synchronized using double thymidine
block followed by release. As shown in Fig. 3A, in all three
groups (vector, WT, and D#2 mutant) within 4-h post thymi-
dine release, a significant percentage (35– 45%) of cells entered
the first round of mitosis. Within 6 – 8 h post release, although
the majority of cells from the vector control and Iso2 WT
expressing groups exited mitosis and entered next round of G1
phase, about 10 –15% of SK-Lu1 cells expressing D#2 mutant
failed to exit mitosis. Furthermore, cells expressing Iso2 WT
entered the second round of mitosis by 12 h post thymidine
release (14 h in case of vector transfected SK-Lu1 cells), illus-
trating the growth promoting potential of WT CYP24A1-Iso2
expression. In contrast, a majority of cells expressing D#2
mutant failed to exit mitosis, and by 14 –24 h post thymidine
release, a gradual increase (4 –10%) of cells with sub-G1 DNA
content were detected using FACS, suggestive of cell death (Fig.
3B). Under phase-contrast microscope we have similarly noted
death of cells undergoing mitosis (not shown). While analyzing
cell lysates (Fig. 3C), we noted several differences in SK-Lu1
cells expressing D#2 mutant compared with CYP24A1 WT: (i)
diminished cyclin B1 accumulation (ii) diminished CDC20 lev-
els, whereas, (iii) an increased accumulation of p21 was
observed. These findings led us to propose a model (Fig. 3D)
where we hypothesize CYP24A1 acts as a major APC/CCDH1

regulator. Reduced interaction between CDH1 and CYP24A1
D#2 mutant allows hyperactivation of CDH1, which in turn
degrades cyclin B1 and CDC20, the two established CDH1 sub-
strates. With reduced cyclin B1 accumulation, mitotic progres-

sion is possibly hindered. Additionally, reduced CDC20 levels, a
ligase responsible for p21 degradation during mitotic exit (26),
allows p21 to accumulate in an untimely fashion, resulting in
the inability to exit mitosis, and instead promotes cell death via
mitotic catastrophe. Together, we demonstrate that CYP24A1
is a key participant in nuclear division.

CYP24A1 degradation reduces clonogenic survival of lung
cancer cells, whereas its up-regulation increases tumor burden
in Lsl-KrasG12D mouse lung tumor model

As overexpression of CYP24A1-Iso2 (lacking catalytic Cys-
462 residue) promotes tumor cell proliferation, and as we
previously reported that siRNA/shRNA-mediated loss of
CYP24A1 reduces clonogenic survival and inhibits tumor
growth of mutant KRAS-containing lung cancer cell lines (8),
we hypothesized that agent(s) capable of reducing CYP24A1
levels will promote cancer cell death. Our studies indicated that
oncogenicity of CYP24A1 is mediated via increased RAS signal-
ing (8). We therefore tested a combination of MEK inhibitor
and statin that has previously been shown to decrease the
expression of CYP24A1 (27). Additionally, statins have been
shown to overcome MEK inhibitor resistance by suppressing
AKT activation in cancer cells (28). We tested the effects of
MEK inhibitors alone or in combination with simvastatin on
CYP24A1 steady state levels. When human lung adenocarci-
noma (NCI-H441) cells overexpressing CYP24A1-Iso2-V5
were treated either with a MEKi (PD98059) or simvastatin,
there was minimal impact on CYP24A1 levels. Interestingly, a
combination of PD98059 and simvastatin significantly reduced
(80% loss) CYP24A1 levels compared with control (Fig. 4, A and
C, and Fig. S1), which was rescued by treating cells with a pro-
teasomal inhibitor, MG132. Consequently, this drug combina-
tion reduced the clonogenic survival of this mutant KRAS-
driven cell line (Fig. 4B). Similar results were obtained with
another mutant KRAS-driven NCI-H727 line (data not shown).
In mutant KRAS-independent A549 cells, a similar drug com-
bination failed to reduce clonogenic survival (Fig. S2A), where
we noted higher levels of activated AKT compared with more
sensitive NCI-H441 cells (Fig. S2B). In a parallel experiment,
treatment of mouse pancreatic cell lines carrying doxycycline-
inducible mutant KRASG12D alleles when treated with calcitriol,
an active form of vitamin D, enhanced cell proliferation and
survival (Fig. 4, D and E) with concomitant induction of
CYP24A1 (Fig. 4F). However, in WT KRAS containing Hcc827
cells, calcitriol treatment inhibited proliferation and clono-
genic survival (Fig. 4, G and H) with induction of CYP24A1
(Fig. 4I). We noted similar outcome upon overexpression of
CYP24A1 Iso1 and Iso2 in Hcc827 cells (Fig. 1D). Together, we
hypothesize that CYP24A1 protein levels may be critical for

Figure 2. CYP24A1 contains D-boxes, critical for APC-CDH1 regulation. A, schematics showing the location and sequence of two D-boxes (D#1 and D#2)
and the catalytic cysteine (Cys-462) in CYP24A1. Both the D-boxes found to be conserved in vertebrates. B, phylogenetic analysis of CYP family members
showing presence of D-boxes specifically in CYP24A1-related members (in red). C, HEK293 cells were transfected with indicated plasmids overexpressing either
WT or D#1 mutant. 24 h post transfection, cell lysates were subjected to immunoprecipitation using anti-Myc agarose beads (for CYP24A1 pulldown) and
immunoblotted with indicated antibodies. D, similar immunoprecipitation (using anti-V5 agarose beads) followed by immunoblotting experiments were
performed as above. E, in HEK293 cells CYP24A1-WT protein was expressed in the presence of increasing (incline) concentrations of CDH1 and 24 h post-
transfection cell lysates were immunoblotted with indicated antibodies. F, in vivo ubiquitination assay using CDC20 (as substrate) and CDH1 (as E3) in the
presence and absence of either WT or D#2 mutant (mt) of CYP24A1. CYP24A1-WT reduced CDH1-mediated CDC20 polyubiquitination. G, in vitro ubiquitination
assay using recombinant CYP24A1-His protein showing CDH1-mediated inhibition of cyclin B1 polyubiquitination. H and I, protein half-life of CYP24A1 (either
WT or D#2) as determined by treating cells with cycloheximide (50 �g/ml). Data plotted were the mean � S.E. from three independent experiments.
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tumor cell proliferation, where mutant KRAS dependence may
be critical. To test such a hypothesis in vivo, we used lox-STOP-
lox-KrasG12D mouse lung cancer model (29) where tissue-
and/or time-dependent expression of Cre recombinase re-
moves the STOP cassette and allows expression of the mutated
Kras allele. Intranasal infection with an adenovirus encoding
Cre results in a high frequency of lung tumors within 18 –20
weeks post infection. To study tumor growth noninvasively, we
crossed this mouse with an Lsl-Rosa26-Luciferase mouse to
generate a compound transgenic model, where KrasG12D tran-

scription coincides with Luciferase expression in a tissue-spe-
cific manner (30). In that study we demonstrated that biolumi-
nescence imaging is sensitive in detecting tumor burden as
early as week 13 post Adeno-Cre expression, which correlated
with micro-CT imaging captured at week 18. To induce
CYP24A1, calcitriol (0.625 �g/kg, i.p. every other day) was
injected starting 48 h post Adeno-Cre infection. Tumor devel-
opment was monitored noninvasively using bioluminescence
imaging. As shown in Fig. 5A, bioluminescence (-fold change)
was 2 fold higher in calcitriol-treated group compared with

Figure 3. Overexpression of WT CYP24A1-Iso2 enhances cell proliferation, whereas D#2 box mutant prevents mitotic exit and leads to cell death. A,
SK-Lu1 cells stably transfected either with vector control or CYP24A1 (WT and D#2 mutant) were synchronized with double thymidine block and released. FACS
data showing percentage of cells at different phases of cell cycle at different time points. B, FACS data showing increased sub-G1 (possibly mitotic catastrophe)
percentage in D#2 overexpressing cells, which may be correlated with mitotic arrest (FACS data in panel A). C, cell lysates isolated from CYP24A1-WT and D#2
mutants were subjected to immunoblotting using indicated antibodies. D, schematic model showing CDH1 hyperactivation in D#2 mutant overexpressing
cells leading to reduced cyclin B and CDC20 levels and increased p21 accumulation resulting in delay in mitotic exit causing mitotic catastrophe.
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vehicle control (n � 4 per group). Similar increase in tumor
burden was observed in calcitriol-treated group when mice
were subjected to micro-CT imaging (Fig. 5B). At the comple-
tion of study after 20 weeks post virus infection, H&E staining
confirmed bioluminescence imaging and micro-CT findings
(Fig. 5C). Tumor cell lysates isolated 2 weeks post calcitriol
treatment showed compensatory up-regulation of CYP24A1
compared with vehicle control (Fig. 5D). Together, we show
that in Lsl-KrasG12D mice calcitriol treatment induces
CYP24A1 to enhance tumor growth.

Discussion

Here, we provide a novel molecular insight pointing to a
direct role of CYP24A1 in cell cycle regulation. Although a few

cytochrome P450 family members including CYP24A1 have
been implicated in cell cycle regulation, underlying mecha-
nisms have not been clearly addressed. Rodriguez and Potter (9)
showed that CYP1A1 can regulate breast cancer cell prolifera-
tion by regulating AMP kinase phosphorylation; similarly, the
Toyoshima group (10) has shown an indirect involvement of
CYP11A1 and CYP17A1 in the regulation of centriole cohesion
during mitosis by regulating the synthesis of pregnenolone (P4)
and 17 OH-pregnenolone (P5), respectively, from cholesterol.
Here, with the identification of a D-box (D#2) in CYP24A1 we
found that such a domain allows binding with two of the APC
adaptor proteins, CDH1 and CDC20. However, unlike a typical
APC substrate, which upon binding undergoes polyubiquitina-
tion and degradation, CYP24A1 is recognized as a pseudo-sub-

Figure 4. Alteration of CYP24A1 levels differentially impacts the clonogenic survival of lung cancer cells based on mutant KRAS dependence. A and
B, H441 cells overexpressing CYP24A1-Iso2-V5 were treated either with PD98059 (20 �M), simvastatin (20 �M), or in combination showing significant down-
regulation of CYP24A1 in combination treatment, which was correlated with the clonogenic survival as shown in (B). C, CYP24A1-Iso2-V5 overexpressing H441
cells were treated with a combination of simvastatin and PD98059 compounds as above for 20 h followed by a treatment with MG132 (2 �M for the last 4 h),
where indicated. Cell lysates were then subjected to immunoblotting using indicated antibodies. D and E, mouse pancreatic adenocarcinoma cell lines (9805
and 4292) with doxycycline-inducible mutant KRASG12D expressing cassette (iKras*) were treated either with vehicle or with different concentrations (10 and
100 nM) of calcitriol. Cell numbers were counted on different days post calcitriol treatment as indicated (in D) and clonogenic survival was assayed (in E) as
described in methods section. F, immunoblotting of cell lysates isolated from the above two mouse iKras* cell lines treated with calcitriol showing induction
of CYP24A1. G and H, effect of calcitriol on cell proliferation and clonogenic survival in WT KRAS containing Hcc827 cells showing growth inhibitor effects. I,
CYP24A1 induction was noted in Hcc827 cells upon calcitriol treatment in a dose- and time-dependent manner.
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strate to inhibit APCCDH1 activity similar to Emi1 (16) and
Acm1 (31). As reported in other cases, CDH1-mediated polyu-
biquitination and degradation is determined by its affinity for
its substrates (14). Whether such a premise explains how
CYP24A1 behaves as a pseudo-substrate and whether addi-
tional domains (such as a putative ABBA motif (32)) may be
determining CYP24A1 affinity toward APCCDH1 remains to be
tested. Interestingly, our identification of D-boxes in phyloge-
netically related cytochrome P450 family members including
CYP1A1, 11A1, and 17A1 with known involvement in cell cycle
regulation is novel. Future studies may decipher the existence
of a conserved pathway among a few cytochrome P450 family
members that allow crosstalk between cellular metabolism and
cell proliferation. Indeed, the catalytic activity–mediated regu-
lation of various biological processes by cytochrome P450 fam-
ily members has remained the primary focus of research in the
field. Our identification of D-boxes in CYP24A1 and further
mutational analyses revealed that the cell cycle regulatory func-
tion of CYP24A1 may be independent of its vitamin D catalytic
activity. Clinical trials (breast (NCT00212095) and prostate
(NCT00536991)) that attempted to target enzymatic activity of
CYP24A1 (to increase its substrate calcitriol) using nonspecific
inhibitors such as ketoconazole, have not been successful and
have not led to use in the clinic. In contrast, we and others
have reported that siRNA/shRNA-mediated knockdown of
CYP24A1 provides a more potent and durable anti-proliferative
effect, suggesting that the physical presence of CYP24A1 may
be critical for tumor cell proliferation and oncogenesis (8, 33).

Our study in KRAS mutant lung adenocarcinoma (AC) was
based on our previous work as well as by others that suggested
that KRAS mutant lung AC was associated with higher
CYP24A1 expression (22, 35). Others have recently reported
that RAF signaling can be attenuated by inhibiting CYP24A1
(36, 37) and in an independent study B-RAF was reported to be
a CDH1 substrate interacting via its D-box (D#4) to regulate
B-RAF abundance (38). To our surprise, we noted that a
combination treatment of MEKi and simvastatin promotes
CYP24A1 proteasomal degradation to reduce clonogenic sur-
vival of mutant KRAS-driven lung cancer cells (Fig. 4B). Fur-
thermore, based on reports that statins can overcome the MEKi
resistance (28), we too demonstrated a synergistic effect on cell
proliferation using combination of MEKi and simvastatin in a
subset of mutant KRAS-driven lung cancer cells (NCI-H441,
H727). Together, our data provide sufficient rationale to test
the therapeutic efficacy of an approved MEKi along with simv-
astatin in a selected subset of KRAS-mutated CYP24A1– high
lung adenocarcinoma patients in a future clinical trial.

On the contrary, we established that increasing CYP24A1
expression led to increased growth of mutant KRAS lung AC.
To determine this phenomenon, we used high-dose calcitriol in
Lsl-KrasG12D mice. Increased growth of tumors (Fig. 5) was
associated with calcitriol-induced up-regulation of CYP24A1.
Similar observation was noted specifically in mutant KRAS-
driven cell lines treated with calcitriol following CYP24A1 up-
regulation (Fig. 5D). These observations provided a probable
molecular explanation of the suboptimal response noted in our

Figure 5. Calcitriol treatment up-regulates CYP24A1 levels and increases tumor burden in Lsl-KrasG12D mouse lung tumor model. A, follow up of tumor
progression using noninvasive bioluminescence -fold change in LSL-KrasG12D/�; LSL-Rosa26-Luc/� tumor-bearing mice after 3 and 7 weeks post calcitriol
(0.625 mg/kg, i.p., every other day) compared with vehicle-treated mice (n � 4 mice per group). B, similar groups of mice were imaged using micro CT, either
prior to (left panels) or 2 weeks post calcitriol treatments. Increase in tumor volume and multiplicity were visible in calcitriol-treated group. C, representative
H&E-stained sections at 4� (scale bar, 500 �m) and 10� (scale bar, 200 �m) magnifications of LSL-KrasG12D mice lungs treated with vehicle (top) and calcitriol
(bottom). D, representative immunoblot showing CYP24A1 up-regulation in calcitriol-treated transgenic mice compared with vehicle control.
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clinical trial (39). Current mechanistic data led us to hypothe-
size that besides enzymatic activity, the physical presence of
CYP24A1 may be critical for promoting tumor cell prolifera-
tion. Identification of D-boxes in CYP24A1 helped us identify a
direct role of this protein in cell cycle regulation via regulating
APC/C complex. Additionally, we identified agents that can
physically destabilize CYP24A1 protein to inhibit tumor
growth. Furthermore, we noted higher expression of CYP24A1
Iso2, which lacks exon 10 and the catalytic cysteine, in lung
adenocarcinoma samples, supporting functional distinction
between normal vitamin D catalytic function from its oncogen-
ic/growth-promoting activity.

We also recognize certain limitations of our study; first, our
study does not provide any mechanistic insight why CYP24A1
behaves as a pseudo-substrate like EMI1 and ACM1 as opposed
to a true substrate for degradation. In a recent report it was
shown that during cell cycle progression, a dual negative feed-
back switch between CDH1 and EMI1 may be critical in cell
cycle commitment; during G1 phase, EMI1 level is lower
because of CDH1-mediated degradation, whereas during pro-
gression into S phase with higher CDK2 activity, there is an
increase in EMI1 mRNA expression, allowing EMI1-mediated
inhibition of CDH1 activity (40). As CYP24A1 levels oscillate
during cell cycle progression, future studies may be necessary to
understand the interaction between CYP24A1 and CDH1/
CDC20 and a possible involvement of posttranslational modi-
fications (e.g. phosphorylation) in the process. In our studies
using isoform-specific tagged cDNA constructs we noted dis-
tinct bands; the cause of such mobility shift is yet unknown.
Second, we noted overexpression of D#2 mutant of CYP24A1
causing accumulation of p21, which may be related to an
enhanced CDC20 degradation by the hyperactivated CDH1.
p21 has been implicated in mitochondrial biogenesis, where
loss of p21 causes aberrant increase in mitochondrial mass.
Further investigations may help establish these connections.
Finally, in vivo therapeutic efficacy of dual treatments with a
MEKi and simvastatin remains to be tested in preclinical lung
tumor models, which can identify lung cancer subsets (mutant
KRAS with CYP24A1 high), where such a strategy may provide
better therapeutic advantage prior to proceeding to the clinic.

Experimental procedures

Materials

Antibody to CYP24A1 (cat. no. ab203308) was obtained from
Abcam. Various cyclin antibodies, including cyclin E, A, and
B1, were purchased from Millipore. CDC20, SKP2, DRP1,
and GAPDH antibodies were from Santa Cruz Biotechnol-
ogy, and V5 and HA antibodies were purchased from Invit-
rogen. V5 and c-Myc agarose beads (cat. no. A-7345 and cat.
no. 631208, respectively) were from Millipore-Sigma and
Clontech, respectively.

Methods

Cell culture

Human embryonic kidney (HEK293) cells and lung adeno-
carcinoma A549, NCI-H441, and NCI-H727 were acquired
from the American Type Culture Collection. HEK293 cells

were grown in DMEM and A549, H441, and H727 cells were
grown in RPMI 1640 medium supplemented with 10% cosmic
calf serum. Mutant Kras (G12D)-inducible primary mouse pan-
creatic cancer cell lines (4292 and 9805) were cultured in
DMEM with 10% Tet FBS and mutant KRAS expression was
induced with addition of doxycycline (1 �g/ml) as and when
necessary. A day prior to experiments, cells were trypsinized
and plated onto cell culture dishes.

Site-directed mutagenesis

For overexpression of CYP24A1, pLX304 vector with human
CYP24A1 with in-frame–fused V5-tag was purchased from
DNASU (ASU Biodesign Institute, Arizona State University,
Tempe AZ) and control vector (pLX304) was obtained from
Addgene (Cambridge, MA). We have also used pCMV6-
CYP24A1 (Myc-DDK tagged) isoform 2 from OriGene Tech-
nologies (cat. no. RC225738). To insert site-specific mutation,
we have used QuikChange mutagenesis kit from Stratagene and
used according to manufacturer’s protocol. To confirm muta-
tions, isolated plasmids were sequenced at the University of
Michigan DNA sequencing core and analyzed.

Stable transfection

SK-Lu1 cells were plated in 12-well plate at the density of
50,000 cells/well and incubated overnight. Next day plasmids
were transfected using FuGENE 6 Transfection Reagent (Pro-
mega, Madison, WI) according to the manufacture’s protocol.
48 h after transfection cells were subjected to selection using
blasticidin (10 �g/ml).

Transient transfection

HEK293 cells were used from all transient transfection stud-
ies using calcium phosphate method as described previously.
Briefly, 150,000 cells were plated in 3.5-cm tissue culture dishes
in serum containing medium and incubated overnight. Next
day, cells were treated with chloroquine 1 h prior to addition of
DNA-calcium phosphate complex. Complexes were incubated
for 6 h prior to removal and replacement with complete growth
medium. Cells were then left for 48 h (unless mentioned other-
wise) prior to cell lysis and protein isolation.

Immunoblotting

For cells lysis we have used a lysis buffer containing 50 mM

HEPES.KOH, 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 1 mM

NEM, 1 mM NaF, 100 �M sodium orthovandate, 10% glycerol,
10 mM �-glycerophosphate, 20 mM ammonium molybdate,
0.1% Nonidet P-40, and protease inhibitor mixture. All samples
were sonicated for complete lysis and centrifuged to remove
debris, and supernatants were transferred to a fresh tube. Pro-
tein estimation was performed using the Bradford method. A
4� loading buffer containing 250 mM Tris (pH 6.8), 40% glyc-
erol, 4% SDS, 12.5 mM EDTA, 10% �-mercaptoethanol, and
0.08% bromphenol blue was added to each sample and boiled
for 5 min before snap freezing. Equal amounts (�g) of proteins
from each sample were then loaded to a 4 –12% pre-cast Bis-
Tris gel (Invitrogen). Proteins were then transferred to a PVDF
membrane, blocked with 5% BSA with 1% normal goat serum in
1� Tris-buffered saline (TBS) and 0.05% Tween 20 at room
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temperature for an hour. Membranes were incubated with 1
�g/ml primary antibody overnight at 4 °C. Next day mem-
branes were washed in 1� TBS with 0.05% Tween 20 (TBST)
and incubated with HRP-conjugated secondary antibody for
an hour at room temperature. Following, membranes were
washed three additional times with TBST, and bound antibody
was detected using an enhanced chemiluminescence agent.

Co-immunoprecipitation

For such studies 500 �g of total protein lysates were used,
which were normalized to the same volume. 1 �g of primary
antibody was then added to each sample and incubated over-
night at 4 °C. Next day, Sepharose Protein A/G beads were
washed three to four times using TBST, re-suspended and 100
ml of the bead suspension was added to each sample and incu-
bated for 45 min at 4 °C in a rotator. Beads were then washed
three times with lysis buffer, re-suspended in 1� sample load-
ing buffer and boiled for 5 min to release immunoprecipitated
proteins. Samples were then subjected to immunoblotting as
above using indicated antibodies. For certain studies, we have
used either V5- or Myc-tagged agarose beads.

Cell synchronization studies

Cell synchronization studies were performed as described
previously. Briefly, we followed a double-thymidine protocol.
First, we treated cells with 2 mM thymidine for 18 h, washed
once in PBS, and released into fresh media. After 9 h, we added
back 2 mM thymidine and further incubated for 15 h. For syn-
chronous progression into early S phase, cells were then
released into a fresh medium. Single cell suspensions were fixed
using ice-cold 70% ethanol at every 2 h post thymidine-release
and subjected to FACS analysis following counterstaining with
DAPI (4,6-diamidino-2-phenylindole) for total DNA content.
Total cell lysates were also prepared and subjected to immuno-
blot analyses for checking the cell cycle–regulated expressions
of different proteins.

In vitro ubiquitination assay

To obtain semi-purified APC we followed the previously
published procedure (41). Briefly, HeLa cells were treated with
thymidine (2.5 mM) for 24 h followed by nocodazole (60 ng/ml)
for 14 h. Cells were then released from nocodazole to fresh
medium for 3 h to reach G1 phase. To pull down APC complex
such synchronized cell lysates were immunoprecipitated with
anti-CDC27 antibody at 4 °C overnight. The pulldown protein
A/G beads were washed four times with TBS and were ali-
quoted to different tubes as a source of APC-CDH1. 0, 0.2, 0.5,
and 1 �g His-CYP24A were preincubated with the beads at
30 °C for 1 h. Then recombinant E1, E2, ubiquitin, His-Myc-
cyclin B (1–102), and energy regeneration mix (ATP, creatine
phosphokinase, phosphocreatine) were added to each reaction.
The reactions were incubated at 30 °C for 30 min in shaking.
The supernatant was collected and mixed with SDS sample
buffer and subjected to immunoblotting. Similarly, the beads
were also washed with TBS for four times before mixing with
SDS sample buffer and subjected to immunoblot analysis.

Maintenance of LSL-KrasG12D mice and tumor induction

All animal experiments were performed according to the
University of Michigan Committee on the Use and Care of Ani-
mals (UCUCA)–approved protocols (10412-1 and 08646) and
conform to their relevant regulatory standards. LSL-KrasG12D

mice were obtained from National Cancer Repository and
crossed with LSL-Rosa26-Luciferase (obtained from The Jack-
son Laboratory, stock no. 005152) to generate the compound
transgenic mice (LSL-KrasG12D/�; LSL-Rosa26Luc/�). For geno-
typing of the WT Kras and Cre-recombined LSL-KrasG12D, we
used three primers: 5�-GTCTTTCCCCAGCACAGTGC,
5�-CTCTTGCCTACGCCACCAGCT, and 5�-AGCTAGCCA-
CCATGGCTTGAGTAAGTCTGCA. For the detection of
LSL-Rosa26Luciferase allele primer sets of 5�-CGTGATCTGCA-
ACTCCAGTC and 5�-GGAGCGGGAGAAATGGATATG
were used.

To induce lung tumors 6- to 8-week-old mice were infected
with 3 � 107 plaque-forming unit adenovirus particles encod-
ing Cre recombinase via intranasal inhalation. In this model,
within 18 weeks of virus infection lung-specific KrasG12D onco-
protein expression initiated lung adenomas within the lung
parenchyma and atypical adenomatous hyperplasia.

Bioluminescence imaging

To observe tumor growth noninvasively, we used biolumi-
nescence imaging. Initially, mice were imaged first after 12
weeks and following that, weekly until we started detecting
tumors. For bioluminescence imaging, University of Michigan
Molecular Imaging Core facility was used, equipped with
PerkinElmer’s IVIS 200. Before imaging, mice were injected
with D-Luciferin (150 mg/kg) in PBS and anesthetized with
isofluorane/air mixture during the imaging period. To detect
peak luminescence, serial images were acquired for 20 min with
an interval of 2 min and were analyzed.

Micro CT analyses

For micro-CT imaging, a Siemens Invenon System was used
with the following parameters: 80 kVp, 500 �A, 400 ms expo-
sure, 360 projections over 360 degrees, and 49.2 mm field of
view. For the image analyses, in-house (MATLAB) software
with a threshold of �200 Housefield units was used, which
determined the tumor volume. For micro-CT, mice were
imaged at 2 weeks post calcitriol treatment following tumor
detection.

Clonogenic cell survival assay

Clonogenic survival assays were performed following the
plating of 250 cells in 35-mm cell culture dishes. A day follow-
ing plating, cells were either left untreated or treated with dif-
ferent doses of calcitriol/metformin either alone or in combi-
nation. 6 to 9 days later, cell colonies formed were fixed
(methanol:acetic acid/methanol, 7:1 ratio) and stained with a
crystal violet (0.5%, w/v) solution. Colonies were counted using
a stereomicroscope and the fraction of cell colonies formed
following different treatments were normalized to the survival
of the untreated control cells.
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Statistical analyses

The Student’s t test or paired t test was used to determine the
significance of differences between groups with 95% confidence
as the desired level of statistical significance. For protein half-
life study calculation, we used the Hill Equation (34), imple-
mented in Prism (GraphPad, San Diego, CA; version 8.0.0), as a
sigmoidal function on average protein intensities taken from
Western blotting images collected at set time points from treat-
ment initiation from three independent experiments.

Data availability: All data described in the manuscript are
located as a part of the main text, figures, and the supporting
figures.
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