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ABSTRACT

The modulation of VDR signaling is important in regulating tumor-related signal transduction and protecting
from microorganismal infection. In this study we discovered by luciferase reporter assay that several fused
bicyclic derivatives of 1H-pyrrolo[1,2-c]limidazol-1-one with the assistance of calcitriol result in up to three-fold
increases of VDR promoter activity. Preliminary SAR results from 20 compounds disclose that ideal VDR sig-
naling regulators of these compounds are built up by the optimal combination of multiple factors. Western blot
analysis indicates that compounds of ZD-3, ZD-4 and ZD-5 not only significantly upregulate p62 and LC3-II but
also elevate the ratio of LC3-II/LC3-I, which possibly leads to activated autophagy. All of five compounds also
significantly downregulate p65 and upregulate p-p65 and ZD-3 is the most active one to NF-kB signaling,
suggesting a possible induction of apoptosis through the regulation of NF-kB signal transduction mediated by
VDR signaling. Compounds of ZD-3, ZD-4 and ZD-5 significantly counteract the interference by VDR shRNA, in
which ZD-3 gets the highest compensation of VDR expression and the highest ratio of LC3-II/LC3-I, indicating
that ZD-3 very likely activates VDR-mediated autophagy. Taken together, these 1H-pyrrolo[1,2-c]imidazol-1-
one derivatives can modulate VDR signaling, possibly resulting in the regulation of some signal pathways to

induce autophagy and apoptosis.

1. Introduction

Vitamin D (VD) is a group of fat-soluble secosteroids and has been a
powerful weapon for the treatment of rickets and osteomalacia since its
first discovery in the 1920s-1930s. More broadly, VD is responsible for
increasing the intestinal absorption of calcium, magnesium, and phos-
phate, and several other biological effects.” In humans, the most im-
portant compounds of VD are vitamin D, (VD2, ergocalciferol), vitamin
D3 (VD3, cholecalciferol), and 1,25-dihydroxycholecalciferol (calcitriol
or abbreviated 1a,25-(OH),Ds, or 1,25-D3).? VD works as the natural
ligand of the vitamin D receptor (VDR, also called calcitriol receptor),
which is a ligand-dependent transcription factor and a member of the
nuclear receptor family of transcription factors.> Activated VDR by VD
undergoes a conformational change that promotes to form a hetero-
dimer with the retinoid-X receptor (RXR) and then binds to hormone
response elements on responsive gene DNA resulting in expression or
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transrepression of specific gene products. In addition to regulation of
transcriptional responses, VDR is also involved in microRNA-directed
post transcriptional mechanisms.*

VDR signaling has been taken as one of the most promising targets
to battle against cancer, and some VDR ligands (agonists and antago-
nists or other modulators) have been demonstrated as anticancer
agents.” It is proposed that the VDR gene is a determinant of survival in
pancreatic cancer patients and plays a modulatory role of the VD
pathway for the survival of advanced pancreatic cancer patients.®
Multiple pre-clinical studies have demonstrated that calcitriol mod-
ulates normal mammary gland development and sensitivity to carci-
nogenesis, which imply calcitriol and its analogs anti-breast cancer
potential.” A systematic review and network meta-analysis concluded
that VDR genetic polymorphisms can be used to predict the transfor-
mation or prognosis of patients with breast cancer and ovarian cancer.®
It is more important that dietary vitamin D supplementation in mice
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increases the basal levels of autophagy in the normal mammary gland,
indicating the role of vitamin D and the VDR in modulating autophagy
and the potential of vitamin D as a cancer-preventive agent.’ Studies
showed that vitamin D and the analog of EB 1089 can sensitize breast
cancer cells to radiation through the promotion of a cytotoxic form of
autophagy.'® By contrast, calcitriol and EB 1089 enhance radiation
sensitivity to non-small cell lung cancer (NSCLC) cells due to cytostatic
autophagy induced by radiation in combination with either calcitriol or
EB 1089.'" Results from a randomized, double-blind, and placebo-
controlled trial have suggested that vitamin D supplementation may
improve the survival of NSCLC patients with early stage lung adeno-
carcinoma with lower calcitriol levels.'*

As VD/VDR signaling promotes immune response, the signaling
plays important role in protecting from infection by microorganism.
Clinical outcomes of dengue virus (DENV) infection are associated with
VDR gene polymorphisms and calcitriol reduces dengue virus infection
in human cells.'® Risk of HIV1 infection and rate of disease progression
are also related with VDR polymorphism.'** It is revealed that some
antiviral molecules correlated with VD/VDR signaling pathway genes
are potentially participating in natural resistance to HIV-1.'*" Defi-
ciency of VD and decreased level of VDR were observed in patients with
hepatitis C virus (HCV) and HCV-hepatocellular carcinoma (HCC) pa-
tients while a significant reduction in the serum concentration levels of
microtubule-associated protein 1A/1B-light chain 3 (LC3) (a marker of
autophagy) and caspase-3 (a marker of apoptosis) was referred to the
downregulation of autophagy and apoptosis in HCV patients with or
without HCC."® The relationship between VDR and inflammation re-
flects the pivotal association of VD/VDR signaling and inflammatory
bowel disease (IBD).'° Studies have found that VDR protein level is
decreased in lungs of patients with chronic obstructive pulmonary
disease (COPD) while dietary vitamin D may regulate epigenetic events,
in particular on genes which are responsible for COPD susceptibility,
and VD has also been implicated in reversal of steroid resistance and
airway remodeling, which are the hallmarks of COPD and severe
asthma.'” Recent research indicates that VDR acts as a key modulator of
inflammation and f cell survival and VDR ligand can promote VDR
association important roles in potential protection of P cell for diabetes
treatment.'®

These findings demonstrate the pathogenic function of low VDR
expression and VD/VDR signaling dysfunction observed in many dis-
eases as well as their progression. Therefore, VDR ligands are becoming
attractive therapeutics in many clinical fields and some VDR ligands
have been biologically evaluated as drug candidates.’® Although se-
costeroidal candidates exhibit efficient VDR activity in in vitro and in
vivo studies, the secosteroidal skeleton exists some limitations due to
their synthetic inconvenience, structural complexity, chemical in-
stability, and potential hypercalcemia risk in clinical application. On
the other hand, a lot of nonsecosteroidal skeleton vitamin D mimics'®*°
were designed and discovered in recent years as novel nonsecosteroidal
VDR ligands, which possess low calcium mobilization and simple
structures. Besides direct interaction between VDR and its specific li-
gand, a clinical drug of astemizole was discovered to synergize the anti-
tumor effect of VD in HCC by inhibiting miR-125a-5p-meidated reg-
ulation of VDR,*'* and the synergistic effect of bryostatin-1 with VD3
may play an important role in inducing the monocytic differentiation of
NB4 acute promyelocytic leukemia cells.>”

In our previous study,*** ZD-7, ZD-8 and ZD-9 (Scheme 1), deri-
vatives of 1H-pyrrolo[1,2-c]limidazol-1-one, as the fused bicyclic of
pyrrolidine and 4-imidazolidinone, were demonstrated as NS2B-NS3
protease inhibitors of DENV-II and ZD-7 is active against wild type
DENV-II infection. In this study, we extend our exploration of struc-
ture—activity relationship (SAR) of these 1H-pyrrolo[1,2-c]imidazol-1-
one derivatives. Our further study found that six new synthesized
compounds and one known compound function regulatory activity of
VDR signaling.
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2. Results and discussion
2.1. Design and synthesis of new derivatives

In order to increase the diversity, furan and thiophene were in-
troduced and different substituents at phenyl were explored.
Furthermore, methenylene was inserted between the ring and phenyl
for testing the flexibility of the basic scaffold. Dimer of 1H-pyrrolo[1,2-
c]limidazol-1-one basic structure was explored to envisage possible
extra binding to VDR signaling. Considering that methionine (Met)
residue potentially increases the lipo- and hydro-solubility and also can
improve the activity in previous report,??> Met residue was introduced.
Among these structures, four compounds of ZD-5, ZD-8, ZD-15 and ZD-
16 are alkyl acetals and others are aromatic acetals.

Nine known compounds of ZD-7 to ZD-15 were prepared pre-
Viously.ZZ” As shown in Scheme 1, nine new compounds of ZD-1, ZD-2,
ZD-5, ZD-6, ZD-16 to ZD-19, and ZD-21 were synthesized modified
from the previously reported procedure.?*” Briefly, the condensation of
Boc-1-proline with p-nitroaniline provided the first intermediate, which
was followed by the deprotection of Boc group in the presence of tri-
fluoroacetic acid (TFA) to yield the TFA salt of the second intermediate.
Afterwards, in the catalysis of triethylamine (TEA), corresponding al-
dehydes reacted at 80 °C in toluene with the TFA salt to afford com-
pounds of ZD-1, ZD-2, ZD-5, ZD-6, and ZD-16 to ZD-19, and ZD-21,
respectively. Among them, two dimers of ZD-16 and ZD-17 were pre-
pared by 2.0 equivalent of the TFA intermediate with 1.0 equivalent of
distinct dialdehyde. Furthermore, condensation of ZD-6 with N-Boc-L-
methionine gave the intermediate ZD-20 and deprotection of Boc group
of ZD-20 by HCI (g) in ethyl acetate provided ZD-3 as a hydrochloride
salt; meanwhile, removal of Boc by HCI (g) in ethanol from ZD-21 and
then condensation with N-Boc-i.-methionine by using isobutyl chlor-
oformate (IBCF)** gave ZD-4. As we demonstrated before,*** the major
isomers at C3-H and C7a-H of all these compounds (Scheme 1) are in
trans configuration by comparison with the configuration of ZD-10,
which was determined by the crystal structure (CCDC deposition
number 1474483).

2.2. VDR signaling regulation and preliminary SAR

After compounds were synthesized, it was found that eleven new
synthesized compounds of ZD-1 to ZD-6 and ZD-16 to ZD-20 are not
active against DENV-II NS2B-NS3 protease (data not shown) as six
known compounds of ZD-11 to ZD-15, even though two known com-
pounds ZD-7 and ZD-8 are DENV-II NS3-NS2B protease inhibitors and
one known compound ZD-9 is a weak NS2B-NS3 inhibitor.”** With
these results, we turned our attention to revealing whether there is any
interesting and important biological function of eleven new synthesized
compounds and nine known compounds.”*® Considering the im-
portance of VDR signaling, VDR was selected as the first representative
to test the activity of these compounds. HeLa cell lines stably harboring
the luciferase reporter plasmid with VDR response elements®* were
constructed for the study. We utilized the luciferase reporter to examine
the activity of eleven new compounds of ZD-1 to ZD-6 and ZD-16 to
ZD-20 and also nine known compounds of ZD-7 to ZD-15 to VDR sig-
naling pathway after their cytotoxicities (CCy;o) to HeLa cells were
firstly determined that none of these compounds show detectably cy-
totoxicity to HeLa cells with CC;, values of higher than 10 uM (Table S1
in Supplementary data).

It was discovered at first that all of these compounds alone are not
obviously active to VDR (blue curves in Fig. 1, treatment with 0.1%
DMSO vehicle control as background); however, it is interesting that
the luciferase reporter expression is agonized/enhanced by ZD-1 to ZD-
7 with 10 uM of each compound in a concentration-dependent manner
when 200 nM of calcitriol was simultaneously applied (red curves in
Fig. 1, treatment with calcitriol alone control as background). Whereas,
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Scheme 1. Synthesis of 1H-pyrrolo[1,2-climidazol-1-one derivatives. Reagents and condition: (i) DCC, DMAP, anhydrous DCM, rt, 2 h. (ii) TFA, anhydrous DCM, 2 h.
(iii) Aldehyde, TEA, 80 °C. (iv) (a) ZD-6, DCM, N-Boc-L-methionine, EDC, DMAP, rt, 2 h; (b) ZD-20, HCI (g) in EtOAc, 0 °C, 15 min. (v) (a) ZD-21, HCI (g) in EtOH, rt,
1.5h; (b) DCM, TEA, N-Boc-L-methionine, IBCF, 0 °C, 12h. (The position number in the compound refers to ZD-7.)

eight known compounds of ZD-8 to ZD-15 and five new compounds of 7%2* induce relative lower enhancements of VDR promoter activity.
ZD-16 to ZD-20 do not exhibit regulatory activity to VDR signaling in Importantly, 10 uM of ZD-3 or ZD-5 gives rise to almost 2.5-3.0 fold

the experiments. These results (Fig. 1) suggest that this specific mode of increase of VDR promoter activity.

action by these compounds of ZD-1 to ZD-7 may be achieved via their The structural difference between ZD-1 and ZD-18 is one atom by
synergistic action with calcitriol to stimulate VDR activity, or/and their oxygen in furan and sulfur in thiophene, which makes ZD-1 with furan
allosteric or/and direct binding to agonize VDR function. Among these be active VDR regulator but ZD-18 bearing thiophene be inactive
VDR signaling regulators, compounds of ZD-1 to ZD-5 exhibit higher compound, possibly resulting from that furan can act as an acceptor of
increment of VDR expression; whereas, ZD-6 and known compound ZD- hydrogen-bond. Meanwhile, ZD-6 with 4’-hydroxy phenyl is a weak
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Fig. 1. The relative VDR promoter activity of compounds (A) ZD-1, (B) ZD-2, (C) ZD-3, (D) ZD-4, (E) ZD-5, (F) ZD-6, and (G) ZD-7 in the presence (red curve,
calcitriol alone control as background) or absence (blue curve, 0.1% DMSO control as background) of 200 nM calcitriol for 24 h. The results are presented as
mean * S.D. from at least three independent experiments. (Compounds of ZD-1 to ZD-6 are the new synthesized compounds while compound ZD-7%? is the known

compound.)

VDR regulator but ZD-9 without substitution at phenyl, ZD-10 with 4’-
chlorophenyl, and ZD-11 bearing 4’-methoxy phenyl are inactive
compounds, suggesting that 4’-hydroxyl group may play a role for ZD-6
in regulating VDR signaling. Interestingly, ZD-2 with one more 3-
methoxy group is much more active VDR regulator than ZD-6. 4'-
Nitrophenyl compound of ZD-7 is a weak VDR signaling regulator but
3’-nitrophenyl compound of ZD-14 and 2’-nitrophenyl compound of
ZD-19 are not active to VDR signaling. Moreover, ZD-12 with 4’-i-Pr as
a weak electron-donating group (EDG) and ZD-14 with 4’-CF3 as a
strong electron-withdrawing group (EWG) do not exhibit VDR signaling
regulation activity. Insertion of methylene linker at C3 position makes
ZD-5 become very active VDR regulator but makes ZD-8 (an NS2B-NS3
protease inhibitor) and ZD-15 be inactive to VDR signaling, indicating
that alkyl acetal at C3 by methylene elongation can increase the activity
and suitable substitution at benzyl is very important to VDR regulation.
Meanwhile, VDR regulatory difference of two nitro compounds of ZD-7
(a weak VDR regulator) and ZD-15 (an inactive VRD regulator) suggests
beneficial function of methylene linker depends on the substitution at
arene. Two dimers of ZD-16 and ZD-17 are not active to VDR signaling,
implying the extra recognition cannot establish by these dimers. It is
noteworthy that introduction of Met residue is a valuable modification
that ester ZD-3 derived from phenol ZD-6 is a very active VDR regulator
and Boc-protected amide ZD-4 prepared from ZD-21 is also a good VDR
regulator. Different from Boc-protected amide ZD-4, Boc-protected
ester ZD-20 is inactive VDR regulator, imply that amide bond and ester
bond may affect the orientation of Met residue on the interaction with
VDR signaling pathway. As summarized in Fig. 2, these preliminary
SAR results show that the VDR regulatory activity of these compounds
depends on optimal combination of arene feature, substituents at arene,
side chain and distinct connection.

2.3. Western blot analysis of VDR signaling regulation by ZD-1 to ZD-5

With the understandings of VDR signaling regulation by these
compounds, some key signaling factors associated with VDR by five
potent compounds of ZD-1 to ZD-5 were studied in HeLa cells by
Western blot (Fig. 3). First, the expression levels of p62 and LC3 con-
nected with autophagy were examined. LC3 initially yields the cytosolic
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form LC3-1.%° As such, LC3 and the ratio of LC3-1I/LC3-I are considered
to be crucial markers of autophagy and a higher LC3 II/1I ratio indicates
autophagy induction.?® The protein p62 is an adaptor destined for
consumption by the autophagosome machinery mediated possibly by
ubiquitin—-p62-LC3 interactions, and the upregulation/accumulation of
p62 can be used as a marker of autophagosomal clearance.?” Therefore,
autophagy can be estimated by the observation of p62 and LC3. In
comparison with two vehicle controls in the presence or absence of
200 nM of calcitriol, calcitriol alone does not obviously affect the ex-
pression levels of p62 and LC3. Based on the vehicle control with
200 nM calcitriol, p62 expression is significantly enhanced by treatment
with 10 uM of all of five compounds. Among them, 10 uM of ZD-2 or
ZD-4 is more active in activating p62 expression. The expression of
LC3-II is significantly enhanced by 10 uM of all of five compounds while
LC3-1I expression is significantly enhanced by 10 uM of ZD-1 to ZD-4 but
the enhancement by 10 uM of ZD-5 is not significant. Importantly, the
LC3-II/LC3-I ratios in the treatment with ZD-3, ZD-4 and ZD-5 are
dramatically higher, which indicates possibly more activated autop-
hagy. These results suggest that this series of compounds are able to
induce autophagy.

NF-kappaB (NF-xB) are involved in the control of immune and in-
flammatory responses, developmental processes, cellular growth, and
apoptosis; while incorrect regulation of NF-kB signal pathway is linked
to cancer, inflammatory and autoimmune diseases, viral infection, and
other related improper immune reactions. Importantly, evidences show
that two signal pathways of VDR and NF-kB are sometimes interactive
and cross-talking.”® Moreover, the fact was observed that VDR and VD
downregulate/inhibit NF-xB activity to induce apoptosis and autop-
hagy.?® Therefore, we were interested in Western blot results for the
influences of these compounds on p65 and phospho-p65 (p-p65) of NF-
kB signaling. As shown in Fig. 3, the expression of p65 is significantly
decreased while that of p-p65 is notably enhanced by the application of
200 nM of calcitriol alone; meanwhile, the expression of p65 is sig-
nificantly decreased while that of p-p65 is potently increased by the
simultaneous application of 10 uM of these five compounds and 200 nM
of calcitriol. Among these compounds, ZD-3 reduces the lowest level of
p65 and ZD-2 increases the highest level of p-p65. Overall, these data
indicate that calcitriol promotes the connection of these compounds
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with NF-kB signaling and these compounds also can induce apoptosis
through regulating NF-xB signal transduction mediated by VDR sig-
naling.

2.4. Interference of VDR shRNA on VDR signaling regulation by these
compounds

By using the interfering RNA technique (Fig. 4), we further in-
vestigated whether VDR signaling mediates the regulation of autop-
hagy-related key factors of p62 and LC3. As expected, calcitriol sig-
nificantly agonizes VDR while VDR shRNA significantly knocks down
VDR. As predicted, calcitriol significantly rescues VDR from the
knockdown by VDR shRNA even though the rescue cannot make full
regain of VDR. In contrast to the activation of VDR, calcitriol almost
does not affect p62 and LC3-I but slightly upregulates LC3-II. VDR
shRNA knocks down VDR expression and the knockdown of VDR by its
shRNA is partially but significantly counteracted by calcitriol. VDR
shRNA considerably downregulates p62 and LC3-I, whereas the
knockdown effect of VDR shRNA on p62 is not obviously affected by
calcitriol while that on LC3-I is obvious but not significant. Moreover,
VDR shRNA alone or calcitriol alone or their combination upregulates
LC3-II but does not significantly affect LC3-II. Considering that HeLa
cells undergo autophagy induced by Torin (an effective inducer of au-
tophagy), the simultaneous application of Torin and VDR shRNA sig-
nificantly downregulates VDR, p62 and LC3-I while obviously upregu-
lates LC3-1I. Furthermore, compared with the vehicle with calcitriol and
VDR shRNA, compounds of ZD-1 and ZD-2 almost do not affect VDR
expression by the interference of VDR shRNA; whereas three com-
pounds of ZD-3, ZD-4 and ZD-5 significantly rescue VDR expression
from the knockdown by VDR shRNA. This finding indicates that ZD-3,
ZD-4 and ZD-5 increase the efficacy of the expression and function of
VDR by specific mechanism/s. Compound ZD-3 exhibits the highest
activity among these compounds and even induces much higher VDR
level than the vehicle with calcitriol agonist but without shRNA.
However, p62 expression levels are not affected obviously by these
compounds compared with the VDR shRNA vehicles with or without
calcitriol. In comparison with the respective vehicle with calcitriol and
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VDR shRNA, all of five compounds upregulate LC3-I expression and the
smaller increments are made by ZD-3 and ZD-5 but the higher incre-
ments are produced by ZD-2 and ZD-4, while four compounds of ZD-1
to ZD-4 significantly upregulate but ZD-5 downregulates LC3-II ex-
pressions. Among these, the highest ratio of LC3-1I/LC3-I is made by
ZD-3; hence, this result is at least in part parallel with the highest
rescue by ZD-3 of VDR expression from the interference of VDR shRNA.
The decreasing order of LC3-1I/LC3-I ratio is by ZD-3, ZD-1, ZD-4, ZD-2
and ZD-5. Altogether, we can conclude that these compounds could
interact with VDR signaling pathway by the distinct mechanism/s to
significantly affect LC3 ratio and other key signals and subsequently to
induce autophagy and apoptosis.

3. Conclusion

In this study, we discovered that the derivatives of 1H-pyrrolo[1,2-
c]limidazol-1-one can modulate VDR signaling up to more than three-
fold augments with the assistance of calcitriol. Preliminary SAR results
reveal that the VDR regulatory activity of these compounds depends on
optimal combination of arene feature, substituents at arene, side chain
and distinct connection. Western blot analyses indicate that five com-
pounds of ZD-1 to ZD-5 significantly upregulate p62 and LC3-II, and
three compounds of ZD-3, ZD-4 and ZD-5 exhibit the higher ratio of
LC3-II/LC3-1, which suggests possibly higher activation of autophagy.
In addition, five compounds significantly downregulate p65 and upre-
gulate p-p65, suggesting there is possible induction of VDR-mediated
apoptosis by regulating the NF-xB signal transduction. In accordance
with above, ZD-3 is the most active one to NF-kB signaling. The in-
terfering study by VDR shRNA demonstrates that compounds of ZD-3,
ZD-4 and ZD-5 significantly make up for the reduction of VDR ex-
pression knocked down by VDR shRNA, in which ZD-3 obtains the
highest compensation of VDR expression, followed by the induction of
the highest ratio of LC3-II/LC3-I for autophagy. Considering that higher
VDR augment is parallel to higher LC3-II and LC3-II/LC3-I ratio from
the data, it implies that VDR signaling mediates the regulation of au-
tophagy-related key factors of LC3-I and LC3-II. Hence, these com-
pounds indeed have the regulatory functions on VDR and related factors
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Fig. 3. (A) Expression level of p62, LC3, NF-xB p65 and p-p65 with the treat-
ment of 10 uM of compounds of ZD-1 to ZD-5 in HeLa cells for 4 h. GAPDH blot
was used as internal loading control. (B) Band intensity was normalized to that
of GAPDH. The results are representatives of two separate experiments (",
p < 0.05; ", p < 0.1 compared with the vehicle treatment).

by synergistic, direct, or/and indirect/allosteric interaction, which
exert some important effects on cellular life expectancy. Modulation of
VDR signaling is important in regulating tumor-related signal trans-
duction and protecting from microorganismal infection by immune
response, therefore, the scaffold of 1H-pyrrolo[1,2-c]limidazol-1-one
has a potential for anti-cancer treatment and anti-infection strategy. In
conclusion, these results highlight the importance of these novel
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skeleton compounds and they can provide novel tools for insights into
the role of VDR signaling in cancer and infectious diseases.

4. Materials and methods
4.1. General information for chemistry

'H and '>C NMR spectra were recorded on a Bruker AV-400 spec-
trometer at 400 and 100 MHz, respectively, in CDCl3, CD30D, (CD3)>SO
and CgDg as indicated. Coupling constants (J) are expressed in hertz
(Hz). Chemical shifts (§) of NMR are reported in parts per million (ppm)
units relative to the solvent. The high resolution of ESI-MS was re-
corded on an Applied Biosystems Q-STAR Elite ESI-LC-MS/MS mass
spectrometer, respectively. Unless otherwise noted, materials were
obtained from commercial suppliers and used without further pur-
ification. Melting points were measured using an YRT-3 melting point
apparatus (Shanghai, China) and were uncorrected. HPLC conditions
for analysis of the purity of ZD-1 to ZD-6: Sunfire C18 column
(4.6 x 250 mm, 5um), elution by 60% acetonitrle with 40% purified
water, rate = 1.0 mL/min, detection wavelength of 220 nm.

4.2. General preparation for compounds of ZD-1, ZD-2, ZD-5, ZD-6, ZD-
16 to ZD-19, and ZD-21

The synthesis is modified from the published procedures.””* The
TFA salt intermediate (250 mg, 0.9 mmol) was dissolved in 10 mL
acetonitrile, then corresponding aldehyde (1.1 mmol, 1.2 equiv) and
0.2 mL triethylamine (1.4 mmol, 1.5 equiv) were added to the solution.
The reaction mixture was stirred at 70 °C for 2 h. Upon completion, the
reaction mixture was diluted with ethyl acetate (100 mL), the resulting
solution was washed with water (50 mL), saturated aqueous NaHCO3
solution (100mL) and brine (50mL), then dried over anhydrous
Na,SO4, and filtered. The solvent is removed in vacuo to give the crude
product. The residue was further purified by column chromatography
on silica gel to give ZD-1, ZD-2, ZD-5, ZD-6, ZD-16 to ZD-19, and ZD-
21.

4.2.1. (3R,7aS)-3-(Furan-2-yD)-2-(4-nitrophenyl)hexahydro-1H-pyrrolo
[1,2-c]imidazol-1-one (ZD-1)

40% yield, white solid, m.p. 142.0-143.0 °C. 'H NMR (400 MHz,
Methanol-d,) 6 8.22 (d, J = 9.4 Hz, 2H), 7.88 (d, J = 9.4 Hz, 2H), 7.48
(dd, J = 1.8, 0.8 Hz, 1H), 6.44 (d, J = 3.3 Hz, 1H), 6.36 (dd, J = 3.3,
1.9 Hz, 1H), 6.27 (s, 1H), 4.19 (dd, J = 9.1, 4.2 Hz, 1H), 3.45-3.37 (m,
1H), 2.91 (m, 1H),2.33-2.20 (m, 1H), 2.20-2.12 (m, 1H), 1.94-1.84 (m,
2H); *C NMR (101 MHz, Methanol-d,) § 177.0, 152.4, 145.6, 144.6,
144.3, 125.5, 121.9, 111.5, 109.9, 77.5, 66.1, 56.2, 28.6, 25.6; HRMS
(ESI) m/z found 314.1138 [M+H]", calculated for C;gH;6N304
314.1141. The purity analyzed by HPLC is higher than 98%.

4.2.2. (3R,7aS)-3-(4-hydroxy-3-methoxyphenyl)-2-(4-nitrophenyl)
hexahydro-1H-pyrrolo-[1,2-c]imidazol-1-one (ZD-2)

53% yield, white solid, m.p. 187.0-189.0 °C. 'H NMR (400 MHz,
DMSO-dg) 6 9.06 (s, 1H), 8.20 (d, J = 9.3 Hz, 2H), 7.85 (d, J = 9.3 Hz,
2H), 6.90 (d, J =1.6Hz, 1H), 6.67 (d, J = 8.1 Hz, 1H), 6.62 (dd,
J = 8.1, 1.9Hz, 1H), 6.08 (s, 1H), 4.02 (dd, J = 9.0, 4.1 Hz, 1H), 3.72
(s, 3H), 3.28-3.24 (m, 1H), 2.82 (m, 1H), 2.12-2.04 (m, 1H), 2.01-1.95
(m, 1H), 1.85-1.76 (m, 1H), 1.75-1.67 (m, 1H); °C NMR (101 MHz,
DMSO-dg) § 175.4, 147.8, 146.6, 143.4, 142.9, 130.1, 124.5, 120.4,
118.4,115.3,110.8, 81.7, 63.7, 55.6, 55.0, 27.3, 24.3; HRMS (ESI) m/z
found 370.1398 [M+H]", calculated for C,oH;0N305 370.1403. The
purity analyzed by HPLC is higher than 98%.

4.2.3. (3R,7aS)-3-(3,4-Dimethoxybenzyl)-2-(4-nitrophenyl) hexahydro-
1H-pyrrolo[1,2-c]- imidazol-1-one (ZD-5)

68% yield, white solid, m.p. 152.0-153.0°C. 'H NMR (400 MHz,
DMSO-dg) 6 8.30 (d, J = 9.2 Hz, 2H), 8.02 (d, J = 9.3 Hz, 2H), 6.81 (d,
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Fig. 4. (A) Expression levels of VDR, p62, and LC3 (upper band: LC3-1, lower band: LC3-II) were analyzed. HeLa cells were transiently transfected with VDR shRNA or
control shRNA for 4 days prior to treatment. HeLa cells were then treated with 10 uM of ZD-1 to ZD-5 in combination with 200 nM calcitriol in HeLa cells for 4 h.
Treatment with 100 nM of Torin 1 was used as positive control. B-Actin blot was used as internal loading control (“indicate non-specific band). (B) Band intensity was
normalized to that of B-Actin. Results are representatives of two separate experiments (", p < 0.05 between treatments; #, p < 0.05 to calcitriol treatment).

J = 8.7 Hz, 1H), 6.73-6.65 (m, 2H), 5.54 (dd, J = 5.8, 4.1 Hz, 1H), 3.69
(s, 3H), 3.67 (s, 3H), 3.53 (dd, J = 9.3, 4.2 Hz, 1H), 3.18-3.07 (m, 1H),
2.91-2.82 (m, 2H), 2.64 (m, 1H), 2.07-1.94 (m, 1H), 1.86-1.74 (m,
1H), 1.70-1.60 (m, 2H); 13C NMR (101 MHz, DMSO-dg) 8 175.5, 148.3,
147.6, 143.4, 142.9, 128.5, 124.8, 122.1, 120.4, 113.5, 111.6, 81.0,
64.2, 55.4, 55.2, 38.7, 27.3, 24.4; HRMS (ESI) m/z found 398.1709 [M
+H] ", calculated for Cy;H,4N30s 398.1716. The purity analyzed by
HPLC is higher than 98%.

4.2.4. (3R,7aS)-3-(4-Hydroxyphenyl)-2-(4-nitrophenyl)hexahydro-1H-
pyrrolo[1,2-c] imidazol-1-one (ZD-6)

73% yield, white solid, m.p. 198.0-200.0 °C. 'H NMR (400 MHz,
DMSO-dg) § 9.51 (br s, 1H), 8.20 (d, J = 9.3Hz, 2H), 7.85 (d,
J = 9.3Hz, 2H), 7.10 (d, J = 8.6 Hz, 2H), 6.69 (d, J = 8.5 Hz, 2H), 6.12
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(s, 1H), 3.97 (dd, J = 9.1, 4.2Hz, 1H), 3.27-3.23 (m, 1H), 2.81 (m,
1H), 2.14-2.04 (m, 1H), 2.01-1.92 (m, 1H), 1.83-1.76 (m, 1H),
1.73-1.65 (m, 1H); '*C NMR (101 MHz, DMSO-dg) § 175.5, 157.3,
143.4,142.9, 129.6, 127.6, 124.6, 120.3, 115.4, 81.5, 63.7, 54.9, 27.3,
24.3; HRMS (ESI) m/z found 362.1111 [M+Na]™*,calculated for
C18H;7N3NaO,4 362.1117. The purity analyzed by HPLC is higher than
95%.

4.2.5. (3R,3’R,7aS,7a'S)-3,3’-(propane-1,3-diy)bis(2-(4-nitrophenyl)
hexahydro-1H-pyrrolo [1,2-c]imidazol-1-one) (ZD-16)

45% yield, white solid, m.p. 101.9-102.8 °C. 'H NMR (400 MHz,
DMSO-dg) § 8.29-8.23 (m, 4H), 7.97-7.91 (m, 4H), 5.20 (d, J = 8.3 Hz,
2H), 4.00-3.96 (m, 2H), 3.16-3.06 (m, 2H), 2.68-2.58 (m, 2H),
2.15-2.02 (m, 2H), 1.89 (m, 2H), 1.76-1.48 (m, 10H); '*C NMR
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(101 MHz, DMSO- dg) § 175.0, 143.3, 142.9, 124.7, 120.2, 80.5, 64.0,
55.0, 32.9, 27.1, 24.4, 20.3; HRMS (ESI) m/z found 535.2300 [M
+H]™", calculated for CoyH31NgOg, 535.2305.

4.2.6. (3R,3’R,7aS,7a'S)-3,3’-(1,4-phenylene)bis(2-(4-nitrophenyl)
hexahydro-1H-pyrrolo [1,2-c] imidazol-1-one) (ZD-17)

40% yield, white solid, m.p. 157.4-158.2°C. 'H NMR (400 MHz,
CDCl3) & 8.20-8.13 (m, 4H), 7.75-7.68 (m, 4H), 7.32 (s, 4H), 5.82 (s,
2H), 3.93 (t, J = 6.6Hz, 2H), 3.52 (m, 2H), 2.90-2.80 (m, 2H),
2.26-2.16 (m, 4H), 1.98-1.85 (m, 4H); 13C NMR (101 MHz, CDCl3) &
175.7, 143.7, 143.2, 139.0, 127.0, 124.9, 119.3, 82.1, 76.7, 63.9, 56.0,
27.2, 24.8; HRMS (ESI) m/z found 591.1963 [M+ Na] ", calculated for
C30H,sNgNaOg, 591.1968.

4.2.7. (3R,7aS)-2-(4-nitrophenyl)-3-(thiophen-2-yDhexahydro-1H-pyrrolo
[1,2-c]imidazol-1-one (ZD-18)

43% yield, white solid, m.p. 133.4-135.1 °C. 'H NMR (400 MHz,
CDCl3) & 8.27-8.17 (m, 2H), 7.84-7.76 (m, 2H), 7.30 (dd, J = 4.3,
2.0 Hz, 1H), 6.96-6.90 (m, 2H), 6.08 (s, 1H), 4.14 (dd, J = 8.9, 4.3 Hz,
1H), 3.55-3.45 (m, 1H), 2.88-2.78 (m, 1H), 2.34-2.15 (m, 2H),
2.02-1.87 (m, 2H); *C NMR (101 MHz, CDCls) § 175.4, 143.9, 143.2,
142.5, 127.1, 126.4, 125.4, 124.8, 119.9, 78.8, 64.5, 55.2, 27.3, 24.9;
HRMS (ESI) m/z found 330.0960 [M-+H]", calculated for
C16H16N305S, 330.0912.

4.2.8. (3R,7aS)-3-(2-nitrophenyl)-2-(4-nitrophenylDhexahydro-1H-
pyrrolo[1,2-c]imidazol-1-one (ZD-19)

50% yield, white solid, m.p. 163.4-164.7 °C. 'H NMR (400 MHz,
CDCl3) 6 8.28-8.22 (m, 2H), 8.20-8.15 (m, 1H), 7.87-7.78 (m, 2H),
7.64-7.52 (m, 2H), 7.20-7.13 (m, 1H), 6.83 (s, 1H), 3.89 (s, 1H), 3.62
(s, 1H), 2.94 (m, 1H), 2.32-2.21 (m, 2H), 1.96 (q, J = 7.0, 6.1 Hz, 2H);
13C NMR (101 MHz, CDCl3) § 176.6, 148.8, 143.8, 143.4, 133.5, 133.0,
129.9, 126.2, 126.0, 125.1, 118.7, 78.0, 63.9, 56.1, 27.2, 24.9; HRMS
(ESI) m/z found 369.1195 [M+H]*, calculated for C;gH;7N4Os,
369.1199.

4.2.9. tert-Butyl(4-((3R,7aS)-2-(4-nitrophenyl)-1-oxohexahydro-1H-
pyrrolo[1,2-c]imidazol-3-yDphenyl)carbamate (ZD-21)

77% yield, white solid, m.p. 86.0-88.0°C. 'H NMR (400 MHz,
DMSO-dg) § 9.37 (s, 1H), 8.19 (d, J = 9.3 Hz, 2H), 7.84 (d, J = 9.3 Hz,
2H), 7.38 (d, J = 8.4 Hz, 2H), 7.19 (d, J = 8.6 Hz, 2H), 6.15 (s, 1H),
4.00 (dd, J =9.1, 4.2Hz, 1H), 3.28-3.23 (m, 1H), 2.84 (m, 1H),
2.14-2.05 (m, 1H), 2.03-1.94 (m, 1H), 1.84-1.77 (m, 1H), 1.73-1.67
(m, 1H), 1.44 (s, 9H); 13C NMR (101 MHz, DMSO) é§ 175.5, 152.7,
143.3, 143.0, 139.5, 132.8, 126.8, 124.6, 120.4, 118.2, 81.4, 79.2,
63.8, 55.1, 28.1, 27.3, 24.3; HRMS (ESI) m/z found 439.1978 [M
+H] " ,calculated for Cy3H,,N4O5 439.1981.

4.3. Synthesis of ZD-20 and ZD-3 from ZD-6

4.3.1. 4-((3R,7aS)-2-(4-nitrophenyl)-1-oxohexahydro-1H-pyrrolo[1,2-c]
imidazol-3-yl)- phenyl (tert-butoxycarbonyl)-L-methioninate (ZD-20)

To the solution of N-Boc-t-Methionine (200 mg, 0.8 mmol) and ZD-6
(180 mg, 0.5mmol) in anhydrous dichloromethane (5mL), 1-(3-di-
methylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI)
(120 mg, 0.6 mmol) and4-Dimethylaminopyridine (DMAP) (7 mg,
0.05 mmol) were added, then the reaction mixture was stirred at 25 °C
for 2h. After thatthe mixture was diluted with ethyl acetate (50 mL)
and washed with water (50 mL), saturated aqueous NaHCO3; (50 mL)
and brine (50 mL), then dried over Na,SO,, and filtered. The solvent is
removed under reduced pressure, the residue was further purified by
column chromatography on silica gel to give 240 mg ZD-20 as a white
solid, 79% yield. m.p. 58.0-60.0 °C. H NMR (400 MHz, DMSO-dg) §
8.21 (d, J = 9.3 Hz, 2H), 7.88 (d, J = 9.3 Hz, 2H), 7.54 (d, J = 7.4 Hz,
1H), 7.39 (d, J = 8.4 Hz, 2H), 7.07 (d, J = 8.4 Hz, 2H), 6.31 (s, 1H),
4.32-4.22 (m, 1H), 4.01 (dd, J = 9.1, 4.2 Hz, 1H), 3.32-3.24 (m, 1H),
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2.87 (m, 1H), 2.63-2.53 (m, 2H), 2.18-2.05 (m, 1H), 2.05 (s, 3H),
2.03-1.93 (m, 3H), 1.83-1.76 (m, 1H), 1.75-1.67 (m, 1H), 1.38 (s, 9H);
13C NMR (101 MHz, DMSO-dg) & 175.5, 171.3, 155.7, 150.2, 143.2,
143.1, 137.1, 127.7, 124.7, 121.9, 120.3, 80.9, 78.6, 63.7, 55.1, 52.8,
30.0, 29.6, 28.2, 27.3, 24.4, 14.5; HRMS (ESI) m/z found 593.2039 [M
+Na]*, calculated for CogH34N4NaO,S 593.2046.

4.3.2. 4-((3R,7aS)-2-(4-nitrophenyl)-1-oxohexahydro-1H-pyrrolo[1,2-c]
imidazol-3-yD)- phenyl .-methioninate hydrochloride (ZD-3)

Intermediate compound ZD-20 (100 mg, 0.18 mmol) was dissolved
in ethyl acetate (4 mL) and methyl tert-butyl ether (8 mL) in an ice bath,
hydrogen chloride gas was passed through the solution and stirred for
about 15 min. The resulting product was collected by filtration, washed
by dichloromethane and dried under reduced pressure at 25 °C to afford
ZD-3, 98% yield, white solid, m.p. 91.0-94.0 °C. 'H NMR (400 MHz,
Methanol-d,) 6 8.26 (d, J = 9.2 Hz, 2H), 7.87 (d, J = 9.3 Hz, 2H), 7.74
(d, J = 8.6 Hz, 2H), 7.40 (d, J = 8.6 Hz, 2H), 6.80 (s, 1H), 4.91-4.85
(m, 1H), 4.54 (t, J = 6.3Hz, 1H), 3.94-3.83 (m, 1H), 3.72-3.60 (m,
1H), 2.77 (t, J = 7.1 Hz, 2H), 2.49-2.37 (m, 3H), 2.37-2.27 (m, 1H),
2.25-2.19 (m, 1H), 2.15 (s, 3H), 2.13-2.07 (m, 1H); '3C NMR
(101 MHz, Methanol-d4) § 170.3, 169.0, 153.3, 146.3, 142.1, 132.6,
130.4, 125.7, 124.0, 123.3, 81.4, 65.3, 58.3, 52.9, 30.4, 30.0, 28.5,
25.3, 15.0; HRMS (ESI) m/z found 471.1696 [M+H]™", calculated for
Co3H,7N405S 471.1702. The purity analyzed by HPLC is higher than
95%.

4.4. Synthesis of ZD-4 from ZD-21

4.4.1. (3R,7aS)-3-(4-aminophenyl)-2-(4-nitrophenyl)hexahydro-1H-
pyrrolo[1,2-c]imidazol — 1-one hydrochloride salt (intermediate)
Compound ZD-21 (400 mg, 0.9 mmol) was dissolved in 10 mL ethyl
acetate at 0 °C and then 2.7 mL hydrogen chloride-ethanol solution was
dropped into the solution. After removing the ice bath, the reaction
mixture was stirred at 25 °C for 1.5h.The insoluble product was col-
lected by filtration and then washed with ethyl acetate. Drying under
reduced pressure for 6 h gave 310 mg amine hydrochloride salt inter-
mediate as a pale yellow solid, 89% yield. m.p. 239.0-241.0°C. 'H
NMR (400 MHz, Methanol-d;) § 8.23 (d, J = 9.3Hz, 2H), 7.84 (d,
J = 9.3Hz, 2H), 7.80 (d, J = 8.6 Hz, 2H), 7.45 (d, J = 8.6 Hz, 2H), 6.94
(s, 1H), 5.05 (dd, J = 8.4, 5.2Hz, 1H), 3.99 (m, 1H), 3.82 (m, 1H),
2.56-2.43 (m, 2H), 2.32-2.21 (m, 1H), 2.22-2.10 (m, 1H); 3C NMR
(101 MHz, Methanol-d4) § 168.6, 146.6, 141.5, 135.9, 133.0, 131.2,
125.7, 125.6, 123.6, 80.8, 65.3, 58.7, 28.5, 25.2; HRMS (ESI) m/z
found 339.1461 [M+H] ™", calculated for C,gH;oN4O5 339.1457.

4.4.2. tert-Butyl((S)-4-(methylthio)-1-((4-((3R,7aS)-2-(4-nitrophenyl)-1-
oxohexahydro-1H-pyrrolo[1,2-c]imidazol-3-yl)phenyl)amino)-1-oxobutan-
2-yDcarbamate (ZD-4)

To a stirred solution of N-Boc-i-Methionine (620 mg, 2.4 mmol) in
anhydrous dichloromethane (10 mL) was slowly added triethylamine
(0.4 mL, 3.0 mmol) at 0 °C. After 5min, isobutyl chloroformate (IBCF)
(0.35mlL, 2.7 mmol) was slowly added to the resulting mixture and
stirred at 0 °C for 1h. Then above amine hydrochloride salt (280 mg,
0.8 mmol) was added to the solution and the resulting mixture con-
tinued to stir at 0 °C for another 12h. Upon completion, the mixture
was diluted with ethyl acetate (50 mL) and washed with water (50 mL),
saturated aqueous NaHCO; (50 mL) and brine (50 mL), then dried over
anhydrous Na,SO,, and filtered. The solvent is removed under reduced
pressure, the residue was further purified by column chromatography
on silica gel to give 377 mg compound ZD-4 as a white solid, 80% yield.
m.p. 95.0-97.0 °C. 'H NMR (400 MHz, DMSO-dg) § 10.03 (s, 1H), 8.20
(d, J = 9.3Hz, 2H), 7.85 (d, J = 9.3 Hz, 2H), 7.54 (d, J = 8.5 Hz, 2H),
7.26 (d, J=8.6Hz, 2H), 7.14 (d, J=7.8Hz, 1H), 6.19 (s, 1H),
4.15-4.02 (m, 1H), 4.00 (dd, J = 9.1, 4.1 Hz, 1H), 3.29-3.24 (m, 1H),
2.90-2.79 (m, 1H), 2.49-2.37 (m, 2H), 2.16-2.03 (m, 1H), 2.03 (s, 3H),
2.04-1.92 (m, 1H), 1.88-1.76 (m, 3H), 1.74-1.66 (m, 1H), 1.36 (s, 9H);
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3¢ NMR (101 MHz, DMSO-dg) 8 175.5, 171.0, 155.5, 143.3, 143.0,
138.9, 134.0, 126.8, 124.6, 120.3, 119.5, 81.3, 78.2, 63.8, 55.1, 54.4,
31.5, 29.8, 28.2, 27.3, 24.3, 14.7; HRMS (ESI) m/z found 592.2199 [M
+Na] *,calculated for CogH3sNsNaOgS 592.2206. The purity analyzed
by HPLC is higher than 97%.

4.5. General information for biology

HeLa cell line was obtained from the American Type Culture
Collection (ATCC). HelLa cells were maintained in DMEM high glucose
medium supplemented with 10% FBS and 1% penicillin streptomycin.
HeLa cells stably harboring VDR response element in pGL4.20 vector
(Promega, Madison, WI, USA)** were maintained in the presence of
1 ug/mL puromycin. Calcitriol was purchased from Cayman Chemical.
Fetal bovine serum (FBS) and penicillin streptomycin were purchased
from Gibco.

All compounds were dissolved in DMSO before diluted with medium
into stock solutions and the final concentration of DMSO in each well is
0.1%.

4.6. Construction of shRNA and transfection condition

The shRNA against human VDR was designed using the BioSETTIA
shRNA designer and cloned into the pENTR™/H1/TO vector
(Invitrogen). The sequence is as follows GCATGATGAAGGAGTT
CATttggatccaaATGAACTCCTTCATCATGC (sense-loop-antisense). The
shRNA plasmid was purified using endotoxin free HiPure Plasmid EF
Mega Kit from Magen (Guangzhou, China), and transfected with
TurboFect™ Transfect reagent (ThermoFisher Scientific).

4.7. Western blot analysis

Western blot analysis was done using primary antibodies against
p62 (Abcam #ab109012), LC3 (Cell Signaling Technology #12741),
phospho-NF-kB-p65 (Cell Signaling Technology #3033), NF-kB-p65
(Cell Signaling Technology #8242), VDR (Cell Signaling Technology
#12550), and GAPDH (Santa Cruz Biotechnology, #sc-32233) at op-
timal dilution.

4.8. VDR reporter assay

HelLa cells stably harboring luciferase reporter plasmids with VDR
response element were used for the signaling pathway reporter assay.>*
Cells were treated with 200nM Calcitriol to stimulate the corre-
sponding downstream signaling pathways. Luciferase activity was
measured using Luciferase assay kit (Promega) according to the man-
ufacturer’s instructions.

4.9. Cytotoxicity of testing compounds

HeLa cells were plated in a 96-well plate at a concentration of 1.0
x10° cells per well overnight to allow cell attachment. Working solu-
tions of the testing compounds, or the 0.1% DMSO vehicle as a control
were dispensed appropriately into the partitioned 96-well plates, which
were then incubated for another 24 h. Then, the medium was discarded
and the cells were incubated for 4h at 37 °C in MTT solution (final
concentration 0.5 mg/mL). The solution was then replaced with 100 mL
DMSO to dissolve the violet formazan crystals in the intact cells. Cell
growth was assessed by MTT according to the manufacturer's protocol.
The absorbance was measured at 570 nm as the reference wavelength.
The cytotoxicity as the CC;o value (concentration of 10% cell growth/
viability inhibition) was calculated based on the percentage of cell
viability data compared to the control group. Each concentration was
repeated 3 times independently.
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4.10. Statistical analysis

+

Data are presented as mean + S.D. All experiments were repeated
at least three times. Differences in measured variables between groups
were analyzed by the student’s t test by GraphPad Prism 5 software.
Results were considered statistically significant when p < 0.05.
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