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Veratrum californicum contains steroidal alkaloids that function as inhibitors of hedgehog (Hh) signaling, a pathway

involved in the growth and differentiation of cells and normal tissue development. This same Hh pathway is abnormally

active for cell proliferation in more than 20 types of cancer.
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1. Introduction

Few treatments exist outside of surgery for basal cell carcinomas (BCCs), and the drug therapies which are available are

considered a last resort . Patients often discontinue drug therapy prematurely due to extreme side effects including

alopecia, fatigue, muscle spasms, and others . An under-explored source of potential treatment exists in the high

mountain meadows of Idaho. Veratrum californicum contains steroidal alkaloids that are potent hedgehog (Hh) signaling

inhibitors . The Hh signaling pathway is implicated in the growth of at least 20 types of cancer, and drug treatment has

recently focused on targeting this pathway . Cyclopamine, the most well-studied alkaloid extracted from V. californicum,

has been used to understand the mechanism of the Hh signaling pathway in cancer progression and has served as a

molecular scaffold for modern chemotherapeutics . Early studies of V. californicum only examined major

components of the root and rhizome raw extract . The focus of this current study is to gain insight into the less

abundant alkaloids in the V. californicum root and rhizome in order to discover alkaloids that suppress Hh signaling.

2. Veratrum Californicum Alkaloids

During the 1950s, in the mountain meadows of Idaho, sheepherders reported that up to a quarter of their newborn sheep

had a craniofacial malformation . Deformities affecting their skulls, jaws, sometimes brains, and eyes led to the term

“monkey-faced” lambs . The most characteristic feature was a singular, enlarged, cyclopean eye in the middle of the

face . In 1954 the Poisonous Plant Research Laboratory (PPRL) in Logan, Utah, was given the task of discovering the

origin of these mutations . At the time the cause of the abnormalities was proposed to be a recessive genetic trait, but a

breeding study in 1957 eliminated this possibility . The next step in determining the source was performing field and

feeding studies .

V. californicum was explored as a potential cause of the lambs’ alterations in 1958 after a sheepherder observed it

causing the sheep to become sick following consumption. Feeding trials began soon after, and the PPRL reported the

sheep experiencing a variety of infirmities, including excessive salivation and frothing at the mouth, vomiting, abnormal

gate, irregular heartbeat, dyspnea, convulsions, coma, death, and in 1959 a cyclopean eye was produced. After several

more years of trials, a definitive correlation was made between the ewes’ consumption of V. californicum on day 14 of

gestation to lambs born with cyclopean malformations underneath a proboscis-like nose .

In the search for the molecular explanation of these symptoms, the alkaloid cyclopamine was separated from V.
californicum raw extract in 1968, and in 1969 its steroidal structure was published . Cyclopamine was identified by

Japanese scientists in 1965 from the extract of Veratrum grandiflorum, and it had been given the name 11-deoxojervine

. It was concluded that the three alkaloids cyclopamine, cycloposine, and jervine were responsible for the lambs’

deformities. Previously, other Veratrum alkaloids (cevanine-type) had been studied for their hypotensive properties, but it

became clear by 1970 that some of these newer discoveries were teratogenic . V. californicum alkaloid discovery

continued for a few more years, and then remained relatively untouched until the early 2000s.

Eventually more precise instrumentation and techniques became available for solid phase extraction, which greatly

improved the extraction, separation, isolation, characterization, and bioactivity assessment of V. californicum alkaloids .
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Over the past decade, the lab has explored less abundant alkaloids from V. californicum that were under-studied . This

work began with a comparison of eight methods for extracting cyclopamine from V. californicum, which led to the

conclusion that ethanol extraction produced the highest number of alkaloids, with the greatest retained bioactivity .

Next, cyclopamine, veratramine, muldamine, and isorubijervine were quantified in the different plant parts: roots/rhizomes,

stems, and leaves . Additionally, the variation in alkaloid content was explored for the various plant parts, stages of

growth, and harvest locations. This led to the detection of six new uncharacterized alkaloids, all of which appeared to

exhibit Hh pathway suppression activity, thus inspiring the current study .

3. Hedgehog Signaling Pathway

V. californicum alkaloids are of interest due to their inhibition of the Hh signaling pathway, which is critical for intercellular

communication during fetal development . The Hh pathway involves proper cell polarization, most epithelial tissue

differentiation leading to bilateral symmetry, and the formation of the central nervous system, skeleton, limbs, teeth, eyes,

and several vital organs within vertebrate embryos . Loss of the pathway’s proper function can result in

a range of complications from under-developed facial features to cyclopia to nervous system disorders . In addition,

propagation of over 20 cancers has been correlated to aberrant Hh signaling. Blocking the Hh signaling pathway during

development can be detrimental, but inhibition in cancer is a treatment option .

The Hh gene was first discovered in 1978 through Drosophila gene knockout trials conducted by Christiane Nusslein-

Volhard and Eric Wieschaus, who later earned a Nobel Prize for their work. When the Hh gene was silenced, the fruit fly

embryo was short with spine-like projections reminiscent of a hedgehog . The Hh pathway in vertebrates utilizes

three signaling molecules, which were named after hedgehog breeds and a fictional character: Desert hedgehog (Dhh),

Indian hedgehog (Ihh), and Sonic hedgehog (Shh) . These molecules must be secreted with the help of the membrane

protein Dispatched (DISP1), cholesterol, and secreted protein SCUBE2 (Figure 1, 1.) . When Hh protein binds

Patched 1 (PTCH)—a 12-span transmembrane protein—inhibition of Smoothened (SMO)—a seven-span transmembrane

protein—is interrupted, and a signaling cascade is initiated (Figure 1, 2.) . SMO is

phosphorylated using GRK2 and casein kinase 1 (CK1) and begins to collect in the primary cilium (Figure 1, 3.) .

This causes the inhibition of Suppressor of Fused (SuFu) and Kif7, which then release a glioma associated oncogene

homolog (Gli) (Figure 1, 4.) . The levels of zinc-finger transcription factors from the cubitus interruptus (Ci)/Gli

family determine if the Hh signal is transmitted . Gli 1 and Gli 2 function as transcriptional activators (Figure 1, 5.),

while Gli 3 is a repressor . When the pathway is off, PTCH inhibits SMO, allowing SuFu and Kif7 to

sequester Gli (Figure 1, 6. and 7.) . SMO is marked for degradation, and SuFu and Gli are phosphorylated

using protein kinase A (PKA), glycogen synthase kinase 3 (GSK3), or CK1 (Figure 1, 8. and 9.) . Gli can then

take one of two paths, which are mediated using β-TRCP, an E3 ubiquitin ligase, and its adaptor protein, SPOP . First,

it can be marked for degradation and passed onto the proteosome, and second, it can be proteolytically cleaved and enter

the nucleus as Gli3, inhibiting Hh gene transcription (Figure 1, 10. and 11.) . Another method of inhibiting

transcription is by using the teratogenic alkaloid cyclopamine, the first discovered Hh pathway suppressor, which replaces

PTCH, stopping signal transduction .

[15]

[16]

[17]

[4]

[18][19][20]

[4][5][19][21][22][23][24]

[5]

[3][4]

[5][25]

[5]

[26][27]

[5][18][26][27][28][29][30][31][32]

[26][28]

[26][28][29][30]

[5][18]

[5][18][26][28][29][30][31]

[26][28][29][30][31]

[26][29][30][32]

[28]

[30][31]

[5][18]



Figure 1. The hedgehog signaling pathway, where the left side of the figure represents the off state of the pathway due to

PTCH inhibiting SMO, and the right side represents the on state when the pathway is activated by Hh protein binding to

PTCH allowing SMO to function. (Created with BioRender.com).

Cyclopamine has been used to inhibit the Hh signaling pathway when it is irregularly activated by cancer . In mice,

cyclopamine has suppressed cancerous tumor growth in several models, including xenografts models of human colon

cancer , glioma , melanoma , pancreatic cancer , prostate cancer , and small cell lung cancer , in

addition to a medulloblastoma allograft , and a genetic medulloblastoma model . In humans, cyclopamine has

been infused into an oil-based ointment for topical application directly to tumors, which has led to tumor size reduction

without detrimental side effects .

As a drug therapy, cyclopamine does have some weaknesses: it is not well solubilized in water or physiological

environments, it degrades in acidic environments (e.g., stomach acid), and it can inhibit cellular neurogenesis and

proliferation as adult neural stem cells still utilize the Hh pathway into maturity . Exploration for new Hh

inhibitor therapies began with the structure of cyclopamine as a prototype. This work started at Johns Hopkins University,

where a 3-keto N-(aminoethyl-aminocaproyl-dihydrocinnamoyl) moiety was combined with cyclopamine (KAAD-

cyclopamine) to increase its solubility, and in mouse models the new molecule was 10–20 times more potent than

cyclopamine alone . Further studies based on cyclopamine’s molecular scaffold were conducted to see if the side effects

could be reduced, which resulted in IPI-926 (a.k.a. patidegib), a semi-synthetic variant with increased stability and potency

. Phase 3 clinical trials have been completed for IPI-926 in a 2% topical gel for the treatment of basal cell carcinomas for

patients with basal cell nevus syndrome (Gorlin syndrome), but the results were not reported . Computational research

modeled off cyclopamine was performed to identify additional molecules of interest. In one instance, a multitude of small

molecules were screened for their ability to bind SMO . In 2012, FDA approval was given for Vismodegib (GDC-0449 or

Erivedge) to treat metastatic basal cell carcinoma (mBCC) or locally advanced basal cell carcinoma (laBCC) in adults

unable to undergo surgery or radiation therapy . Developed by Genentech, Inc., Vismodegib had an overall response

rate (ORR) of 60% in patients with laBCC and 46% in patients with mBCC in Phase II clinical trials. In this study, 30% of

mBCC patients demonstrated a decrease in tumor size, and 43% of laBCC patients displayed lesions healing or a

significant decrease in tumor size. Common side effects included decreased appetite, diarrhea, dysgeusia, fatigue, hair

loss, muscle spasms, and nausea . A small-molecule in vitro screening performed by Sun Pharma Global resulted in

Sonidegib (LDE225, erismodegib, or ODOMZO) receiving FDA approval in 2015 to treat recurrent advanced basal cell

carcinoma (aBCC) in patients unable to undergo surgery or radiation . In Phase II clinical trials, after 12 months of

treatment, patients with laBCC (18 of 94) either died or had their condition progress, but the ORR was 57.6% with 200 mg

and 43.8% with 800 mg. For patients with mBCC the ORR was 7.7% for 200 mg and 17.4% for 800 mg . From most to

least common, the potential side effects of taking Sonidegib were muscle spasms, alopecia, dysgeusia, nausea,

increased creatinine kinase, fatigue, weight loss, diarrhea, decreased appetite, myalgia, and vomiting . Eventually,

patients experienced resistance to both Vismodegib and Sonidegib as a result of a SMO mutation or the initiation of an

alternative Hh pathway . In 2018, Pfizer’s Glasdegib (PF-0449913 or DAURISMO ) in combination with low-dose

cytarabine (LDAC) was approved by the FDA as an oral treatment for acute myeloid leukemia (AML) patients of at least

75 years of age or patients with co-morbidities who cannot undergo intensive induction chemotherapy . In the

BRIGHT AML 1003 study, when contrasted with only LDAC, Glasdegib paired with LDAC demonstrated a decrease in

mortality by 54%, but patients experienced pneumonia, fatigue, dyspnea, hyponatremia, sepsis, and syncope . The

molecular structures for each of the alkaloids (cyclopamine, KAAD-cyclopamine, and IPI-926) and chemotherapeutics

(Vismodegib, Sonidegib, and Glasdegib) are shown in Figure 2.
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Figure 2. Structures of hedgehog signaling pathway inhibitors. (1) Cyclopamine, (2) KAAD-cyclopamine, (3) IPI-926, (4)

Vismodegib, (5) Sonidegib, (6) Glasdegib.

With cyclopamine being the first identified molecule with the ability to block Hh signaling and cyclopamine variants

exhibiting increased Hh signaling suppression, it is reasonable to revisit V. californicum in the quest for more inhibitors

that may have been overlooked due to their low natural abundance at the time of the original work in the 1950s.

Preliminary work in the lab resulted in the detection of sixteen alkaloids, where six were identified using commercially

available standards, and the identities of five others were speculated based on the predicted molecular formula obtained

using mass spectrometry (MS) from the mass to charge (m/z) ratio . The bioactivity work demonstrated that the raw

root/rhizome extract was more effective at Hh signaling inhibition than a proportionate amount of cyclopamine .
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