Conflict of interest: The authors have
declared that no conflict of interest
exists.

Copyright: © 2021, Gutkind et
al. This is an open access article
published under the terms of the
Creative Commons Attribution 4.0
International License.

Submitted: December 22, 2020
Accepted: July 7, 2021
Published: August 23, 2021

Reference information: /C/ Insight.
2021:6(16):147096.
https://doi.org/10.1172/jci.
insight.147096.

CLINICAL MEDICINE

Inhibition of mTOR signaling and clinical
activity of metformin in oral premalignant
lesions

). Silvio Gutkind,"? Alfredo A. Molinolo,' Xingyu Wu,"? Zhiyong Wang,"? Daniela Nachmanson,'?
Olivier Harismendy,"* Ludmil B. Alexandrov,’ Beverly R. Wuertz,* Frank G. Ondrey,®

Denise Laronde,5” Leigha D. Rock,” Miriam Rosin,” Charles Coffey,’ Valerie D. Butler,®

Lisa Bengtson,® Chiu-Hsieh Hsu,? Julie E. Bauman,® Stephen M. Hewitt,”® Ezra E.W. Cohen,’

H-H. Sherry Chow,® Scott M. Lippman,’ and Eva Szabo®

'Moores Cancer Center, University of California, San Diego (UCSD), La Jolla, California, USA. 2Department of Pharmacology,
UCSD School of Medicine, La Jolla, California, USA. *Bioinformatics and Systems Biology Graduate Program, UCSD, La
Jolla, California, USA. “Division of Biomedical Informatics, Department of Medicine, UCSD School of Medicine, La Jolla,
California, USA. *Department of Otolaryngology, Head and Neck Surgery, University of Minnesota (UMN), Minneapolis,
Minnesota, USA. ®Department of Oral Biological and Medical Sciences, Faculty of Dentistry, University of British Columbia,
Vancouver, British Columbia, Canada. "British Columbia Cancer Agency (BCCA), British Columbia Agency Research Center,
Vancouver, British Columbia, Canada. 8University of Arizona Cancer Center, Tucson, Arizona, USA. °Division of Cancer

Prevention and Center for Cancer Research, NCl, Bethesda, Maryland, USA.

BACKGROUND. The aberrant activation of the PI3K/mTOR signaling circuitry is one of the most
frequently dysregulated signaling events in head and neck squamous cell carcinoma (HNSCC). Here,
we conducted a single-arm, open-label phase lla clinical trial in individuals with oral premalignant
lesions (OPLs) to explore the potential of metformin to target PI3K/mTOR signaling for HNSCC
prevention.

METHODS. Individuals with OPLs, but who were otherwise healthy and without diabetes,
underwent pretreatment and posttreatment clinical exam and biopsy. Participants received
metformin for 12 weeks (week 1, 500 mg; week 2, 1000 mg; weeks 3-12, 2000 mg daily).
Pretreatment and posttreatment biopsies, saliva, and blood were obtained for biomarker analysis,
including IHC assessment of mTOR signaling and exome sequencing.

RESULTS. Twenty-three participants were evaluable for response. The clinical response rate
(defined as a 250% reduction in lesion size) was 17%. Although lower than the proposed threshold
for favorable clinical response, the histological response rate (improvement in histological grade)
was 60%, including 17% complete responses and 43% partial responses. Logistic regression
analysis revealed that when compared with never smokers, current and former smokers had
statistically significantly increased histological responses (P = 0.016). Remarkably, a significant
correlation existed between decreased mTOR activity (pS6 IHC staining) in the basal epithelial
layers of OPLs and the histological (P = 0.04) and clinical (P = 0.01) responses.

CONCLUSION. To our knowledge this is the first phase Il trial of metformin in individuals with OPLs,
providing evidence that metformin administration results in encouraging histological responses and
mTOR pathway modulation, thus supporting its further investigation as a chemopreventive agent.
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Introduction

Every year more than 600,000 cases of head and neck squamous cell carcinoma (HNSCC), which arise
in the oral cavity, oropharynx, larynx, and hypopharynx, are diagnosed worldwide, ranking sixth overall
in incidence (1). In the United States, more than 65,000 new cases of HNSCC were predicted to occur
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in 2020, resulting in 14,500 deaths (1). Despite encouraging novel therapies, only a limited improvement
in the survival rates for patients with HNSCC has occurred in the last 4 decades, particularly in tongue
and other oral cavity cancers that are often associated with tobacco use and alcohol consumption as the
main risk factors (2). Poor treatment outcomes are generally the result of delayed diagnosis and “field
cancerization,” a unique term describing the occurrence of multifocal potentially malignant lesions or
second primary HNSCC (3). Clearly, prevention and early diagnosis are keys to significantly improving
the prognosis of patients with HNSCC. Ten randomized clinical trials have been reported for oral cancer
chemoprevention, none of which had a positive, long-term effect on cancer development. Initial studies
using high doses of 13-cis-retinoic acid reduced oral premalignant lesions (OPLs) and prevented second
primary tumors (4). However, chronic administration of 13-cis-retinoic was not tolerable, and although
lower doses were tolerable, they were ineffective (5). Similarly, the recently reported Erlotinib Prevention
of Oral Cancer trial, which was the first trial involving participant selection based on risk (6, 7), did not
provide an effective targeted preventive strategy for HNSCC, specifically in individuals with OPLs, who
are at a higher risk of developing HNSCC (8).

The recent elucidation of the HNSCC genomic landscape revealed that multiple genetic alterations
underlie the development of this aggressive malignancy, including mutations and genetic alterations in
the TP53, FATI, NOTCHI, CASP8, CDKN2A (p16™%**), and PIK3CA genes (9-11). In particular, PIK3CA,
which encodes the PI3Koa catalytic subunit, is the most commonly mutated oncogene in HNSCC (~20%).
This underlies our initial observations that the aberrant activation of the PI3K/mTOR signaling pathway
is a widespread event in HNSCC (>80% of all HPV-and HPV™ cases; refs. 12, 13). We also observed that
mTOR inhibitors (mTORis) display potent antitumor activity in a large variety of genetically defined and
chemically induced experimental HNSCC models (13-19) as well as in our recently reported phase II clin-
ical trial in patients with HNSCC (20). This supports that PI3K/mTOR signaling may represent a drugga-
ble candidate in HNSCC. However, the potential immunosuppressive activity of direct mTORis may raise
safety concerns regarding their long-term use as chemopreventive agents (21). This prompted us to focus on
the potential use of metformin, which targets mTOR indirectly, for HNSCC prevention.

Metformin is an oral biguanide that is currently the drug of choice for the treatment of type 2 diabetes
and is being prescribed to at least 120 million people worldwide (22). Hence, metformin’s safety profile for
long-term use and the management of its potential side effects are well-documented. Metformin treatment
reduces tumor cell growth in part by reducing the activity of mTOR as part of its complex, mMTORC1
(23-26). In prior studies, we have shown that metformin causes a significant reduction in the conversion of
OPLs into HNSCC in mice (27) and that metformin decreases mTOR activity and HNSCC progression by
acting on cancer-initiating cells directly (28, 29). Specifically, the knockdown of the metformin transporter
OCTS3, which is highly expressed in normal and neoplastic oral epithelium, or rescuing oral cancer cells
from the effects of metformin on mitochondrial complex I, nearly abolishes the antitumor activity of met-
formin in mice in vivo (28, 29). Aligned with these experimental studies, 2 large retrospective population
case-control cohort studies together involving more than 300,000 diabetic patients demonstrated a decrease
in the risk of HNSCC in individuals on metformin (30, 31). Metformin use also results in better overall
survival in diabetic patients diagnosed with laryngeal HNSCC (32). Based on these experimental findings
and the emerging epidemiological evidence, we developed a clinical trial (M4OC-Prevent, NCT02581137)
of individuals with OPLs to explore the potential use of metformin for HNSCC prevention.

Results

The study opened to accrual in June 2016 and closed to accrual in July 2017 (Figure 1). Thirty-three poten-
tially eligible participants were consented: 4 from UCSD, 16 from BCCA, and 13 from UMN. Of these, 26
met all eligibility criteria and initiated agent intervention. Twenty-two participants completed the 12-14
weeks of agent intervention, and 4 participants did not complete the 12—14 weeks of agent intervention (2
due to adverse events [AEs] and 2 withdrew consent). One participant terminated intervention early but
provided postintervention research specimens for outcome evaluation, which was included in the analysis.
Thus, 23 participants were considered evaluable.

The demographics of participants who initiated the agent (» = 26) are summarized in Table 1. The aver-
age age was 58 * 11 years. Fourteen participants were women. The average BMI from these participants was
30.1 £ 6.8 kg/m?. The majority were White and non-Hispanic. Former and current smokers accounted for
42% and 12%, respectively. Baseline disease characteristics of participants who provided postintervention
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CONSORT Flow Diagram

[ Enrollment ] Assessed for
eligibility/consented (n= 33)

Excluded (n=7)
+ Not meeting inclusion criteria (1= 7)

v

[ Allocation ] Allocated to intervention (n= 26)
+ Received allocated intervention (n= 26)

[ Follow-Up ] Discontinued intervention (n= 4)
+ Adverse events (n=2)
+ Withdrew consent/lost to follow-up (n= 2)

!

[ Analysis ] Analyzed for primary endpoint (n= 23)
+ Excluded from analysis (primary endpoint
data not collected) (n= 3)

Figure 1. CONSORT diagram. The study (M40C Prevent) was a phase lla single-arm, open-label trial of individuals with oral leukoplakia or erythroplakia to
explore the potential of metformin for oral cancer prevention (NCT02581137). The primary endpoint was to determine whether 12-14 weeks of metformin
intervention is associated with the clinical response of OPLs. The secondary endpoints included histologic response to metformin in the target lesion, pre-
treatment and posttreatment tissue-based biomarkers of molecular targets and dysregulated molecular mechanisms, modulation of circulating metabolic
biomarkers, and serum and saliva metformin concentrations. A brief summary of the trial workflow, schedule of baseline evaluation, intervention, and
postintervention evaluation, and agent used (metformin) is depicted.

biopsy specimens for research endpoints (# = 23) are also summarized in Table 1. The majority of the partic-
ipants had mild/moderate dysplasia (87% combined). No erythroplakia lesions were included in the study.
The lesions were mostly found on the tongue (70%), with an average lesion size of 239 (£218) mm?.

Subject and OPL characteristics of individuals providing preintervention and postintervention biospe-
cimens are presented per trial participant in Table 2. IHC analysis of the baseline OPLs revealed that 15 of
23 (65%) were positive for nuclear p53 staining, which is used as a surrogate of p53 mutations (33). Exam-
ple p53* and p53- cases are shown in Figure 2. The high expression of OCT3, a metformin transporter that
is widely expressed in normal, dysplastic, and cancerous squamous epithelium (28), was confirmed in all
tissues tested. EGFR expression levels were classified as high (27%), moderate (33%), and low (33%) based
on the staining intensity. All tissues tested were negative for p16, the cell cycle protein that is upregulated
in HPV* HNSCC, lost in the first steps of malignant progression in HPV- HNSCC (34), and used as a
surrogate biomarker for HPV status in oropharynx HNSCC. We also examined the expression levels of
PTEN, a driver on PI3K/mTOR activation that is often genetically or epigenetically suppressed in HNSCC
(35). Only 1 case showed the absence of PTEN immunoreactivity. Thus, most individuals exhibited typical
OPLs that are HPV-and p53*, expressed the metformin transporter OCT3, and exhibited variable levels of
EGFR, with only 1 case exhibiting the lack of expression of PTEN.
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Table 1. General demographics and baseline characteristics at diagnosis

General demographics (n = 26)

Sex, n (%)

Male 12 (46)

Female 14 (54)
Age

Years, mean + SD 58.2+10.70
Race, n (%)

Asian 1(4)

Black or African American 1(4)

White 23(88)

Unknown 1(4)
Ethnicity, n (%)

Hispanic or Latino 1(4)

Not Hispanic or Latino 24 (92)

Unknown 1(4)
BMI (kg/m?)

Mean + SD 30.1+6.78

Median (range) 27.7 (20.7-45.9)
Smoking history, n (%)

Former smokers 11(42)

Current smokers 3(12)

Never smokers 12 (46)
Alcohol consumption, n (%)

Every day 5(19)

Some days 17 (65)

Not at all 4 (16)

Baseline characteristics at diagnosis (n = 23), n (%)
Histology detail

Hyperplasia 2(9)
Mild dysplasia 12 (52)
Moderate dysplasia 8 (35)
Severe dysplasia 1(4)
Lesion site
Mucosa 3(13)
Tongue 16 (70)
Other 4(17)
Areas of lesion (mm?)
Mean + SD 239 + 218
Median (range) 200 (27-804)

General demographics and baseline characteristics at diagnosis. The general demographics of the individuals enrolled in
the trial and the clinical baseline data are shown.

Baseline and postintervention serum glucose, hemoglobin Alc (HbAlc), and C-peptide concentrations
and serum and saliva metformin concentrations are summarized in Table 3, Table 4, and Figure 3. Met-
formin intervention significantly suppressed serum HbAlc levels (from 5.7 = 0.5 to 5.5 + 0.4%, P = 0.023)
but did not change the glucose and C-peptide levels. The postintervention average serum metformin concen-
tration was 705.0 + 444.0 ng/mL. Metformin was also detectable in saliva with an average postintervention
concentration of 171.0 £ 143.3 ng/mL and was highly correlated with the serum metformin concentration.

Most participants had mild or moderate side effects of metformin (Table 5), all of which were expected.
Approximately a third of individuals exhibited gastrointestinal (GI) pain and discomfort, including abdom-
inal pain (2 of 26), bloating (2 of 26), dyspepsia (1 of 26), GI pain (2 of 26), and stomach pain (4 of 26).

The clinical response rate was 17% (1-sided 95% CI: 0.06, 1.00). The waterfall plot depicting changes
in the lesion size in individual participants, clinical and histological response, and smoking status is shown
in Figure 4A. As detailed in Figure 4B, none of the participants had a complete clinical response; 17% had
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Table 2. Individual baseline characteristics at diagnosis and biomarker analysis

Patient

W oo NOO U D WN =

N NN =2 = 30 a3 sy =
N - OWOoOONOOUTL M WN = O

23

Sex

Female
Male
Female
Male
Female
Male
Male
Female
Female
Female
Male
Male
Male
Male
Female
Female
Male
Female
Male
Female
Female
Male
Male

Age BMI (kg/m?)  Lesion site Baseline  Smoker status p53 0CT3 EGFR
histology
diagnosis
64 37 Tongue MO Never = + Low
50 24 Mucosa Hyp Former + + High
51 37 Mucosa Ml Never + + Moderate
62 44 Tongue MI Former + + High
63 36 Other Mi Never + + NA
78 27 Tongue MO Never - NA NA
53 45 Tongue MO Never + + High
38 24 Tongue MI Former - + NA
54 27 Mucosa Hyp Never = + High
61 21 Tongue SE Never + + Moderate
59 26 Tongue Mi Current + + NA
50 27 Other Ml Current + NA Moderate
73 37 Tongue Mi Former + + NA
28 21 Tongue Ml Former + + NA
54 28 Tongue MO Never - + NA
64 31 Other MO Former + + Low
53 28 Tongue Mi Former = NA Low
62 32 Tongue MO Former - + Moderate
63 27 Tongue Mi Former + NA High
70 29 Tongue Ml Never + + Moderate
61 25 Tongue MO Former + + NA
64 26 Tongue MO Former + + Low
43 28 Other Mi Current - + Low

Individual subject information, including sex, age, BMI, and smoking status (never, former, and current), is indicated. Oral premalignant lesions were
located in the tongue and oral mucosa. Lesions were classified as hyperplasia (Hyp) or as mild (Ml), moderate (MO0), or severe (SE) dysplasia. All biomarker
results are expressed as positive or negative, except for EGFR, which is expressed in relation to the expression of the normal epithelium. See examples of
biomarker analysis in individual lesions in Figure 2. ND, not determined.

a partial response and 17% had progressive disease. Of the participants, 17% had a complete histological
response and 43% (1-sided 95% CI: 0.26, 1.00) had a partial histological response, for an overall histo-
logical response rate of 60%. Of the participants, 17% had progressive disease. Exploratory analysis of
the relationship between histological response and smoking status revealed a higher number of responses
in current or former smokers versus never smokers (P = 0.016; Figure 4C). Notably, all participants who
exhibited progressive disease were never smokers.

THC analysis of cell proliferation (nuclear staining for Ki67) showed that metformin induced a statis-
tically significant decrease in cell proliferation in the squamous epithelium (Figure 5A). Aligned with our
prior studies, most OPLs exhibited high levels of mTOR signaling as judged by pS6 staining throughout the
lesions, which was reduced significantly by metformin administration (Figure 5B). The expression levels of
total S6 protein was not affected, as we previously reported in experimental systems (27-29). Qualitative-
ly, the decrease in pS6 was most notable in the basal epithelial cells (Figure 5B, right panel). Exploratory
analysis revealed a significant correlation between the decrease in basal pS6 staining and both histological
and clinical response (Figure 5C). In contrast, we did not see any statistically significant changes in the
expression levels of the OCT3 metformin transporter or in p53 and EGFR expression (P = 0.571, n = 20
and P = 0.615, n = 20, respectively).

As an approach to identify genetic alterations predictive of a favorable response, we performed
whole-exome sequencing of the pretreatment OPL biopsies and matching blood DNA. OPLs were small
in size and fixed in formalin, making their molecular profiling more challenging. A total of 17 of 22 OPL
specimens yielded limited but sufficient DNA to be processed (median 31.2 ng). All 17 samples were ana-
lyzed for somatic copy number alterations (CNAs), and 14 of them had more than 70% of their bases
covered at 20x and were further analyzed for single-base substitutions.
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EGFR(high)

PTENGE)-

Figure 2. Biomarker analysis. Examples of lesions positive and negative for p53 are shown in the 2 boxes of the first
column. In the positive lesions, the expression is limited to the nuclei of the dysplastic proliferating cells. Examples of
high and low EGFR expression levels are depicted (second column). All lesions tested negative for p16 and expressed
0CT3 throughout the epithelial layers (third column). Examples of positive and negative PTEN lesions are depicted
(fourth column). Please see the corresponding data for each individual participant in Table 2.

We identified a total of 1423 mutations, 16 of which were nonsilent, likely pathogenic, and affecting
known cancer genes or genes involved in mTOR signaling. These affected 11 of 14 samples and none
of them were due to C to A substitution, which could be due to oxidation artifact from FFPE (36). In
particular, we identified known or likely pathogenic mutations in 7P53 (n = 3), HRAS (n = 2), NOTCH1
(n=2), CDKN2A4 (n = 1), PIK3CA (n = 1), or CASPS (n = 1; Supplemental Table 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/jci.insight.147096DS1). This landscape is
consistent with mutations identified in HPV- HNSCC (11). None of the mutated genes were significantly
associated with treatment response.

The 14 specimens with higher quality data had a median mutational burden of 1.43 single-base substitu-
tions/Mb (a median of 51 exon substitutions). We also determined that a median of 6% of the genome was
involved in CNAs, and samples with lower CNA burden were more likely to be from participants responding
histologically to treatment (P = 0.01, Wilcoxon’s test; Supplemental Figure 2). We identified chromosome
arm-level CNAs in 9 of 17 samples, including recurrent copy number gains of 8q (n = 3), 8p (n = 2), or 9q
(n = 2) or loss of heterozygosity of 9p (n = 5) and 17p (n = 4), as well as 4 losses and 3 gains observed in
individual samples, some of which have been previously described in OPLs (Supplemental Figure 2, left;
ref. 37). None of the arm-level CNAs were significantly associated with response. However, 3 of the 4 indi-
viduals with progressive disease exhibited multiple CNAs, including participants 1 and 10 with extensive
arm-level and foci-level loss and participant 5 with only arm-level gain. All of these individuals were never
smokers. Although numerically less common, the presence of multiple CNAs (loss and/or gain) on several
loci appeared to be more frequent in individuals with progressive disease than in responders (3 of 4 vs. 2 of
10), consistent with the CNA burden analysis.

Table 3. Serum biochemical biomarkers (n = 24)

Biomarkers Mean (SD) P
Before After

Glucose serum, mg/dL 98.4 (21.9) 92.0 (14.9) 0.088

HbA1c, % 5.7 (0.5) 5.5(0.4) 0.023

C-peptide, ng/mL 2.7(1.2) 2.6 (1.3) 0.518

Serum biomarkers before and after metformin treatment are indicated.
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Table 4. Serum and saliva metformin concentrations (n = 22)

Metformin Mean (SD)

Before After
Serum, ng/mL ND 705.0 (444.0)
Saliva, ng/mL ND 171.0 (143.3)

Metformin levels in serum and saliva before and after metformin treatment. ND, not detectable.

Discussion

Individuals harboring OPLs are at risk of developing HNSCC. Specifically, OPLs, such as hyperplasia and
dysplasia, may undergo variable progression to malignancy over a period of years, thus requiring extended
surveillance and possibly therapy (8). OPLs often present as leukoplakia or erythroplakia (white or red
patches, respectively), with progression rates to cancer ranging from 11%-36% for leukoplakia to greater
than 50% for erythroplakia (38, 39). OPLs are often not resectable due to anatomic location, multifocality,
or involvement of broad areas of oral mucosal surfaces. In these cases, long-term surveillance for progres-
sion is frequently required for long-term clinical management. Furthermore, even individuals undergoing
adequate surgical resection with negative margins have a relatively high rate of progression to HNSCC of
15%—-40% (40). This reinforces the concept of epithelial field cancerization and that the presence of OPLs
represents a risk for malignant transformation across the oral mucosa due to occult clonal premalignant
cells that may demonstrate normal histology (41). Thus, there is an urgency to identify new treatment
modalities to intercept the conversion of OPLs into HNSCC. Here, we report the first phase II trial explor-
ing the clinical, histological, and biological activity of metformin in individuals with OPLs. Although the
primary endpoint of the clinical response rate (defined as a 250% reduction in lesion size) was lower than
the proposed threshold for favorable clinical response (=30%), secondary endpoints, including a 60% his-
tological response rate, tolerability, and evidence of biological activity, encourage further investigation of
metformin as a chemopreventive agent for HNSCC.

There is growing enthusiasm for clinical trials using metformin for cancer prevention and treatment.
However, there is a limited number of studies using metformin in prospective clinical studies for cancer
prevention. The still poorly understood mechanisms of metformin’s purported anticancer activity may
also preclude the selection of the patient populations most likely to benefit from metformin treatment.
The well-known antihyperglycemic effects of metformin may lower cancer risk by decreasing circulat-
ing insulin at the organismal level (42). This may account for the protective effects of metformin in
patients with diabetes. However, metformin has also shown chemopreventive efficacy in nondiabetic
individuals, where it reduced the prevalence and number of metachronous adenomas or polyps after
polypectomy in a phase III randomized, placebo-controlled clinical trial (43). Specifically for HNSCC,
metformin displays chemopreventive and antitumor effects in our HNSCC preclinical models in which
animals are not obese or insulin-resistant (27-29). Indeed, we have provided evidence that metformin
acts on HNSCC-initiating cells directly, because its beneficial effects are dependent on the expression
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Figure 3. Metformin concentration in blood and saliva and serum biomarkers. Correlation analysis of metformin
levels in serum and saliva in individuals treated with metformin.
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Table 5. Treatment side effects related to agent intervention in all participants who initiated agent intervention (n = 26)

AEs

Abdominal pain
Anorexia

Bloating
Dehydration
Diarrhea

Dizziness

Dysgeusia

Dyspepsia

Fatigue

Flatulence
Gastrointestinal pain
Headache

Nausea

Stomach pain
Vomiting

AEs are listed based on the numbe
severity (1-2, right).

n (%) Grade, n (%)
1 Mild 2 Moderate
2(8) 1(4) 1(4)
1(4) 0(0) 1(4)
2(8) 2(8) 0(0)
1(4) 1(4) 0(0)
13 (50) 10 (38) 3(12)
4 (15) 4 (15) 0 (0)
1(4) 1(4) 0(0)
1(4) 1(4) 0(0)
2(8) 1(4) 1(4)
1(4) 1(4) 0(0)
2(8) 1(4) 1(4)
2(8) 2(8) 0(0)
12 (46) 7(27) 5(19)
4 (15) 3(12) 1(4)
3(12) 3(12) 0(0)

r of individuals and percentage of participants affected (left) and the number and percentage of the corresponding
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of the metformin transporter OCT3 in HNSCC cells (28) and can be abolished by reverting the impact
of metformin on HNSCC mitochondrial complex I (29). The latter approach revealed that in HNSCC,
metformin decreases mTOR and AKT activity, activates AMPK, and reduces the expression of cancer
stemness gene-expression programs, thereby reducing the proliferative capacity of the precancer cells
and enhancing their commitment to terminal differentiation (29). Aligned with these experimental obser-
vations, we found a high level of OCT3 expression in OPLs in our current study, and we observed a
histological response in 60% of individuals with OPLs after 3 months of treatment with metformin, con-
comitant with reduced cell proliferation. This included 17% complete pathological responses, without
affecting circulating glucose or C-peptide levels and independently of the participants’ BMI. Although
the elucidation of the underlying mechanisms may require further investigation, our current findings
suggest that metformin may have acted on OPL squamous cells directly, by inhibiting mTOR signaling,
reducing cell proliferation, and enhancing cell differentiation toward a more benign or normal histology.
In this regard, it is conceivable that longer treatment with metformin would be needed to increase clin-
ical response rates, because this process requires the progressive remodeling of the OPL and its stroma,
whereas reduced cell proliferation and histological changes may occur more rapidly.

An unexpected preliminary observation from our study in unselected participants with OPLs is that
metformin was more active in current and former smokers, with more histological responses in this
particular subgroup. We also observed a numerically lower response rate in never smokers with high
levels of CNAs, although these results are to be considered preliminary and hypothesis generating. The
effects were independent of the specific gene mutations, albeit only a small number of OPLs yielded
high-quality genomic information. Although the mechanistic rationale for these findings is at the present
unknown, it is notable that the preclinical activity of metformin in OPL was first revealed in the 4ANQO
carcinogen-induced, oral-specific carcinogenesis model (27), which we have recently shown to exhibit a
mutanome with 94% similarity to the human tobacco-induced carcinogen signature (29). This may have
provided a very useful and clinically relevant experimental bias. Specifically, these observations together
with the results of our current clinical trial raise the possibility that metformin may have been beneficial
primarily in current and former smokers, which is precisely the patient population at the highest risk of
HNSCC development (44). This may provide a testable hypothesis by enriching for this high-risk group
of participants in future clinical trials. Similarly, we also observed a numerically higher rate of high levels
of CNAs in never smokers who progressed on metformin. Although these results are to be considered
preliminary and hypothesis generating, CNAs have been associated with immunologically “cold” oral
cancers, which could mediate metformin resistance.
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Figure 4. Clinical and histological response to metformin. (A) A waterfall plot of the clinical response to treatment

is shown, depicting the percentage of change in lesion size. Histological responses are also indicated based on the
column color. The individual participant responses as well as the smoking status are depicted following the same
numbering as in Figure 1. (B) Summary of the clinical and histological responses of all participants evaluated. (C) Sta-
tistical analysis of the histological response in relationship to the smoking status (*P = 0.016, Fisher’s exact test). CR,
complete response; PR, partial response; NC, no change; PD, progressive disease.

A number of limitations to this study must be acknowledged. Notably, there was no randomized pla-
cebo control arm to control for the spontaneous rate of OPL clinical and histological regression. The study
was powered for a clinical response rate of 30%, as seen in more extended previous OPL clinical trials;
however, OPLs typically wax and wane in size, and thus a longer treatment may be necessary to definitively
address clinical responses (45, 46). Indeed, the correlation between clinical lesion regression and the lack of
cancer development is not well established, because in the setting of oral premalignancy, some cancers can
develop outside the target lesion (38). Nevertheless, the goal of this trial was to identify a signal of efficacy,
which was realized via the greater-than-expected histological regression rate and the intriguing signal that
metformin may be more effective in the setting of tobacco-related field injury (45, 46). The study’s addition-
al strengths include its prospective nature with careful clinical follow-up and sequential biopsies, as well as
the thorough tissue analysis of the impact of metformin treatment in previously untreated OPLs. Further
study is needed to investigate the efficacy of metformin as a single agent or in rational combinations in a
larger, randomized, placebo-controlled trial of longer duration.
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Figure 5. Impact of metformin on proliferation and mTOR pathway signaling in oral premalignant lesions. (A and
B) Quantification of the IHC of the proliferation marker K167 (A) and pS6 (surrogate indicator of the mTOR pathway
activity) (B) was evaluated and reported as the percentage of positive cells for Ki67 and H score for pS6 before and
after metformin treatment. Statistical significance (nonparametric Wilcoxon's matched-pairs signed-rank test) is
indicated, and examples of staining before and after treatment are included in each case, with a higher magni-
fication on the right. Notice the absence of pS6 staining in the basal layer of the oral premalignant lesion after
metformin treatment. (C) Statistical analysis of the histological (left) and clinical (right) response in relationship
to the changes in basal pS6 levels. Statistical significance is indicated (ordinal logistic regression). CR, complete
response; PR, partial response; NC, no change; PD, progressive disease.

In conclusion, metformin is a well-characterized and widely used FDA-approved drug with a known
safety profile. Premalignant lesions characterized by upregulated mTOR signaling, such as OPLs, may be
uniquely vulnerable to metformin treatment. After only 3 months of treatment, 60% of participants treated
with metformin had a partial or complete histological response. OPL tissues showed a reduction in Ki67
expression and phosphorylation of S6, with a marked correlation between the decrease in mTOR signaling
in the basal layer of OPLs and both the clinical and histological responses. Overall, the results demonstrate
encouraging results and support further study on the potential chemopreventive activity of metformin for
HNSCC prevention in selected individuals with OPLs.

Methods

Study design. The study was a phase Ila single-arm, open-label trial of individuals with oral leukopla-
kia or erythroplakia to explore the potential of metformin for oral cancer prevention (NCT02581137).
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The primary endpoint was to determine whether 12-14 weeks of metformin intervention is associ-
ated with the clinical response of OPLs. The secondary endpoints included histological response to
metformin in the target lesion, pretreatment and posttreatment tissue-based biomarkers of molecular
targets and dysregulated molecular mechanisms, modulation of circulating metabolic biomarkers, and
serum and saliva metformin concentrations.

Study drug. The drug product was supplied to the study site by the Division of Cancer Prevention, NCI.
The drug product was commercially available metformin hydrochloride extended-release tablets manufac-
tured by Actavis. Each tablet contained 500 mg metformin hydrochloride as the active ingredient. Extend-
ed-release metformin was selected for this study to increase compliance and reduce GI side effects.

Study population. Study participants were at least 18 years of age, had oral leukoplakia or erythroplakia
with mild, moderate, or severe histological dysplasia or hyperplasia not associated with mechanical factors,
and had lesions at least 8 X 3 mm before initial biopsy. Other inclusion criteria included Karnofsky per-
formance status greater than or equal to 70%; normal liver, kidney, and bone marrow function; and ability
to sign a written informed consent document. Exclusion criteria included the presence of diabetes treated
with insulin or oral agents, HbA1c greater than 8%, history of diabetic ketoacidosis, uncontrolled intercur-
rent illness, oral carcinoma in situ, history of chronic alcohol use or abuse, acute or chronic liver disease,
history of renal disease, history of prior HNSCC unless curatively treated 1 year or more prior, and use
of chemotherapy and/or radiation for any malignancy (excluding nonmelanoma skin cancer and cancers
confined to organs with removal as only treatment) in the past 2 years.

Study procedures. During the initial visit, participants underwent a brief physical exam and performance
status evaluation. They were also evaluated for concomitant medications, medical history, baseline symp-
toms and signs, and tobacco and alcohol use. Participants underwent an oral exam for lesion measurement
and photography. Bidimensional measurements for all lesions were recorded. All lesions that met the size
criteria (=8 X 3 mm) were considered target lesions for clinical response assessment. Lesions that did not
meet the size criteria were also measured but recorded as nonmeasurable.

A biopsy (4 mm) was performed on the lesion that met the size criteria or on the largest lesion, if multiple
lesions met the size criteria. The lesions were generally sufficiently large such that the biopsy did not have
much effect on lesion size. All biopsies were sent for local pathology evaluation, followed by central pathology
review. Archival tissue was used for histological eligibility determination by a centralized pathology review
and biomarker analysis if the preenrollment biopsy was performed within 6 weeks of initial screening.

Each of the participating centers performed pathology reviews, and centralized consensus pathology
review of the target lesion biopsies was performed at UCSD. A predefined process was developed and fol-
lowed to resolve discrepancies between the local site and central pathology review. In case of disagreement
between the local and central pathology review, the following algorithm was used. For minor discrepancy
(1 level change), the in-house pathologist’s evaluation was considered final. For major discrepancy (2 levels
or more difference), referral was made for a third independent review (in-house at NCI). The consensus
evaluation of 2 pathologists was used as the final diagnosis. For disagreement among all 3 pathologists (that
at the local site, UCSD, and NCI), the 2 in-house pathologists discussed the case to come to a consensus.

After eligibility was confirmed, participants were instructed to take metformin extended release 500 mg
per day for 1 week, followed by dose escalation to 1000 mg per day for 1 week, followed by dose escalation
to 2000 mg per day for the remainder of the study period. Metformin dose escalation is a standard practice
in patients with diabetes to minimize the GI side effects and thus optimize adherence. An interim clinic
safety visit occurred after 6 weeks of treatment. Participants also underwent an oral exam with lesion mea-
surement and photography and returned after 12-14 weeks of agent intervention for postintervention eval-
uation. During this visit, participants underwent safety and compliance assessments as well as oral exam
for lesion measurement, photography, and biopsy of the previously defined target lesion for histopathology
and tissue markers. In general, a biopsy was performed on the residual and worst appearing area of each
lesion after treatment. If the target lesion was not visible after intervention, a biopsy was obtained at the site
of the previous lesion biopsy. Biofluids were collected for research endpoints.

Criteria for clinical and histological response evaluation. Clinical response was evaluated by the following
criteria (47): complete response (CR), disappearance of all evidence of lesion(s); partial response (PR),
greater than or equal to 50% reduction in the sum of the products of diameters of lesion(s) measurable at
baseline; nonmeasurable lesion(s) may not increase greater than or equal to 25% in size and no new lesion
may appear; no change (NC), no change in the size of the lesion(s) identified at baseline and no new lesions
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appearing, i.e., anything that is not CR, PR, or progressive disease (PD); and PD, any increase greater than
or equal to 25% in the product of the diameters of any lesion(s) measurable at baseline or in the estimated
size of lesion(s) nonmeasurable at baseline or the appearance of an unequivocal new lesion.

Histological response was evaluated by the following criteria: CR, complete reversal of dysplasia or
hyperplasia to normal epithelium in the target lesion; PR, improvement of the degree of dysplasia or hyper-
plasia in the target lesion; NC, no change in the degree of dysplasia or hyperplasia in the target lesion, any-
thing that is not CR, PR, or PD; and PD, increase in the severity of grade of histology in the target lesion.

Biomarker analysis. All tissues were fixed overnight in Z-fix (zinc-buffered formaldehyde, Anatech Ltd.),
transferred to 70% ethanol, and processed for routine paraffin embedding. Sections (5 pm) were obtained
that were stained with H&E for imaging or immunoreacted using the ABC method (Vector Laboratories).
A detailed description of the methods used can be found in Supplemental Methods. Quantification of
slides stained for different biomarkers was performed using Aperio-Leica Scanscope-associated algorithms.
For pS6 THC, H scores were determined as the product of the staining intensity (0, absent; 1, weak staining;
2, moderate staining; and 3, strong staining) multiplied by the percentage of positive cells quantified. The
percentage of cells staining positive for pS6 in the basal layers of OPLs and the percentage of cells positive
for OCT3 were also determined. Ki67 quantification was performed using Aperio-Leica Scanscope—associ-
ated algorithms, and the percentage of positive cells was determined.

Analysis of serum and saliva metformin concentrations. Serum and saliva metformin concentrations were
measured using high-performance liquid chromatography—tandem mass spectrometry (HPLC-MS; ref.
48). Briefly, an aliquot of serum or saliva was mixed with the internal standard, phenformin. Cold aceto-
nitrile was added for protein precipitation. The supernatant was injected onto the HPLC-MS system. The
mass spectrometric analysis was performed using atmospheric pressure chemical ionization operated in the
positive ion mode. The analytes were detected by multiple reaction monitoring. The assay was linear over
the concentration range of 2-2000 ng/mL.

DNA extraction, quality control, sequencing, and copy number analysis. The DNA was extracted from FFPE tissue
using the QIAamp DNA FFPE Tissue Kit (QLIAGEN). The extracted DNA was quantified by fluorometry (HS
dsDNA Kit Qbit, Thermo Fisher Scientific). A detailed description of the methods used for sequencing and copy
number analysis can be found in Supplemental Methods. Individual sequence information was deposited in the
National Center for Biotechnology Information’s database of Genotypes and Phenotypes, study phs002437.
v1.pl: https://www.ncbi.nlm.nih.gov/projects/gap/ cgi-bin/study.cgi?study_id=phs002437.v1.p1.

Statistics. Participants’ characteristics were summarized by mean * SD for continuous variables and
frequency (%) for categorical variables. The primary objective of this study was to determine whether 12
weeks of treatment with therapeutic doses of metformin was associated with clinical response of the target
OPL. Clinical response was evaluated after the 12-week treatment period and categorized into CR, PR,
NG, or PD. A participant with CR or PR was considered a respondent. A 1-sided, 1-sample binomial exact
test at a significance level of 5% was performed to see if the overall response rate was greater than 30% (i.e.,
<30% considered as poor treatment). A sample size of 20 achieved 87% power to detect a response rate
0.30 higher (i.e., a response rate of 60%) than a poor treatment. With an anticipated attrition rate of 20%,
26 participants were accrued to have at least 20 evaluable participants.

The secondary endpoints included histological response; pretreatment to posttreatment changes in
Ki67, pS6, glucose, and C-peptide; and the effect of OCT3 expression level and genomic alterations
on biomarker modulation by metformin treatment and clinical or histological response to metformin.
Similar to the primary endpoint, the histological response rate was calculated, and a 1-sided 95% CI
based on the exact (Clopper-Pearson) method was derived. Nonparametric methods, e.g., signed-rank
test, were performed to evaluate each of the biomarker changes. In addition, logistic regression with
the clinical/histological response as the outcome variable was performed to explore if smoking status,
changes in pS6 expression, changes in OCT3 expression level, or any genomic alteration was associated
with the clinical/histological response to metformin. Statistical analyses were performed using SAS
9.4. The nonparametric Wilcoxon’s matched-pairs signed-rank test was used to compare pretreatment
and posttreatment values of THC stainings using GraphPad Prism version 7.00 for Windows.

Study approval. The study was conducted at the UCSD Moores Cancer Center, UMN, and BCCA
through the University of Arizona Chemoprevention Consortium and funded by the Division of Cancer
Prevention, NCI. The study was approved by the NCI Central Institutional Review Board and IRBs at each
institution. Written informed consent was received from participants prior to inclusion in the study.
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