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Abstract 1 

Background: Epidemiological and in vitro studies suggest independent linkages between poor 2 

folate-and/or-vitamin-B12 nutrition, genomic HPV16-viral integration, and cancer. However, 3 

there is no direct evidence in vivo to support the causative role of poor-folate nutrition in 4 

HPV16-integration into the cellular genome. 5 

Objective: We tested the hypothesis that folate deficiency was permissive for the integration of 6 

HPV16 into the genome of HPV16-harboring keratinocytes, and could thereby influence earlier 7 

transformation of these cells to cancer in an animal model.  8 

Methods: HPV16-harboring human keratinocytes [(HPV16)BC-1-Ep/SL] were differentiated 9 

into 3-Dimensional HPV16-organotypic rafts under either folate-replete or folate-deficient 10 

conditions in vitro. These were then subcutaneously implanted in severely immunocompromised 11 

4-6-week old, 16-18-gm female, Beige Nude XID (Hsd:NIHS-LystbgFoxn1nuBtkxid) mice fed 12 

either a folate-replete diet (1200-nmol folate/kg diet) or progressively folate-deficient diet (600- 13 

or 400-nmol/kg diet, respectively) for 2-months prior to raft-implantation surgery, and 14 

indefinitely thereafter. The tumors that subsequently developed were characterized for onset, 15 

pattern of growth, morphology, HPV16-oncogene expression, and HPV16-genomic integration.  16 

Results: All HPV16-organotypic rafts developed in either folate-replete or physiological low-17 

folate media in vitro and subsequently implanted in folate-replete mice eventually transformed 18 

into aggressive malignancies within weeks. When compared to HPV16-high folate-organotypic 19 

raft-derived tumors from mice fed either a 1200- or 600-nmol folate/kg diet, those raft-derived 20 

cancers that developed in mice fed a 400-nmol folate/kg diet a) expressed significantly more 21 

HPV16 E6 (1.8-fold more) and E7 (2.8-fold more) oncogenic proteins (P = 0.001), 22 

and b) revealed significantly more HPV16-integration sites in genomic DNA (2-fold more), 23 

either directly into, or in the vicinity of, cellular genes (P < 0.05). 24 
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Conclusions: This unprecedented animal model for the consistent rapid transformation of 25 

differentiated (HPV16)BC-1-Ep/SL-derived organotypic raft-keratinocytes to cancer in Beige 26 

Nude XID mice confirms that dietary folate deficiency can profoundly influence and modulate 27 

events leading to HPV16-induced carcinogenesis, and facilitates genomic integration of HPV16 28 

DNA in vivo. 29 

 30 

 31 

Keywords: Human papillomavirus type 16; cancer; oncogenes; folate/vitamin-B12 nutrition; 32 

organotypic rafts; genomic integration; immunodeficiency; mouse model 33 

34 



 

 

Xiao et al.                                                                             Folate nutrition, HPV16 integration, and cancer 

4 

	

Introduction 35 

Human papillomavirus type 16 (HPV16)7 is globally responsible for an estimated one-half of all 36 

HPV-associated genital and oropharyngeal cancers worldwide (1). Apart from repeated exposure 37 

to HPV16-infected material, or inability to eradicate the virus among individuals with 38 

immunodeficiency states, most short-term exposures to HPV16-infections remain transient and 39 

are cleared within 2 years. And, although there can be long term viral persistence in less than 10% 40 

of new infections, an even smaller number of such cases will progress to precancerous lesions 41 

and cancer in immunocompetent individuals over a time frame that is usually well beyond a 42 

decade (2). Integration of HPV16 DNA into the host genome, which converts the circular 43 

episomal DNA into a linear truncated DNA wherein both HPV16 E6/E7 oncogenes are intact (3, 44 

4) and HPV16 E2-mediated repression of E6/E7 is lost (5), is an important reason for persistence 45 

of HPV, and can be a critical event in carcinogenesis and survival (6-10). Thus, in HPV18-46 

induced cancers, the prevalence of integrated sequences approaches 100% (9, 11); however, in 47 

the case of HPV16, pathways arising from both genomic integration and the presence of HPV16 48 

DNA episomes can induce cancer (9, 12, 13). 49 

On the basis of epidemiological data, established co-factors that accelerate HPV-induced 50 

transformation of tissues to cancer include early age at first intercourse, multiple partners, 51 

smoking, oral contraceptives, and reduced immunity arising from advanced human 52 

immunodeficiency virus (HIV) infection and acquired immunodeficiency syndrome (AIDS), or 53 

primary immunodeficiency states (14). Poor folate-and/or-vitamin-B12 nutrition, which is 54 

common worldwide (15-17), has been suspected as a co-factor for HPV-induced cancers for 3 55 

decades (18-23). Thus, a) both experimental and clinical folate- and vitamin-B12- deficiency, 56 

predisposes to fragmentation of DNA (24-28), and induces breaks within both common- and 57 
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rare- fragile sites in DNA (29-32), resulting in genomic instability. b) Further documentation of 58 

the coincidence of HPV16 viral integration into common and rare fragile sites, and the finding of 59 

preferential HPV16 integration in common fragile sites within (HPV16-induced) cervical tumors 60 

raised the possibility that HPV16 DNA integration can trigger oncogenesis through insertional 61 

mutagenesis of tumor suppressor genes  (29-35). c) Confirmation of several such genes within 62 

common fragile sites lent further biological plausibility to the potential for folate/vitamin-B12-63 

deficiency, HPV16 integration, and cancer, to be linked. However, neither direct experimental 64 

studies in vivo nor clinical studies have definitively demonstrated that the folate- or vitamin-B12- 65 

deficient state per se is permissive for an increase in integration of HPV16 into genomic DNA. 66 

Earlier we determined another molecular mechanism whereby folate deficiency triggers the 67 

homocysteinylation and activation of an mRNA-binding protein, hnRNP-E1 (36, 37), which 68 

avidly binds HPV16 RNA and profoundly perturbs generation of both HPV16 L1 and L2 viral 69 

capsid proteins in vitro, in cultured HPV16-harboring BC-1-Ep/SL keratinocyte monolayers, as 70 

well as in differentiated 3-Dimensional HPV16-organotypic rafts developed in physiological 71 

low-folate medium (38). As a result, when compared to control 18-day HPV16-high folate-72 

organotypic rafts (referred to hereafter as HF-rafts), the HPV16-low folate-organotypic rafts 73 

(referred to hereafter as LF-rafts) contained a) much fewer HPV16-viral particles, b) a similar 74 

HPV16 DNA viral load, but c) much greater extent of viral integration of HPV16 DNA into 75 

genomic DNA (38). Although these studies unequivocally established a molecular linkage 76 

between poor folate-nutrition and an altered HPV16 life cycle in vitro, two outstanding questions 77 

remained: i), When did the high level of integration of HPV16 DNA into the genomic DNA of 78 

human keratinocytes occur in LF-rafts that were developed in vitro? ii), Did HPV16 DNA also 79 

integrate into the genomic DNA of human keratinocytes in vivo, and was it more frequent in 80 

folate-deficient versus folate-replete tissues in vivo? 81 
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 In addition, when 18-day old HF-rafts and LF-rafts were subcutaneously implanted into 3 82 

different species of folate-replete mice with varying degrees of immunodeficiency, only one of 83 

two severely immunocompromised Beige Nude XID mice implanted with an LF-raft developed 84 

an aggressive cancer at the site of implantation within 12 weeks (38). This raised the obvious 85 

question of whether the development of this cancer was a stochastic event. Therefore, it was 86 

incumbent on us to clarify the frequency with which our differentiated HPV16-organotypic rafts 87 

would develop into cancer in this model using Beige Nude XID mice, which possess no capacity 88 

to recognize and eradicate HPV16 viruses because they lack B, T, and NK cells [see Ref. (38), 89 

Supplement Table S1].  90 

To address these issues, we studied the fate of cultured HPV16-harboring BC-1-Ep/SL 91 

cells that were differentiated into HPV16-organotypic rafts under high- or low- folate conditions 92 

in vitro and then subcutaneously implanted in Beige Nude XID mice that were chronically fed 93 

either a folate-replete or progressively folate-deficient diet (38). 94 

 95 

Methods 96 

Materials: HPV16 plasmid DNA was a kind gift from Professor Ann Roman (Indiana 97 

University). BC-1-Ep/SL keratinocytes that had been stably transfected with HPV16 (39)—98 

referred to hereafter as (HPV16)BC-1-Ep/SL cells—were a kind gift from Professor Paul F. 99 

Lambert (University of Wisconsin). NIH/3T3 (ATCC® CRL-1658™) was obtained from 100 

American Type Culture Collection (Manassas, VA). An anti-HPV16 E6 + HPV18 E6 mouse 101 

monoclonal antibody [clone C1P5] (ab70) (Abcam, Cambridge, MA), which was generated 102 

against purified HPV-18 E6-beta galactosidase fusion protein, recognizes E6 from both HPV16 103 

and HPV18; its specificity has been validated previously (40, 41). An anti-HPV E7 mouse 104 
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monoclonal antibody [289-17013] which was generated against the full length HPV16 E7 protein 105 

(Abcam, Cambridge, MA), is specific for HPV16 E7 protein as validated previously (42, 43).   106 

Animal Protocols and Animal Care. All animal care procedures conformed to the “Guide for the 107 

Care and Use of Laboratory Animals”  (44). The protocols for the use of Beige Nude XID mice 108 

were approved by the Institutional Animal Care & Use Committee at Indiana University-Purdue 109 

University at Indianapolis. 110 

Model for the implantation of HPV16-organotypic rafts in mice with defined folate diets. 111 

Seventy-two female Beige Nude XID (Hsd:NIHS-LystbgFoxn1nuBtkxid), 4-6 week old, and 112 

weighing 16-18 grams were obtained from Harlan Sprague Dawley Laboratories, Indianapolis, 113 

IN, and acclimatized for one week at the Laboratory Animal Resource Center at Indiana 114 

University School of Medicine.  115 

Mice were fed a defined diet (from Dyets Inc, Bethlehem, PA) that contained 1% 116 

succinyl sulfathiazole and various concentrations of folic acid for two months (as we described 117 

(44)) before implantation of HPV16-organotypic rafts. These diets, detailed in Supplemental 118 

Tables 1-5, were composed of an optimum [normal] diet of 1200-nmol folate/kg diet (0.529 119 

mg/kg) or either one of two progressively folate-deficient diets (i.e., 600-nmol folate/kg diet 120 

(0.265 mg/kg), or 400-nmol folate/kg diet (0.177 mg/kg) (44). [We have earlier determined that 121 

by the end of two months on these folate-deficient diets, mice tend to exhibit evidence of folate 122 

deficiency, manifested by a reduction in serum folate and an inverse rise in serum homocysteine, 123 

which is proportionate to the degree of dietary folate restriction (44)]. After subcutaneous 124 

surgical implantation of HPV16-organotypic rafts, each of these mice were then maintained on 125 

their pre-implantation diets throughout the observation period of each experiment. 126 

Forty-eight mice were randomly divided equally into three dietary folate groups (either 127 

1200-, or 600-, or 400- nmol folate/kg diet) and housed individually in specialized wire-128 
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bottomed stainless-steel cages (to minimize coprophagy during induction of a dietary folate 129 

deficiency) (44). These groups were subcutaneously implanted with HF-rafts. In another 130 

experiment, twenty-four mice that were fed a 1200-nmol folate/kg diet were implanted 131 

subcutaneously with LF-rafts. 132 

Previous approaches employed to implant fragments of HPV-infected human foreskins 133 

under the skin of mice  (45, 46), were modified for subcutaneous implantation of either HF-rafts 134 

or LF-rafts in Beige Nude XID mice. Briefly, 18-day old HF-rafts and LF-rafts were washed 135 

with sterile D-PBS, cut into 5x5x1 mm pieces, and transported in Petri dishes at 4°C to the 136 

animal facility in either F-HF or F-LF medium, respectively. [The composition of F-HF and F-137 

LF media is detailed in Supplemental Methods].  138 

All mice remained deeply anesthetized before and throughout the surgical procedure as 139 

described in Supplemental Methods. Under sterile conditions, a 0.5 cm mid-flank skin incision 140 

was made perpendicular to the spine below the costophrenic angle with scissors, and a 141 

subcutaneous pocket was created using blunt forceps. A fragment (5x5x1 mm) from either a HF-142 

raft or LF-raft was then inserted subcutaneously and repositioned in a top-to-bottom orientation 143 

to facilitate angiogenesis of the raft from below, and the incision was closed with a surgical clip. 144 

After postoperative recovery from anesthesia, the mouse was transferred to a regular cage. The 145 

surgical clips were removed one week after surgery without anesthesia. The mice were then 146 

observed twice a week for tumor growth. Once tumors were established, measurements were 147 

taken on a regular basis  (45, 46). Quantification of tumor growth was made using the formula, 148 

as described  (47). Mice were euthanized in a CO2 chamber for 5 minutes followed by cervical 149 

dislocation to confirm death. 150 

Although several mice developed subcutaneous cysts at the site of implantation of rafts 151 

shortly after the surgical clips were removed, none of these grew over 50 mm3 before they either 152 
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regressed or receded into a minor swelling over the implantation area. Accordingly, the swelling 153 

was formally recorded as a tumor only when the tumors grew beyond the 50 mm3 volume.  154 

To assess the intrinsic malignant potential of (HPV16)BC-1-Ep/SL keratinocytes 155 

propagated in high-folate medium, 3 million cells were injected subcutaneously into the flanks of 156 

Beige Nude XID mice fed a folate-replete diet. Mice were evaluated for the development of a 157 

tumor at the site of injection for up to 38 weeks before being sacrificed. 158 

Tumor RNA preparation and Quantitative Reverse Transcriptase-PCR (qRT-PCR), primers, 159 

and validation. Total RNA was extracted from tumor tissue using the GenElute Mammalian 160 

Total RNA Miniprep kit and the manufacturer’s instructions. Specific primers were designed to 161 

amplify HPV16 E6, E7 RNA using the online Integration DNA Technologies software. Primers 162 

for HPV16 E6 were as follows: Fluorescent probe: 5’-/56-FAM/AGA ATG TGT/ZEN/GTA 163 

CTG CAA GCA ACA GT/31 ABkFQ/-3’; forward primer: 5’-CGA CCC AGA AAG TTA CCA 164 

CAT -3’; reverse primer: 5’-AGC AAA GTC ATA TAC CTC ACG TC-3’. Primers for HPV16 165 

E7 were as follows: Fluorescent probe: 5’-/56-FAM/TGC GTA CAA/ZEN/AGC ACA CAC 166 

GTA GAC A/31ABkFQ/-3’; forward primer:  5’-TGT TGC AAG TGT GAC TCT ACG -3’; 167 

reverse primer: 5’-TGT GCC CAT TAA CAG GTC TTC-3’. Primers for the mouse 168 

housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), were as follows: 169 

Fluorescent probe: 5’-/56-JOEN/TCA AGA AGG/ZEN/TGG TGA AGC AGG CAT/31 170 

ABkFQ/-3’; forward primer: 5’-GGA GAA ACC TGC CAA GAT TGA -3’; reverse primer: 5’-171 

TCC TCA GTG TAG CCC AAG A-3’. qRT-PCR was performed on an ABI 7900 Sequence 172 

Detection System (PE Biosystems, Foster City, CA) using a SuperScript III Platinum One-Step 173 

qRT-PCR kit (Invitrogen, CA). Cycle conditions were as follows: After the first step for 10 min 174 

at 50°C and 2 min at 95°C, the samples were cycled 40 times at 95°C for 15 seconds and at 60°C 175 

for 60 seconds. For all quantitative analyses the comparative threshold cycle method [or relative 176 
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standard curve method] was followed according to the PE Biosystems instruction manual. All 177 

PCR reactions were performed in duplicate. Primers to mouse GAPDH were run in parallel to 178 

standardize the input amount. The extent of densitometry-scanned signals of HPV16 E6 and E7 179 

protein expression in each tumor normalized to the amount of b-actin protein loaded onto each 180 

gel was first expressed as the percent HPV16 E6/E7/b-actin ratio per tumor (n = 10 per dietary 181 

group), and the mean group percent HPV16 E6/E7/b-actin ratio of each dietary group was then 182 

assessed for statistical significance.  183 

Localization of genomic integration of HPV16 by Junction-PCR. Junction-PCR was conducted 184 

on each tumor to detect the genomic integration site in various tumor samples using a panel of 75 185 

pairs of primer combinations [shown in Ref.  (48), Supplemental Table S7] which were custom-186 

synthesized by Integrated DNA Technologies (Coralville, IA). These 75 primer pairs had 187 

previously been defined as loci for integration of HPV16 in genomic DNA from established 188 

human cervical cancers (48). Junction-PCR was performed with the High Fidelity PCR Master 189 

Kit (Roche). The 20 µL reaction components comprised 10-µL of 2X master mix, 1-µL HPV16 190 

forward primer (10-µM), 1-µL cellular primer (10-µM), 1-µL of template DNA (50-ng/µL), and 191 

7-µL of PCR-grade water. Cycling conditions were as follows: Initial denaturation/activation at 192 

94 °C (5 min), 35 cycles including denaturation at 94 °C (30 sec), annealing at 59 °C (30 sec), 193 

and elongation at 72 °C (1 min). PCR products were assessed using Agarose Gel Electrophoresis. 194 

Supplemental Methods. The following experiments can be found in the Supplemental Methods 195 

(Online Supporting Materials): Culture of (HPV16)BC-1-Ep/SL keratinocytes in high-folate F-196 

medium and adaptation to low-folate F-medium in the absence of feeder layers; HPV16-197 

organotypic raft cultures; Quantitative PCR (qPCR) for HPV16 viral load and estimation of 198 
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HPV16 DNA integration ratio; Sedation and anesthesia of mice; and Measurement of serum 199 

homocysteine in mice. 200 

Statistical analyses. Statistical analysis was conducted using GraphPad Prism 6 (GraphPad 201 

Software, San Diego, CA). Unless otherwise specified, results are expressed as means ± SDs, n = 202 

3 (means of triplicates). Comparisons between 2 groups were analyzed by Student’s t test and 203 

comparison between multiple groups were analyzed using one-way ANOVA followed by a post-204 

hoc multiple comparisons (Tukey’s test) if the one-way ANOVA resulted in statistical 205 

significance at level 0.05.  206 

 207 

Results  208 

Determination of HPV16 DNA integration into the genome in HPV16-harboring cells in vitro. 209 

The observed high-level integration of HPV16 DNA into the cellular genome of LF-rafts at day-210 

19 (38) could have occurred either during raft development over 18 days in vitro, or at an earlier 211 

time. Accordingly, LF-rafts in development were placed back into high-folate (F-HF) medium 212 

during various days of culture and the HPV16 DNA integration ratio, which reflected the extent 213 

of genomic integration of HPV16 DNA, was reassessed on day-19 (when these rafts were 214 

dismantled). As shown in Figure 1 A, propagation of LF-rafts after placing back in F-HF 215 

medium failed to reverse the extant high-level integration into genomic DNA. These studies 216 

pointed to the occurrence of high-level genomic integration of HPV16 DNA at an earlier time 217 

when (HPV16)BC-1-Ep/SL cells were adapted to low-folate media.  218 

Immortalized (HPV16)BC-1-Ep/SL keratinocytes propagated as monolayers in culture 219 

contain HPV16 DNA episomes. When (HPV16)BC-1-Ep/SL keratinocytes that were stably 220 

propagated in F-HF media were abruptly passaged in low-folate (F-LF) medium and evaluated 221 

over 25 weeks, there was a progressive increase in HPV16 integration into the cellular genome 222 
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[based on the integration ratio (38)], from a baseline value for integration between 40-45% in F-223 

HF medium to a high of 95% integration into genomic DNA (Figure 1 B). Near maximal 224 

integration occurred from the 7th week onwards; this was the time when other cells are known to 225 

become progressively folate-deficient when similarly propagated in low-folate medium (36, 38). 226 

Parenthetically, this is also the period of accumulation of homocysteine intracellularly sufficient 227 

to trigger homocysteinylation of hnRNP-E1 (37) leading to translational up-regulation of folate 228 

receptors (36). Thus folate deficiency, which is known to favor fragmentation of DNA 229 

(discussed in Ref. (38)), was likely to have been permissive for the integration of HPV16 DNA 230 

episomes into the genomic DNA of (HPV16)BC-1-Ep/SL cells in culture.  231 

Characteristics of tumors following transformation of HPV16-organotypic rafts to cancer in 232 

Beige Nude XID mice. When 3 million (HPV16)BC-1-Ep/SL cells that were propagated in F-HF 233 

medium were subcutaneously implanted into the flanks of each of three folate-replete Beige 234 

Nude XID mice, no tumor was detected even after 38 weeks of observation. These results 235 

indicated that such HPV16-immortalized cells were not intrinsically malignant.   236 

Next, we determined the frequency with which subcutaneous implantation of 237 

differentiated 18-day old HF-rafts in female Beige Nude XID mice were transformed to cancer. 238 

After implantation into three dietary groups of 16 mice each, the majority of mice survived long-239 

term observation; however, in the 1200-, 600-, and 400-nmol folate/kg diet groups, there were 2, 240 

4, and 3 mice, respectively, that failed to thrive before development of tumors and were 241 

euthanized on the recommendation of the supervising veterinarian.  242 

Supplemental Figure 1 A-D illustrates various stages in transformation of 243 

subcutaneously implanted differentiated HPV16-organotypic rafts into tumors in representative 244 

mice. In several mice, there was a small cyst which developed and then either resolved within a 245 

couple of weeks or from which a tumor developed. However, in time, once firm nodules 246 
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developed, there was usually a rapid tumor doubling time consistent with an aggressive cancer, 247 

necessitating early euthanasia of the mouse. On light microscopy these tumors generally 248 

exhibited a high nuclear:cytoplasmic ratio, prominent nucleoli, mitotic figures, and increased 249 

angiogenesis; moreover, tumor cells could be transplanted, and then re-transplanted over two 250 

generations in Athymic Nude mice, which are all characteristics of cancer (38).  251 

Surprisingly however, the histopathological architecture and cell morphology within 252 

randomly chosen tumors that developed in Beige Nude XID mice under varying conditions of 253 

folate nutrition (discussed below) appeared different. Thus, on low power magnification (Figure 254 

2 A), a tumor which developed under entirely folate-replete conditions (i.e., HF-raft implanted in 255 

a mouse consuming a 1200-nmol folate/kg diet) exhibited a heterogeneous population of oval 256 

and spindle shaped cells which were distributed in an apparently disorganized manner. Most oval 257 

cells had a cytoplasmic margin that was indented by abutting tumor cells. There were ‘narrow 258 

streams’ of spindle shaped cells arranged in streaks across the field. On higher magnification 259 

(Figure 2 E), all cells had prominently stained nuclei and multiple nucleoli; there were many 260 

mitotic figures and scattered apoptotic bodies. Surrounding many bi-nucleated larger cells was a 261 

more prominent pink stained ground-glass appearance than the background intercellular material. 262 

By contrast, when viewed on low power magnification (Figure 2 C), a tumor which developed 263 

after an HF-raft was implanted in a folate-deficient mouse consuming a 400-nmol folate/kg diet 264 

exhibited a much more uniform population of oval elongated and spindle-shaped cells, many 265 

with abundant cytoplasm, that were arranged in distinct ‘streams’ that appeared to fan out in 266 

different directions across the field. On higher magnification (Figure 2 G), many of these cells 267 

had a uniform sieve-like nuclear chromatin pattern which rendered the nucleus relatively lighter 268 

staining (a hallmark of megaloblastosis (15)), and mitotic figures and apoptotic bodies were 269 

slightly more prominent. There was also generally more uniform pink ground-glass material in 270 
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between cells throughout the field. The histopathology of a tumor which developed after an HF-271 

raft was implanted in a less folate-deficient mouse (i.e., consuming a 600-nmol folate/kg diet) 272 

(Figure 2 B, F) generally appeared intermediate between features of tumors found in mice fed a 273 

1200- and 400-nmol folate/kg diet. Of added significance, when an LF-raft was implanted in a 274 

folate-replete mouse, the tumor architecture on low magnification (Figure 2 D) exhibited several 275 

groups of cells that had a distinctly whorled appearance, composed of groups of spindle shaped 276 

cells arranged much like many bouquets of flowers. On higher magnification (Figure 2 H), these 277 

cells still revealed a sieve-like nuclear chromatin pattern but with no megaloblastic changes. The 278 

cytoplasm was not abundant and there were few apoptotic bodies. The few scattered red cells 279 

between these whorled groups of cells highlighted obvious distinctions from the pink ground-280 

glass stained intercellular material. Thus, although tumors found in folate-deficient mice can 281 

exhibit megaloblastic features (49), these light microscopy findings (Figure 2 A-H) now also 282 

suggested that the folate nutritional status of tissues before oncogenic induction and during 283 

tumor growth may have an important influence on the cellular architecture of tumors.  284 

As shown in Figure 3, irrespective of the folate-content of the diet consumed, every 285 

single Beige Nude XID mouse that had been implanted with HF-rafts developed an aggressive 286 

tumor at the implantation site.  287 

When HF-rafts were implanted in mice that were chronically fed either a 1200-, or 600-, 288 

or 400-nmol folate/kg diet (Figure 3), there were 0-, 1-, and 3- HPV16-raft-derived tumors at 4-289 

weeks, respectively; however, because of insufficient net numbers of mice, the issue of an earlier 290 

onset of tumors in the most folate-deficient mice could not be statistically assessed. The mean 291 

onset of tumors (measured in days after raft-implantation) among mice fed the 1200-, 600-, and 292 

400-nmol folate/kg diets were 52.6 ±22, 63.3 ±26, and 49.8 ±21 -days, respectively. However, 293 
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there was no statistically significant finding from the ANOVA that the tumor onset time differs 294 

among the 3 diet groups (P = 0.31). 295 

Whereas the majority of the tumors in the 1200-nmol folate/kg diet group (Figure 3 A) 296 

became obvious within a relatively narrower window after implantation (between 8-12 weeks), 297 

there were 2 of 14 tumors that appeared very delayed at 24th and 25th weeks after implantation. 298 

By contrast, the onset of tumors in the 600- and 400-nmol folate/kg diet groups was spread out 299 

between 4-16 and 4-18 weeks, respectively (Figure 3, B and C).  300 

Thus (i) it was essential for these (HPV16)BC-1-Ep/SL keratinocytes to be in 3-301 

Dimensional form as differentiated HPV16-organotypic rafts (that were functional in generating 302 

amplified HPV16 DNA (38)) before these keratinocytes could be transformed into an aggressive 303 

cancer in vivo (Figure 3). These studies also raised the possibility that (ii) the folate nutritional 304 

status of tissues before oncogenic induction and during tumor growth may have an important 305 

influence on the onset and growth of the tumor.  306 

Because of costs associated with purchase of these expensive Beige Nude XID mice, we 307 

tested for serum homocysteine concentrations only at the time of sacrifice of these tumor-bearing 308 

mice. The results revealed that Beige Nude XID mice fed the 1200-nmol folate/kg (folate-replete) 309 

diet had a baseline level of serum homocysteine of 26.1-μM, whereas the (folate restricted) 600- 310 

and 400-nmol folate/kg diets induced a serum homocysteine of 44.1-μM and 63.6-μM, 311 

respectively (Table 1). These studies confirmed that the mice fed a progressively folate-312 

restricted diet exhibited proportionately increasing metabolic evidence of folate deficiency when 313 

compared to mice fed a folate-replete diet. Parenthetically, such data were quite comparable with 314 

earlier studies in female CD1 mice where after two months on these defined diets, the serum 315 

homocysteine ranged from 19-μM (on the 1200-nmol folate/kg diet), 41-μM (on the 600-nmol 316 

folate/kg diet) and 77-μM (on the 400-nmol folate/kg diet) (44). 317 
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The single greatest risk factor for malignant progression of tissues by HPV16 is 318 

persistence of infection when HPV16 E6 and E7 viral oncogenes become constitutive 319 

components of host keratinocytes and are deregulated together with other cellular proteins; thus, 320 

HPV16 E6 and E7 expression is considered essential for carcinogenesis (50-52). Accordingly, 321 

we investigated if HPV16 oncogenes were detected in 10 randomly chosen tumors in Beige 322 

Nude XID mice from among the three dietary groups. As shown in Figure 4 A and B, HPV16 323 

E6 and E7 RNA and proteins were detected in all HPV16-tumors that developed from HF-rafts 324 

implanted in folate-replete and folate-deficient mice. This supported the possibility that these 325 

could be HPV16-derived tumors. In addition, there was no difference in either HPV16 E6 or E7 326 

RNA [means +SD (n = 10)] in the group of tumors that developed in mice fed either a high- 327 

versus low-folate diet (1200- or 400-nmol folate/kg diet, respectively). As noted in Figure 4 A, 328 

the lack of detection of HPV16 E6 RNA in tumor #2 (1200-nmol folate/kg diet), and tumor #8 329 

(600-nmol folate/kg diet), as well as a lack of detection of both E6/E7 RNA in tumor #7 (600-330 

nmol folate/kg diet), despite the identification of HPV16 E6/E7 protein expression in all tumors 331 

(discussed below), is likely related to sampling error since control cellular transcripts were also 332 

not detected; unfortunately, we did not have sufficient tumor tissue to repeat RNA analysis.   333 

There were statistically significant findings for the differences in mean percent HPV16 334 

E6 protein/b-actin ratios and mean percent HPV16 E7 protein/b-actin ratios in tumors among the 335 

3 dietary groups from the ANOVA (P < 0.001). The post-hoc comparisons between the mean 336 

percent HPV16 E6 protein/b-actin ratio in tumors (n =10) in each of the 3 dietary groups (Figure 337 

4 B), revealed no difference in HPV16 E6 expression (mean group percentages) in the group of 338 

tumors in mice fed a 1200- and 600-nmol folate/kg diet (32.75 ±6.23 and 35.91 ±8.95, 339 

respectively). However, there was significantly more HPV16 E6 protein expression (57.22 340 
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±13.89) from the group of tumors in mice fed the lowest folate diet (400-nmol folate/kg diet) 341 

when compared to mice fed either an intermediate-folate diet (600-nmol folate/kg diet) (P = 342 

0.001), or a high-folate diet (1200-nmol folate/kg diet) (P = 0.001). Similarly, the post-hoc 343 

comparisons between the mean percent HPV16 E7 protein/b-actin ratio in tumors (n =10) in each 344 

of the three dietary groups (Figure 4 B), revealed no difference in HPV16 E7 protein expression 345 

in the group of tumors in mice fed a 1200- and 600-nmol folate/kg diet (18.81 ±4.05 and 19.85 346 

±4.63, respectively). But there was significantly more HPV16 E7 protein expression (52.93 347 

±9.09) from the group of tumors in mice fed a 400-nmol folate/kg diet when compared to either a 348 

600-nmol folate/kg diet (P = 0.001), or a 1200-nmol folate/kg diet (P = 0.001). 349 

Characterization of HPV16 DNA integration into the genome of tumors. Because (i) HF-rafts 350 

had a baseline HPV16 DNA integration ratio of less than 50% (Figure 1 A), and (ii), genomic 351 

integration of HPV16 DNA progressively increased as monolayers of (HPV16)BC-1-Ep/SL cells 352 

became more folate-deficient in vitro (Figure 1 B), we determined the extent to which 353 

integration of HPV16 DNA into the cellular genome of tumors was present in mice fed a low-354 

folate versus high-folate diet. The sequence determination of viral-cellular junctions provides 355 

direct proof of the genomic integration of HPV16 DNA and also helps to localize the HPV16 356 

integrated sequences in chromosomes (48). Accordingly, each of these tumors were subjected to 357 

a more extensive multiplex Junction-PCR analysis using the panel of 75 primers that were 358 

previously defined as loci for integration of HPV16 in genomic DNA from established human 359 

cervical cancers (48). Supplemental Figure 2 shows an example of PCR product analysis of a 360 

single randomly chosen tumor from mice fed either a 1200-nmol folate/kg diet (Supplemental 361 

Figure 2 A), or 600-nmol folate/kg diet (Supplemental Figure 2 B), or a 400-nmol folate/kg 362 

diet (Supplemental Figure 2 C). Supplemental Figure 2 D contains results from a 363 

representative tumor from a folate-replete mouse that was implanted with an LF-raft. In this 364 
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analysis, each well contained one of 75 different primers, and the positive detection of 365 

amplification of a specific viral-cellular DNA junction (within one or more of the 75 PCR 366 

products on agarose gel electrophoresis) is signaled by the finding of a second slower moving 367 

band. As shown in Supplemental Figure 2 A-C, there were 3-, 5-, and 8- slower moving bands 368 

among 75 different wells in each of the tumors from mice fed a 1200-, 600-, and 400-nmol 369 

folate/kg diet, respectively, with 7 slower moving bands in Supplemental Figure 2 D.  370 

A more detailed analysis of results involving identification of HPV16 DNA integration 371 

sites in HF-raft-derived tumors that developed in Beige Nude XID mice fed various amounts of 372 

dietary folate is shown in Supplemental Table 6. These results demonstrated that all tumors 373 

contained HPV16 DNA that integrated into genomic DNA. Those integration sites (depicted in 374 

red font) identified viral-genomic DNA junctions where HPV16 insertion was directly into 375 

cellular genes, whereas integration sites (depicted in black font) indicated HPV16 insertion 376 

within 500 kb upstream of cellular genes, and integration sites (depicted in blue font) indicated 377 

an insertion site not within a known cellular gene. The average number of HPV16 integration 378 

sites into the cellular genome of tumors that developed when HF-rafts were implanted in Beige 379 

Nude XID mice fed a 1200-, 600-, and 400-nmol folate/kg diet, was 2.90 ±0.88 (n = 10), 4.83 380 

±0.88 (n = 12), and 5.90 ±0.99 (n = 10), respectively (Supplemental Table 6). There were 381 

significantly more integration sites from HF-raft-derived tumors from mice that were on a folate-382 

deficient diet (either 400- or 600-nmol folate/kg diet) than mice on a folate-replete diet (1200-383 

nmol folate/kg diet) (P < 0.05). Moreover, in tumors that formed in folate-deficient mice, the 384 

majority of integration sites targeted more than one cellular gene (Supplemental Table 6, red 385 

font) or within 500 kb upstream of cellular genes (Supplemental Table 6, black font).  386 

Because many more insertion sites into genomic DNA were documented [in HF-raft-387 

derived tumors that developed] following implantation in folate-deficient mice compared to 388 
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folate-replete mice (Supplemental Table 6), these data raised the likelihood of a dynamic 389 

process of genomic integration of HPV16 into implanted HPV16-organotypic rafts that occurred 390 

longitudinally as a function of time.  391 

Consequences of HPV16 DNA integration into the genome of (HPV16)BC-1-Ep/SL cells on 392 

tumor growth. Next we tested the hypothesis that once increased HPV16 integration occurred in 393 

the genomic DNA of (HPV16)BC-1-Ep/SL cells during induction of folate deficiency in vitro 394 

(Figure 1 B), there would be a corresponding marked heterogeneity in onset of tumors after such 395 

(HPV16)BC-1-Ep/SL cell-derived LF-rafts were implanted into folate-replete Beige Nude XID 396 

mice (fed 1200-nmol folate/kg diet). As shown in Supplemental Figure 3, the pattern of tumor 397 

development and tumor growth in 24 folate-replete Beige Nude XID mice was markedly 398 

different when compared to the development of cancers in folate-replete mice implanted with 399 

HF-rafts (see Figure 3 A). Tumors developed in three clusters: One group manifested from 7-14 400 

weeks, a second between 20-26 weeks, and the third between the 28-31 weeks. This 401 

heterogeneity strongly suggested a multi-centric origin of these tumors. 402 

As shown in Supplemental Table 7, the average number of HPV16 integration sites into 403 

the genomic DNA of tumors when LF-rafts were implanted in folate-replete Beige Nude XID 404 

mice fed a 1200-nmol folate/kg diet was 6.11 ±0.88 (n = 19). When these data were compared to 405 

the average of 2.90 ±0.88 (n = 10) insertion sites found in tumors generated from HF-rafts 406 

implanted in folate-replete Beige Nude XID mice fed a 1200-nmol folate/kg diet (Supplemental 407 

Table 6), the results were statistically significant (P < 0.05); conversely, there was no difference 408 

when these data were compared to similar parameters found (5.90 ±0.99 (n = 10)) from tumors 409 

generated in (folate-deficient) mice fed a 400-nmol folate/kg diet (Supplemental Table 6). 410 

Therefore collectively, these results strongly suggest that the low-folate state was highly 411 

permissive for integration of HPV16 DNA into the cellular genome both in vitro and in vivo.  412 
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 413 

Discussion 414 

Transformation of implanted HPV16-organotypic rafts into cancer in Beige Nude XID mice. 415 

The strong evidence against the possibility that (HPV16)BC-1-Ep/SL cells were a spontaneous 416 

tumorigenic cell line is discussed in detail in Supplemental Discussion. By contrast, the 417 

development of tumors, shortly after implantation of 3-Dimensional, differentiated, functional 418 

HF-rafts in folate-replete Beige Nude XID mice, exhibited all the characteristics of an aggressive 419 

cancer. For example, these tumors developed shortly after exposure to the carcinogen (in this 420 

case HPV16 viral DNA) within weeks, and exhibited a tumor doubling time of less than 7 days, 421 

and often between 2-5 days in folate-replete mice. By comparison, Burkitt’s Lymphoma, one of 422 

the most aggressive human cancers, has a tumor doubling time of 1-2 days (53). The 423 

combination of rapid tumor growth with microscopic visualization of the histology of these 424 

tumors using hematoxylin:eosin staining—the standard approach used by clinical pathologists 425 

worldwide to rapidly distinguish a cancer from a benign tumor—demonstrated classic 426 

characteristics of malignancy (as detailed in Results). The additional dual findings of tumor 427 

biomarkers of HPV16 oncogene expression at both the RNA and protein level and demonstration 428 

of genomic integration by HPV16 DNA (the existing clinical gold standard) characterized these 429 

as HPV16-derived cancers. 430 

The possibility that transformation of implanted (HPV16)BC-1-Ep/SL-derived 431 

organotypic rafts into cancer in Beige Nude XID mice can be influenced by varying the folate 432 

milieu warranted specific information on the effect of folate deficiency in altering: a) the 433 

frequency of development of these cancers, including their onset and growth patterns;  b) the 434 

expression of HPV16 E6 and E7 oncogenes within these tumors; and c) the characteristics of 435 

genomic integration of HPV16 in tumors. Our studies have provided new information on each of 436 
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these parameters within [HPV16-organotypic raft-derived] tumors as they relate to folate 437 

deficiency in mice.  438 

Our data have also raised three new possibilities that warrant additional study. These 439 

relate to (i), a potential direct relationship between the earliest onset of tumors in those mice that 440 

were most folate-deficient when compared to folate-replete mice. Although we were not able to 441 

establish this relationship statistically at significance level 0.05 because of small sample size 442 

(Figure 3), the observed difference in the earliest tumor onset times in this study justifies the 443 

need for a larger study to further ascertain this relationship. In addition (ii), there is the likelihood 444 

that the nutritional state of tissues before oncogenic induction and during tumor growth can alter 445 

and influence the final histopathology (architecture) of the tumor (Figure 2). And (iii), there is 446 

the question of a potential influence of folate availability on the rates of tumor growth (Figure 3). 447 

These issues require further intentional study with a larger number of mice to generate robust 448 

statistically significant data. Such data will be an important first step to identifying the 449 

fundamental mechanistic basis for the requirement of an intact 3-Dimensional structure of 450 

differentiated, functional HPV16-organotypic rafts before transformation to aggressive cancers 451 

in these mice. 452 

Pathways to HPV16-induced oncogenesis and role of genomic integration via three different 453 

models. The nutritional status of HPV16-organotypic rafts before and after implantation in mice 454 

has an influence in HPV16-oncogenic induction and tumor growth (Figure 3 and Supplemental 455 

Figure 3). Indeed, the observed differences raise the possibility of 3 different pathways to 456 

oncogenesis within these HPV16-organotypic rafts in folate-replete versus folate-deficient Beige 457 

Nude XID mice.  458 

[Model 1] Proposed pathway to cancer when HF-rafts are implanted in folate-replete 459 

mice: If indeed implanted HF-rafts in folate-replete mice, which generate abundant HPV16 460 
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viruses (38), behave similar to implanted human foreskin’s infected with HPV16 (45), these HF-461 

rafts would likely continue to generate a large number of infectious HPV16 virus particles within 462 

a cyst under the skin over the entire period in vivo (38). Therefore, it is possible that these 463 

infectious HPV16 viruses could repeatedly re-infect the implanted HPV16-organotypic raft 464 

epithelium (following micro-trauma sustained during normal cage activity of mice), and thereby 465 

contribute to a higher density of HPV16-infection of the implanted raft. This could lead to 466 

greater dysregulation of HPV16 early gene expression in the more heavily infected tissues, 467 

analogous to repeated HPV16 infection of susceptible cervical tissue from either adjacent 468 

infected tissues or an infected partner. (See “Cysts, dose-dense infection, and ‘field 469 

cancerization’” in Supplemental Discussion). Such a scenario (for repeated infection) can 470 

potentially explain how an HPV-infected cervix contains all three cervical intraepithelial 471 

neoplasia (CIN) 1-3 features in the same histological specimen (see Ref. (54), Figure 7A). This 472 

recalls the 1953 hypothesis of Slaughter’s ‘field cancerization’ defect (55), which suggested 473 

inherent dangers in repeated exposure of susceptible tissues to a carcinogen. In this context, 474 

because HPV16 episomes alone can cause cervical cancer in one-third of cases (12, 56, 57), 475 

repeated reinfection of the implanted keratinocyte tissue can lead to a high-titer of HPV16 476 

episomes per keratinocyte (i.e., an increased dose-density of infection), which can lead to 477 

increased oncogene stimulation despite relatively lower degrees of genomic integration. 478 

Therefore, under folate-replete conditions (where all previous studies have been carried out), the 479 

HPV16 oncogenes could play a critical and primary role in the development of cancer by a 480 

variety of established mechanisms (52, 54, 58-68). Whether one or more of these HPV16 481 

oncogenes are more dominant in contributing to the observed narrower window of onset of 482 

tumors warrants longitudinal examination of HPV16-organotypic rafts in situ over time after 483 

implantation in mice well before the development of tumors.  484 
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Parenthetically, despite the detection of HPV16 E6/E7 RNA and protein expressed in 485 

every single tumor, we have not yet proven that these oncogenes were the sole cause for 486 

induction of cancers. This is because there are additional mechanisms whereby HPV16 exerts its 487 

effects (58, 59), particularly those arising from genomic integration of HPV16 DNA and 488 

subsequent insertional mutagenesis with inactivation of tumor suppressor genes and/or activation 489 

of oncogenes. This caveat is relevant to this context because the genomic integration ratio in HF-490 

rafts was approximately 40% at baseline prior to these in vivo experiments (Figure 1)].  491 

[Model 2] Proposed pathway to cancer when HF-rafts are implanted in folate-deficient 492 

mice: When HF-rafts are implanted in folate-deficient mice, there is potential for much more 493 

genomic integration of HPV16 DNA because folate deficiency also predisposes to single- and 494 

double-stranded fragmentation of DNA in rare and common fragile sites (24-33, 69-72) 495 

[discussed in Ref. (38)]; and as with patients with DNA repair defects like Fanconi Anemia (73-496 

76) this is a highly permissive state for HPV16 DNA integration into multiple sites within 497 

genomic DNA. These findings were unequivocally confirmed in Supplemental Table 6. Such 498 

integration events can disrupt one among many known tumor suppressor genes (29-31, 48, 77). 499 

However, early integration of HPV16 DNA into the cellular genome also disrupts the open 500 

reading frame of HPV16 E2 gene [which controls expression of E6 and E7]; so with loss of E2, 501 

there is de-repression and higher expression of E6 and E7 genes (34, 35). This can explain the 502 

significantly higher HPV16 E6 and E7 proteins in tumors of folate-deficient mice (Figure 4 B).  503 

Moreover, during the prolonged folate-deficient state in these mice (37), 504 

homocysteinylation of extant cellular hnRNP-E1 within the HPV16-organotypic raft would 505 

likely trigger its own auto up-regulation (49); so newly synthesized hnRNP-E1 would also be 506 

homocysteinylated. This would profoundly reduce HPV16 L1 and L2 viral capsid proteins, and 507 

inhibit generation of fully encapsidated infectious HPV16 virions (38); however, there would 508 
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still be accumulation of capsid-less HPV16 DNA as episomes within HPV16-organotypic raft 509 

keratinocytes (38). These HPV16 episomes could either continue to express HPV16 oncogenes 510 

(12, 56, 57) and stimulate carcinogenesis (58, 59), or alternatively integrate into [fragile sites of] 511 

the cellular genome from where HPV16-oncogenes could also be expressed and/or cellular tumor 512 

suppressor genes could be inactivated leading to cancer even under these conditions. 513 

[Model 3] Proposed pathway to cancer when LF-rafts are implanted in folate-replete 514 

mice: In the model involving implantation of LF-rafts in folate-replete Beige Nude XID mice 515 

(Supplemental Figure 3), there was a high level of genomic integration of HPV16 (integration 516 

ratio of 90%) in LF-rafts at baseline (i.e., even before (HPV16)BC-1-Ep/SL cells were 517 

differentiated into LF-rafts (Figure 1 B). Therefore, there was a high likelihood of increased 518 

heterogeneity in development of cancers after LF-rafts were implanted in folate replete Beige 519 

Nude XID mice on the following basis: Although insertional mutagenesis by HPV16 DNA into 520 

the promoters of tumor suppressor genes can result in inactivation of tumor suppressor genes and 521 

trigger [early] tumor formation, by the same token, HPV16 integration could equally well result 522 

in the inactivation of cell cycle genes or growth promoting genes; this could result in a variable 523 

delay in onset of tumors. Indeed, the formation of both early and later tumors was borne out in 524 

data leading to Supplemental Figure 3. Because LF-rafts contained equally high levels of 525 

HPV16 episomal DNA as HF-rafts (38), these HPV16 episomes would accumulate within the 526 

differentiated upper keratinocyte layers of LF-rafts. So when these LF-rafts are implanted in 527 

folate-replete mice, the prevailing murine serum folate of 250-nM (78) (this is ten-fold more than 528 

humans (79)) would rapidly relieve folate deficiency in the raft, with homocysteine levels 529 

approaching normal values in 1 week (15, 36). In addition, because the t½ of hnRNP-E1 is 530 

approximately 52 hours (37), endogenous homocysteinylated-hnRNP-E1 would be largely 531 

degraded by end of week-1 (37, 49). And as a result, the differentiated keratinocytes within the 532 
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HPV16-organotypic raft implant could then begin to generate significant HPV16 viral capsid 533 

proteins and encapsidate the extant amplified HPV16 DNA (38) over the ensuring weeks. The 534 

predictable net result would be an abundance of complete HPV16 viral particles within the 535 

implant [with no place to go] in an immunosuppressed mouse with no capacity to clear this 536 

accumulation of HPV16 virions. Therefore, when a clone of cells within the raft is transformed 537 

into a malignancy, there would be a significant number of HPV16 viral particles that 538 

contaminated the primary and secondary tumors, as we observed (see Ref. (38), Fig. 7G)—[in 539 

analogy to the scenario in Proposed Model 1, above]. However, relief of folate deficiency would 540 

not alter the extant high-level HPV16 DNA integrated into genomic DNA (Supplemental Table 541 

7) which could independently trigger oncogenesis through insertional mutagenesis—[in analogy 542 

to the scenario in Proposed Model 2, above] (34, 35). So, carcinogenesis in [Proposed Model 3] 543 

could be initiated by both excess accumulated infectious HPV16 virions and by increased 544 

genomic integration of HPV16 DNA.  545 

Future studies are needed to test the veracity of these three proposed model pathways and 546 

also document more precisely if there is a progressively greater insertion of HPV16 directly into, 547 

or in the vicinity of, specific cellular genes of these HPV16-organotypic rafts as a function of 548 

time prior to the development of tumors. This will help to clarify the basis for potential 549 

differences in the etiology of the tumors formed in folate-deficient versus folate-replete mice, 550 

and whether such tumors primarily arise from disruption of cellular tumor suppressor genes, or 551 

activation of HPV16/cellular oncogenes, or both, in the three proposed models.  552 

Whether the 3 distinct clusters of tumors observed in Model 3 (Supplemental Figure 3) 553 

are consistent with integration at specific loci within genomic DNA will require whole genome 554 

sequencing of each of these tumors using many more mice in order to generate robust data. Such 555 

studies can define any possible concordance of tumor growth with actual genes that are disrupted.  556 
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Clinical issues related to genomic integration of HPV16 and folate status. (See “Significance 557 

of global folate and vitamin-B12 nutrition, the HPV16-life cycle, and HPV16-induced cancer” in 558 

Supplemental Discussion). Although genomic integration of HPV16 can take place early in the 559 

natural history of HPV-induced cancer (80, 81), and approximately 70% of HPV16-cervical 560 

cancers also contain integrated HPV16 sequences (9), key data linking folate nutrition to these 561 

women are lacking. For example, there has not been any simultaneous systematic evaluation of 562 

the folate status in women with these cancers; nor is there other data on the induction of genomic 563 

integration of HPV16 DNA during clinical folate deficiency in vivo; nor has the mechanistic 564 

basis for such observations (early HPV16 genomic integration) been explained. Our studies raise 565 

the potentially ominous possibility that if women have either transient or chronic folate- and/or 566 

vitamin-B12- deficiency during the course of HPV16 infection, the combined effects of inhibition 567 

of HPV16 viral capsid proteins—(leading to accumulation of ‘capsid-less’ HPV16 virions and 568 

genomic instability induced by folate- and/or vitamin-B12- deficiency per se)—could facilitate 569 

genomic integration of HPV16 DNA early in the natural history of HPV16 infection, thereby 570 

predisposing to persistence of HPV16-infection and predisposition to cancer. (See “Significance 571 

of this animal model to study the HPV16 life cycle and cancer” in Supplemental Discussion). 572 

Our mouse model will help expedite understanding of the impact of progressive genomic 573 

integration of HPV16 on carcinogenesis, the distinct pathways to HPV16-induced cancers in 574 

folate-replete versus folate-deficient mice, and allow preclinical simulation of HPV16-induced 575 

cancer risk in immunosuppressed HPV16- and HIV-infected individuals with food insecurity-576 

induced folate deficiency. Indeed, improved understanding of the role of such nutritional co-577 

factors that can facilitate HPV16-induced carcinogenesis is an important step in the field of 578 

preventive oncology.  579 
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TABLE 1 Concentration of serum homocysteine in Beige Nude XID mice fed various diets 

for 2 months prior to HPV16 raft implantation and until their sacrifice several weeks later 

(between 8 and 16 weeks after raft-implantation).1 

 

 

Diet Group                                   n              L-Homocysteine (µM)                                     

 

1200-nmol of folate/kg diet        10                26.1 ±9.4 a                            

600-nmol of folate/kg diet            6                44.1 ±17.2 b                          

400-nmol of folate/kg diet            5                63.6 ±13.5 c                           

 

1The results are presented as means ± SDs, n = sample number as indicated. Labeled means 

without a common superscript letter differ, P < 0.05. 

  

 

 

 
  
  
  



 

	

FIGURE LEGENDS 
 
FIGURE 1 Determination of the time when genomic integration of HPV16 DNA occurred in 

vitro.  

(Panel A). Assessment of the integration ratio in LF-rafts that were placed back into high-folate 

medium at various times indicated during the 18-days of HPV16-organotypic raft development.  

(Panel B). Time course of progressive integration of HPV16 DNA into the cellular genome after 

(HPV16)BC-1-Ep/SL-HF cells were abruptly passaged into low-folate (F-LF) media. Samples 

were collected during various indicated times to detect the HPV16 E2 and E6 DNA by qPCR and 

thereby determine the integration ratio (38). 

Values are means ± SDs, n = 3 (means of triplicates). Labeled means without a common letter 

differ, P < 0.05 

 

FIGURE 2 Photomicrographs of histopathological sections of tumors stained with hematoxylin-

eosin which developed after HF-rafts were implanted in Beige Nude XID Mice fed either 1200- 

(Panels A, E), 600- (Panels B, F) or 400- (Panels C, G) -nmol folate/kg diet, respectively, for 2 

months prior to raft-implantation and until their sacrifice several weeks later (between 8-16 

weeks). In panels D and H, the tumor developed after an LF-raft was implanted in a mouse fed 

1200-nmol folate/kg diet.  

 (Magnification was 20X for A - D, and 40X for E - H). 

 

FIGURE 3 Development of aggressive tumors within only a few weeks after 18-day old HF-

rafts were implanted subcutaneously in Beige Nude XID mice that were chronically fed either 

1200-nmol folate/kg diet (Panel A), or 600-nmol folate/kg diet (Panel B), or 400-nmol folate/kg 

diet (Panel C) for 2 months prior to raft-implantation and until their sacrifice several weeks later 

(as indicated by the tumor number). These HF-raft implantation studies were carried out in two 



 

	

batches: Panel A, Batch 1 included tumors #1-7, and Batch 2 included tumors #8-14; Panel B, 

Batch 1 included tumors #1-5, and Batch 2 included tumors #6-12; Panel C, Batch 1 included 

tumors #1-8, and Batch 2 included tumors #9-13. For each of these panels, a tumor number was 

assigned in sequence when the mouse was sacrificed. 

 

FIGURE 4 Expression of HPV16 E6 and E7 RNA (Panel A) and HPV16-derived E6 and E7 

proteins (Panel B) from HPV16-organotypic raft-derived tumors that developed in Beige Nude 

XID mice that were chronically fed either a 1200-nmol folate/kg diet, or 600-nmol folate/kg diet, 

or a 400-nmol folate/kg diet for 2 months prior to raft-implantation and until their sacrifice 

several weeks later (between 8-16 weeks). Densitometric scanned signals of the HPV16 E6/E7 

protein expression from each tumor (n = 10) normalized to the amount of b-actin protein loaded 

onto each gel (expressed as percent of HPV16 E6/E7 protein/b-actin ratio) is shown for each of 

the three dietary groups. The mean group percentages of the HPV16 E6-protein/b-actin ratio in 

tumors of mice fed the 400-nmol folate/kg diet (57.22 ±13.89) were significantly greater (P = 

0.001) than those of mice fed either 600-nmol/kg diet (35.91 ±8.95) or 1200-nmol/kg diet (32.75 

±6.23). Likewise, the mean group percentages of the HPV16 E7-protein/b-actin ratio in tumors 

of mice fed the 400-nmol folate/kg diet (52.93 ±9.09) were significantly greater (P = 0.001) than 

those of mice fed either 600-nmol/kg diet (19.85 ±4.63) or 1200-nmol/kg diet (18.81 ±4.05).  
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Folate deficiency facilitates genomic integration of Human Papillomavirus 
type 16 (HPV16) DNA in vivo in a novel mouse model for rapid oncogenic 
transformation of human keratinocytes 
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SUPPLEMENTAL METHODS 
Culture of (HPV16)BC-1-Ep/SL keratinocytes in high-folate F-medium and adaptation to low-folate 
F-medium in the absence of feeder layers. (HPV16)BC-1-Ep/SL cells were grown in F-medium that was 
composed of 1 part of Dulbecco’s Modified Eagles Medium (DMEM)  and 3 parts of Ham's F-12 medium 
(HyQ DME/High Glucose, and HyQ Ham’s F-12), respectively (HyClone, Logan, UT), and 
supplemented with the following components: 10% fetal bovine serum (FBS), adenine (24-µg/mL), 
cholera toxin (8.4-ng/mL), epidermal growth factor (10-ng/mL), hydrocortisone (0.4-µg/mL), and insulin 
(5-µg/mL)  (1). This medium is referred to as high-folate F-medium (F-HF) that contained a final folate 
concentration of 4.5-µM pteroylglutamic acid plus 13.6-nM 5-methyltetrahydrofolate; these cells are 
referred to hereafter as (HPV16)BC-1-Ep/SL-HF cells. Another aliquot of these cells were abruptly 
transferred to physiological low-folate F-medium (F-LF), which was similar in all other respects to 
supplemented F-HF except that it contained a final low-folate concentration of only 13.6-nM 5-
methyltetrahydrofolate that was contributed from 10% FBS; these cells are referred to hereafter as 
(HPV16)BC-1-Ep/SL-LF cells. There was no difference in doubling-time between (HPV16)BC-1-Ep/SL 
cells stably propagated in either F-LF (29.5 h) or F-HF (30 h) (2). NIH/3T3 cells that were used as feeder 
layers in organotypic raft culture were also adapted to stable growth over 12 weeks in high-folate DMEM 
containing 10% FBS (DMEM-HF), or low-folate DMEM in which the only folate came from 10% FBS 
(DMEM-LF), respectively. 
 
HPV16-organotypic raft cultures. To construct HPV16-organotypic rafts, 1-mL of a collagen premix 
[composed of rat tail type I collagen, 1.81-mg/mL (BD Biosciences), 0.12 N NaOH, 5% FBS, in F-12 
media], was used to coat 3-micron pore size inserts (Corning BioCoatTM, BD Biosciences, Bedford, MA) 
in 6-well plates for 5 min. Another aliquot of collagen premix (3 mL each) was impregnated with 
DMEM-HF- or DMEM-LF-adapted NIH/3T3 (4.5 x 105 cells/ml) and plated on the collagen-coated 
inserts. The collagen raft was allowed to contract in DMEM-HF or DMEM-LF media for 5 days at 37°C 
in a continuous CO2 (5%) incubator. Then 50-μL of 1.4 x 107 cells/mL (7 x 105 cells) of either 
(HPV16)BC-1-Ep/SL-HF or (HPV16)BC-1-Ep/SL-LF cells were plated onto the collagen raft with 
keratinocyte plating media [F-HF or F-LF media (Ca2+ 0.66 mM) containing 0.5% FBS, insulin (5-
μg/mL), cholera toxin (8.4-ng/mL), adenine (24-μg/mL), and hydrocortisone (0.4-μg/mL), respectively]. 
Four days after plating the keratinocytes, the inserts containing rafts were placed onto two 1x1-inch 
cotton pads (VWR Scientific, PA) on the risers of each outer well of 6-well organogenesis plates (BD 
BioCoatTM Deep Well Plate [6-well Plate], BD Biosciences, Bedford, MA) in order to lift to the air-liquid 
interface. The rafts were fed from below the insert every other day with cornification media composed of 
either F-HF or F-LF media containing 1.88-mM Ca2+ supplemented with 10% FBS, insulin (5-μg/mL), 
cholera toxin (8.4-ng/mL), adenine (24-μg/ml), hydrocortisone (0.4-μg/ml) and 10-μM 1,2-Dioctanoyl-sn-
glycerol (C8:0) to induce a productive HPV life cycle (3). Fifteen days after being lifted to the air-liquid 
interface, one part of the rafts were fixed in 4% formalin, embedded in 2% agar in 1% formalin followed 
by paraffin, while the rest of the rafts were used to purify DNA for integration analysis.  
 
Quantitative PCR (qPCR) for HPV16 viral load and estimation of HPV16 DNA integration ratio. 
HPV16 plasmid DNA was used to develop standard curves for all PCR experiments.  To prepare HPV16-
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organotypic raft total DNA for analysis of the HPV16 viral load by qPCR, four 18-day old HF-rafts as 
well as four LF-rafts were separately ground in 5-mL Dulbecco’s phosphate buffered saline (D-PBS) with 
autoclaved sea sand (EMD Chemicals Inc, Gibbstown, NJ) using a mortar and pestle (Fisher Scientific). 
The resulting paste was clarified by centrifugation for 10 min at 4000 rpm in a refrigerated Beckman GPR 
centrifuge. After discarding the pellets, raft total DNA (including genomic and viral DNA) was extracted 
from the suspension using the NucleoSpin® Blood kit (Macherey-Nagel GmbH & Co., Germany). 
Briefly, the supernatant was incubated at 70°C for 15 min in lysis buffer containing proteinase K, and 
after binding to the silica column, and washing, the DNA was eluted in 100-µL elution buffer. The DNA 
was stored at -20°C until analysis by qPCR.  
 DNA copy numbers of HPV16 E6, E7, E2, and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) in 50-ng raft total DNA were measured by qPCR in triplicate using the Platinum Quantitative 
PCR SuperMix-UDG kit (Invitrogen) and the ABI 7900 HT detection system (Applied Biosystems). 
Sequence-specific primers for GAPDH, HPV16 E6 and E7 were designed using the Invitrogen customer 
primer design online system; [these sequences are detailed in the Supplemental Methods of Supplemental 
Reference (2)]. 

The oligonucleotide primers used in the measurement of HPV16 DNA integration into genomic 
DNA were obtained from Integrated DNA Technologies (Coralville, IA). The assay for integration 
evaluated the ratio between HPV16 E2 and E6 DNA  (4). An altered HPV16 E2/E6 ratio is an established 
parameter that reflects integration into cellular DNA. The principle is that a unique region of the HPV16 
E2 open reading frame is most often deleted during HPV16 integration. This is targeted by one set of 
PCR primers and a probe, and another set targets the HPV16 E6 open reading frame. In episomal form, 
both targets should be equivalent, while in integrated forms, the copy numbers of HPV16 E2 would be 
less than those of E6. The primers for HPV16 E2 were as follows: Probe: 5’-6-FAM/CAC CCC GCC 
/ZEN/ GCG ACC CAT A/3IABkFQ/-3’; forward primer: 5’-AAC GAA GTA TCC TCT CCT GAA ATT 
ATT AG-3’; and reverse primer: 5’-CCA AGG CGA CGG CTT TG-3’. (6-FAM is 6-carboxyfluorescein; 
ZEN, an internal quencher 9 bases from the 5’ fluorophore, is an undisclosed proprietary agent; and 
IABkFQ is Dark Quencher Iowa Black® FQ). The primers for HPV16 E6 were as follows. Probe: 5’-6-
FAM/ CAG GAG CGA /ZEN/ CCC AGA AAG TTA CCA CAG T/3IABkFQ/-3’; forward primer: 5’- 
GAG AAC TGC AAT GTT TCA GGA CC-3’; and reverse primer: 5’-TGT ATA GTT GTT TGC AGC 
TCT GTG C-3’. The probe to primer ratio in these experiments was 1:2.  

Standard curves of HPV16 E6, E7, and E2 were generated for measurement of viral DNA copies, 
and standard curves of GAPDH were generated for normalizing the input DNA content. Briefly, standard 
curves were generated using 10-fold dilutions of HPV16 plasmid or amplified GAPDH DNA (from 101 to 
107 copies). Amplifications were carried out using the ABI HT7900 sequence detection system; the cycle 
conditions for qPCR were 50°C for 2 min, 95°C for 2 min, followed by 40 cycles of 95°C for 15 sec and 
60°C for 60 sec. The actual copy numbers of HPV16 E6, E7, E2, and GAPDH were determined by qPCR 
using 50-ng raft total DNA, and were then normalized by the copy numbers of GAPDH. 

The viral load was calculated by dividing the normalized copy number of HPV16 E6 DNA by 50-
ng of raft total DNA and expressed as copies of HPV16 E6 DNA per ng raft total DNA, according to the 
formula by Carcopino et al  (5), with the exception that we used the ‘ng of raft total DNA’ in place of 
‘cells’ in that formula. An established method to determine the extent of genomic integration of HPV16 
exploits the fact that only HPV16 E2 gene is disrupted upon integration into cellular DNA while HPV16 
E6 remains intact (2). The amount of integrated HPV16 E6 DNA was calculated by subtracting the copy 
number of HPV16 E2 episomal DNA from the total copy number of HPV16 E6 DNA (episomal and 
integrated). The percentage of HPV16 DNA that was integrated into genomic DNA was then determined 
by dividing the integrated HPV16 E6 DNA copy number by total HPV16 E6 DNA copy number, and the 
result multiplied by 100. 
 
Sedation and anesthesia of mice. For pre-emptive management of post-surgical discomfort, prior to 
surgery, mice were injected subcutaneously with 0.1 mg/kg of buprenorphine. Mice were then placed in 
the anesthetic induction chamber and treated with 4% isoflurane at a rate of 0.8-1L/min (Harvard 
Apparatus, Holliston, MA) until completely unresponsive. The mice were then moved to a sterile-draped 
circulating water heating pad and positioned sternally in the anesthetic nose-cone with 2% isoflurane at 
0.5 L/min. A toe pinch was used to confirm unresponsiveness. Once mice were secured in the nose cone, 
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their eyes were lubricated with artificial tears to maintain moisture throughout the procedure. The mice 
were gently positioned in sternal (ventral) recumbency for surgery. The flank was disinfected with three 
alternating swabs of Povidone-iodine, 7.5% (0.75% available iodine) and 70% alcohol prior to surgery.  
 
Measurement of serum homocysteine in mice. Mouse serum was measured by stable isotope dilution gas 
chromatography-mass spectrometry (6, 7). One of the authors (SPS) who carried out these studies was 
blinded to sample identity in these studies by the use of coded samples.  
 
 
SUPPLEMENTAL DISCUSSION  
Transformation of implanted HPV16-organotypic rafts into cancer in Beige Nude XID mice. The 
successful propagation of (HPV16)BC-1-Ep/SL cells as monolayers in vitro (1) requires a cocktail of 
several supplemental growth factors (in addition to the growth promoting factors found in 10% fetal 
bovine serum). Thus, propagation of (HPV16)BC-1-Ep/SL cells require epidermal growth factor, insulin, 
hydrocortisone (8), adenine (9, 10) and cholera toxin (11). Such strong dependency on growth factors is 
shared among other difficult-to-propagate normal [non-malignant] cells in vitro, such as limbic stem cells 
that are responsible for self-renewal of the cornea (12).  

The immortalized (HPV16)BC-1-Ep/SL cells we used were obtained from Professor Lambert, 
University of Wisconsin (1, 13), who had documented that this is not an intrinsic tumor forming cell line; 
these cells are diploid with only a single karyotypic abnormality involving a duplication in the small arm 
of chromosome 8; and both p53 and Rb are wild type (1). Consistent with these findings, we determined 
that after harvesting of cultured (HPV16)BC-1-Ep/SL cells (from monolayers) and implantation of 3 
million (HPV16)BC-1-Ep/SL cells into the flanks of Beige Nude XID mice, none of the 3 mice developed 
tumors despite observation over 9 months. This is in stark contrast to other intrinsically malignant cells, 
such as HeLa cells, which do not require added stimulation by more growth factors beyond that found in 
standard cell culture media containing 10% fetal bovine serum, and which consistently display 
characteristics of aggressive tumors within 2 weeks of implantation in the flanks of even less 
immunodeficient Athymic Nude mice (14). However, when (HPV16)BC-1-Ep/SL cells were 
differentiated into 3-Dimensional HPV16-organotypic rafts and implanted into several Beige Nude XID 
mice, every single one of our HPV16-organotypic raft implants in Beige Nude XID mice (that were fed 
either a high-folate or low-folate diet) was consistently transformed into an aggressive cancer. Such 
findings invariably continue to raise questions as to whether this cell line could have somehow become 
transformed in our hands? However, there are several additional lines of evidence against this possibility:  

We determined that (i), these (HPV16)BC-1-Ep/SL cells can be consistently induced to 
differentiate into [3-Dimensional] HPV16-organotypic rafts that are fully functional in that they generate 
abundant numbers of complete HPV16 virus particles (2), which is not a feature of cancer. (ii), [As noted 
above], the 3-Dimensional structure of HPV16-organotypic rafts, which actively nurtures the HPV16-life 
cycle in vitro (2), was critical to the development of tumors after implantation in immunodeficient mice. 
(iii), In LF-rafts implanted in folate-replete mice (Supplemental Figure 3), each malignancy developed at 
markedly different times (originating as early as 7 weeks and as late as 31 weeks after implantation), and 
each tumor had different growth rates. These are not characteristics of tumors arising from a clone of 
intrinsically malignant (HPV16)BC-1-Ep/SL cells (1, 13). (iv), The fact that each tumor had distinctly 
different patterns of integration of HPV16 DNA into genomic DNA (Supplemental Tables 6 and 7) also 
suggests that each tumor did not arise from the same clone.  

Therefore collectively, these issues strongly argue against our (HPV16)BC-1-Ep/SL cells (1, 13) 
being a spontaneous tumorigenic cell line.  
 
Cysts, dose-dense infection, and ‘field cancerization’. Following implantation of HF-rafts in Beige Nude 
XID mice, we often noted a small subcutaneous cyst that developed within a few weeks and remained 
static or even partially or completely resolved before the explosive development of cancer. Although we 
did not analyze the content of these cysts, Brandsma et al (15), who similarly placed a fragment of 
HPV16-infected human foreskin under the skin of immunodeficient SCID mice and noted warty growths 
at 8 weeks, observed such cysts teeming with infectious HPV16 viruses. Our studies now raise the 
question as to whether Brandsma et al (15) could have also observed a transformation of these tissues to 
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cancer if they had waited longer (perhaps beyond 12 weeks). And since our mice are more 
immunodeficient that SCID mice, two additional questions are raised: Can HPV16-infected human 
foreskins also be transformed to cancer if implanted in Beige Nude XID mice under the influence of 
chronic or even transient folate deficiency? Conversely, can our HPV16-organotypic rafts be transformed 
to cancer in less immunodeficient [and less expensive] SCID or Athymic Nude mice? Exploring such 
models would allow for more detailed study of the stepwise transformation of primarily infected normal 
tissues to cancer within the context of defective immunity such as in HIV/AIDS. 
 
Significance of global folate and vitamin-B12 nutrition, the HPV16-life cycle, and HPV16-induced 
cancer. Folate deficiency is common and 90% of women in developing countries do not receive sufficient 
dietary folate during pregnancy (16) which places further demands on already meager stores. Despite 
mandatory food fortification of folate (17) and the advent of effective HPV16 vaccines to prevent HPV16 
infection and its sequelae, because high-risk HPV-induced carcinogenesis often takes over 1-2 decades to 
manifest in an otherwise immunocompetent general population, it would be unreasonable to expect food-
fortification of folate over the past 16-18 years to meaningfully lead to any reduction in HPV-associated 
malignancies (in this population); this is because HPV16 viral integration into the cellular genome may 
have already taken place earlier. Moreover, the stark reality is that the vast majority of the world’s 
women at risk (for the combination of immunosuppression due to HIV, HPV16 infection, and folate 
deficiency) do not have access to folate-fortified foods or to HPV vaccines (18, 19).  

These issues are also relevant to vitamin-B12 nutrition because vitamin-B12 deficiency leads to a 
functional intracellular folate deficiency and is widespread in developing countries (among 50-75% of 
women in the childbearing age) where consumption of animal source foods (the main source of vitamin-
B12) is poor (20-25). Moreover, up to 30% of the elderly in the USA may have subclinical vitamin-B12 
deficiency (17, 26, 27); so this population is also at risk for HPV16-induced cancers (vulvar, vaginal, 
cervical, penile, anal, esophageal). While not directly studied, our data (in Figure 1 B), which 
demonstrated that early folate deficiency can allow for genomic HPV16 integration in HPV16-harboring 
cells, raises the possibility that subclinical vitamin-B12 deficiency could likewise be permissive for early 
HPV16 viral integration into cellular DNA (2). Moreover, this population will not experience beneficial 
effects from folate-fortified foods—since they respond only to vitamin-B12 replacement. Because folate 
and/or vitamin-B12 deficiency can trigger RNA-protein events involving homocysteinylated-hnRNP-E1 
and HPV16 RNA and lead to genomic instability (2, 28-33), understanding post-transcriptional regulation 
of HPV16 gene expression within the context of folate-and-vitamin-B12 nutrition in vivo is an important 
area for study—particularly given the high worldwide prevalence of  folate- and vitamin-B12- deficiency 
in HIV-immunosuppressed and HPV16-infected women who suffer from food-insecurity.  
 
Significance of this animal model to study the HPV16 life cycle and cancer. Currently, apart from our 
model, there are no other comparable animal models in the HPV literature wherein HPV16-infected non-
malignant tissue of human origin is converted so rapidly into a cancer (2). Our HPV16-organotypic rafts 
implanted in folate-replete and folate-deficient Beige Nude XID mice appear to mimic the human 
condition where aggressive HPV16-lesions such as ocular surface squamous epithelial neoplasia (34, 35) 
or the explosive development of cancer of the cervix can be observed in women with advanced HIV 
infection and AIDS (36, 37). Moreover, because there are tens of thousands of such women with food 
insecurity that predisposes to transient or chronic folate- or vitamin-B12- deficiency, there is need for a 
reliable animal model that can provide insights into the natural history of HPV16-induced cancer under 
experimental conditions that simulate this clinical scenario. Therefore, improved understanding of the 
process of carcinogenesis in this animal model—particularly with regard to early events within HPV16-
organotypic rafts before the cancer develops—can allow for evaluation of newer anti-HPV16 drugs (38, 
39), and provide insights into innovative ways to either prevent or delay HPV16-infected tissue from 
developing into cancer.   
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DYETS #517834‡ 
 
INGREDIENT        Grams/Kg 
 
L-Alanine            3.5 
L-Arginine (free base)        11.2 
L-Asparagine.H2O          6.82 
L-Aspartic Acid          3.5 
L-Cystine           3.5 
L-Glutamic Acid        35.0 
Glycine         23.3 
L-Histidine (free base)         3.3 
L-Isoleucine           8.2 
L-Leucine         11.1 
L-Lysine HCl         18.0 
L-Methionine            8.2 
L-Phenylalanine                   11.6 
L-Proline            3.5 
L-Serine           3.5 
L-Threonine            8.2 
L-Tryptophan           1.74 
L-Tyrosine           3.5 
L-Valine            8.2 
Total Amino Acids                 175.86 
 
Dextrin                    397.0 
Sucrose                   196.511 
Cellulose          50.0 
Corn Oil (Stab. 0.15% BHT)                 100.0 
Salt Mineral Mix #210020*        50.0 
Vitamin Mix #317759 (Folate Free)**       10.0 
Choline Chloride            2.0 
Sodium Acetate           8.1 
Succinyl Sulfathiazole         10.0 
Folic Acid/Sucrose Mix (1 mg/g)                                                       0.529 
 
 

‡ Data on the formula for Dyets #517834 was provided by Dyets, Bethlehem, PA. 
* Described in detail in Supplemental Table 4 (DYETS #210020) 
** Described in detail in Supplemental Table 5 (DYETS #317759) 
 
SUPPLEMENTAL TABLE 1.  Modified DYETS Version of the Clifford/Koury Folate 
Deficient L-Amino Acid Rodent Diet [Supplemental Reference (40)] with 1% Succinyl 
Sulfathiazole with 0.529 mg/Kg Folic Acid.  
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DYETS #517833‡ 
 
INGREDIENT        Grams/Kg 
 
L-Alanine            3.5 
L-Arginine (free base)        11.2 
L-Asparagine.H2O          6.82 
L-Aspartic Acid          3.5 
L-Cystine           3.5 
L-Glutamic Acid        35.0 
Glycine         23.3 
L-Histidine (free base)         3.3 
L-Isoleucine           8.2 
L-Leucine         11.1 
L-Lysine HCl         18.0 
L-Methionine            8.2 
L-Phenylalanine                   11.6 
L-Proline            3.5 
L-Serine           3.5 
L-Threonine            8.2 
L-Tryptophan           1.74 
L-Tyrosine           3.5 
L-Valine            8.2 
Total Amino Acids                 175.86 
 
Dextrin                    397.0 
Sucrose                   196.775 
Cellulose          50.0 
Corn Oil (Stab. 0.15% BHT)                 100.0 
Salt Mineral Mix #210020*        50.0 
Vitamin Mix #317759 (Folate Free)**       10.0 
Choline Chloride            2.0 
Sodium Acetate             8.1 
Succinyl Sulfathiazole         10.0 
Folic Acid/Sucrose Mix (1 mg/g)                                                       0.265 
 
 

‡ Data on the formula for Dyets #517834 was provided by Dyets, Bethlehem, PA. 
* Described in detail in Supplemental Table 4 (DYETS #210020) 
** Described in detail in Supplemental Table 5 (DYETS #317759) 
 
SUPPLEMENTAL TABLE 2.  Modified DYETS Version of the Clifford/Koury Folate 
Deficient L-Amino Acid Rodent Diet [Supplemental Reference (40)] with 1% Succinyl 
Sulfathiazole with 0.265 mg/Kg Folic Acid.  
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DYETS #517832 ‡ 
 
INGREDIENT        Grams/Kg 
 
L-Alanine            3.5 
L-Arginine (free base)        11.2 
L-Asparagine.H2O          6.82 
L-Aspartic Acid          3.5 
L-Cystine           3.5 
L-Glutamic Acid        35.0 
Glycine         23.3 
L-Histidine (free base)         3.3 
L-Isoleucine           8.2 
L-Leucine         11.1 
L-Lysine HCl         18.0 
L-Methionine            8.2 
L-Phenylalanine                   11.6 
L-Proline            3.5 
L-Serine           3.5 
L-Threonine            8.2 
L-Tryptophan           1.74 
L-Tyrosine           3.5 
L-Valine            8.2 
Total Amino Acids                 175.86 
 
Dextrin                    397.0 
Sucrose                   196.863 
Cellulose          50.0 
Corn Oil (Stab. 0.15% BHT)                 100.0 
Salt Mineral Mix #210020*        50.0 
Vitamin Mix #317759 (Folate Free)**       10.0 
Choline Chloride            2.0 
Sodium Acetate              8.1 
Succinyl Sulfathiazole         10.0 
Folic Acid/Sucrose Mix (1 mg/g)                                                       0.177 
 
 

‡      Data on the formula for Dyets #517832 was provided by Dyets, Bethlehem, PA. 
*      Described in detail in Supplemental Table 4 (DYETS #210020) 
**     Described in detail in Supplemental Table 5 (DYETS #317759) 
 
SUPPLEMENTAL TABLE 3.  Modified DYETS Version of the Clifford/Koury Folate 
Deficient L-Amino Acid Rodent Diet [Supplemental Reference (40)] with 1% Succinyl 
Sulfathiazole with 0.265 mg/Kg Folic Acid.  
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DYETS #210020 ‡ 

 
INGREDIENT        grams/Kg 
 
Calcium Carbonate          292.0 
Calcium Phosphate, dibasic             3.4 
Sodium Chloride          247.37 
Potassium Phosphate, dibasic         343.24 
Magnesium Sulfate, anhydrous          49.03 
Magnesium Sulfate, monohydrate                3.64 
Ferric Citrate, U.S.P.            12.52 
Zinc Carbonate, basic              1.15 
Cupric Carbonate, basic             1.08 
Potassium Iodide/Sucrose Premix*                0.77 
Sodium Selenite/Sucrose Premix**                     0.99 
Molybdic Acid, Ammonium Salt/Sucrose Premix***          2.5 
Chromium Potassium Sulfate, Dodecahydrate          0.38 
Sodium Fluoride              0.05 
Sucrose, finely powdered           41.88 
 
 

‡      Data on the formula for Dyets #210020 was provided by Dyets, Bethlehem, PA. 
*      6.5 mg potassium iodide/g of premix 
**    10.0 mg sodium selenite/g of premix 
***   10.0 mg molybdic acid, ammonium salt/g premix 
 
SUPPLEMENTAL TABLE 4.  Mineral Mix for Folate Deficient Diets used at 50 g/Kg of Diet. 
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DYETS #317759 ‡ 
 
INGREDIENT        grams/Kg 
 
Thiamine HCl            0.6 
Riboflavin            0.7 
Pyridoxine HCl                      0.7 
Nicotinic Acid             3.0 
Calcium Pantothenate          1.6 
Folic Acid             0.0 
Biotin             0.02 
Vitamin B12 (0.1%)           5.0 
Vitamin A Palmitate (500,000 IU/g)         0.8 
Vitamin D3 (400,000 IU/g)          0.25 
Vitamin E Acetate (500 IU/g)        10.0 
Menadione Sodium Bisulfite            5.0 
Sucrose, finely powdered                 972.33 
 
                  1000.00  
 

‡   Data on the formula for Dyets #317759 was provided by Dyets, Bethlehem, PA. 
 
SUPPLEMENTAL TABLE 5.  Folate Deficient Vitamin Mix (Clifford Folate Deficient Vitamin 
Mix [Supplemental Reference (40)]) used at 10 g/Kg of Diet. 
 
 
 
 
 
 
 
 
  



ONLINE SUPPORTING MATERIAL 

Xiao et al.                                                                                         Folate nutrition, HPV16 integration, and cancer 
 

10 

Diet         Tumor    Number of                                
Group*    sample   Integration  
                                Sites† Primers Used to Identify the Integration Site in Genomic DNA ‡ 
 

 
 
1200-
nmol 
folate/kg 
diet 

      
 

     1                    2                 0841_DJ4, 2548_DJ6 
     2                    2                 3576_DJ1, 4426_DJ1 
     3                    4                 0892_DJ1, 2548_DJ5, 3719_DJ1, 4749_DJ1 
     4                    3                 1509_DJ1, 3719_DJ2, 4977_DJ2 
     5                    4                 2349_DJ1, 2548_DJ2, 3966_DJ1, 4793_DJ1                    
     6                    2                 2548_DJ3, 4601_DJ1 
     7                    3                 0841_DJ3, 2319_DJ2, 4793_DJ3 
     8                    4                 0940_DJ1, 1509_DJ1, 2317_DJ1, 4749_DJ3 
     9                    3                 0018_DJ1, 3576_DJ1, 4977_DJ2 
    10                   2                 1686_DJ1, 4426_DJ1 
 
    Average Number of Integration Sites is 2.90 ±0.88 SD (n = 10) a 
 
 

 
 
600-
nmol 
folate/kg 
diet 

 

     1                    5                 0892_DJ1, 2319_DJ2, 2548_DJ2, 4024_DJ2,  
     2                    5                 0892_DJ2, 2319_DJ3, 2548_DJ4, 3576_DJ1, 4046_DJ1 
     3                    4                 2319_DJ2, 3576_DJ1, 4793_DJ1, 5066_DJ1 
     4                    6                 1875_DJ1, 2548_DJ2, 2882_DJ1, 4046_DJ1, 4749_DJ1, 5066_DJ1 
     5                    4                 0018_DJ1, 1686_DJ1, 2548_DJ1, 3719_DJ2,  
     6                    6                 0841_DJ4, 1686_DJ1, 2085_DJ2, 2317_DJ1, 3576_DJ1, 4046_DJ1 
     7                    4                 0186_DJ2, 0892_DJ2, 2317_DJ1, 4024_DJ2 
     8                    4                 1509_DJ2, 2319_DJ2, 3576_DJ1, 5066_DJ1 
     9                    6                 0940_DJ1, 2317_DJ1, 2319_DJ2, 3576_DJ1, 4749_DJ1, 5066_DJ1 
    10                   5                 0841_DJ5, 1907_DJ1, 2548_DJ4, 2967_DJ1, 4793_DJ1 
    11                   5                 0841_DJ4, 1875_DJ1, 2548_DJ4, 2882_DJ1, 4601_DJ1 
    12                   4                 2548_DJ4, 2967_DJ1, 3966_DJ1, 4601_DJ1 
 
    Average Number of Integration Sites is 4.83 ±0.88 SD (n = 12) b 
 

 
 
400-
nmol 
folate/kg 
diet 

 

     1                    6                 0186_DJ2, 0892_DJ2, 2319_DJ2, 2548_DJ2, 2548_DJ3, 4046_DJ1, 
     2                    8                 0018_DJ1, 0892_DJ1, 2319_DJ2, 2548_DJ3, 2882_DJ1, 3256_DJ3, 4046_DJ1, 4426_DJ1  
     3                    5                 0841_DJ5, 1686_DJ1, 2319_DJ3, 3966_DJ1, 4749_DJ2 
     4                    6                 0182_DJ1, 1686_DJ1, 2548_DJ3, 2548_DJ5, 3719_DJ1, 5066_DJ1 
     5                    5                 0186_DJ2, 0841_DJ3, 2319_DJ3, 2967_DJ1, 4046_DJ1 
     6                    5                 0892_DJ1, 2548_DJ3, 4749_DJ1, 4793_DJ1, 5066_DJ2 
     7                    6                 0841_DJ3, 0892_DJ2, 2548_DJ4, 2707_DJ1, 4749_DJ2, 5189_DJ2 
     8                    6                 0892_DJ1, 2317_DJ2, 2319_DJ2, 2592_DJ1, 3576_DJ1, 4426_DJ1 
     9                    7                 0892_DJ2, 2319_DJ1, 2548_DJ1, 3427_DJ1, 3966_DJ1, 4749_DJ1, 4793_DJ1 
    10                   5                 0186_DJ1, 0841_DJ4, 3576_DJ1, 3719_DJ1, 5066_DJ1 
 
    Average Number of Integration Sites is 5.90 ±0.99 SD (n = 10) b 

 
   
†    The results on Average Number of Integration Sites is presented as means ± SDs, n = sample number as 
      indicated. Labeled means without a common superscript letter differ, P < 0.05. 
‡   The integration sites in various tumor samples were detected using primer pairs that can detect up to 75 validated 
      HPV16 integrated sites [shown in Supplemental Table S7 of Supplemental Reference (41)].  
 
SUPPLEMENTAL TABLE 6.  Identification of several HPV16 DNA integration sites in the 
cellular genome of HPV16-high folate-organotypic raft (HF-raft)-derived tumors by 
multiplex Junction-PCR after HF-Rafts were implanted in Beige Nude XID Mice that were 
chronically fed either a folate-replete diet composed of 1200-nmol folate/kg diet or a 
progressively folate deficient diet composed of either 600- or 400-nmol folate/kg diet, 
respectively for 2 months prior to raft-implantation and until their sacrifice several weeks 
later (between 8-16 weeks). The integration sites detected and listed in this Table (above) are 
linked to the same integration sites shown in Supplemental Table 7 of Supplemental Reference 
(41). Data on viral-genomic DNA junctions in RED font indicate HPV16 insertion directly into 
cellular genes; BLACK font indicates insertion within 500 kb upstream of cellular genes, and 
LIGHT BLUE font indicates a site not within a known cellular gene. 
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Diet         Tumor    Number of                                
Group*    sample   Integration  
                                Sites † Primers Used to Identify the Integration Site in Genomic DNA ‡ 
 

 
 
 
 
1200-
nmol 
folate/kg 
diet 

                   

     1                    5                 0841_DJ3, 1907_DJ1, 2349_DJ1, 3576_DJ1, 5189_DJ1 
     2                    6                 0940_DJ1, 2319_DJ1, 2548_DJ4, 3256_DJ3, 4749_DJ3, 4793_DJ2 
     3                    6                 0182_DJ1, 0841_DJ2, 2548_DJ2, 3256_DJ1, 3427_DJ2, 5066_DJ1 
     4                    5                 1509_DJ2, 1907_DJ1, 2548_DJ1, 3427_DJ1, 4046_DJ1 
     5                    7                 0186_DJ1, 1509_DJ1, 1907_DJ1, 2349_DJ1, 2548_DJ4, 3719_DJ2, 4977_DJ2 
     6                    7                 0841_DJ1, 1907_DJ1, 2319_DJ2, 2349_DJ1, 3987_DJ1, 4024_DJ2, 4601_DJ1 
     7                    5                 1509_DJ2, 2319_DJ3, 2548_DJ3, 3427_DJ2, 3719_DJ1 
     8                    7                 0841_DJ4, 0841_DJ5, 2317_DJ2, 2548_DJ4, 2882_DJ1, 3256_DJ1, 3987_DJ1 
     9                    5                 0186_DJ2, 0940_DJ1, 2317_DJ1, 2707_DJ1, 3966_DJ1 
    10                   6                 2319_DJ1, 2707_DJ1, 3719_DJ1, 3256_DJ1, 3576_DJ1, 5066_DJ2 
    11                   6                 0892_DJ1, 2349_DJ1, 2548_DJ5, 3719_DJ1, 4426_DJ1, 5189_DJ1 
    12                   5                 0182_DJ1, 0841_DJ2, 1875_DJ1, 2231_DJ1, 2319_DJ1 
    13                   6                 0841_DJ1, 0841_DJ2, 2317_DJ2, 3256_DJ3, 3987_DJ1, 5066_DJ2 
    14                   6                 0841_DJ5, 1875_DJ1, 2319_DJ1, 2319_DJ3, 4024_DJ2, 4793_DJ1 
    15                   7                 0182_DJ1, 0186_DJ2, 0841_DJ5, 2317_DJ2, 3427_DJ2, 3719_DJ1, 4601_DJ1 
    16                   7                 0018_DJ1, 0186_DJ2, 1686_DJ1, 2317_DJ2, 4601_DJ1, 4793_DJ1 
    17                   7                 0841_DJ2, 1509_DJ1, 2317_DJ2, 3256_DJ1, 3576_DJ1, 4793_DJ3, 5066_DJ1 
    18                   6                 0841_DJ1, 2548_DJ1, 2592_DJ1, 2707_DJ2, 3719_DJ1, 4024_DJ1 
    19                   7                 0841_DJ4, 1686_DJ1, 2967_DJ1, 3719_DJ2, 4024_DJ2, 4793_DJ1, 5066_DJ1    
           
   Average Number of Integration sites is 6.11 ±0.88 SD (n = 19) 
 

 
†    The result on Average Number of Integration Sites is presented as mean ± SDs, n = sample number. 
‡   The integration sites in various tumor samples were detected using primer pairs that can detect up to 75 validated 
      HPV16 integrated sites [shown in Supplemental Table S7 of Supplemental Reference (41)].  
 
SUPPLEMENTAL TABLE 7. Identification of multiple HPV16 integration sites in the 
cellular genome of HPV16-organotypic raft-derived tumors by multiplex Junction-PCR 
after LF-Rafts were implanted in Beige Nude XID Mice that were chronically fed a folate-
replete diet (1200-nmol folate/kg diet) for 2 months prior to raft-implantation and until 
their sacrifice several weeks later (between 8 and 28 weeks). The integration sites detected 
and listed in this Table (above) are linked to the same integration sites shown in Supplemental 
Table 7 of Supplemental Reference (41).  Data on viral-genomic DNA junctions in RED font 
indicate HPV16 insertion directly into cellular genes; BLACK font indicates insertion within 500 
kb upstream of cellular genes, and LIGHT BLUE font indicates a site not within a known cellular 
gene. 
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SUPPLEMENTAL FIGURES WITH LEGENDS 

 

 

 

 
 
 
SUPPLEMENTAL FIGURE 1. Photographs that highlight changes in the skin overlying 
subcutaneously implanted HPV16-organotypic rafts in the flanks of Beige Nude XID Mice 
(Panels A-D).  
(Panel A), Development of a small cyst adjacent to the subcutaneously implanted HPV16-high 
folate-organotypic raft following removal of surgical clips.  
(Panel B), Small hypopigmented area signifying healing of skin after regression of the cyst.  
(Panel C), Formation of a firm nodule approximating 1 cm3 signifying the development of an 
early cancer arising from the implanted HF-raft.  
(Panel D), Evidence of more rapid growth of tumor within a few days of onset of a small nodule.  
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SUPPLEMENTAL FIGURE 2. PCR product analysis by Multiplex Junction-PCR to 
demonstrate amplified signals from unique viral-cellular junctions from representative 
tumors of mice that were implanted with HF-rafts and fed either a 1200-, 600- or 400-nmol 
folate/kg diet (Panels A, B, C, respectively) for 2 months prior to raft-implantation and 
until their sacrifice several weeks later (between 8-16 weeks). In Panel D, the data is from 
a representative tumor from mice that were fed a 1200-nmol folate/kg diet for 2 months 
prior to LF-raft implantation and until their sacrifice several weeks later. Each well 
contains one of 75 different primers and each of the slower moving (brighter) bands in these 
representative gels reflect amplification of these unique viral-cellular integration sites (indicated 
by solid arrows). The faster moving signals in each well are from one of 75 distinct pairs of 
unamplified primers (indicated by dashed arrows).  
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SUPPLEMENTAL FIGURE 3. Development of aggressive tumors over a longer duration 
after LF-rafts were implanted subcutaneously in Beige Nude XID mice that were 
chronically fed a folate-replete diet (1200-nmol folate/kg diet) for 2 months prior to raft-
implantation and until their sacrifice several weeks later (as indicated by the tumor 
number). These LF-raft implantation studies were carried out in two batches: Batch 1 included 
tumors #1-12, and Batch 2 included tumors #13-24. A tumor number was assigned in sequence 
when the mouse was sacrificed; this corresponds to the color coding on the right.  
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