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MicroRNA Signatures Associated with Basal Cell
Carcinoma Subtypes

Suzanne Fastner1,5, Hafeez Rahman1,5, Jose Gutierrez2, Nathan Shen1, Scott R. Florell3, Abigail Florell3,
Chris J. Stubben1, Kenneth M. Boucher1,4, Dekker C. Deacon1,3, Robert L. Judson-Torres1,3 and
Douglas Grossman1,3
Basal cell carcinoma (BCC) is classified histologically into subtypes that determine treatment decisions.
MicroRNAs (miRs) are short noncoding RNAs that may serve as diagnostic biomarkers. We investigated if
particular miRs could distinguish BCC subtypes. We sequenced miRs from 55 archival BCC and 9 control skin
specimens and then validated these miRs by qRT-PCR assay on a second BCC cohort (18 superficial, 16 nodular,
15 infiltrative) and control skin (n ¼ 12). Expression values for individual miRs were normalized to miR-16-5p,
which was the least variant among the control skin and BCC samples. We found that (i) miR-383-5p and miR-
145-5p are downregulated in all BCC subtypes compared with control skin, (ii) miR-181c-5p is downregulated
in superficial compared with invasive (nodular/infiltrative) BCC, and (iii) miR-22-5p and miR-708-5p are upre-
gulated in infiltrative compared with superficial/nodular BCC and miR-30c-5p is downregulated in infiltrative
compared with nodular BCC. Receiver operating characteristic analysis demonstrated excellent capacity of
these miRs to discriminate between BCC and control skin (area under the curve, 0.94e0.98), whereas the ca-
pacity to discriminate between superficial and invasive subtypes was less robust (area under the curve, 0.7e0.8).
Future prospective studies may determine the utility of these miRs as diagnostic biomarkers to guide biopsy
and treatment of BCC.
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INTRODUCTION
Basal cell carcinoma (BCC) is classified histologically into
subtypes (Figure 1) that guide treatment decisions. Tumors
confined to the epidermis (eg, superficial BCC) are usually
treated nonsurgically by curettage or with topical therapy,
whereas invasive tumors usually require surgery to achieve
high cure rates (Dawe, 2009). Invasive BCC is categorized
primarily by morphology (eg, nodular, micronodular, infil-
trative), and these categorizations generally correlate with
risk of recurrence (Pyne et al, 2018). The underlying molec-
ular basis for these subtypes, however, has not been well
characterized.

MicroRNAs (miRs) are short noncoding RNAs that exhibit
tissue-, neoplastic-, and cell typeespecific expression
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patterns (Budakoti et al, 2021), and their small size allows for
efficient recovery from archived samples and identification
by sequencing (Cummins and Velculescu, 2006). Several
miRs may serve as diagnostic biomarkers to distinguish nevi
and melanomas (Torres et al, 2020). Prior reports have sug-
gested miRs could offer a similar utility in the diagnosis of
BCC (Tamas et al, 2021), but the few studies profiling miRs in
BCC subtypes are limited by small sample sizes and the lack
of secondary validation studies.

We sought to determine miR signatures associated with
BCC subtypes from archival biopsy specimens.
RESULTS
Tumors demonstrating a single subtype were selected, repre-
senting 55 BCC (13 superficial, 10 nodular, 10 micronodular,
and 22 infiltrative). In addition, we identified specimens of
normal skin from BCC (n ¼ 9) excisions that were free of scar
or residual tumors to serve as controls. RNA was isolated and
then subjected to miR-directed Illumina sequencing and
analysis. Principal component analysis based on miR
expression demonstrated striking segregation of all BCC tu-
mors from control skin and segregation of superficial and
infiltrative BCC subtypes from overlapping nodular and
micronodular subtypes (Figure 2a). A heat map showing the
clustering of tumor subtypes is provided in Figure 2b.

We initially examined the 10 possible pairwise subtype
comparisons (eg, superficial vs infiltrative) and found a subset
of miRs that were significantly different between each sub-
type (or control) pair. Consistent with the results of the prin-
cipal component analysis, the nodular and micronodular
stigative Dermatology. This is an open
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Figure 1. Histologic patterns of BCC.

(a) In superficial BCC, tumor buds

extend off the epidermis. (b) In

nodular BCC, single nodule invades

the dermis. (c) In micronodular BCC,

small tumor aggregates in the dermis.

(d) In infiltrative BCC, small strands of

tumor cells in the deep dermis appear

with scar-like stroma. BCC, basal cell

carcinoma. Bars ¼ 50 mm.
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subtypes (101 miRs) were most similar, whereas the infiltra-
tive and control samples (570 miRs) were most dissimilar
(Table 1). Our classification strategy was three-pronged: (i) to
identify miRs discriminating between BCC and control skin,
(ii) to identify miRs discriminating between superficial and
invasive (nodular/micronodular, infiltrative) BCC, and (iii) to
identify miRs discriminating between infiltrative and other
Figure 2. miR expression patterns in BCC subtypes and classification strategy. (a

(n ¼ 13 superficial, 10 nodular, 10 micronodular, and 22 infiltrative) and norma

Heat map showing hierarchical cluster analysis of the 50 miRs (y-axis) with the h

sample names, which are color-coded at the top. The color key represents Z-s

rows. (c) Classification strategy. BCC, basal cell carcinoma; PC, principal comp
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BCC subtypes (Figure 2c). We identified 11 miRs that showed
the most significant differential expression between all BCC
subtypes and control samples (miR-383-5p, miR-4705, and
miR-145-5p), superficial subtype and other BCC subtypes
(miR-181c-5p, miR-181b-5p, and miR-95-3p), infiltrative
subtype and other BCC subtypes (miR-22-5p, miR-18a-3p,
and miR-708-5p), and infiltrative and nodular or
) Principal component analysis of miRs identified by sequencing of 55 BCC

l skin from BCC excisions (n ¼ 9) that were free of scar or residual tumor. (b)

ighest absolute values from the eigenvectors on PC1. The x-axis refers to the

cores since the clustered regularized log values from DESeq2 are scaled by

onent.



Table 1. Pairwise Comparisons of miRNA Expression
in BCC Subtypes and Control Samples

Pairwise Comparison1 miRs Up miRs Down

Superficial vs control 189 151

Superficial vs nodular 93 90

Superficial vs micronodular 70 97

Superficial vs infiltrative 120 169

Nodular vs control 238 190

Nodular vs micronodular 49 52

Nodular vs infiltrative 152 191

Micronodular vs control 222 157

Micronodular vs infiltrative 178 210

Infiltrative vs control 340 230

BCC, basal cell carcinoma; miRs, microRNAs.
1For each pairwise comparison, there was a cutoff of adjusted P < .05.
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micronodular subtypes (miR-758-3p and miR-30c-5p) as
shown in Table 2. We also identified a miR (16-5p) that was
the least variant in expression among the BCC and control
skin samples to serve as an internal reference control.

To validate these BCC subtype miR signatures, we assem-
bled a second distinct cohort of archival specimens repre-
senting 49 single BCC subtypes (18 superficial, 16 nodular,
and 15 infiltrative) and control skin associated with BCC
excisions (12) and used TaqMan Advanced probes (Thermo
Fisher Scientific) corresponding to the 12 miRs for qRT-PCR
analysis. Of the three miRs initially identified as down-
regulated in tumors versus control skin, in the validation
cohort, expression of miR-383-5p and miR-145-5p was
significantly lower in each BCC subtype compared with
control skin (Figure 3a), whereas miR-4705 was not detected
in any samples (not shown). Of the two miRs initially iden-
tified as downregulated in superficial versus other BCC, miR-
181c-5p expression was significantly lower in superficial
versus nodular and infiltrative BCC, and miR-181b-5p
expression was significantly lower in superficial versus infil-
trative (but not nodular) BCC (Figure 3b). Although miR-95-
3p was initially identified as upregulated in superficial
versus other BCC, it was not significantly different in super-
ficial versus either nodular or infiltrative BCC (Figure 3b). For
the four miRs initially identified as upregulated in infiltrative
versus other BCC, expression of miR-22-5p and miR-758-3p
was significantly higher in infiltrative BCC versus nodular and
superficial BCC, and expression of miR-18a-3p and miR-708-
5p was significantly higher in infiltrative versus superficial
(but not nodular) BCC (Figure 3c). Finally, although miR-30c-
5p was initially identified as downregulated in infiltrative
versus nodular/micronodular BCC, its expression in the
validation cohort was not significantly different among these
subtypes (Figure 3c).

We considered that some results could be affected by po-
tential differences in input miR quantity and quality as well as
individual PCR reaction conditions. To address this possibil-
ity, we normalized the expression values for all the samples in
the validation cohort using the least variant miR (miR-16-5p)
and used these normalized expression values for the
remainder of the analyses. Considering first the two miRs
discriminating between control skin and all BCC subtypes,
normalized expression of both miR-383-5c (Figure 4a) and
miR-145-5p (Figure 4b) was significantly lower in all BCC
subtypes compared with control skin. Similar results were
obtained using a combined expression score for both miRs
(Figure 4c). We next evaluated the receiver operating char-
acteristic (ROC) of each miR using both individual normal-
ized expression and combined expression scores and found
that miR-383-5c was marginally better than miR-145-5p
(area under the curve [AUC], 0.983 and 0.939, respec-
tively) in discriminating between control skin and all BCC,
and the combination of miR-383-5c and miR-145-5p was
similar to miR-383-5c alone (AUC 0.986 and 0.983,
respectively) (Figure 4d).

Next, considering the three miRs discriminating between
superficial and nodular/infiltrative BCC subtypes, the
normalized expression of miR-181c-5p (Figure 5a) was
significantly lower in superficial BCC compared with nodular
and infiltrative BCC, whereas the normalized expression of
miR-181b-5p (Figure 5b) and miR-95-3p (Figure 5c) subtypes
was not significantly different. For combined expression
scores of miR-181c-5p and miR-181b-5p (Figure 5d), miR-
181c-5p and miR-95-3p (Figure 5e), and all three miRs
(Figure 5f), only the combined score of all three miRs was
significantly different between superficial and nodular/infil-
trative subtypes. Finally, ROC analyses revealed that the
normalized expression of miR-181c-5p was superior to any of
the combined expression scores (AUC 0.751, 0.717, 0.697,
and 0.719, respectively) (Figure 5g).

Considering finally the five miRs potentially discriminating
between infiltrative BCC and other subtypes, normalized
expression of miR-22-5p (Figure 6a) and miR-708-5p
(Figure 6b) was significantly greater in infiltrative BCC
compared with superficial/nodular subtypes, and miR-30c-5p
was significantly lower in infiltrative BCC compared with
nodular BCC (Figure 6c). On the other hand, normalized
expression of miR-758-3p (Figure 6d) and miR-18a-3p
(Figure 6e) was not significantly different in infiltrative
compared with nodular and superficial/nodular subtypes,
respectively. For the various combined expression scores of
these miRs, only that of miR-22-5p and miR-708-5p was
statistically different in infiltrative compared with superficial/
nodular subtypes (Figure 6f). Finally, among the statistically
significant individual and combined expression scores, ROC
analyses revealed that miR-22-5p was superior to the others
(AUC 0.777 vs 0.626, 0.735) in discriminating infiltrative
from superficial/nodular subtypes and that miR-30c-5p
demonstrated superior performance (AUC 0.808) in
discriminating infiltrative from nodular subtypes (Figure 6g).

DISCUSSION
In summary, we identified differential expression of several
miRs in BCC and control skin and among BCC subtypes from
sequencing of archival specimens, and most were validated
in a second separate cohort by qRT-PCR assay. First, miR-
383-5p and miR-145-5p are downregulated in all BCC sub-
types compared with control skin, and both can individually
discriminate between these entities with ROC AUCs > 0.94.
Second, miR-181c-5p is downregulated in superficial
compared with invasive (nodular/infiltrative) BCC and was
able to discriminate between these two subtype categories
www.jidinnovations.org 3
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Table 2. Top Ranking miRs with Differential Expression in BCC Subtypes1 and Control2 Samples

miR Comparison Control Sup Nod Micronod Infil P-Value Adjusted P-Value

383-5p BCC vs control 5.6793 1.888 1.512 1.601 1.685 4.89 E-28 4.25 E-26

4705 BCC vs control 3.039 1.357 1.669 1.938 1.472 3.20 E-12 4.02 E-11

145-5p BCC vs control 14.083 12.139 11.535 11.790 11.751 6.27 E-28 5.06 E-26

181c-5p Superficial vs other BCC 5.860 6.850 7.751 7.853 8.280 1.98 E-19 1.87 E -16

181b-5p Superficial vs other BCC 8.586 9.133 9.795 9.974 10.101 1.04 E-13 2.34 E-11

95-3p Superficial vs other BCC 10.100 9.172 8.421 8.302 8.332 8.51 E-14 2.34 E-11

22-5p Infiltrative vs other BCC 6.569 6.826 6.783 6.895 8.196 1.58 E-53 1.74 E-50

18a-3p Infiltrative vs other BCC 3.104 4.088 3.882 4.168 5.269 8.30 E-25 1.52 E-22

708-5p Infiltrative vs other BCC 10.124 10.494 10.163 10.285 11.446 5.46 E-18 5.46 E-16

758-3p Infiltrative vs nodular 3.142 2.999 2.531 3.068 3.612 1.22 E-12 9.63 E-11

30c-5p Infiltrative vs nodular/micronodular 13.332 12.976 13.293 13.573 12.756 7.79 E-19 1.35 E-16

16-5p Least variant 17.261 17.132 17.363 17.032 16.803 0.15 0.25

BCC, basal cell carcinoma; Infil, infiltrative; Micronod, micronodular; Nod, nodular; Sup, superficial.
1Superficial, nodular, micronodular, and infiltrative BCC subtypes.
2Skin from BCC excisions without histologic evidence of residual tumor or scar.
3Relative mean log2 values. Boldface values highlight differences between groups for each miR.
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individually (AUC 0.751) better than in combination (AUC
0.697e0.719) with others that were downregulated (miR-
181b-5p) or upregulated (miR-95-3p) in superficial versus
Figure 3. Expression of miRs in the validation cohort. Shown are non-normaliz

normal skin and BCC, (b) superficial from invasive BCC, and (c) infiltrative from

BCC samples. Raw Ct numbers were converted to expression values using the fo

represents the limit of detection (Ct ¼ 40). ***P < .001, **P < .01, *P < .05; un

threshold; Infil, infiltrative; miR, micro-RNA; Nod, nodular; NS, not significant;

JID Innovations (2024), Volume 4
invasive BCC. Third, miR-22-5p and miR-708-5p are upre-
gulated in infiltrative compared with superficial/nodular BCC
and miR-30c-5p is downregulated in infiltrative compared
ed expression data for the indicated miRs selected to distinguish between (a)

nodular BCC in 12 control skin, 18 superficial, 16 nodular, and 15 infiltrative

rmula (2-Ct). Bars indicate median values. The dotted line in each plot

paired two-sided t-tests. BCC, basal cell carcinoma; Con, control; Ct, cycle

Sup, superficial.



Figure 4. Validation of miRs distinguishing BCC from normal skin. Normalized expressionvalueswere obtained using the formula 2e(Ct miR-16-5p subtracted from each Ct)

for 12control skin, 18 superficial, 16nodular, and 15 infiltrativeBCC samples.Normalizedexpressionof (a)miR-383-5pand (b)miR-145-5p in the separate cohorts (left

panels) andcontrol skincomparedwithall BCC (right panels). Bars indicatemedianvalues. ***P< .001,unpaired two-sided t-tests. (c) Acombinedexpression scorewas

obtained from the product of the normalized expression values for miR-383-5p and miR-145-5p and plotted for the separate cohorts (left panel) and in control skin

comparedwith all BCC (right panel). Bars indicatemedianvalues. ***P< .001,unpaired two-sided t-test. (d) ROCcurves for discriminationofcontrol skinversus all BCC

using normalized expression values as indicated for miR-383-5p and miR-145-5p individually, and combined expression scores for miR-383-5p and miR-145-5p.

Values for AUCand 95%CI are shown, alongwith standard error and P values.AUC, areaunder the curve; BCC, basal cell carcinoma, CI, confidence interval; Ct, cycle

threshold; Infil, infiltrative; miR, microRNA; Nod, nodular; ROC, receiver operating characteristic; Sup, superficial.
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with nodular BCC, with miR-22-5p and miR-30c-5p able to
discriminate between these subtype categories individually
(AUC 0.777, 0.808) better than in combination (AUC 0.626,
0.735) with miR-708-5p. Several miRs (miR-181b-5p, miR-
95-3p, miR-758-3p, and miR-18a-3p) identified as differen-
tially expressed by sequencing were not validated by qRT-
PCR in the second cohort, perhaps reflecting a true discrep-
ancy or a technical issue related to the use of distinct
detection platforms (Git et al, 2010).

To our knowledge, this study has investigated and vali-
dated miR expression differences on the largest number of
control skin specimens and BCC tumors representing the
different subtypes. Although most of the miRs presented
here have not been previously reported in other work
investigating miRs in BCC (Heffelfinger et al, 2012; Kashyap
et al, 2022; Liu and Li, 2022; Renwick et al, 2013; Sonkoly
et al, 2012; Tamas et al, 2021), most prior studies were
limited by a small number of samples and/or did not differ-
entiate by BCC subtype or include multiple subtypes. We did
detect many of the previously reported miRs by sequencing
but chose to pursue other miRs that demonstrated a greater
magnitude of differential expression or statistical signifi-
cance. One study identified miR-145-5p as downregulated
and miR-181c-5p as upregulated in BCC compared with
adjacent normal skin (Sand et al, 2012), consistent with our
present findings.

Given the clinical use of a noninvasive test based on the
expression of two RNAs captured on adhesive tape for
www.jidinnovations.org 5
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Figure 5. Validation ofmiRs distinguishing superficial from invasiveBCC.Normalized expressionvalueswere obtained using the formula 2e(Ct miR-16-5p subtracted from each Ct)

for12control skin,18superficial,16nodular,and15 infiltrativeBCCsamples.Normalizedexpressionof (a)miR-181c-5p, (b)miR-181b-5p,and (c)miR-95-3p in theseparate

cohorts (left panels) and control skin comparedwith all BCC (right panels). Bars indicatemedian values. *P< .05, unpaired two-sided t-tests. A combined expression score

wasobtained from(d) theproductofnormalizedexpressionvalues formiR-181c-5pandmiR-181b-5p, (e) normalizedexpressionvalues formiR-181c-5pdividedby those for

miR-95-3p, and (f) product of thenormalized expressionvalues formiR-181c-5p andmiR-181b-5pdividedby those formiR-95-3p, and these combined scoreswereplotted

for the separatecohorts (left panels) and incontrol skin comparedwith all BCC (right panels). Bars indicatemedianvalues. *P< .05, unpaired two-sided t-test. (g) ROCcurves

fordiscriminationof superficial vs. invasive (nodularand infiltrative)BCCusingnormalizedexpressionscorevaluesas indicated formiR-181c-5p individually, andcombined

expression score values as indicatedbasedon scores formiR-181c-5p,miR-181b-5p, andmiR-95-3p.Values forAUCand95%CIs are shown, alongwith standarderror and

P values. AUC, area under the curve; BCC, basal cell carcinoma, CI, confidence interval; Ct, cycle threshold; Infil, infiltrative; miR, micro-RNA; Nod, nodular; NS, not

significant; ROC, receiver operating characteristic; Sup, superficial.
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guiding biopsy decisions for pigmented lesions (Brouha et al,
2020), it is conceivable that a similar method based on miRs
could be used to diagnose BCC and predict subtype before
biopsy. For example, although miR-383-5p and miR-145-5p
could be used to identify BCC and determine whether a bi-
opsy is indicated, miR-181c-5p could be used to distinguish
between superficial and invasive BCC that should be,
respectively, biopsied using shave or punch technique, and a
set of other miRs (miR-22-5p, miR-708-5p, and miR-30c-5p)
could be used to identify infiltrative tumors that likely would
require surgery to eradicate.

There are several limitations to our study that may restrict
the general predictive utility of miRs before biopsy as dis-
cussed above. First, although we observed significant dif-
ferences in the median expression values for several of
these miRs in several subtypes, there was an overlap in their
expression (particularly for miR-181c-5p) between the BCC
subtypes. Further studies on a larger group of tumors would
be required to determine the extent of variation for
particular miRs. Second, we chose to normalize miRNA
JID Innovations (2024), Volume 4
expression to the level of miR-16-5p, which is a well-
known tumor suppressor miR that has been reported to be
downregulated in nearly all examined malignant tissues
(Ghafouri-Fard et al, 2022), including BCC (Sonkoly et al,
2012). However, in all of our included samples, tumors
represented >80% of the tissue, and we determined that
miR-16-5p was the least variable miR among the samples
and therefore would be most appropriate for normalization.
Indeed, we found more variability among samples in the
initial analyses we performed without normalization.
Finally, although our investigation was restricted to tumors,
with each displaying a single subtype, in clinical practice,
>20% of BCCs demonstrate more than one predominant
subtype histologically or discordance between biopsy and
subsequent excision specimens (Genders et al, 2016). Thus,
future clinical development of this approach will depend on
optimizing the discrimination of predominant subtypes in
mixed tumors and may be limited to the differentiation
of BCC from sun-damaged skin and nonmalignant skin
tumors.



Figure 6. ValidationofmiRs distinguishing infiltrative fromotherBCC.Normalized expressionvalueswereobtainedusing the formula2e(Ct miR-16-5p subtracted from each Ct) for

12control skin,18 superficial, 16nodular, and15 infiltrativeBCCsamples.Normalizedexpressionof (a)miR-22-5p, (b)miR-708-5p, (c)miR-30c-5p, (d)miR-758-3p, and (e)

miR-18a-3p in theseparatecohorts (leftpanels) and in infiltrativeBCCcomparedwith superficialandnodularornodularBCCas indicated (rightpanels).Bars indicatemedian

values. ***P< .001, *P< .05; unpaired two-sided t tests. (f) Combined expression scores were obtained from the products and/or quotients of the normalized expression

values formiR-22-5p,miR-708-5p, andmiR-30c-5p, and plotted as indicated for infiltrative and superficial and nodular BCC or nodular BCC. Bars indicatemedian values.

**P< .01, unpaired two-sided t test. (g) ROCcurves for discrimination of infiltrative versus superficial and nodular BCCor versus nodular BCC, using individual normalized

expression scores or combinedexpression scores for the indicatedmiRs.Values forAUCand95%CIs are indicated, alongwith standarderror andP values.AUC, areaunder

the curve; BCC, basal cell carcinoma, CI, confidence interval; Ct, cycle threshold; Infil, infiltrative; miR, micro-RNA; Nod, nodular; NS, not significant; ROC, receiver

operating characteristic; Sup, superficial.
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MATERIALS AND METHODS
Cohort identification and RNA preparation for sequencing

Tumors were identified in the University of Utah Dermatopathology

(PowerPath) database and corresponding H&E-stained slides were

reviewed by a dermatopathologist (S.R.F.) to confirm the diagnosis,

and tumors were selected that constituted >80% of the tissue

specimen. Control specimens from BCC excisions were reviewed

with a dermatopathologist (S.R.F.) and verified to be devoid of re-

sidual tumor or scar. Sections (20 mm) were cut, dried on glass

slides, and then scraped into microfuge tubes. Whole RNA was

isolated using a RecoverAll kit (Thermo Fisher Scientific, AM1975),

quantitated by ScreenTape Assay (Agilent), and converted to cDNA

(Qiagen QIAseq miRNA Library Prep) for sequencing.

miR sequencing

Sequencing was performed on an Illumina NovaSeq 6000 instru-

ment in the High-Throughput Genomics Shared Resource at the

Huntsman Cancer Institute. RNA concentration was measured with

a Qubit RNA HS Assay Kit (Fisher Scientific #Q32855), and RNA

quality was evaluated with an Agilent Technologies RNA ScreenTape

Assay (5067-5579 and 5067-5580). Small RNA sequencing libraries

were prepared from 10 to 100 ng of total RNA using the Qiagen

QIAseq miRNA Library Kit (cat# 331505). Following PCR amplifi-

cation, the library was size selected to enrich for adapter-ligated

molecules encoding small RNA species using QIAseq magnetic
beads. Size-selected libraries were qualified on an Agilent Tech-

nologies 4150 TapeStation High Sensitivity D1000 ScreenTape assay

(5067-5584 and 5067-5585). The molarity of adapter-modified

molecules was defined by quantitative PCR using the Kapa Bio-

systems Kapa Library Quant Kit (cat# KK4824). Individual libraries

were normalized to 5 nM in preparation for Illumina sequence

analysis.

Analysis of miR sequencing

The human Genome Reference Consortium human build 38 genome

and gene annotation files were downloaded from Ensembl release

106, and a reference database was created using STAR version 2.7.9a

(Dobin et al, 2013). A custom Perl script (smallRNA_pe_

umi_extractor.pl from https://github.com/HuntsmanCancerIn

stitute/UMIScripts) was used to trim adapters and extract the Unique

Molecular Index from the second read of a paired-end Qiagen small

RNA library with 76 � 51 base pair reads. The trimmed reads were

aligned to the reference database using STAR options optimized for

shorter miRNA reads (�16 bases matched to the genome, �5% mis-

matches over mapped length, splicing switched off). A second Perl

script (bam_umi_dedup.pl) removed PCR duplicates from the aligned

BAM file, and the mapped reads were assigned to annotated genes in

Ensembl and to miRNAs in miRbase release 22.1 (Kozomara et al,

2019) using featureCounts version 1.6.3 (Liao et al, 2014). Differen-

tially expressed miRNA in miRbase was identified using a 5% false
www.jidinnovations.org 7
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discovery ratewithDESeq2version1.36.0 (Love et al, 2014). Principal

component analysis was run using the regularized log values from the

top 500 variable miRNAs.

Feature selection for miRs

Features (ie, miRs) were first normalized to have a standard deviation

equal to one. Binomial lasso regression, as implemented in the R

(version 4.0.2) package “glmnet” (Friedman et al, 2010), was then

used to select a group of features that separated subtypes. Ten-fold

cross-validation was used to select the penalty parameter for the

lasso regression. The chosen penalty was one standard error from the

parameter with the minimum cross-validated error. Features with

nonzero model coefficients were ranked by the absolute value of the

model coefficient. The Benjamini-Hochberg method was used for

correcting P-values for multiple testing, as implemented by the

“p.adjust” function in R.

qRT-PCR assays and analysis

Whole RNA was isolated as above, converted to cDNA using a

TaqMan Advanced miRNA cDNA Synthesis Kit (Thermo Fisher Sci-

entific, A28007), and TaqMan Advanced miRNA Assays were per-

formed for each sample in triplicate, following manufacturer’s

directions (Thermo Fisher Scientific User Guide, A25576, Revision

3) with minor modifications. cDNA samples were diluted 1:100 in

0.1X Tris-EDTA buffer (2.5 mL final volume) and combined with 5 mL
master mix (TaqMan Fast Advanced Master Mix, 4444557, Thermo

Fisher Scientific), 2 mL RNAse-free water, and 0.5 mL selected hsa-

miRNA probe (all from Thermo Fisher Scientific) and plated (final

volume 10 mL) in a 384-well plate. Samples were run and analyzed

on a C1000 Touch Thermo Cycler (Biorad, CFX384 Real-Time Sys-

tem). Cycle threshold (Ct) values from triplicates were averaged for

further analysis using GraphPad Prism (version 10). Raw Ct numbers

were converted to expression values using the formula (2-Ct).

Normalized expression values were obtained using the formula 2-

(DCt) where DCt represents the difference in Ct values for an indi-

vidual miR and the invariant miR-16-5p. Combined expression

scores were obtained from the products and/or quotients (based on

whether miRs were “up” or “down,” respectively) of normalized

expression scores of two or three miRs. ROC curves and analyses

were also generated using Prism software, based on previously

described methods (Hanley and McNeil, 1982).
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