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Background

Tissues are built of cells which contain their genetic information on DNA strings, so-
called genes. These genes can lead to the generation of messenger RNA (mRNA) which
transports the genetic information and induces the production of proteins. Such mRNA
molecules and proteins are modes of expression by which a cell reflects the presence,
kind and activity of its genes. In this paper, we consider such gene expression in terms of
quantities of mRNA molecules.

Gene expression is stochastic. It can differ significantly between, e.g., types of cells
or tissues, and between individuals. In that case, one refers to differential gene expres-
sion. In particular, cells can be differentially expressed between healthy and sick tissue
samples from the same origin. Moreover, cells can differ even within a small tissue
sample, e.g. within a tumour that consists of several mutated cell populations. Math-
ematically, we regard two populations to be different if their mRNA counts follow
different probability distributions. If there is more than one population in a tissue,
we call it heterogeneous. The expression of such tissues can be described by mixture
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models. Detecting and parameterizing heterogeneities is of utmost importance for
understanding development and disease.

The amount of mRNA molecules of a gene in a tissue sample can be assessed by
various techniques such as microarray measurements [1, 2] or sequencing [3, 4]. Bulk
measurements are suitable for analyses like mean comparisons but make it difficult
to describe in-bulk heterogeneity. To infer partial information about cell populations,
bulk deconvolution methods like CIBERSORT [5] require the availability of so-called
signature matrices. Measurements of single cells yield the highest possible resolution.
They are best suited for identification and description of heterogeneity in large and
error-free datasets. In practice, however, single-cell data often comes along with high
cost, effort and technical noise [6]. Heterogeneity can still be revealed given sufficient
sample size and additional information such as the expression of cell cycle genes [e.g.
7]. In our work, we consider the case of comparatively small samples without further
prior knowledge. Instead of considering single-cell data, we analyze the cumulative
gene expression of small pools of randomly selected cells [8]. The pool size should
be large enough to substantially reduce measurement error and cost, and at the same
time small enough such that heterogeneity is still identifiable. The analysis of such
small cell pools could add additional information that is lost in single-cell measure-
ments due to the stress in which the cells find themselves once they are separated
from their tissue.

Such new kind of data requires new analysis tools. We thus developed the algorithm
stochprofML to infer single-cell regulatory states from small pools of cells [9]. In con-
trast to previously existing deconvolution methods, which were not tailored to small
cell pools, it neither requires a priori knowledge about the mixing weights such as the
¢sSAM [10] or DSection [11] algorithms nor about expression profiles which is required
when using for example the qproq [12] or Isfit [13] tools. Only the CAM method [14]
performs unsupervised deconvolution for clusters of genes, however with the aim to
find marker genes. Several of these methods are implemented in the R package Cell-
Mix [15], but for the above reasons, they are not directly comparable. In [9], we still
demonstrated on synthetic data how stochastic profiling led to more accurate estimates
than competing approaches.

Recently, tools were developed with the aim to deconvolute bulk measurements
using the available huge datasets of single-cell data or purified bulk samples such as
AutoGeneS [16], dtangle [17] or CPM [18]. However, deconvolution without any basis
such as purified expression datasets of subpopulations or other prior knowledge is much
harder. Here we present the stochastic profiling algorithm that blindly deconvolves the
joint measurements purely by applying a combinatorial mixture model.

In [9], we applied stochprofML to measurements from human breast epithelial cells
and revealed the functional relevance of the heterogeneous expression of a particular
gene. Fluorescence in situ hybridization confirmed that the computationally identified
population fractions corresponded to experimentally detected transcriptional popula-
tions. In a second study, we applied the algorithm to clonal tumor spheroids of colorectal
cancer [19]. There, a single tumor cell was cultured, and after several rounds of replica-
tion, each resulting spheroid was imaged and sequenced. However, pool sizes differed
between tissue samples as each spheroid contained a different number of cells ranging
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from less than ten to nearly 200 cells. Therefore, we extended stochprofML to be able to
handle pools of different sizes.

In this work, we present such modeling extensions alongside numerical and compu-
tational detail. We explore the performance of the algorithm in simulation studies for
various settings, especially in the realistic case of uncertainty about the pool size. To
expand the range of applications, we propose a test for significant differences between
the estimated populations and inference of original pool compositions.

Implementation

The stochprofML algorithm aims at maximum likelihood estimation of the correspond-
ing model parameters. Hence, we derive the likelihood functions of the parameters and
show details of the estimation and its implementation. The new elements of the most
recent version of the algorithm are introduced along the line. Note that we will use a
combinatorial mixture since this we aim for a blind convolution model that does not
need any prior input information on the contained subpopulations or their fractions.

Notation

Suppose there are k (tissue) samples, indexed by i € {1,...,k}. From each tissue sam-
ple i, we collect a pool of a known number of cells. The cells are either indexed
by j € {1,...,n}if the cell pool size is the same in all measurements, or, as possible in the
latest implementation, by j; € {1,...,n;} in case cell pool sizes vary between measure-
ments. In the latter, more general case, the cell numbers are variable over the k cell pools
and summarized by 77 = (n3, . .., n;). From each sample, the gene expression of m genes
is measured, indexed by g € {1,...,m}. We assume that each cell stems from one out
of T cell populations, indexed by &z € {1,...,T}. If T > 1 in the set of all cells of inter-
est, the tissue is called heterogeneous. The notation is illustrated in Fig. 1. Biologically,
the different cell populations correspond to different regulatory states or—especially in
the context of cancer—to different (sub-)clones. For example, there might be two pop-
ulations within a considered tissue: one occupying a basal regulatory state, where the
expression of genes is at a low level, and one from a second regulatory state, where genes
are expressed at a higher level.

Single-cell models of heterogeneous gene expression

As described above, there are various technologies to measure gene expression. Micro-
arrays (as considered in previous applications of stochastic profiling, see [8, 9]) measure
relative gene expression, which is appropriately described in terms of continuous prob-
ability distributions. Sequencing experiments produce discrete molecule counts. How-
ever, if these numbers are large, or if preprocessing blurs the discrete character of the
data, one often describes such sequencing output by continuous probability distribu-
tions as well. Conditioned on the cell population, stochprofML provides two continuous
choices for the single-cell distribution of the expression of one gene:

Lognormal distribution
The two parameters defining a univariate lognormal distribution LA (i, 02) are called
log-mean u € R and log-standard deviation o > 0. These are the mean and the standard
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deviation of the normally distributed random variable log(X), the natural logarithm of X.
The probability density function (PDF) of X is given by

1 log x — )2
exp(_(ogx )

2
x|, o) = forx > 0.

A random variable X ~ LN (i, o?) has expectation and variance

2

E(X) =exp (u + 02> and Var(X) = exp (ZM + 02) (exp (02) — 1).

(1)

Exponential distribution
An exponential distribution EXP () is defined by the rate parameter A > 0. The PDF is
given by

fexp(x|L) = Aexp (—Ax) forx > 0.

A random variable X ~ EXP (L) has expectation and variance
E(X) 1 d Var(X) !
== n r(X) = —.
PR 2

In general, the lognormal distribution is an appropriate description of continuous gene
expression [20]. With its two parameters, it is more flexible than the exponential distri-
bution. However, the lognormal distribution cannot model zero gene expression as often
present in real-world applications. In case of zeros in the data, it could be modified by
adding small values such as 0.0001, or one uses the exponential distribution to model
this kind of expression. This distribution is an obvious choice to model zero and very
low expression as its support includes zero, and with only one distribution parameter
it avoids unnecessary model complexity. Furthermore, we will show later that the expo-
nential distribution can be convoluted in closed form.

In case of T cell populations, we describe the expression of one gene by a stochastic
mixture model. Let (py,. .., pr) with p; + - - - + pr = 1 denote the fractions of popula-
tions in the overall set of cells. stochprofML offers the following three mixture models:

Lognormal-lognormal (LN-LN)

Each population % is represented by a lognormal distribution with population-specific
parameter puy, (different for each population %) and identical o for all T populations. The
single-cell expression X that originates from such a mixture of populations then follows

LN (u1,0%) with probability p;

X ~ LN (up,0%) with probability py,

LN (ur, %) with probability (1 —yrl ph).



Amrhein and Fuchs BMC Bioinformatics (2021) 22:123 Page 5 of 31

Relaxed lognormal-lognormal (rLN-LN)

This model is similar to the LN-LN model, but each population /% is represented by a
lognormal distribution with a different parameter set (uy, oy,). The single-cell expres-
sion X follows

LN (p1,02) with probability py

X ~ ¢ LN (up, o) with probability py,

LN (ir,0%) with probability (1 - 25;11 ph).

Exponential-lognormal (EXP-LN)

Here, one population is represented by an exponential distribution with parameter 4,
and all remaining T — 1 populations are modeled by lognormal distributions analogously
to LN-LN, i.e. with population-specific parameters (; and identical o. The single-cell
expression X then follows

LN (u1,0%)  with probability p;
LN (up,0?)  with probability py,

LN (ur—_1,0%) with probability p7_1
EXP (1) with probability (1 - ZZ;II ph>.

The LN-LN model is a special case of the rLN-LN model. It assumes identical o across
all populations. Biologically, this assumption is motivated by the fact that, for the log-
normal distribution, identical o lead to identical coefficient of variation

CV(X) = :?7;(())() =4/exp(c?) — 1

even for different values of u. In other words, the linear relationship between the mean
expression and the standard deviation is maintained across cell populations in the LN—
LN model. The appropriateness of the different mixture models can be discussed both
biologically and in terms of statistical model choice.

Within one set of genes under consideration, we assume that the same type of model
(LN-LN, rLN-LN, EXP-LN) is appropriate for all genes. The parameter values, how-
ever, may differ. In case of T cell populations, we describe the single-cell gene expres-
sion X @ for gene g by a mixture distribution with PDF

Fr-pop (x(g>| 9@ p)
T-1

= (s910/7) + -+ pufi (#9167 ) + -+ (1 = th)fT(x@w%)),

h=1
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where f; with i1 € {1,..., T} represents the PDF of population / that can be either log-
normal or exponential, and 0% = {Hl(g), ey Q(Tg) } are the (not necessarily disjoint) distri-
bution parameters of the T populations for gene g.

Example: Mixture of two populations—Part 1
We exemplify the two-population case. Here, the PDF of the mixture distribution for
gene g reads

Frpop*@109) = pfix®@ 16 + (1 — p)fr(x@ |62,

where p is the probability of the first population. The univariate distributions fl(g) and
fz(g) depend on the chosen model:

LN-LN: fi(x@®[0%) = fin(x@|u®,62) and f(x@[0) = fin@@ [P, 62), ie.
there are four unknown parameters: p, ,u%g), Mgg) and o2

ILN-LN: f;(x©10) = fin(x@ |1, 012) and &> @[07) = fin@|u$, 057 ie.
there are five unknown parameters: p, u(lg), ,u;g), 012 and 0%

EXP-LN: f; x@[09) = in(x® |1 @, 02) and f(x@[62) = fixp(x©@|19). ie. there
are four unknown parameters: p,1®, o2 and 4©). Note that although each lognor-
mal population has its individual o, these o-values remain identical across genes in all
models.

Small-pool models of heterogeneous gene expression

stochprofML is tailored to analyze gene expression measurements of small pools of cells,
beyond the analysis of standard single-cell gene expression data. In other words, the
single-cell gene expression Xl%) described above is assumed latent. Instead, we consider

observations
n;
© @
v =3 X (2)
ji=1
for i =1,...,k, which represent the overall gene expression of the ith cell pool for

gene g. In the first version of stochprofML, pools had to be of equal size #, i.e. for each
measurement Yl.(g) one had to extract the same number of cells from each tissue sample.
This was a restrictive assumption from the experimental point of view. The recent exten-
sion of stochprofML allows each cell pool i to contain a different number #; of cells (see
also Figs. 1 and 2).

The algorithm aims to estimate the single-cell population parameters despite the fact
that measurements are available only in convoluted form. To that end, we derive the
likelihood function of the parameters in the convolution model (2), where we assume
the gene expression of the single cells to be independent within a tissue sample. For bet-
ter readability, we suppress for now the superscript (g) and introduce it again later.

The derivation of the distribution of Y; is described in Additional file 1. The corre-
sponding PDF f,.(y;10, p) of an observation y; which represents the overall gene expres-
sion from sample i (consisting of #; cells) is given by



Amrhein and Fuchs BMC Bioinformatics (2021) 22:123 Page 7 of 31

fm(yl'|0’p):
n; ni— ni— Zh 12614 (3)
n; 0 14
§ § § ’ pI'py P ) (9i16),
0 i ~ 01,89,..., 0T

where 47 =n; — ZZ:_II £y and pr=1- ZZ:_II pn- Here, fu,e,,...0) describes the
PDF of a pool of n; cells with known composition of the single populations, i.e. it
is known that there are ¢; cells from population 1, ¢, cells from population 2 etc.
(151 L i ZT) pfl pgz e pZTT represents the multinomial probability of obtaining exactly this
composition ({1, . .., £r) using the multinomial coefficient (ZI,Z;."_.,KT) =m!/1!... L))
Equation (3) sums up over all possible compositions (£1,...,£21) with €1,...,¢7 € Ny
and £1 + - - - + {7 = n;. Taken together, f,,(y;|0, p) determines the PDF of y; with respect
to each possible combination of #; cells of T populations.

Thus, the calculation of f;;,(y;10, p) requires knowledge of fi¢, ¢,,..er)(:il0) . The deri-
vation of this PDF depends on the choice of the single-cell model (LN-LN, rLN-LN, or
EXP-LN) that was made for Xj;, .

LN-LN

Sttty Gi10) = 0y Gl s, 00)
is the density of a sum Y; = X;; + - - - + Xy, of n; independent random variables with

LN (u1,02) ifl1 <j;i <
Xij; ~ 8 LN (up,02) ifJyo1 <ji <Jn

LN (ur,0?) ifJr—1 <ji <Jr = n;,

with 1 =41,....Jh=01+C+---+y,....Jr=L1+C+ -+ Lr =n;. Y; is the
convolution of random variables X1, ..., Xj,,, which is here the convolution of T sub-
convolutions: a convolution of ¢; times LN (1,02), plus a convolution of ¢ times
LN (112,0?), and so on, up to a convolution of £7 times LN (i, 0?).

There is no analytically explicit form for the convolution of lognormal random vari-

ables. Hence, f(e ¢, 1s approximated using the method by [21]. That is, the distri-

bution of the sum A1 + .-+ 4+ A,, of independent random variables
A; ~ LN (pa,, Uji) is approximated by the distribution of a random variable

B ~ LN (up,02) such that
E(B)=E@1+---+A4,) and Var(B) = Var(4; +--- +Au).

According to Eq. (1), that means that ;3 and op are chosen such that the following equa-
tions are fulfilled:

0'2 0'2 0'2
B Ax Am
exp | up + =exp|pa, +— |+ ---+exp|pu + 5 =T
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and

exp (218 + of ) (exp (o) —1) =

exp (2,uA1 + Ujl)(exp (ajl) —1) +---+exp (2,uAm + djm>(exp (@iﬂ) - 1) = A,
That is achieved by choosing
up =log(I') — %ag and o2 =log (I‘AZ + 1).

This approximation is implemented in the function d.sum.of.lognormals (). The
overall PDF is computed through d. sum.of .mixtures.LNLN ().

rLN-LN

LN-LN 2 2 2
ﬂﬁl ..... Chiseens ZT)(yi|0): (r(l _____ Lhyyees @T)(yilulwnruh!'~~rMT!01,~~~rah!~~~r0T)

is the PDF of a sumY; = X1 + - - - + X, of n; independent random variables with

LN (p1,08) if1<ji <)
Xij, ~ 8 LN (o) if oy <ji <Jn

LN (ur,02) ifJr—1 <ji <Jr = n;,

with h=L,.... p=i+b+ - -+Ly.. . Jr=L1+ -+l =n; Again,
f{gﬁfﬁ;mh) is approximated using the method by [21], analogously to the LN-LN

model. It is implemented in d. sum.of .mixtures.rLNLN ().

EXP-LN

Jrtn ) 0110) = Fig N ey Gil Ao 11, -y 1,02
is the density of a sum Y; = X;1 + - - - 4+ Xj, of n; independent random variables with

LN (n1,0%  if1<ji<h

X~ d ENGuno®) iy <ji < T
i

LN (ur—1,0%) ifJr—2 <ji <Jr-1
EXP (1) ifjr-1 <ji <Jr =m,

with 1 =4€1,.... =01+ + -+ 4€y,....JT =1+ -+ €7 = n;. The sum of inde-
pendent exponentially distributed random variables with equal intensity parameter
follows an Erlang distribution [22], which is a gamma distribution with integer-valued
shape parameter that represents the number of exponentially distributed summands.
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Thus, the PDF for the EXP-LN mixture model is the convolution of one Erlang (or
gamma) distribution (namely the sum of all exponentially distributed summands)
and one lognormal distribution [namely the sum of all lognormally distributed sum-
mands, again using the approximation method by 21]. The PDF for this convolution
is not known in analytically explicit form but expressed in terms of an integral that is
solved numerically through the function lognormal.exp.convolution(). Its
computation thus takes substantially longer in terms of run time than for LN-LN.
The overall PDF of the EXP-LN model is implemented in d.sum.of.mixtures.
EXPLN ().

Example: Mixture of two populations—Part 2
In this example of the two-population model, let each observation consist of the same
number of # = 10 cells. Then Y; is a 10-fold convolution, and the PDF (3) simplifies to

10

fio(yil0,p) = Z <1€O>P[(1 — )" e 10-0) (3:16), (4)

=0

where fi,10—¢) is the PDF of the sum Y; of ten independent random variables, that is
Yi = Xi1 + - - - + Xi10. This PDF depends on the particular chosen model:

LN-LN

Je10-0 (il0) = (]zilbL_I};) il i1, 2, 0%

is the PDF of a sum Y; = Xj; + - - - 4+ Xj10 of ten independent random variables with

xoo d EN(1,0?) if1 <)<t
Y LN (jna,02) if € < j < 10.

rLN-LN

fie10-00il0) = fH01D il pa, of, 03)
is the PDF of a sum Y; = Xj; + - - - + Xj10 of ten independent random variables with
o [ ENQueh i1 <)<t
Y LN (pa,03) if € < j < 10.

EXP-LN

fieao-0 i) = fi 1010 Gildo 1t 0%)

is the PDF of a sum Y; = Xj; + - - - 4+ Xj10 of ten independent random variables with
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X~ LN (u,0?) ifl<j<¢
Y EXP()  ift <j<10.

Likelihood function

Overall, after re-introducing the superscript (g) for measurements of genes g = 1,...,m,
we obtain the PDF
)
fVli <yz(g | o(g),p> =
n; nj— nj— Zh 12 Oy "
i 01 ¢ ¢ )
SN S (i (10
l1,89,...,0T
=0 {r= Cr_1=0
with model-specific choice of f,,¢,,..er) While n = (n1,...,n;) is considered
known, we aim to infer the unknown model parameters 6 = 09, ...,0 p

by maximum  likelihood estimation. = Assuming independent  observa-
tions y = {y(g) li=1,...,k;g=1,...,m}of Yi(g) for m genes and k tissue samples, where
sample i contains #; cells, the likelihood function is given by

m k
L@®ly) = H Hfm (ygg)|0(g)rp)~

g=1i=1

Consequently, the log-likelihood function of the model parameters reads

(ely) = ZZlog[n,( 109.p)]. ©)

g=1i=1

Example: Mixture of two populations—Part 3
Returning to the two-population example with 10-cell pools, the log-likelihood for
k = 100 tissue samples and m = 5 genes is given by

5 100

€Ol =3 > log [fio (31169.p) |,

g=1i=1

where fio (y;g) 0@, p) is given by Eq. (4).

Maximum likelihood estimation

The stochprofML algorithm aims to infer the unknown model parameters using maxi-
mum likelihood estimation. As input, we expect an m x k data matrix of pooled gene
expression, known cell numbers 7, the assumed number of populations T and the choice
of single-cell distribution (LN-LN, rLN-LN, EXP-LN). Based on this input, the algo-
rithm aims to find parameter values of § = {0(1), .. .,0(”’),19} that maximize £(0|y) as
given by Eq. (6). This section describes practical aspects of the optimization procedure.
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Example: Mixture of two populations—Part 4

Several challenges occur during parameter estimation. We explain these on the two-
population LN-LN example: First, we aim to ensure parameter identifiability. This
is achieved for the two-population LN-LN model by constraining the parameters
to fulfil either p < 0.5 or uj; > wy. Otherwise, the two combinations (p, i1, o, o)
and (1 — p, iy, 1,0) would yield identical values of the likelihood function and
could cause computational problems. For our implementation, we preferred the sec-
ond possibility, i.e. 41 > po. The alternative, i.e. requiring p < 0.5, led to switchings
between p; and py in case of p &~ 0.5. As a second measure, we implement uncon-
strained rather than constrained optimization: Instead of estimating (p, u, o, 0)
under the constraints p € [0,1], 41 > up and o > 0, the parameters are transformed
to (logit(p), 11, 5, log(o)), and an unconstrained optimization method is used. This is
substantially faster.

The aforementioned transformations are likewise employed for all other models
(rLN-LN and EXP-LN) and population numbers. In particular, o and 4 are log-trans-
formed, and the lognormal populations are ordered according to the log-means ’u;l)
of the first gene in the gene list. The population probabilities are transformed to R
such that they still sum up to one after back-transformation. For details, see Addi-
tional file 3.

The log-likelihood function is multimodal. Thus, a single application of some gra-
dient-based optimization method does not suffice to find a global maximum. Instead,
two approaches are combined which are alternately executed: First, a grid search is
performed, where the log-likelihood function is computed at many randomly drawn
parameter values. In the second step, the (computationally more costly) Nelder-Mead
algorithm [23] is repeatedly executed at few points. This way, high likelihood regions
can be identified with low computational cost. A next grid search again explores the
regions around the obtained local maxima, followed by another Nelder-Mead optimi-
zation. Here, the starting values are randomly drawn from the high-likelihood regions
found before. This combination of grid search and local optimization is carried out
three times. The whole procedure is repeated five times by default, with the aim to
find an overall optimal parameter combination, but this number can be changed
using the 1oops parameter of the function stochprof.loop (). If until.con-
vergence is set to TRUE, the loops will be exited as soon as the obtained improve-
ment in the likelihood during the last round is less than 5 x 107,

If a dataset contains gene expressions for m genes, and if we assume T populations,
there are at minimum 7 (m + 1) parameters which one seeks to estimate depending on
the model framework. This is computationally difficult, because the number of modes of
the log-likelihood function increases with the number of parameters. The performance
of the numerical optimization crucially depends on the quality of the starting values, and
a large number of restarts is required. When analyzing a large gene cluster, it is advan-
tageous to start by considering small clusters and use the derived estimates as initial
guesses for larger clusters. This is implemented in the function stochprof.loop ()
(parameter subgroups and demonstrated in analyze.toycluster ()).

Approximate marginal 95% confidence intervals for the parameter estimates are
obtained as follows: We numerically compute the Hessian matrix of the negative
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log-likelihood function on the unrestricted parameter space and evaluate it at the
(transformed) maximum likelihood estimator. Denote by d; the ith diagonal element
of the inverse of this matrix. Then the confidence bounds for the ith transformed
parameter 6; are

6; +1.96+/d;.

We obtain respective marginal confidence intervals for the original true parameters by
back-transformation of the above bounds. This approximation is especially appropri-
ate in the two-population example for the parameters p and o when conditioning on g,
and .. In this case, in practice, the profile likelihood is seemingly unimodal.

Run times for maximum likelihood estimation differ substantially between two- and
three-population models, and also between LN-LN, rLN-LN and EXP-LN. The latter
is due to the integral convolution of an exponential and an Erlang distribution in EXP—
LN as described above. Table 1 displays run times using the R function microbench-
mark () on simulated data.

Example: Mixture of three populations

Figure 3 shows estimation results for an LN-LN model with three populations, based
on synthetic 10-cell data. (Synthetic data generation is described later in this text.) 1000
10-cell datasets each with & = 1000 observations were generated using underlying popu-
lation parameters p; = 0.1, pp = 04, 1 = 1.5, up = —0.4, u3 = —2.5and o = 0.2.

Model choice

By increasing the number T of populations, we can describe the observed data more
precisely, but this comes at the cost of potential overfitting. For example, a three-popula-
tion LN-LN model may lead to a larger likelihood at the maximum likelihood estimator
than a two-population LN-LN model on the same dataset. However, the difference may
be small, and the additional third population may not lead to a gain of knowledge. For
example, the estimated population probability ps may be tiny, or the log-means of the
second and third population, ip and i3 might hardly be distinguishable from each other.

Table 1 Run times for maximum likelihood estimation for LN-LN, rLN-LN and EXP-LN models with
T=2and T = 3 populations

T LN-LN rLN-LN EXP-LN

2 13.00 (12.55-18.99) 27.06 (17.04-34.76) 16,762.22
(10,764.77—
21,576.25)

3 96.76 (47.07-130.92) 162.59 (86.84-346.98) 148,785.38
(100,248.84-
184,789.46)

The study was performed on simulated data using the R function microbenchmark(). Reported numbers are run times in
seconds across five repetitions: median (min - max)
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To objectively find a trade-off between necessary complexity and sufficient interpret-
ability, we employ the Bayesian information criterion [BIC, 24]:

BIC(8) = —2¢(8) + log k dim(9),

where  is the maximum likelihood estimate of the respective model, dim(é) the number
of parameters and k the size of the dataset. From the statistics perspective, the model
with smallest BIC is considered most appropriate among all considered models.

In practice, it is required to estimate all models of interest separately with the stoch-
profML algorithm, e.g. the LN-LN model with one, two and three populations, and/or
the respective rLN-LN and EXP-LN models. The BIC values are returned by the func-
tion stochprof.loop ().

Results and discussion

This section illustrates the usage of the stochprofML package for simulation and param-
eter estimation. Afterwards we demonstrate the performance of the estimation depend-
ing on pool sizes, true parameter values and in case of uncertainty about pool sizes. We
investigate what we can learn from the parameter estimates about the heterogeneous
populations and about sample compositions. These investigations shed light on the algo-
rithm’s performance from a statistical point of view and complement the experimental
validation we performed in [9]. All scripts used in these studies can be found in our open
GitHub repository https://github.com/fuchslab/Stochastic_Profiling_in_R.

Usage of stochprofML

There are two ways to use the stochprofML package: (1) Two interactive functions sto-
chasticProfilingData () and stochasticProfilingML () provide low-level
access to synthetic data generation and maximum likelihood parameter estimation with-
out requiring advanced programming knowledge. They guide the user through enter-
ing the relevant input parameters: Working as question-answer functions, they ask for
prompting the data (or file name), the number of cells per sample, the number of genes
etc. An example of the use of the interactive functions can be found in Additional file 5.
(2) The direct usage of the package’s R functions allows more flexibility and is illustrated

in the following.

Synthetic data generation

We first generate a dataset of k = 1000 sample observations, where each sample consists
of n = 10 cells. We choose a single-cell model with two populations, both of lognormal
type, i.e. we use the LN-LN model. Let us assume that the overall population of interest
is a mixture of 62% of population 1 and 38% of population 2, i.e. p; = 0.62. As popula-
tion parameters we choose ;11 = 0.47, uy = —0.87 and o0 = 0.03. Synthetic gene expres-
sion data for one gene is generated as follows:


https://github.com/fuchslab/Stochastic_Profiling_in_R
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R>
R>
R>
R>
R>
R>
R>
R>
R>
+

library("stochprofML")
set.seed(10)

k <- 1000

n <- 10

TY <- 2

p <- c(0.62, 0.38)

mu <- c(0.47, -0.87)
sigma <- 0.03
gene_LNLN <- r.sum.of .mixtures.LNLN(k = k, n = n, p.vector = p,

mu.vector = mu, sigma.vector = rep(sigma, TY))

Figure 4 shows a histogram of the simulated data as well as the theoretical PDF of the

10-cell mixture. The following code produces this figure:

R>
R>
R>
R>

R>
R>

x <- seq(from = min(gene_LNLN), to = max(gene_LNLN), length = 500)
set.model.functions ("LN-LN")
y <- d.sum.of .mixtures(x, n, p, mu,rep(sigma,TY), logdens = FALSE)
hist(gene_LNLN, main = paste("Simulated Gene"), breaks = 50,

xlab = "Sum of mixtures of lognormals", ylab = "Density",

freq = FALSE, col = "lightgrey")
lines(x, y, col="blue", lwd = 2)
legend("topright", legend = "data generating pdf", col = "blue",

+ lwd = 2, bty = "n"

Parameter estimation

Next, we show how the parameters used above can be back-inferred from the generated
R> set.seed(20)

R> result <- stochprof.loop(model = "LN-LN",

+

+

+

dataset = matrix(gene_LNLN, ncol = 1), n = n, TY = TY,

genenames = "SimGene", fix.mu = FALSE, loops = 10,
until.convergence = FALSE, print.output = FALSE, show.plots = TRUE,
plot.title = "Simulated Gene", use.constraints = FALSE)

dataset using maximum likelihood estimation.

When the fitting is done, pressing <enter> causes R to show plots of the estimation

process, see Fig. 5, and displays the results in the following form.

Page 14 of 31
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Maximum likelihood estimate (MLE):
p-1 mu_1_gene_SimGene mu_2_gene_SimGene sigma
0.6146 0.4710 -0.8720 0.0310

Value of negative log-likelihood function at MLE:
1204.371

Violation of constraints:

none

BIC:
2436.373

Approx. 95%, confidence intervals for MLE:
lower upper

p_1 0.60501813 0.6240938
mu_1_gene_SimGene 0.46972264 0.4722774
mu_2_gene_SimGene -0.87827704 -0.8657230
sigma 0.02967451 0.0323847

Top parameter combinations:

p_1 mu_1_ge_SimGene mu_2_gene_SimGene sigma target
p_1 mu_1_gene_SimGene mu_2_gene_SimGene sigma  target

[1,] 0.6146 0.471 -0.872 0.031 1204.371
[2,] 0.6146 0.470 -0.872 0.031 1204.371
[3,] 0.6146 0.471 -0.872 0.031 1204.371
[4,] 0.6146 0.470 -0.872 0.031 1204.371
[5,] 0.6145 0.471 -0.872 0.031 1204.371
[6,] 0.6146 0.471 -0.872 0.031 1204.371

Hence, the marginal confidence intervals cover the true parameter values.

Simulation study on optimal pool size

Stochastic profiling, i.e. the analysis of small-pool gene expression measurements, is a
compromise between the analysis of single cells and the consideration of large bulks:
Single-cell information is most immediate, but a fixed number k& of samples will only
cover k cells. In pools of cells, on the other hand, information is convoluted, but k pools
of size n cover n times as much material. An obvious question is the optimal pool size n.
The answer is not available in analytically closed form. We hence study this question
empirically.

For this simulation study, first, we generate synthetic data for different pool sizes with
identical parameter values and settings. Then, we re-infer the model parameters using
the stochprofML algorithm. This is repeated 1000 times for each choice of pool size,
enabling us to study the algorithm’s performance by simple summary statistics of the
replicates.

The fixed settings are as follows: We use the two-population LN-LN model to gen-
erate data for one gene with p; = 0.2, u; = 2, uy = 0 and 0 = 0.2. For each pool size
we simulate k = 50 observations. The pool sizes are chosen in nine different ways: In
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seven cases, pool sizes are identical for each sample, namely n € {1, 2, 5, 10, 15, 20, 50}. In
two additional cases, pool sizes are mixed, i.e. each of the k samples within one dataset
represents a pool of different size n; € {1,2,5,10} or n; € {10, 15, 20, 50}. Figure 6 sum-
marizes the point estimates of the 1000 datasets for each of the nine pool size settings. It
seems that (for this particular choice of model parameter values) parameter estimation
works reliably for pool sizes up to ten cells, with smaller variance from single-cells to
5-cells. This applies also for the mixture of pool sizes for the small cell numbers. For cell
numbers larger than ten, the range of estimated values becomes considerably larger, but
without obvious bias, which also applies to the mixture of the larger pool sizes. Addi-
tional file 6 shows repetitions of this study for different choices of population param-
eters. The results there confirm the observations made here.

Figure 6 suggests n = 5 or varying small pool sizes as ideal choices since its estimates
show smaller variance than the other pool sizes. This simulation study, however, has
been performed in an idealized in silico setting: We did not include any measurement
noise. In practice, however, it is well known that single-cells suffer more from such
noise than samples with many cells. The ideal choice of pool size may hence be larger in
practice.

Simulation study on impact of parameter values

The underlying data-generating model obviously influences the ability of the maximum
likelihood estimator to re-infer the true parameter values: Values of p; close to 0.5, small
differences between p; and 15 and large o blur the data and complicate parameter infer-
ence in practice. In the simulation study of this section, we investigate the sensitivity of
parameter inference and which scenarios could be realistically identified.

We use the same datasets as in the previous simulation study: The parameter choices
from before are considered as the standard and compared to those from Additional
file 6. In detail, p; is reduced from 0.2 to 0.1 in one setting and increased to 0.4 in the
next. wy is increased from 0 to 1, and o increases from 0.2 to 0.5. u; is kept fixed to 2
in all settings. As before, we consider 1000 data sets for every parameter setting and
compare the resulting estimates to the true values. This was done for all pool sizes con-
sidered before, but here we only comment on the results of the 10-cell pools and refer
to Additional file 6 for all other pool size settings.

Figure 7 shows the results of the study. In each row of the plot, we compare the esti-
mates of the datasets that were simulated with the standard parameters to the estimates
of the datasets that were simulated with one of the parameters changed. Even if only
one parameter is changed all parameters are estimated. Each violin accumulates the esti-
mates of 1000 datasets. For easier comparison, each of the twelve tiles shows the stand-
ard setting as turquoise violin, which means those are repeated in each row.

When changing the parameter values, they can still be derived without obvious addi-
tional bias, but accuracy decreases for increasing p, decreasing ;1o — w1 and increasing o
(with few exceptions). Results for other pool sizes (see Additional file 6) show that these
observations can be confirmed with some additions: Larger pool sizes infer parameters
more accurately if p is smaller. In an increased first population setting (p = 40%), ;1 can
be better inferred if the data set consists of smaller pools. For larger pools, the estima-
tion of p1 and py works comparably well after increasing (9. In general, the estimation
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of o is the most difficult one: As shown in Eq. (1), the mean (and variance) of the log-
normal distribution is determined by both the parameters (; and p3 and by o. Estimates
of o will be negatively correlated with estimates (i1 and fi, if the mean is determined
correctly. Indeed, in pools of 15 cells with increased o, we see that i is slightly overes-
timated. Therefore, to keep the mean o is underestimated. This worsens in larger pools.

Simulation study on the uncertainty of pool sizes

One key assumption of the stochprofML algorithm is that the exact number of cells in
each cell pool is known. In [8], accordingly, ten cells were randomly taken from each
sample by experimental design. However, different experimental protocols may not
reveal the exact cell number: In [19], for example, tissue samples were taken as whole
cancer spheroids. Here, the cell numbers were experimentally unknown but estimated
using light sheet microscopy and 3D image analysis. Since the stochprofML algorithm
requires the pool sizes as input parameter, some estimate has to be passed to it. It is
intuitively obvious that the better the prior knowledge about the cell pool sizes, the bet-
ter the final model parameter estimate. In this simulation study, we investigate the con-
sequences of misspecification.

In a first simulation study, we reuse from before the 1000 synthetic 10-cell datasets.
Each of these contains 50 10-cell samples, simulated with underlying model parameters
p=02,u1 =2, up =0and o = 0.2. As before, we re-infer the population parameters
using the stochprofML algorithm. This time, however, we use varying pool sizes from 5
to 15 as input parameters of the algorithm. This is a misspecification except for the true
value 10. The resulting parameter estimates (empirical median and 2.5%-/97.5%-quan-
tiles across the 1000 datasets) are depicted in Fig. 8. Estimates are optimal or at least
among the best in terms of empirical bias and variance when using the correct pool
size. With increasing assumed cell number, the estimates of p decrease, i.e. the frac-
tion of cells from the higher expressed population is assumed to be smaller. This is a
reasonable consequence of overestimating #, because in this case the surplus cells are
assigned to the second population with lower (or even close-to-zero) expression. Con-
sequently, at the same time the estimates of 1, decrease to be even smaller. In a sec-
ond simulation study, we use the two settings with mixed cell pool sizes as introduced
above. One setting embraces cell pools with rather small cell numbers (single-, 2-, 5- and
10-cell samples), the other one pools with larger cell numbers (10-, 15-, 20- and 50-cell
samples). For each of the two scenarios, we generate one dataset with 50 samples. We
denote the true 50-dimensional pool size vectors by 7igya and ?tlarge and employ these
vectors for re-estimating the model parameters p, 111, ;2 and o. Then, we estimate the
parameters again for the same two datasets for 1000 times, but this time using perturbed
pool size vectors as input to the algorithm, introducing artificial misspecification. These
50-dimensional pool size vectors are generated as follows: For each component, we draw
a Poisson-distributed random variable with intensity parameter equal to the respective
component of the true vectors 7igmy Or ’_’;large' Zeros are set to one, the minimum pool
size. Figure 9 shows these 2 x 1000 parameter estimates as compared to the true param-
eter values and those for which the true size vectors 7,y and ;llarge were used as input.
The violins of the estimates for the smaller cell pools (based on 7gy,y) indicate that the
estimates of p and p; are fairly accurate, but the estimates of o have large variance,
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and o is overestimated in all 1000 runs. This is plausible as population 1 (the one with
higher log-mean gene expression) is only present on average in 20% of the cells; even
when misspecifying the pool sizes, the cells of population 1 are still detectable since this
is the population responsible for most gene expression. Consequently, all remaining cells
are assigned to population 2, which has lower or even almost no expression. If the pool
size is assumed too low, this second population will be estimated to have on average a
higher expression; if it is assumed too large, the second population will be estimated to
have a lower expression. This leads to a broader distribution and thus an overestimation
of o.

The results for the larger cell pools (based on quarge) show a similar pattern. In this
case, however, the impact of misspecification is less visible, as also confirmed by addi-
tional simulations in Additional file 6. For large cell pools, the averaging effect across
cells is strong anyway and in that sense more robust. In the study here, due to variabil-
ity of parameter estimates, the o parameter is often even better estimated when using a
misspecified pool size vector than when using the true one. It might also be appropriate
to repeat the parameter estimation, as shown here, with similar pool size vectors to get
more robust estimates.

Taken together, stochprofML can be used even if exact pool sizes are unknown. In that
case, the numbers should be approximated as well as possible.

Interpretation of estimated heterogeneity

The stochprofML algorithm estimates the assumed parameterized single-cell distribu-
tions underlying the samples and, as described before, selects the most appropriate num-
ber of cell populations using the BIC. Assume we have performed this estimation for
samples from two different groups, cases and controls. One may in practice then want
to know whether the inferred single-cell populations are substantially different between
the two groups, e.g. in case the estimated log-means ficases and fLcontrols are close to each
other. A related question is whether the difference is biologically relevant.

We hence seek a method that can judge statistical significance and potentially reject
the null hypothesis that two single-cell populations are the same; and at the same time
allow the interpretation of similarity. Direct application of Kolmogorov-Smirnov or
likelihood-ratio tests to the observed data is impossible here since the single-cell data is
unobserved: We only measure the overall gene expression of pools of cells. Calculation
of the Kullback-Leibler divergence of the two distributions would be possible; however,
it is not target-oriented for our application where we seek an interpretable measure of
similarity rather than a comparison between more than two population densities.

For our purposes, we use a simple intuitive measure of similarity—the overlap of two
PDFs, that is the intersection of the areas under both PDF curves:

OVL(f,g) = / min{f (x), g (x)}dx (7)

for two continuous one-dimensional PDFs fand g [see also 25]. The overlap lies between
zero and one, with zero indicating maximum dissimilarity and one implying (almost
sure) equality. In our case, we are particularly interested in the overlap of two lognormal
PDFs:
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OVL_LN_LN <- function(mu_1, mu_2, sigma_1, sigma_2) {
f1 <- function(x){dlnorm(x, meanlog = mu_1, sdlog = sigma_1) }

f2 <- function(x){dlnorm(x, meanlog = mu_2, sdlog = sigma_2) }
£3 <- function(x){pmin(f1(x), £2(x))}

integrate(£3, lower = 0, upper = Inf, abs.tol = 0)$value

¥

Figure 10 shows examples of such overlaps. Here, the overlap ranges from 12% for two
quite different distributions to 86% for two seemingly similar distributions. The ques-
tion is where to draw a cutoff, that is, at what point we decide to label two distributions
as different. Current literature considers two cases: Either the parametric case [e.g. 26],
where both distributions are given by their distribution families and parameter values;
or the nonparametric case [e.g. 25], where observations (but no theoretical distribu-
tions) are available for the two populations. Our application builds a third case: On the
one hand, we want to compare two parametric distributions, but the model parameters
are just given as estimates based on (potentially small) datasets, thus they are uncertain;
on the other hand, we do not directly observe the single-cell gene expression but just the
pooled one. To address this issue, we suggest to again take into account the original data
that led to the estimated parametric PDFs. As an example, assume that we consider two
sets of pooled gene expression, one for a group of cases and one for a group of controls.
In both groups, pooled gene expression is available as 10-cell measurements, but the two
groups differ in sample size. Let’s say the cases contain 50 samples and the controls 100.
We assume the LN-LN model with two populations and estimate the mixture and pop-
ulation parameters using the stochprofML algorithm separately for each group, leading
to estimates Pcases, [11,casess [2,casess Ocases AN Peontrolss [L1,controlss H2,controlss Tcontrols-
We now aim to assess whether the first populations in both groups have identical char-

acteristics, i.e. whether LN ({11 casess G 2ges) a0d LN (1 controlss ) are estimates of

6Czontrols
the same distribution.

Figure 10 displays the single-cell PDFs of the first population and their over-
laps for various values of the estimates. For example, in Fig. 10d, the orange
curve shows the single-cell PDF of population 1 inferred from the cases, yielding
LN (fi1,cases = 2.10,62.s = 0.192), and the blue one shows the inferred single-cell PDF
of population 1 from the controls, LN (21 controls = 203, 630mmls = 0.20%). The overlap
of these two inferred PDFs equals 86%.

We now aim to test the null hypothesis that the underlying populations

»CN(//LI,Cases’ 0(323535) and »CN(/LI,controls’ o2

controls) are the same versus the experi-

mental hypothesis that they are different. We perform a sampling-based test: Tak-
ing into account the inferred population probabilities Peasesand peontrols and
the number of samples and cells in the data, we can estimate the number of
cells which the estimates écases andéwntmls relied on. The larger this cell num-
ber, the less expected uncertainty about the estimated population distributions
LN ([11,cases Gges) and LN (11 controlss 62 0p)  (neglecting the impact of pool sizes).

In our example, let Peases = 12%. Then, approximately 12% of the 500 cells from the
cases group (50x 10-cell samples) belonged to population 1, that is 60 cells. For
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Peontrols = 20%, 200 cells were expected to be from the first population (that is 20% of
1000 cells, coming from the 100 x 10-cell measurements for the controls). In our pro-
cedure, we compare parameter estimates that are based on the respective numbers of
single cells, i.e. 60 cells for cases and 200 cells for controls. We perform the following

steps:

» Calculate OVLoriginals the overlap of the PDFs of
N (fi1,cases = 2.10,624es = 0.19%) and LN (i1, controls = 2.03,62 s = 0.20?).

o Under the null hypothesis, the two distributions are identi-
cal. We approximate the parameters of this identical distribution as
Ial,mean = (lll,cases + /,)d,controls)/2 and Gmean = (Gcases + Fcontrols)/2-

+ Repeat N = 1000 times:

— Draw dataset A of size 60 from LN (ft1,mean; G2

mean)'

— Draw dataset B of size 200 from LN (fi1,mean; G 5ean)-
— Estimate the log-mean and log-sd for these two datasets using the method of

maximum likelihood, yielding fi4, 64, fip and 6p.
— Calculate OVL (fﬂN(ﬂAr&/%)’fCN(/le&é))'

« Sort the N overlap values and select the empirical 5% quantile OVLg gs.
+ Compare the overlap from the original data to this quantile:

— If OVLyyiginat < OVLoos, the null hypothesis that both populations are the
same can be rejected.
— IfOVLoiginar > OVLo05, the null hypothesis cannot be rejected.

This procedure is related to the idea of parametric bootstrap and the bootstrap per-
centile method with the difference that our original data is on the n-cell level and
the parametrically simulated data is on the single-cell level. Note that under the null
hypothesis the two population distributions are identical, but in practice this will
hardly ever be the case for the estimated population parameters. Taking the average
of estimated log-means and log-standard deviations in the second bullet point above
is one way of approximating the null distribution.

The left panel of Fig. 11 shows one outcome of the above-described procedure (i.e.
the stochastic, sampling-based algorithm was run once) with the above-specified val-
ues of the parameter estimates. Here, OVL,gina lies in the critical range such that
we reject the null hypothesis that the gene expression of the populations in question
stem from the same lognormal distribution. We thus assume a difference here. The
right panel of Fig. 11 demonstrates the importance of taking into account the number
of cells which the original estimates were based on: Here, we show one outcome of
the above described steps, but this time we assume that for the control group there
were only 30 10-cell samples (i.e. 300 cells in total). With the same population fraction
as before (Pcontrols = 20%), the datasets B now contain only 60 cells. Here, the value
OVLyyiginar does not fall into the critical range, and therefore we would not reject the
null hypothesis that the two populations of interest are the same.
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Table 2 Estimates of numbers of cells from the first population in the simulated 5-cell data
described in Figs. 12 and 13a and in the main text

Estimator for # of cells in pop. 1 Measurement index # of hits
1 2 3 4 5 6
Estimated parameters Mean 0.00 1.00 1.00 1.00 2.14 1.01 98
MLE(CH 00 1,1 10,07 10,07 223 1(,1) 98(100)
True parameters Mean 0.00 1.00 1.00 1.00 2.39 1.02 97
MLEC)) 0@©0 10,1 1,1 11,1 23 1,1 97(100)
True # of cells from population 1 0 1 1 1 2 1

Columns: Estimation results for the first six measurements from the datasets and (last column) summary across all

100 samples. Rows: Estimation of cell numbers are based on conditional probabilities that use either the estimated model
parameters (rows 1 and 2, corresponding to blue bars in Fig. 13a) or the true values (rows 3 and 4, orange bars). Within

each of these two choices one can consider the mean number of cells from population 1 as determined by the conditional
probabilities (rows 1 and 3) or the maximum likelihood estimator (MLE) that maximizes the conditional probabilities (rows 2
and 4, first value) including a 95% confidence interval that covers at least 95% of the conditional probability mass (rows 2
and 4, in parentheses). The last row shows the true pool composition. The last column shows for each estimator how many
of the 100 cell numbers were inferred correctly (defined as follows: rounded mean is exact match; MLE is exact match;
confidence interval (Cl) includes correct number)

Sample 1 Sample i Sample k
cells cells cells
12 J1 m 12 Ji m 12 Jkb mg
O ® Q@ - QO @@

¥ ¥ '

Gene 1 Y1<1) Yi(l) Yk@
Gene g Y1<g) Y,f”)
Gene m Y1<"") Yk§m>
Population1 @ Observed n;-cell measurements
: n
Population h Yi(g) :,lei(ji)
. ji=
Population T ® with latent single-cell measurements Xz'(_}"?

Fig. 1 Experimental design of pooling cells into samples, measuring the pooled gene expression across
several genes for which identical population structures are assumed. The table illustrates the index notation
of (tissue) samples, single cells, populations and genes as well as observed and latent measurements

When testing for heterogeneity for several genes simultaneously, multiple testing
issues should be taken into account. However, genes will not in general be independent
from each other.

Prediction of sample compositions

The stochprofML algorithm estimates the parameters of the mixture model, i.e.—in
case of at least two populations—the probability for each cell within a pool to fall into
the specific populations. It does not reveal the individual pool compositions. In some
applications, however, exactly this information is of particular interest. Here, we pre-
sent how one can infer likely population compositions of a particular cell pool. This
is done in a two-step approach via conditional prediction: First, one estimates the
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Fig. 2 Stochastic Profiling can be performed either on measurements of a homogeneous pool size of n
cells or of b different pool sizes given by the cell number vector i. In both cases, the stochprofML algorithm
estimates the parameters for the specified number of populations from pooled data, leading to inferred
single-cell distributions for each population. Additional File 2 describes how this density is visualized here

model parameters from the observed pooled gene expression, i.e. one obtains an esti-
mate 0 of 6. Then, one assumes that 6 equalsé and derives the most probable popula-
tion composition via maximizing the conditional probability of a specific composition
given the pooled gene expression (for calculations, see Additional file 4). We evaluate
this procedure via a simulation study. As before, we simulate data using the stochprofML
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Fig. 3 Parameter estimates for the LN-LN model on 1000 simulated 10-cell datasets. The true underlying

population parameters are p; = 0.1, pp = 04, w1 = 1.5, up = —04, u3 = —2.5and o = 0.2, as indicated
by the orange dashed lines
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Fig. 4 Histogram of 1000 synthetic 10-cell observations, together with theoretical PDF. We assumed a
two-population LN-LN model with parameters p = 0.62, 1 = 047, u, = —0.87and o = 0.03

package. In particular, we use the LN-LN model with two populations with parame-
ters p = (0.2,0.8), u = (2,0)and o = 0.2 . Each simulated measurement shall contain
the pooled expression of n = 5 cells, and we sample k = 100 such measurements. We
store the original true cell pool compositions from the data simulation step in order to
later compare the composition predictions to the ground truth. Having generated the
synthetic data, we apply stochprofML to estimate the model parameters p, pand o. Fig-
ure 12 shows a histogram of one simulated data set along with the PDF of the true pop-
ulation mixture and the PDF of the estimated population mixture (that is the LN-LN
model with parameters p = (0.14,0.86), jt = (2.04,0) and & = 0.20).

Next, we calculate the conditional probability mass function (PMF; see Additional
file 4 for details) for each possible population composition conditioned on the particular
pooled gene expression measurement. Figure 13a and Table 2 show results for the first
six (out of 100) pooled measurements.

In particular, Fig. 13a displays the conditional PMF of all possible compositions (i.e.
k times population and 5-k times population 2 for k € {0,1,...,5}). Blue bars stand
for these probabilities when 0 is used as model parameter value. Orange stands for the
hypothetical case where the true value 6 is known and used. These two scenarios are in

good agreement with each other.
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Fig. 5 Graphical output of the parameter estimation procedure for p, 1, u» and o as described in Section
Parameter estimation. Each point in the plots corresponds to one combination of values for p, w1, u2 and o.
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log-likelihood function, whilst the remaining three parameters are integrated out

We regard the most likely sample composition to be the one that maximizes the
conditional PMF (maximum likelihood principle). The true composition (ground
truth) is marked with a black box around the blue and orange bars. We observe in
Fig. 13a that the composition is in all six cases inferred correctly and mostly unam-
biguously. Only for the fifth measurement, there is visible probability mass on a
composition other than the true one. In fact, it is the only pool (out of the six con-
sidered ones) with two cells from the first population. Alternatively to the maximum
likelihood estimator, one can also regard the expected composition—the empirical
weighted mean of numbers of cells in the first population—or confidence inter-
vals for this number. The respective estimates for the first six measurements of the
dataset are shown in Table 2. The results are consistent with the interpretation of
Fig. 13a. Certainly, the precision of the prediction depends on the employed pool
sizes, the underlying true model parameters and how reliably these were inferred
during the first step. We showed above that larger cell pools lead to less precise
parameter inference. Hence, we repeat the prediction of sample compositions
on another dataset, this time based on 10-cell pools. All other parameters remain
unchanged. The resulting conditional probabilities are depicted in Fig. 13b. Since
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Fig. 7 Violin plots of parameter estimates for two-population LN-LN model for varying parameters
p, 1y and o. Five parameter sets (see Additional file 6) were used to simulate 1000 datasets from each of
which they were back-inferred. Violin plots for the standard settingp = 0.2, 1 = 2, u» = 0Oando = 0.2 are
coloured turquoise. The true parameters used to simulate the data are marked in orange

p =0.2, one expects on average two cells to be from the first population in each
10-cell pool. As in the previous 5-cell case, most predictions show a clear pattern.
However, probability masses are spread more widely. Measurements 3 and 4 exem-
plify that almost identical gene expression measurements (y = 19.69andy = 19.79)
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Fig. 9 Parameter inference under misspecification of the cell pool size: parameters are estimated for two
datasets, one generated based on a pool size vector Ngma with values between 1 and 10 (left violin in each
panel); the other one based on a vector fj5ge With values between 10 and 50 (right violin in each panel).
From left to right: Estimates of p, w1, u2 and a. The violins depict estimates across 1000 estimation runs,

True parameters values. Light blue: Estimates without misspecification of the pool size vector

where each relies on a randomly sampled misspecified pool size vector as described in the main text. Orange:

can arise from different underlying pool compositions (two times population 1 in
measurement 3 vs. three times population 1 in measurement 4). For more similar
population parameters, the estimation will get worse, which will then propagate to
the well composition prediction. In such cases, to predict the pool compositions,
one may use additional parallel measurements of other genes that might separate the

population better by their different expression profiles while the pool composition

stays the same across genes.
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Fig. 10 Four examples of overlapping PDFs, together with the overlap area as defined in Eq. (7). Slightly
different parameters result in very small overlap area such as 12% ina or 39% in b. An overlap area of 69% in
c still shows two very different distributions. Overlaps larger than 86% as in d come with similar distributions
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Fig. 11 Variability of the overlap between the PDFs of the two distributions described in Fig. 10d.
The panels show histograms of N = 1000 simulated overlap values which are simulated as described
in the main text. Left: We assume that the estimates of the orange distribution relied on 60 single
cells and the blue distribution on 200 single cells. Right: For both distributions, parameters are
assumed to be estimated on 60 single cells. The 86% overlap of the original PDFs from Fig. 10d, i.e.
LN (fi1,cases = 2.10,62, 505 = 0.19%) and LN (21 controls = 2.03,62,.,c = 0.20%), is marked in turquoise. The
light grey bars of the histogram indicate values below the empirical 5%-quantile. If the original overlap falls
into this range, we reject the null hypothesis that both distributions identical
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Fig. 12 Histogram of simulated data underlying the prediction of cell pool compositions in Fig. 13a:

100 synthetic 5-cell measurements arising from the LN-LN model with two populations with parameters

p =(02,08), p = (2,0)and o = 0.2. The PDF with true model parameters is shown in orange, the PDF with
estimated parameters p = (0.14,0.86), it = (2.04,0)and & = 0.20in blue

Conclusion

With the stochprofML package, we provide an environment to profile gene expression
measurements obtained from small pools of cells. Experimentalists may choose this
approach if single-cell measurements are impossible in their lab (e.g. for bacteria),
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Fig. 13 Estimation of cell pool compositions in the two-population LN-LN model: conditional probabilities
of numbers of cells from the first population in the first six measurements of the synthetic datasets described
in the main text and in Fig. 12, given the respective pooled gene expression measurement. Blue bars show
the conditional probabilities using estimated model parameters, and orange bars show those when using
the true parameters. True cell numbers from the first population are marked with a black box around the bars.
Results for a simulated 5-cell data and, b 10-cell data

if the drop-out rate is high in single-cell libraries, if budget or time are limited, or if
one prefers to avoid the stress which is put on the cells during separation. The latest
implementation even allows to combine information from different pool sizes, in par-
ticular, to simultaneously analyze single-cell and and #-cell data.

We demonstrated the usage and performance of the stochprofML algorithm in vari-
ous examples and simulation studies. These have been performed in an idealized in
silico environment. This should be kept in mind when incorporating the results into
experimental planning and analysis. Subsequent interpretation of heterogeneity will be
informative if based on a good model estimate. The assumption of independent expres-
sion across genes within the same tissue sample is a simplification of nature that leads to
less complex parameter estimation. Previous experimental validation [9] provided evi-
dence that transcriptional heterogeneity can be parameterized through stochastic profil-
ing even for non-ideal settings such as small sample sizes or in the presence of gene-gene
correlation. If populations are similar or diffuse, they may not be identified as distinct
populations through stochprofML. The same, however, applies to other statistical meth-
ods and also to the analysis of single-cell data. For the latter, noise is expected to be more
pronounced than in #-cell pools, which again motivates the use of our method.

The optimal pool size with respect to bias and variance of the corresponding param-
eter estimators will depend on unknown properties such as numbers of populations
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and their characteristics, and also on the relationship between the pool size and the
amount of technical measurement noise. The latter aspect has been excluded from
the studies here but further supports the application of stochastic profiling.

Availability of data and requirements
Project name: stochprofML.

Project home page: https://github.com/fuchslab/stochprofML.

Operating system(s): Platform independent.

License: GNU GPL.

Programming language: R.

Other requirements: None; We used R version 3.5.3 [27]. In addition to our stoch-
profML version 2.0.3 [28], we attached the following R packages: MASS version 7.3-51.1
[29], numDeriv version 2016.8-1.1 [30], EnvStats version 2.3.1 [31], vioplot ver-
sion 0.3.4. [32], zoo version 1.8-7 [33], sm version 2.2-5.6 [34], cowplot version 1.0.0
[35], ggplot?2 version 3.2.1 [36], knitr version 1.27 [37], microbenchmark version
1.4-7 [38], and RcolorBrewer version 1.1-2 [39]. All calculations were performed on a
64-bit x86_64-redhat-linux-gnu platform running under Fedora 28.

Any restrictions to use by non-academics: GPL license, open source.
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